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Hybrid cellulose-poly(4-vinylpyridine) particles (MCC-P(4VP)) were synthesized via ATRP grafting and used as
adsorbents to target polyphenols in residues derived from winemaking, olive oil production and almond pro-
cessing. These hybrid particles preserve good conditions to be used in continuous sorption/desorption processes
and were assessed for the retention of polyphenols in solvent mixtures ranging from 0 to 100% water content.
Other seven adsorbents were used in these assays, including three commercial resins and further materials
synthesized in this research with 4VP.

We show that the 4VP based adsorbents present a much higher average polyphenol retention in a broad range
of working conditions, namely concerning the water content of the extract. This behavior stems from the strong
binding capacity of the pyridyl functional group towards many polyphenols and excels with MCC-P(4VP) ad-
sorbents when the hydrophobic interactions play a minor role.

MCC-P(4VP) adsorbents were also used for purification and fractionation of polyphenols using simple sorp-
tion/desorption steps. A fraction enriched with the malvidin-3-O-glucoside anthocyanin was obtained from grape
pomace. Fractions with high content of isorhamnetin-3-O-rutinoside were isolated from almond. Fractions
enriched in secoiridoids and flavonoids were produced from olive mill wastewater while many phenolic alcohols
and acids were removed. These results show the potential of the MCC-P(4VP) adsorbents to improve downstream
processing of polyphenols and increase the biorefining efficiency, namely through the direct handling of organic
extracts at high polyphenol concentration.

This research also has disclosed the formation of a polymer population deviating from the expected homo-
geneous process in ATRP grafting. The partition of ATRP reactants between two regions in the homogeneous
phase could be a source of some potentially interesting issues relevant to monomers presenting strong H-bond
capability, such as 4VP. Thus, many future developments are possible for the designing of the functional ma-
terials here addressed, including the introduction of molecular recognition features.

1. Introduction

Development of tailored adsorbents is an important issue for
different application fields, ranging from analytical procedures to large
scale industrial processes. High specificity/selectivity towards target
compounds, high retention capacities and ease of regeneration are key
parameters to evaluate adsorbents performance. At the end, the trian-
gulation between the kind of adsorbent, target solute(s) and solvent
matrices will determine the efficiency of the aimed sorption/desorption
process. For relatively simple systems the interactions between
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adsorbent/adsorbate(s)/solvent(s) can be described/predicted by mo-
lecular simulation but real samples are difficult to handle with these
tools due to the heterogeneity of common adsorbents and the complexity
of the mixtures solute/solvent intervenient in the sorption/desorption
processes. Therefore, some kind of semi-empirical approach is often
used to design new adsorbents.

Among different kinds of adsorbents (e.g. activated carbons, min-
erals, lignocellulosic/polysaccharides), synthetic resins present impor-
tant advantages, namely their durability, stability, ease of regeneration
and the possibility to create tailored active materials. Indeed, some
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classes of polymeric synthetic resins (e.g. Amberlite®, Supellite™ or
Reillex™ resins) are produced at large scale to be used in a broad range
of application fields (environmental protection, biotechnology, phar-
maceutics, etc). Improvement in specificity and capacity for the
adsorption of selected compounds can be achieved with synthetic
polymeric resins using synthesis routes allowing the functionalization of
the materials or even the introduction of molecular recognition capa-
bilities through molecular imprinting techniques. Classical free radical
polymerization (FRP) and controlled radical polymerization (CRP)
mechanisms play a key role for the tailoring of new adsorbent polymer
networks. Moreover, the production of hybrid materials, incorporating
natural and synthetic polymers, is also possible with appropriated syn-
thesis routes, namely CRP, allowing the addressing of eco-sustainability
requirements with the inclusion of the natural materials (e.g. cellulose).

Due to the relatively simple operation requirements, low cost and
prevention of the degradation of the target compounds, sorption/
desorption is a commonly used method to target polyphenols in plant
extracts. In practice, two general classes of processes are found in this
application field:

i) The recovery of target polyphenols from plant extracts to be used as
high-added value products in food, cosmetic, pharmaceutical or
chemical industries.

ii) The treatment of effluents generated in industries involving the
processing of plant extracts (generally wastewater effluents). The
treatment of olive mill wastewater is an important issue in this
context.

A major difficulty to be addressed with the sorption/desorption of
plant extracts is the high complexity of the mixtures inherent to these
systems that include a plethora of different compounds. Moreover, ex-
tracts composition is strongly dependent on their production conditions,
namely the kind(s) of solvent used. Therefore, the development of
tailored adsorbents is a key point aiming at the design of efficient
sorption/desorption processes to target polyphenols.

This research explores the tailoring of functional adsorbents
considering the grafting of synthetic polymers in cellulose backbone
through Atom Transfer Radical Polymerization (ATRP). Actually, the
grafting of cellulose with synthetic polymers through the use of ATRP,
other CRP techniques, or free radical polymerization is being considered
in the scientific community as an effective route to generate new ma-
terials for many different applications. Ions removal from aqueous so-
lutions, dyes degradation, stimuli-responsive hydrogels fabrication or
aqueous aggregates generation [1-5], are just a few examples of such
kinds of applications (ref. [1] contains a comprehensive list of cellulose
modification techniques and applications). A significant change in the
native cellulose properties can be achieved with the grafting of synthetic
polymers in this abundant and biodegradable material, thus increasing
sustainability.

Additionally, nitrogen containing polymers, especially those based
on vinylpyridine monomers [6], present enhanced adsorption capabil-
ities towards specific compounds, which justifies their use for the
tailoring of some kinds of advanced materials. Indeed, due to their
chelating capability, 4-vinylpyridine based materials are being consid-
ered for heavy metals adsorption with applications in wastewater/in-
dustrial effluents treatment [7-10], enzymes/protein adsorption
[11,12] and other applications involving biomedicine or catalysis [13].
Due to the potential strong interaction between 4-vinylpyridine poly-
mers and many polyphenols, our research explores hybrid cellulose-poly
(4-vinylpyridine) materials to target these classes of compounds. As far
as is of our knowledge, this approach is considered for the first time with
the processing of real plant extracts.

The materials here synthesized are assessed to target polyphenols in
winemaking, olive oil and almond industries that are three important
agricultural/industrial sectors with worldwide expression and particular
joint relevance in the Mediterranean area. We show that hybrid
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cellulose-poly(4-vinylpyridine) adsorbents present a very good perfor-
mance for polyphenols adsorption in a broad range of working condi-
tions with extracts of these three different plants, namely considering
diverse solvents (e.g. with high organic content mixtures and with
wastewater effluents). Indeed, the materials synthesized include a
microcrystalline cellulose core (20 pm) preserving good conditions to be
used in continuous sorption/desorption processes and excels for poly-
phenols retention when hydrophobic effects play a minor role due to
functionalization with the pyridyl group. Thus, more flexible and effi-
cient downstream processing of polyphenols can be designed with these
adsorbents.

2. Materials and methods
2.1. Reagents

Microcrystalline cellulose (MCC, powder, 20 pm, cotton linters),
a-bromoisobutyryl bromide (BIBB, 98% purity), triethylamine (TEA,
99.5% purity), 4-(dimethylamino)pyridine (DMAP, purity>99%), ethyl
2-bromopropionate (EBrP, 99% purity), CuBr (97% purity) and N,N,N’,
N”,N”-pentamethyldiethylenetriamine (PMDETA, 99% purity) were
purchased from from Sigma-Aldrich. Acrylonitrile (AN, 99% purity) and
4-vinylpyridine (4VP, 95% purity) were provided by Alfa Aesar.
Analytical reagent grades for acetonitrile (ACN), dimethylformamide
(DMF), acetic acid (AcOH), and methanol (MeOH) were bought from
Fisher Scientific and for ethanol (EtOH) from PanReac. Millipore water
(Milli-Q quality) was used in all the experiments unless otherwise
mentioned.

2.2. Immobilization of a-bromoisobutyryl bromide (BIBB) in
microcrystalline cellulose (MCC)

The immobilization of BIBB in MCC was performed using the re-
ported esterification procedure [14,15]. Typically, 1 g of MCC was
dispersed in DMF (100 mL) using sonication. Then, triethylamine (8 mL)
and DMAP (4 g) were added to the MCC dispersion and, afterwards,
BIBB (8 mL) was dropwise fed to the suspension at 0 °C. The reaction
was allowed to proceed at room temperature during 24 h. At the end,
ethanol was used to terminate the esterification. Products were washed
with DMF until achievement of a colorless liquid phase and then ATRP
macroinitiator MCC-Br was purified using dialysis with deionized water,
followed by drying in vacuum oven at 40 °C.

2.3. Grafting of synthetic polymer chains in MCC through ATRP

CuBr (5 mg) was dissolved in DMF (2 mL) via sonication. Then, MCC-
Br (50 mg), PMDETA (20 pL), EBrP (40 pL), 4VP (3.25 mL) were added
to the CuBr solution. The resulting solution was purged with a flow of
dry argon for 30 min and the polymerization took place during 24 h at
60 °C. Acrylonitrile polymer chains were grafted in MCC following a
similar procedure using AN instead of 4VP. The final products (MCC-Br-
4VP or MCC-Br-AN) were washed with DMF and MeOH and dried in
vacuum oven. Through these purification procedures, hybrid MCC-
synthetic particles (DMF insoluble) and free polymer (methanol insol-
uble) were isolated and the monomer conversion as well as the grafting
ratio were gravimetrically estimated.

2.4. Products characterization using FT-IR spectroscopy

Purified and dried products were characterized through FT-IR
spectroscopy with a Perkin Elmer, model Spectrum Two™, instru-
ment. These analysis were directly performed in ATR mode or, when
needed, polymers were mixed with KBr and pressed into pellets in order
to collect the correspondent IR spectra.
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2.5. Polymer characterization using SEC/RI/LALS/RALS

SEC analysis was considered to get information concerning the
structure of different soluble polymers synthesized in this research. The
used SEC apparatus is composed of a Viscotek GPCmax VE 2001
pumping system with Refractive Index (RI), Low Angle Light Scattering
(LALS) and Right Angle Light Scattering (RALS) detection. Polymers
were fractionated in a train of two columns PLgel 5 pm Mixed-D+ PLgel
3 pm Mixed-E with dimensions L x D = 300 mm x 7.5 mm. DMF with
20 mM LiBr was used as eluent and the measurements were performed at
50 °C and Q = 0.5 mL/min.

2.6. Preparation of different kinds of almond residues and grape pomace
extracts

Almond fruits, including the hull, shell and the nuts were collected in
Torre de Moncorvo (Tras-os-Montes, Portugal) during the autumn of
2019. After fruit components separation and drying, hull and almond
shell were milled and used in Soxhlet extraction considering different
runs with EtOH/water 80/20, ACN/DMF 50/50 and EtAc/EtOH 50/50
(v/v) solvents. Soxhlet extractions were performed using a ratio of 30 g
of dried mass per 200 mL of solvent.

Grape pomace was obtained in the autumn of 2019, directly from a
red wine producer located at Vila Real (Douro region, Portugal). Grape
pomace before and after distillation (for brandy production) were both
considered as polyphenols sources. After drying, grape pomace was also
milled and used in Soxhlet extraction following the same procedures
above described for almond residues.

All the extracts produced were filtered through a 0.45 pm nylon filter
before use in sorption/desorption assays.

2.7. Aqueous effluents derived from the almond blanching process and
olive mill wastewater

The almond blanching process was performed boiling 230 g of kernel
fruits with skin in 700 mL of deionized water during 1 min. The liquid
extract was filtered to remove solid mass and then used in sorption/
desorption assays.

Olive mill wastewater was collected in winter of 2019 from an olive
oil producer in Moura (Alentejo, Portugal) and filtered to remove sus-
pended solids before use in sorption/desorption processes.

2.8. Sorption/desorption experiments

For assessment of the sorption/desorption capabilities of the
different adsorbents considered in this work, 200 mg of the dry materials
were used in solid phase extraction (SPE) packing cartridges. Adsorbents
were first cleaned (successive loading and elution steps using methanol/
acetic acid 90/10 with UV monitoring) and afterwards conditioned with
the desired testing solvent during at least 24 h before use. Cartridges
were then loaded with 5 mL of the selected extract considering typically
15 min for total percolation time. The adsorbed polyphenol profile was
quantified through HPLC-DAD analysis of the liquid collected at column
outlet (UV/vis monitoring was also considered for global absorption
quantification). Adsorbent saturation runs were also performed by
continuous feeding of the column with the selected extract, up to
achievement of a constant UV response at column outlet.

Recovery of the adsorbed compounds was assessed by collecting
fractions with different elution solvents, ranging from washing with the
same solvent used for loading, up to the use of stronger displacement
mixtures (e.g. methanol/acetic acid 90/10). The effect of the tempera-
ture in polyphenols desorption was also assessed by changing the tem-
perature of the elution solvents (e.g. room temperature up to 50 °C).
Phenolic profile of the recovered fractions was measured using HPLC-
DAD analysis.
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2.9. Polyphenols identification/quantification through gradient HPLC-
DAD

A Jasco MD-4010 photo diode array (PDA) detector was used to carry
out the HPLC-DAD analyses. Nucleosil® C18 analytical column, L x L.D.
=15cm x 4.6 mm and 5 pm particle size, working at room temperature,
has been chosen. The flow rate was 1 mL/min and the mobile phases
used for chromatographic analysis were: (A) acetonitrile/water (10/90)
at pH = 3 (adjusted with acetic acid) and (B) acetonitrile/water (90/10),
also at pH = 3. The linear gradient method was used, starting with 100%
of solvent A and ending with 100% of solvent B. Previous results of our
research with plant extracts analysis through LC-DAD-ESI-MS" [16-18]
were also considered in the present work for polyphenols identification.

2.10. Measurement of the bromide content in the MCC immobilized with
BIBB

These bromine determinations were performed by ICP-MS (Induc-
tively Coupled Plasma — Mass Spectrometry) using a Thermo Scientific™
iCAP™ Q instrument at LAQV/REQUIMTE - Laboratory of Applied
Chemistry (Trace Element Analysis unit), Faculty of Pharmacy of the
University of Porto (FFUP). To perform these analyses, MCC-Br was first
dissolved in dimethyl sulfoxide at 70 °C at a concentration of 0.675 mg/
mL.

2.11. SEM analysis of the adsorbent particles

Scanning Electron Microscopy (SEM) characterization of the parti-
cles involved in this research was performed at the International Iberian
Nanotechnology Laboratory (INL), Braga, using the FIB/SEM system
HELIOS Nanolab 450S. SEM imaging was obtained using an electron
beam of 3 keV, beam current 25 pA and field free lens mode.

2.12. Measurement of the surface area and pore volume of the adsorbents

The Brunauer-Emmett-Teller (BET) specific surface area and pore
volume of the produced adsorbent particles were determined through Ny
adsorption/desorption isotherms at 77 K using a Quantachrome NOVA
4200e adsorption analyzer.

3. Results and discussion

Fig. 1 depicts the synthetic steps considered to get hybrid cellulose-
synthetic materials via ATRP. Our approach follows the same method-
ology described in previous related works [5,14,15]. At a first stage
(Fig. 1(a)), BIBB was immobilized in microcrystalline cellulose (MCC)
through the reaction with OH groups in a DMF mixture containing TEA
and DMAP (see Section 2.2 for the detailed experimental conditions
used). Confirmation of the BIBB immobilization in MCC, generating the
ATRP macro-initiator MCC-Br, was performed using FTIR, as shown in
Fig. 2. Comparison of the FTIR spectra for native MCC and purified MCC-
Br shows clearly the emergence of a peak in MCC-Br (1740 cm™})
correspondent to the stretching of the carbonyl group (-C=0) resulting
from the reaction between OH groups and BIBB (see also Fig. 1(a)). The
Br content in the macro-initiator MCC-Br was measured by ICP-MS and
the concentration of 135 mg/g was obtained, which is in the same range
of measurements reported in previous related works (see [15] and ref-
erences therein).

The synthesized ATRP macro-initiator was afterwards used to graft
synthetic polymer chains in MCC, namely P(4VP) and PAN chains, as
depicted in Fig. 1(b), considering the ATRP of 4VP for illustration pur-
poses. Besides the ATRP macro-initiator, this synthesis step included
also the use of EBrP initiator aiming at inducing the formation of free
synthetic polymer in addition to the grafted chains. This procedure is
often exploited to get indirect information concerning the structure of
the grafted-polymer through the analysis of the free product [14,19].
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Fig. 1. Depiction of (a) immobilization of a-bromoisobutyryl bromide (BIBB) in microcrystalline cellulose (MCC) with production of the ATRP macro-initiator MCC-
Br and (b) grafting of 4VP polymer chains in MCC through ATRP. In the grafting step, besides the macro-initiator MCC-Br, the ATRP initiator EBrP was also included

to generate the formation of free P(4VP) homopolymer.
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Fig. 2. FTIR spectra for the native microcrystalline cellulose (MCC) and for the
purified product resulting from the immobilization of a-bromoisobutyryl bro-
mide in MCC (MCC-Br).

With the systems here considered, both free P(4VP) and PAN formed in
these grafting ATRP runs are soluble in the DMF liquid phase while the
cellulose containing products (starting with MCC-Br up to the MCC-P
(4VP) or MCC-PAN hybrid materials) remain insoluble along the reac-
tion (the heterogeneous approach was considered). Table 1 contains
detailed information concerning the synthesis conditions used to

generate the MCC-P(4VP) and MCC-PAN hybrid adsorbents.

Table 1

Reaction conditions used to synthesize different ATRP and FRP products
considered for the development of hybrid cellulose-poly(4-vinylpyridine) and
cellulose-polyacrylonitrile adsorbents. All the polymerizations were performed
with DMF as solvent.

Product MCC-Br EBrP Monomer CuBr PMDETA AIBN
(g/L) (mol/ (mol/L) (mol/ (mol/L) (mol/
L) L) L)
MCC-P 9.511 5.749 5.752 6.630 1.804 x -
(4VP) x 1072 x107% 1072
MCC- 12.365  7.519 7.521 8.569 2.359 x -
PAN x 1072 x107% 1072
P(4VP) - 5.738 5.709 7.114 1.787 x -
x 1072 x107% 1072
PAN - 7.522 7.522 8.347 2.257 x -
x 1072 x 1072 1072
P(4VP)- - - 3.478 - - 1.427
FRP x 1072
PAN - - 3.440 - 6.900
FRP % 10-3

Gravimetrically measured content of P(4VP) in the final MCC-P(4VP)
product was 90%, while 64% of PAN was estimated for the MCC-PAN
hybrid material. A high incorporation rate of the synthetic polymer in
the hybrid materials was here explored in order to compare the
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adsorption capabilities of the modified materials relatively to cellulose.
However, much lower synthetic contents (e.g. lower than 10%) can be
attained depending on the materials applications by changing the
grafting conditions. Incorporation of the synthetic polymers in the final
materials was also confirmed using FTIR analysis, as shown in Figs. 3
and 4. Assignments corresponding to the -C=N (1415 cm™!) and C=C
(1550 and 1600 cm™!) pyridyl groups are clearly observable in the
spectrum collected for the MCC-P(4VP) materials, while the nitrile
group (-C = N) assignment is patent with the FTIR analysis for MCC-PAN
(2245 cm™).

In Figs. 5 and 6 are presented the SEC/RI/LALS/RALS traces
observed for the free P(4VP) and PAN polymers collected at the end of
the grafting reactions leading to the formation of the MCC-P(4VP) and
MCC-PAN hybrid materials, respectively. For comparison purposes,
these plots include also the SEC traces for P(4VP) and PAN homopoly-
mers synthesized via ATRP with EBrP initiation, as well as for samples of
the same homopolymers produced by free radical polymerization (FRP)
with AIBN initiation. The reaction conditions used in the synthesis of
these four homopolymers can be found in Table 1. For the interpretation
of the results in Figs. 5 and 6, it should be noted that the chromatogram
traces appearing after the system peak (starting at around 18 min elution
time) are due to non-polymer species, namely 4VP monomer and its
possible metal coordination complexes (this effect is not pronounced
with the AN monomer).

Results presented in Fig. 5(a) show the formation of a bimodal
polymer population for the free polymer produced during the MCC-P
(4VP) grafting process. Such bimodal polymer population is not
observed for the P(4VP) homopolymer synthesized in a common ATRP
process with EBrP/CuBr/PMDETA (see Table 1), as presented in Fig. 5
(b). An unimodal polymer population is also formed when the P(4VP)
homopolymer is synthetized via FRP, as shown in Fig. 5(c). The com-
parison between the bimodal polymer correspondent to the free chains
formed in MCC-P(4VP) grafting and the unimodal polymers produced
via ATRP or FRP homopolymerizations is highlighted in Fig. 5(d). This
comparison shows that the free polymer formed during the grafting
process is composed of a population close to that formed in a similar
homogeneous ATRP process and another with very high molecular size,
even higher than that found in FRP synthesis. Thus, a second free
polymer population is formed during the grafting process in conditions
different from those expected with the homogenous conditions.

The formation of a bimodal polymer population is also observed for
the free polymer with the ATRP grafting process involving the AN
monomer, as presented in Fig. 6(a). Again, as expected, unimodal pop-
ulations were measured for PAN homopolymers synthesized in a com-
mon ATRP process with EBrP/CuBr/PMDETA or via FRP, as shown in
Fig. 6(b—c). The comparison in Fig. 6(d) highlights again that the free
polymer in grafting is composed of a population similar to that formed
with an analogous homogeneous ATRP, plus another population with
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-20
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Fig. 3. FTIR spectra for MCC, MCC-Br, ATRP synthesized hybrid cellulose-poly
(4-vinylpyridine) (MCC-P(4VP)) and an ATRP synthesized P(4VP)
homopolymer.
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Fig. 4. FTIR spectra for MCC, MCC-Br, ATRP synthesized hybrid cellulose-
polyacrylonitrile (MCC-PAN) and an ATRP synthesized PAN homopolymer.

much higher molecular size. This second population is less pronounced
in the grafting with AN than that observed with 4VP, as becomes evident
through the comparison of Figs. 5(d) and 6(d).

The formation of multimodal polymer populations can be found in
non-linear polymerization systems due to variable degree of branching/
crosslinking among the different species [20,21]. Following a different
mechanism, the bimodal populations above described for the free
polymer formed during MCC-P(4VP) and MCC-PAN synthesis should be
a consequence of the coexistence of two regions with different reaction
conditions in the liquid phase. In the bulk of the DMF liquid phase the
reactant concentrations should be closer to that correspondent to a ho-
mogeneous ATRP, while in the vicinity of the solid phase (cellulose +
grafted polymer) these concentrations can be substantially different.
Dissimilar adsorption of the different ATRP reactants in the solid phase
should lead to the formation of a polymer population not following the
expected homogeneous process. This issue is magnified when P(4VP) is
involved due to the inherent strong H-bond capability and ability to
generate metal coordination complexes. The issues just reported with
the free polymer structure anticipate that the distribution of synthetic
brushes grafted in cellulose should also deviate from the one expected in
homogeneous ATRP products.

In order to further investigate the formation of these bimodal poly-
mer populations, other ATRP grafting process were performed with 4VP
and AN, changing the concentration of MCC-Br macro-initiator, with the
remaining conditions unchanged, as presented in Table 1 and supple-
mentary material (Table S1). The SEC analysis of the free polymers
formed in such different conditions (Fig. S2) show the decreasing of
bimodality with the lower concentration of ATRP macro-initiator MCC-
Br, supporting the possibility for the heterogeneity of the polymerization
through the effect of the solid phase.

Thus, a thorough knowledge on the partition of the ATRP reactants
among the phases involved should be used in order to design synthetic
brushes with a target size. Multiphase polymer reaction engineering
modeling tools, including also the plausible effect of radical termination
in ATRP, are potentially helpful to design such synthesis conditions and
also to discriminate the mechanisms leading to bimodality, but this
subject is beyond the scope of the present paper.

SEM analysis illustrated in Fig. 7 (see also Supplementary material)
shows that the native MCC particles have characteristic dimension
around 20 pm while the MCC- P(4VP) and MCC-PAN particles present
correspondent dimensions in the order of 40 to 50 pm. The observed
increase in particle size is a consequence of the ATRP grafting of these
synthetic polymers in the native MCC.

The final goal of this research is the assessment of the hybrid MCC-P
(4VP) and MCC-PAN materials to target polyphenols present in wine-
making, olive oil and almond residues, namely when compared with a
diverse range of alternative synthetic adsorbents. Table 2 contains a
brief description of the adsorbents considered within this purpose. Be-
sides the MCC-P(4VP) and MCC-PAN synthetized adsorbents, the native
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Fig. 5. SEC/RI/LALS/RALS traces observed for different polymers involving the 4VP monomer. (a) Free polymer collected at the end of the ATRP grafting step
involving MCC-Br, 4VP and EBrP. (b) P(4VP) synthesized through ATRP with EBrP initiator. (c) P(4VP) synthesized through FRP with AIBN initiator. (d) Comparison
of the RI signals for these three samples. Details on the synthesis conditions of these polymers can be found in Table 1.

MCC particles (20 pm, cotton linters) and different commercial resins
often used for polyphenols targeting were included in the testing runs.
Moreover, 4VP and AN based adsorbents, synthesized via FRP in the
framework of our previous researches [16-18], were also used with
grape pomace extracts, olive mill wastewater and almond extracts/
blanching wastewater.

Fig. 8 illustrates a relevant outcome of the present work considering
the targeting of the polyphenols in an EtOH/water 80/20 grape pomace
extract as a case study. Indeed, we show that a high polyphenol reten-
tion is possible in the MCC-P(4VP) adsorbent (c.a. 90% measured at 280
nm) while only a small fraction is adsorbed by the MCC or MCC-PAN
materials (c.a. 10% at 280 nm). Fig. 8 is also used to illustrate the

quantification method here considered for polyphenols retention by the
different adsorbents. Our calculation procedure is based on the com-
parison of the area of the HPLC-DAD chromatogram of the original
extract with that observed for the sample collected after the loading in
the adsorbent. Because the UV absorbance of the different polyphenols
changes with the wavelength, fixed values for A were selected, namely
280, 320, 360 and 380 nm. The evaluation at 280 nm was mostly
considered for the different adsorbents assessment, as discussed below,
but this analysis can be extended to other fixed wavelength values or
even considering the whole UV-vis spectra (see also the results con-
cerning polyphenols recovery below presented). These complexities are
also illustrated for the dynamics of adsorption in the Supplementary
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Fig. 6. SEC/RI/LALS/RALS traces observed for different polymers involving the AN monomer. (a) Free polymer collected at the end of the ATRP grafting step
involving MCC-Br, AN and EBrP. (b) PAN synthesized through ATRP with EBrP initiator. (c) PAN synthesized through FRP with AIBN initiator. (d) Comparison of the
RI signals for these three samples. Details on the synthesis conditions of these polymers can be found in Table 1.

Material (Figs. S3 to S5). Besides the plethora of varied compounds
absorbing at very different wavelengths, the competitive displacement
of specific molecules during the adsorption due to the effect of other
species is another mechanism hardening the monitoring of such
processes.

Fig. O presents a concise view of results for the adsorption of different
grape pomace extracts with all materials here considered. These results
follow from the extension to other samples of the analysis described in
Fig. 8 for the specific cases EtOH/water 80/20 with MCC-P(4VP), MCC
and MCC-PAN adsorbents. Results in Fig. 9 highlight the higher

polyphenol retention that is achieved with the MCC-P(4VP) adsorbents
comparatively not only to MCC or MCC-PAN but also to the commercial
resins (DAX-8, XAD4 and XAD7HP) or other 4VP/PAN based materials
(P(4VP-EGDMA) and P(4VP-AN-DVB)). Three different grape pomace
extracts were considered in this analysis, namely those obtained with
EtOH/water 80/20, ACN/DMF 50/50 and EtAc/EtOH 50/50, because
the extraction solvent is an important designing parameter for real in-
dustrial applications (targeted polyphenols, process efficiency, ecolog-
ical footprint, etc). Considering the average of the polyphenols retention
achieved for the three grape pomace extracts, MCC-P(4VP) scores 79%
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Fig. 7. SEM images showing the morphology of some particles addressed in this research. (a) Native microcrystalline cellulose particles (MCC). (b) and (c) ATRP
synthesized hybrid cellulose-poly(4-vinylpyridine) particles (MCC-P(4VP)). (d) ATRP synthesized hybrid cellulose-polyacrylonitrile particles (MCC-PAN).

Table 2
Description of the different adsorbents used to target polyphenols in wine-
making, olive oil and almond residues.

Adsorbent Product description

MCC-P(4VP) Synthesized through BIBB immobilization in MCC followed by
ATRP grafting of 4VP

McCC Commercial microcrystalline cellulose

MCC-PAN Synthesized through BIBB immobilization in MCC followed by
ATRP grafting of AN
DAX-8 Commercial resin (Supelite™, polymethylmethacrylate resin of

moderate polarity)
XAD4 Commercial resin (Amberlite®, hydrophobic polyaromatic resin
based on styrene-divinylbenzene)

XAD7HP Commercial resin (Amberlite®, moderately polar acrylic ester
resin)
P(4VP- Crosslinked polymer particles synthesized with 4VP/EGDMA 51/
EGDMA) 49 mol/mol through free radical polymerization with AIBN as
initiator and ACN/DMF 30/70 v/v as precipitation solvent
P(4VP-AN- Crosslinked polymer particles synthesized with 4VP/AN/DVB 45/

DVB) 45/10 mol/mol/mol through free radical polymerization with AIBN
as initiator and ethanol/water 67/33 v/v as precipitation solvent

followed by P(4VP-AN-DVB) with 72% and P(4VP-EGDMA) with 54%
(in spite of the almost nil retention observed with the ACN/DMF 50/50
extract). Much lower retention values are observed with the commercial
resins or the MCC and MCC-PAN materials (in the range 10 to 30%).
The outcomes above described are a consequence of the specific
binding capabilities associated to adsorbents based on 4VP, as detailed
in ref. [7]. The -N = group in the pyridyl moiety contains one extra
electron pair that is not involved in the ring conjugation system. This
annular enclosed conjugated system is formed because each atom in the
ring contains one p orbital and each p orbital adds one electron to the
total of six p electrons. The bonding between the carbon and nitrogen
atoms in the pyridyl group is made through sp? hybrid orbitals and a sp>
hybrid orbital is also present in the nitrogen atom that is occupied by a
lone pair of electrons [7]. Therefore, this lone pair of electrons is able to
participate in strong H-bonding mechanisms, as well as to bind with
protons. Indeed, the pyridyl group behaves as a proton acceptor and is
also a good ligand for multiple metal ions, giving rise to complexation
[7]. Due to these specific features, adsorbents based on 4VP also present
a strong binding capacity for many kinds of polyphenols, as shown in our
previous works [16-18]. Comparison of the results here presented with
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Fig. 8. Comparison of the HPLC-DAD chromatograms for a grape pomace extract obtained in EtOH/water 80/20 and for the correspondent SPE processed solutions
collected at column outlet after extract loading in different adsorbents. Loading in MCC-P(4VP), MCC and MCC-PAN is here compared and results at A = 280, 320,

360 and 380 nm are presented.

MCC-P(4VP) and MCC-PAN adsorbents also confirm the stronger inter-
action of the pyridyl group with polyphenols comparatively to the nitrile
group (the binding stabilization provided by the conjugated system in
the pyridyl moiety plays as important role). Note that the N, adsorption/
desorption results put in evidence a very low specific surface area and
pore volume, not only for the native MCC, but also for the hybrid MCC-P
(4VP) and MCC-PAN particles synthesized (see Table S2). These out-
comes corroborate that the high polyphenol retention observed with the
hybrid MCC-P(4VP) particles is mostly due to the functionalization of
the external surface with the pyridyl functional groups.

Results for the adsorption of hull and shell almond polyphenols
contained in EtOH/water 80/20, ACN/DMF 50/50 and EtAc/EtOH 50/
50 are presented in Fig. 10. These measurements confirm the superior
capacity of the MCC-P(4VP) adsorbent to retain polyphenols contained
in almond residues also when solvents with high organic content are

used. The strong interaction of the pyridyl group with many poly-
phenols, as above discussed, gives support to these outcomes. The effect
of hydrophobic interactions, which is the driving force for the adsorp-
tion of polyphenols in many adsorbents used with plant extracts, has a
lower impact in retention when working with 4VP based materials.
Among all adsorbents tested, taking the average retention for the four
almond extracts considered, MCC-P(4VP) scores with 76%, followed by
P(4VP-AN-DVB) with 63% and P(4VP-EGDMA) with 55%. Again, a very
small retention is observed with the commercial resins or with MCC and
MCC-PAN materials.

In Fig. 11 are presented the retained fractions measured with
aqueous extracts containing polyphenols. Olive mill wastewater and
almond blanching wastewater were processed with the different ad-
sorbents and the results show an important contribution of hydrophobic
interactions for adsorption. Commercial resins are now able to retain
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EtAc/EtOH 50/50 as solvents). Measurements were performed in SPE columns and retention was calculated using UV absorbance at A = 280 nm.

100

m Hull EtOH/H20 80/20

 Shell EtOH/H20 80/20

u Shell ACN/DMF50/50 = Shell EtAc/EtOH 50/50 |

90

80

70

60

50

40

30

Retention (%) at 280 nm

MCC-P(4VP) MCC-PAN DAX-8

0 JﬁTthJE

XAD7HP P(4VP-EGDMA)  P(4VP-AN-DVB)

Fig. 10. Comparison for the retention in different adsorbents observed with different almond hull and almond shell extracts (obtained with EtOH/water 80/20,
ACN/DMF 50/50 and EtAc/EtOH 50/50 as solvents). Measurements were performed in SPE columns and retention was calculated using UV absorbance at A =

280 nm.

appreciable amounts of polyphenols (e.g. DAX-8 scores 74% for the
average of the two extracts) but the best outcomes are observed with the
two 4VP based adsorbents synthetized via FRP (89% for P(4VP-AN-DVB)
and 83% for P(4VP-EGDMA)). The adsorbent MCC-P(4VP) scores now
with 44% average retention and lower values are observed for MCC
(13%) or MCC-PAN (21%). The combined effect between the adsorption
capabilities of the pyridyl moieties and the hydrophobic interactions
enhanced by the crosslinkers (EGDMA and DVB) reason the high poly-
phenol retention observed with the P(4VP-EGDMA) and P(4VP-AN-
DVB) adsorbents. On the other hand, the pH conditions of the olive
mill wastewater (pH = 5) and of the almond blanching wastewater (pH
= 6.1) also contribute for their relatively lower adsorption capability as
measured with the MCC-P(4VP) material (note the high P(4VP) content
of this adsorbent). Indeed, as demonstrated before with P(4VP) based
resins for heavy metals adsorption, the pH has an important effect on
amounts and selectivity of the different cations retained [7]. When the
pH is low enough, the pyridine ring becomes protonated and positively
charged molecules cannot be adsorbed whereas anions can be retained

10

by electrostatic interactions. Similar pH effects are possible for phenolic
acids in olive mill wastewater and almond blanching wastewater,
namely by shifting the equilibrium for phenolic acids dissociation and P
(4VP) protonation. However, the most important factor hindering
polyphenols retention at acid conditions with MCC-P(4VP) materials
should be the decrease of the pyridyl group capacity to establish
hydrogen bonding with these compounds as a consequence of proton-
ation. Adjustment of pH is therefore a tool that can be considered to
increase adsorption rates with MCC-P(4VP) materials but our option
here was the use of the simple processing conditions concerning the
direct processing of the aqueous extracts.

Overall, considering the nine different extracts described in
Figs. 9-11, the MCC-P(4VP) adsorbent presents an average retention
capability of 70%, a slightly higher value (72%) results for P(4VP-AN-
DVB), while 61% stands for P(4VP-EGDMA). These results confirm the
good retention capability of 4VP based adsorbents for polyphenols
considering a broad range of working conditions (much lower retention
averages are observed with the other adsorbents). When only the
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Fig. 11. Comparison for the retention in different adsorbents observed with olive mill wastewater and almond blanching wastewater. Measurements were performed

in SPE columns and retention was calculated using UV absorbance at A = 280 nm.

organic or low water content extracts are considered (decreasing the
hydrophobic effects and therefore enhancing adsorbent specificity), the
MCC-P(4VP) scores with 77% while P(4VP-AN-DVB) and (4VP-EGDMA)
with 67% and 54%, respectively.

Note that, as stated above, with complex mixtures like plant extracts,
the polyphenols are adsorbed differently depending particular in-
teractions with the polymer network moieties. Thus, when the simple
global polyphenol retention is assessed, the value changes with the
wavelength due to particular spectra of the species retained. This effect
is highlighted in Fig. 12 by comparing the polyphenol retention
measured at 280 and 380 nm for almond shell and grape pomace ex-
tracts in ACN/DMF 50/50 and considering the different adsorbents.
These results also demonstrate the higher capacity of the MCC-P(4VP)
adsorbent to retain polyphenols even when stronger organic solvents
(ACN/DMF 50/50) are used. A more comprehensive view of poly-
phenols adsorption/desorption change with wavelength can be
observed in Fig. 13 (see also Supplementary Material).

Results above presented demonstrate the good capability of the
MCC-P(4VP) adsorbents to retain polyphenols in different plant extracts.

100

This is an important issue for industrial processes dealing with very high
liquid volumes containing polyphenols at low concentration (e.g. food
industry). In practice, the transport of such high volumes for secondary
processing must be avoided and therefore efficient enrichment mecha-
nisms should be considered. In the simplest case, this enrichment is just
a volume reduction [22] and adsorbents with high retention capability
play an important role in this context. These features were above illus-
trated with the 4VP-based materials synthesized in our research.

Additionally, besides the concentration (enrichment) process, the
recovery and fractionation of the polyphenols is also sought in many
industrial applications. These purification and fractionation applica-
tions require the assessment of polyphenols desorption after their
loading in the used materials. Selective desorption processes are often
triggered by the use of a sequence of solvents with different elution
strengths and/or temperature-swing mechanisms. The application of the
MCC-P(4VP) adsorbents in the purification and fractionation of poly-
phenols in grape pomace, almond residues and olive mill wastewater
was also addressed in the present work as illustrated in Fig. 13 (see also
Supplementary Material).
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Fig. 12. Comparison for the retention measured at A = 280 nm and A = 380 nm considering different adsorbents with almond shell and grape pomace extracts

obtained in ACN/DMF 50/50.
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Fig. 13. HPLC-DAD analysis of: (a) a grape pomace extract obtained in EtOH/water 80/20 and (b) a fraction of this extract recovered in MeOH/acetic acid 90/10

after loading the grape pomace extract with the MCC-P(4VP) adsorbent.

Fig. 13(a) shows the HPLC-DAD chromatogram observed for a grape
pomace extract obtained in EtOH/Water 80/20 and reveals a complex
mixture of phenolic compounds that are known to be present in wine
and vinery residues. Citric acid, caftaric acid, catechin, p-coutaric acid,
quercetin glucuronide, resveratrol, quercetin and kaempferol are just a
few examples of polyphenols present in such kinds of extracts
[17,23-25], besides different sorts of anthocyanins and their 3-O-mon-
oglucosides [23]. On the other hand, Fig. 13(b) shows a fraction
recovered after the loading of this grape pomace extract in the MCC-P
(4VP) adsorbent. This specific fraction was recovered with MeOH/

12

Acetic acid 90/10 (see Section 2.8) and the HPLC-DAD analysis pre-
sented in Fig. 13(b) highlights the purification and fractionation ach-
ieved with this simple sorption/desorption procedure. Indeed, the
comparison of Fig. 13(a)-(b) shows the production of fraction enriched
with the malvidin-3-O-glucoside anthocyanin, as indicated by the in-
crease of absorption intensity in the visible region of the spectrum. A set
of well-defined peaks correspondent to other polyphenols are also now
discernible in HPLC-DAD analysis as consequence of this simple sorp-
tion/desorption process. If needed, further sorption/desorption steps
should be considered to achieve higher polyphenol purification/
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fractionation, depending on the application requirements.

A similar analysis for an almond shell extract obtained in EtOH/
water 80/20 and handled through a sorption/desorption process with
the MCC-P(4VP) adsorbent is presented in the Supplementary Material.
The initial extract exhibits a complex mixture of polyphenols including
catechin, procatechuic acid, epicatechin, vanillic acid, quercetin and
quercetin-glucosides, kaempferol and kaempferol-glucosides, as well as
isorhamnetin and isorhamnetin glucosides, among others [22,26,27].
Comparison of initial/processed extract demonstrates the purification of
the almond shell extract achieved with this simple sorption/desorption
process. The fraction recovered was enriched in isorhamnetin-3-O-ruti-
noside and also in quercetin-glucosides (different isomers, diglucosides
or galactosides are possible [22,26,27]). These outcomes are useful for
downstream processing of almond residues and also for analytic pur-
poses, namely for sample preparation aiming at polyphenols identifi-
cation and quantification.

A first application of the MCC-P(4VP) adsorbent with aqueous ex-
tracts is presented in Appendix. Polyphenols present in almond
blanching wastewater were adsorbed in the MCC-P(4VP) material and a
fraction afterwards recovered with MeOH/Acetic acid 90/10. The pu-
rification of the initial almond blanching wastewater was achieved and
an isorhamnetin-3-O-rutinoside rich fraction was obtained. Note also the
difference between the initial phenolic profile for the almond shell
extract in EtOH/water 80/20 and almond blanching wastewater (see
Appendix) caused by the raw materials used and mainly by the extrac-
tion solvents (EtOH/water 80/20 and water). In both cases the MCC-P
(4VP) adsorbent was usefully used for purification/fractionation of the
contained polyphenols.

The processing of olive mill wastewater with the MCC-P(4VP)
adsorbent is illustrated in the Supplementary Material. The main poly-
phenols in this kind of complex aqueous extracts belong to the classes of
phenolic alcohols (e.g. tyrosol and hydroxytyrosol), phenolic acids
(vanillic acid, caffeic acid, sinapic, vanillin acid, etc), secoiridoids and
derivatives (oleuropein, elenolic acid, oleoside, etc) and flavonoids
(apigenin, luteolin, luteolin-7-glucoside, etc) [28-30]. In Appendix is
also presented the phenolic profile for a fraction recovered with MeOH/
water(pH = 2) 90/10 after the loading of the olive mill wastewater in
MCC-P(4VP). The fraction thus recovered was enriched in secoiridoids
and flavonoids while other major components of the olive mill waste-
water, namely many phenolic alcohols and acids, were successfully
removed from the solution using this simple sorption/desorption process
with the MCC-P(4VP) materials. These results show that the use of the
adsorbents here developed deserves technological scrutiny for olive mill
wastewater valorization, namely in integrated processes including
crystallization [31] or membranes filtration [32].

4. Conclusion

Microcrystalline cellulose particles were grafted via ATRP with a
high content of poly(4-vinylpyridine) brushes. The hybrid particles were
used as adsorbents to target polyphenols in different kinds of plant ex-
tracts derived from grape pomace, almond residues and almond pro-
cessing wastewater, as well as olive oil production effluents. It was
observed that the morphology of the final hybrid particles keeps
appropriated for use in continuous sorption/desorption processes. For
comparison purposes, a hybrid adsorbent resulting from the ATRP
grafting of polyacrylonitrile in cellulose was also synthesized.

The produced hybrid adsorbents were assessed for the retention of
polyphenols in organic solvents (ACN/DMF 50/50 and EtAc/EtOH 50/
50), organic/aqueous mixtures with low water content (EtOH/water 80/
20) and completely aqueous extracts (almond and olive mill waste-
water). These assays included also the use of other adsorbents, namely
the native microcrystalline cellulose, commercial resins (DAX-8, XAD4
and XAD7HP) as well as other polymer networks synthesized via radical
polymerization with 4-vinylpyridine as co-monomer. Considering the
average polyphenol retention as comparative parameter and nine
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different extracts, the MCC-P(4VP) adsorbent and the 4VP based net-
works present a much higher performance (c.a. 70% retention)
comparatively to MCC, MCC-PAN or commercial resins (retention in the
range of 10 to 20% observed for many materials). Averaging with
exclusion of the aqueous extracts leads to an even higher retention
capability for MCC-P(4VP) (c.a. 77%) also when compared with the
other 4VP based networks. These results are grounded by the strong
binding capacity of the pyridyl group towards many polyphenols and
show that the design of adsorbents working with a lower impact of the
hydrophobic interactions is achieved increasing the 4VP content in the
materials.

MCC-P(4VP) adsorbents were also used for purification and frac-
tionation of polyphenols using simple sorption/desorption steps. With
this straightforward approach, a fraction enriched with the malvidin-3-
O-glucoside anthocyanin was obtained from a grape pomace extract;
fractions containing high content of isorhamnetin-3-O-rutinoside were
isolated from almond shell as well as from almond blanching wastewater
and fractions enriched in secoiridoids and flavonoids were produced
from olive mill wastewater while many phenolic alcohols and acids were
removed. These results show the potentiality of the MCC-P(4VP) ad-
sorbents to improve downstream processing of polyphenols and increase
the biorefining efficiency (e.g. allowing direct handling of organic ex-
tracts with high polyphenol concentration).

This research also shows that the use of controlled radical poly-
merization techniques, namely ATRP, offers many possibilities for the
designing of natural-synthetic functional materials to be used as tailored
adsorbents. The combination of molecular imprinting with ATRP func-
tional grafting in cellulose to gain materials with molecular recognition
features and the optimization of the cellulose/synthetic incorporation
ratios in the final materials are issues to be addressed in future works. A
comprehensive cost-benefit analysis on the use of the kind of adsorbents
here addressed is also needed including sustainability factors as well as
the potential increase on process efficiency and flexibility due to the use
of tailored materials. The formation of a polymer population not
following the expected homogeneous process here demonstrated
through SEC analysis also deserves scrutiny in future works to gain
precision in the designing of synthetic brushes with a target size. This is
particularly important when monomers with strong H-bond capability,
such as 4VP, are involved.
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