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Downstream processing is considered to be the bottleneck in pharmaceutical manufacturing because its
development has not kept pace with upstream production. In some cases, the lack of efficient down-
stream processing capacity can seriously affect both the sustainability and profitability of a pharmaceutical
product and even result in its failure. Minimising solvent and raw material consumption, as well as utilising
waste, can make a significant difference towards environmentally benign and economically viable chemi-
cal production. In this work, the authors present the development and modelling of a continuous adsorp-
tion process with in situ solvent recovery for the isolation of oleuropein from olive leaves, an agricultural
waste. Waste utilisation in agriculture has gained increasing attention because this economic sector is
ranked as the 2" highest global greenhouse gas emission contributor. Imprinted polymers were devel-
oped for the selective scavenging of oleuropein from olive leaf extracts using green solvents. The mild
temperature-swing (25-43 °C) process allows the continuous isolation of oleuropein at 1.75 g product
per kg of adsorbent per hour with an unprecedented 99.7% purity. In situ solvent recovery was realized
with a solvent-resistant nanofiltration membrane allowing 97.5% solvent recycle and 44.5% total carbon
footprint reduction, while concentrating both the product stream for crystallisation and the waste stream

rsc.li/greenchem for disposal.

1. Introduction

Sustainable manufacturing is one of the grand challenges of
the 21st century. The breakdown of the global greenhouse gas
emissions by the economic sector indicates that industry
(21%) and agriculture (24%) are responsible for almost half of
the climate change." The importance of green chemistry and
engineering has been recognised by governmental agencies,
academics and many industries. In particular, pharmaceutical
manufacturing is considered to be the leading sector in indus-
trial sustainability achieved through the development of eco-
nomically sound processes that minimize negative environ-
mental impacts whilst improving safety and economic
viability.>® Green solvents and reagents, solvent recovery,
process optimisation and integration, energy conservation,
waste minimisation, and utilisation of natural resources are
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becoming part of the engineers’ toolbox as a consequence of
the sustainability paradigm shift.” Utilisation of agricultural
waste is an emerging field with great potential to drive sustain-
able production with diversified examples from renewable
energy,® wastewater treatment,”'® polymer synthesis,"* and
extraction of chemicals.'>"® Bioactive compounds or their pre-
cursors are extracted from both plants and animals by the
pharmaceutical, personal care, food and nutritional industries
with an estimated market size of over $250 billion."" One of
the most important classes of these bioactive compounds is
biophenols.

The olive and argan plants (Olea europeaea, Argania spinosa)
have been historically providing invaluable economic and die-
tetic benefits to the Mediterranean and Middle East regions
and beyond. The excellent properties of biophenols are a con-
sequence of their pathogenic function in the tree. In particu-
lar, oleuropein is the most prominent biophenol with concen-
trations of about 60-140 mg g~ of dry matter."” It causes a
bitter, pungent taste in olive oil; however it occurs in relatively
large quantities in the olive leaf as well. The leaves are con-
sidered to be agricultural waste from the beating of olive trees
for fruit harvest, and used as a livestock feed. Its pharmaco-
logical properties - such as antioxidant, anti-cancer, anti-
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inflammatory, anti-atherogenic, antimicrobial and antiviral
activities, hypolipidemic and hypoglycemic effects — have been
widely studied in recent years.'® Besides its direct pharmaco-
logical use, oleuropein can be converted into various high-
value compounds,'” and thus it has been chosen as the model
bioactive compound for the present study. There is wide inter-
est in developing extraction and isolation methodologies for
olive biophenols including column chromatography,'® super-
heated liquid extraction,'® instant controlled pressure drop tex-
turing,”® reduced-pressure boiling extraction,”’ and ultra-
sound- and microwave-assisted extraction.*>*?

It has recently been realized that conventional downstream
separation processes are unsustainable because they can
account for as much as 80% of the total manufacturing costs
and eventually contribute 50% of the industrial energy
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usage.”>*® With profit margins growing thin, there is an
imperative drive for minimising both the cost and environ-
mental impact via process intensification (PI). PI refers to a set
of innovative principles in equipment and process design with
the aim to achieve considerable benefits in process efficiency,
operating expenses, product quality, reusability and waste.?® As
effective PI tools, adsorption and membrane separations have
been recognized as core technologies that provide more
efficient process engineering.>®>” The present study demon-
strates the development of molecularly imprinted polymers
and the optimisation of a continuous isolation process
coupled with nanofiltration-based solvent recovery for obtain-
ing high-purity oleuropein from olive leaves (Fig. 1).

The field of organic solvent nanofiltration has significantly
evolved in the past decade, and effective membrane materials
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Fig. 1 Schematic process scheme for the continuous isolation of oleuropein from an olive leaf extract. The two columns are packed with imprinted

polymers scavenging the oleuropein, and the subsequent nanofiltration

units concentrate both the waste and product streams whilst the solvent is

being recovered in situ. The compact design resulted in about a 2 m? footprint for the whole unit.
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are now available that can withstand severe conditions while
completely retaining solutes as small as 100-300 g mol~*.>%?°
These membranes facilitate the design of innovative process
configurations that are capable of drastically reducing solvent
consumption and enhancing the sustainability of the chemical
industry.>**° In parallel to membrane science, adsorbents
have also markedly advanced in recent years. In particular,
molecularly imprinted polymers have become more selective,
robust and applicable in chemical engineering processes.*"*?
In this work, the synergistic combination of imprinting and
nanofiltration technologies is explored.

2. Results and discussion
2.1 Materials design for scavenging oleuropein

Molecular imprinting is a technique to design robust mole-
cular recognition materials able to mimic natural recognition
entities, such as antibodies and biological receptors. The
preparation and application of molecularly imprinted poly-
mers (IPs) have been thoroughly reviewed.*® Briefly, a specific
compound is present during the polymerisation process which
acts as a molecular template (Fig. 2). Building blocks are
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Fig. 2 The concept of molecular imprinting technology: (A) Imprinted
materials are prepared by allowing the self-assembly of the template
molecule, the functional monomer and the crosslinker in solution fol-
lowed by (B) radical polymerisation; (C) the resulting binding site can
preferentially and reversibly adsorb the template from a complex
mixture.
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allowed to self-assemble with the template, and the functional
groups are held in position via crosslinking polymerisation.
Subsequent removal of the template by solvent extraction or
chemical cleavage leaves binding sites that are complementary
to the template in terms of both topography and chemical
functionality.

Fig. 3 shows the structures of the template, functional
monomers and crosslinkers employed in the present study.
Oleuropein has a multifaceted chemical nature having hydro-
gen donor and acceptor sites as well as an aromatic moiety
capable of n—r interactions. Having such a versatile template
in hand allowed the investigation of a range of functional
monomers, such as carboxylic acid, urea, amide, amine and
metal-chelate derivatives. A range of extraction solvents for
initial screening were selected based on two criteria: (i) suc-
cessfully used for biophenol extraction, and (ii) recommended
by industrial solvent selection guides.>** Undesirable dipolar
aprotic solvents were substituted with the environmentally
benign alternative sulfolane.*®

The solvents and adsorbents were screened through the
comparison of the adsorption capacity and imprinting factor
(Fig. 4). The adsorption capacity is defined as pmol oleuropein
adsorbed per gram of polymer, while the imprinting factor is
the ratio of the adsorption capacities of the imprinted and the
corresponding control polymers. The development of an
efficient continuous isolation process requires the adsorbent
to have both high capacity and high selectivity. The imprinting
factor indirectly describes the fidelity of the binding sites in
the imprinted polymers, which is ultimately responsible for
the selective scavenging of the target compound, oleuropein.
The contour plots in Fig. 4 allow rapid identification of the
most favourable conditions shown in red.
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Fig. 3 Building blocks for the synthesis of oleuropein imprinted poly-
mers. Oleuropein (OR) was used as a template, ethylene glycol dimetha-
crylate was employed as a crosslinker (CL), while methacrylic acid (FM1),
acrylamide (FM2), 1-(4-vinylphenyl)-3-(3,5-bis(trifluoromethyl)phenyl)
urea (FM3), styrene (FM4), methacryloyl benzotriazole-Cu(i) metal-
chelate (FM5), and N-methacryloyl-(L)-histidine methylester-Cu(n)
metal-chelate (FM6) were used as functional monomers.
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Fig. 4 Solvent and adsorbent screening through evaluation of (A)
adsorption capacity (umol g™) and (B) imprinting factor. The adsorbent
mass to system volume ratio was fixed at 5 g L™ . Refer to the ESIt for
the full screening results and reproducibility through adsorption—regen-
eration cycles.

It can be deduced that for the extraction of oleuropein,
ethyl acetate and cyclohexanone are the most superior sol-
vents, followed by sulfolane. Ethyl acetate was chosen for the
process development as it is ranked the highest among the
tested solvents in the GSK solvent recommendation list.” IP10
and IP11 prepared from metal-chelate monomers (FM5 and
FMB6, respectively) show the highest adsorption capacity of
250 + 6 umol g~ but, on the other hand, the lowest imprinting
factor of 2.3 + 0.1. However, IP9 featuring a urea moiety (FM3)
has a high binding capacity of 228 + 4 pmol g~' and the
highest imprinting factor of 12.2 + 0.3 outperforming IP10 and
IP11. Consequently, IP9 was chosen for the development of
the continuous isolation process. For engineering applications
the reusability of the IPs through adsorption-desorption cycles
is of utmost importance. Carefully selected IP regeneration
conditions allow the reuse of these materials over 100 adsorp-
tion-regeneration cycles.>" Refer to the ESIf for the list of poly-
mers and their stoichiometry (Table S17).

A mathematical model has been developed in order to
describe the dynamics of adsorption and expedite the develop-
ment of a continuous process for the separation of oleuropein
(see section 4 of the ESIT). This model requires an expression
for the equilibrium isotherm that is both a function of the
concentration of oleuropein and the temperature. In this
sense, the best adsorbent was further characterized for its full
adsorption isotherm and kinetic behaviours. Fig. 5A shows the
experimental data obtained for the equilibrium isotherm and
the fitting curves at different temperatures. The fitting
expression has been obtained from the nonlinear regression

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (A) Adsorption isotherm at different temperatures: kg of
adsorbed OR per kg of IP9 adsorbent versus kg of free OR per m® ethyl
acetate solution; and (B) kinetic data for IP9 aiding the estimation of the
intra-particular effective diffusivity.

analysis of the experimental data of g.q vs. C in equilibrium at
different temperatures ranging from 15 °C to 50 °C. Refer to
section 5 of the ESI} for full isotherm analysis.

Additionally, the simulation of the transport of oleuropein
molecules inside the polymer microbeads requires an esti-
mation of the effective intra-particular mass diffusivity. In this
work, this value has been obtained from adsorption kinetics
experiments. Fig. 5B shows the evolution in time of the con-
centration of oleuropein in a liquid solution and the amount
adsorbed in the polymer microbeads until thermodynamic
equilibrium is achieved. A value of D¢ = 1.07 x 107* m* s™*
for a coefficient of determination R* = 0.983 has been obtained
from non-linear regression. Further information on the
development of the mathematical framework of the adsorption

Green Chem., 2017, 19, 3116-3125 | 3119
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column dynamical model and the estimation of the effective
intra-particular diffusivity from experimental data can be
found in the ESI, in sections 4 and 6, respectively.

2.2 Process design for continuous isolation of oleuropein &
in situ solvent recovery

Two preparative chromatography columns with 250 x 10 mm
dimensions were wet-loaded with about 8 g of IP9. A math-
ematical model based on mass and heat balances to the
flowing liquid (olive leaf extract) and stationary solid phase
(IP9) in the adsorption column was used to describe the
dynamics of the adsorption process. Refer to section 4 of the
ESIt for the mathematical framework and assumptions. The
effect of feed flow on the column outlet concentration, the
exploitation rate of the column capacity, and the loss of oleuro-
pein was investigated (Fig. 6). The aim of the parametric study
was to define a suitable threshold concentration measured at
the outlet of the column that, when reached, determines the
end of the adsorption step (see Fig. S11 in the ESIf). The
optimisation of the threshold concentration is not straight-
forward as it should be minimised in order to avoid wasting
oleuropein and solvent, but on the contrary it should be maxi-
mized for better exploitation of the column adsorption
capacity.

A breakthrough curve of the adsorption process has been
obtained experimentally to assess the validity of the developed
numerical model. Fig. 6A shows the comparison between the
experimental and numerical results for a flow rate of
2 mL min~" at a constant temperature of 25 °C and a feed con-
centration of 0.966 g L', A good agreement has been obtained
between the simulation and the experimental results, allowing
validation of all the physical assumptions for building the
numerical model. The validated model for the adsorption
dynamics was used to perform a parametric study to evaluate
the effect of the flow rate on the process. As the flow rate in
the adsorption column is increased, a lower residence time is
allowed to the oleuropein molecules for adsorption until equi-
librium is reached (Fig. 6A). As expected, this results in break-
through curves with higher variance. At a fixed value of
threshold concentration, an increase in the flow rate reduces
the fraction of the adsorption column capacity that can be
used to avoid the dispersive front of oleuropein reaching the
outlet of the column (Fig. 6B). Increasing the threshold con-
centration allows the utilisation of more column adsorption
capacity but leads to increasing oleuropein waste. A compro-
mise must be reached which can be seen in Fig. 6C that shows
the variation of the ratio between the loss and processed oleur-
opein mass versus the threshold concentration for different
flow rates. Consequently, for the subsequent studies in this
work, a flow rate of 2 mL min™' corresponding to
2.55 cm min~" superficial velocity has been chosen. Due to its
high cost (£8000 g~')*® a threshold concentration of 0.05 g L™"
has been chosen to ensure that more than 99% of the total
processed mass of oleuropein is being recovered. This means,
however, that only 55% of the column’s total adsorption
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Fig. 6 Optimisation of the feed flow rate: (A) breakthrough curves
showing the column outlet concentrations over the processed volume
of olive leaf extract; (B) used column adsorption capacity as a function
of the threshold concentration; (C) ratio between the lost and total pro-
cessed oleuropein mass as a function of used column capacity.
Experimental points (@) were obtained at a flow rate of 2 mL min™* at a
constant temperature of 25 °C, and a feeding concentration of about
1gL™t
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capacity is being used, which could be further optimised by
allowing changes in the column dimensions.

In order to minimise energy consumption and to simplify
the process control and operation, the developed numerical
model for the column dynamics has been used to determine
the appropriate desorption temperature that would allow for
equal times for the adsorption and desorption steps. The
effect of the desorption temperature on the column’s
dynamics is shown in Fig. 7A, which revealed that 43 °C is the
minimum temperature that ensures 99% recovery of oleur-
opein from the column as well as equal adsorption and de-
sorption time. The latter warrants easy control and swapping
between the columns by simultaneously turning the four-way
valves to the other position after each cycle (see Fig. 1). The
hybrid process comprising two columns coupled with in situ
solvent recovery has been operated in a continuous mode up
to eight cycles and compared with the numerical predictions
(Fig. 7B). As per our expectations,® the column outlet concen-
tration shows a fully periodic evolution with no noticeable
decline in the separation performance. At the termination of
the continuous process (4 adsorption-desorption cycles on
each column), 9.3 g of oleuropein was isolated at a rate of
1.75 g product per kg of adsorbent per hour.

As the speed of time-to-market is an important factor,
solvent recycling is not usually considered in the early stages
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of process development; however, once a process is well-estab-
lished, solvent recovery is one of the key upgrades considered
to improve profit margins.*® The recent development of mem-
brane technology enables the recovery of organic solvents
under mild conditions.*®° A series of commercial and in-
house fabricated solvent-resistant nanofiltration membranes
were tested at 10-40 bar using either crude oleuropein solution
obtained from the olive leaf digestion process or purified
oleuropein solution collected from the adsorbent column. The
polybenzimidazole-based membrane was chosen for the
solvent recovery unit since it has shown quasi 100% rejection
of oleuropein (i.e. not detected in the permeate stream; LOD =
0.3 mg L") and other dissolved matter in the olive leaf extract.
Refer to section 7 of the ESIt for the full membrane screening
analysis. The nanofiltration unit was operated at 38-42 bar
allowing the recovery of 97.5% of ethyl acetate (3.9 mL min™")
in the permeate, while the retentate streams contained the
concentrated product and waste at a flow rate of 50 puL min~*
each (see Fig. 1). Fig. 7C shows the oleuropein concentration
profile in the nanofiltration cell and the crystallisation flask
(both experimental and numerical) using the set-up shown in
Fig. 1. Note that up to this stage, the crystallisation vessel is
being used only for retentate stream storage and that no
crystallisation occurs. The concentration of oleuropein in the
nanofiltration cell, due to the periodic nature of the process,
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Fig. 7 Continuous process performance: (A) evolution of the adsorbed oleuropein concentration in the column with the processed volume for de-
sorption at different temperatures; (B) dynamics of the concentration of oleuropein at the outlet of the columns (different colours represent
different columns), and (C) in the nanofiltration cell and crystallisation vessel. Symbols and continuous curves represent experimental points and

simulation results, respectively.
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evolves to a state where it continuously fluctuates at 35 + 5 g L™"
after about 20 cycles. However, these concentration oscillations
are completely dampened in the crystallisation vessel as
higher volumes of retentate are being accumulated. This pro-
vides the possibility for coupling the continuous oleuropein
isolation process with continuous crystallisation.

2.3 Sustainability assessment of the hybrid process

The global CO, emission from the chemical industry is esti-
mated to be 1.52 x 10'® tonnes per annum.*” Apart from being
economically viable, new processes need to be environmentally
benign. The major contributor to the environmental burden of
the process is the solvent consumption (Fig. 8), which is
common in the pharmaceutical sector where solvents can
account for 80-90% of the total mass in manufacturing pro-
cesses.*® Consequently, solvent management is of particular
interest within the field of process intensification.>® The con-
tinuous process consumes 1834 kg ethyl acetate per kg isolated
oleuropein which results in about 3631 kg of CO, emission
whether incinerated onsite or through outsourced services
(Fig. 8). Instead, the preferred choice for the industrial sector
is in situ solvent recovery as it reduces the cost of fresh solvent
purchase, fresh and waste solvent storage, and disposal costs.
The coupling of the nanofiltration-based solvent recovery unit
with the continuous adsorption process resulted in 97.5%
reduction in solvent consumption. Consequently, the E-factor
of the process dropped to 66 kg kg™, corresponding to 96.4%
reduction. Furthermore, the carbon footprint of the process
was reduced to 4411 kg kg™', corresponding to 44.5%
reduction. Nanofiltration is considered to be a benign tech-
nology, and an excellent choice for solvent recovery as it poses
a low carbon footprint.*>*° The E-factor and carbon footprint
of the nanofiltration-based solvent recovery were 0.00125 and
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1.31 kg kg™, respectively. These contributions are less than
0.1% of the respective metric’s total value for the process.

In contrast to the proposed imprinting-based technology,
olive leaf extraction reported in the literature results in a
mixture of biophenols instead of the isolation of a single
species. Reports on the isolation of oleuropein are scarce, and
may include the use of (i) undesired solvents such as benzene,
methylene chloride and diethyl ether, (ii) three-component
solvent mixtures, (iii) the need for basic conditions (pH =
8-10), and (iv) process steps at as low temperature as 0 °C.'®*°
Although green extraction procedures for oleuropein using
supercritical CO, have been reported,’"** green metrics ana-
lysis and product purities were not included preventing direct
process comparison.

3. Conclusions

Imprinted polymers were developed for the continuous iso-
lation of oleuropein from olive tree leaves. In the search for a
green process solvent, the adsorption capacities and imprint-
ing factors of a series of imprinted polymers were compared,
and ethyl acetate was found to be the most preferable solvent.
In situ solvent recovery was realised through solvent resistant
nanofiltration membranes that allowed the concentration of
both the waste and product streams whilst recycling 97.5% of
the ethyl acetate solvent as well as reducing the carbon foot-
print by 44.5%. The high selectivity of the imprinting techno-
logy allowed the recovery of oleuropein with 99.7% purity at a
rate of 1.75 g product per kg of adsorbent per hour. A math-
ematical model for the adsorption dynamics was developed
and demonstrated to be an advantageous tool for the in silico
design and optimisation of the process, reducing the need for

excessive experimentation. The mild temperature-swing
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Dissolved matter
6 1 (46%) Stirrer
10°C Thermostat
25°C Thermostat
5 - 43°C Thermostat

Carbon footprint (-10°kg-kg™)
~

with
In situ solvent recovery

without

Fig. 8 E-Factor and carbon footprint of the continuous oleuropein isolation process with and without in situ solvent recovery using nanofiltration.
The E-factor and carbon footprint are expressed in kilogram waste and total equivalent kilogram of CO, per kilogram of isolated oleuropein,
respectively. Notice that the solvent recovery unit required two recirculation pumps and the disposal of membrane modules which have an
additional environmental burden, albeit negligible. Refer to the ESI} for the calculations.
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process allowed the use of a single solvent for all the unit oper-
ations including olive leaf digestion (40 °C), adsorption
(25 ©C), desorption (43 °C) and crystallisation (10 °C). The
process was designed for easy and simple operation; the swap
between the adsorption and desorption is achieved through
the switching of four-way valves, ensuring both continuous
product isolation and continuous solvent recovery. The pre-
sented methodology opens up new ways for agricultural waste
utilisation, and could be further exploited for the fractionation
of various natural compounds.

4. Experimental

4.1. General

Reagents (reagent grade) and solvents (analytical grade) were
purchased from Sigma-Aldrich and Fisher Scientific, respect-
ively. Oleuropein standard was sourced from Sigma-Aldrich
and Biopurify Phytochemicals. Acetonitrile porogen was dried
over baked 4 A molecular sieves. Millipore Type II water was
used for the coagulation bath. 26 wt% PBI (MW = 27000
g mol™") containing 1.5 wt% lithium chloride (stabiliser) dis-
solved in N,N-dimethylacetamide (DMAc) solution was pur-
chased from PBI Performance Products Inc., (USA). Non-woven
polypropylene fabric (Novatexx 2471) was sourced from
Freudenberg Filtration Technologies (Germany). Solvent-resist-
ant nanofiltration membranes were purchased from Borsig
GmbH and SolSep BV, respectively. '"H and >C NMR spectra
were recorded on a Bruker AV-400 spectrometer. A
VWR-Hitachi Chromaster DAD-HPLC system equipped with an
ACE 5 pm, C18, 100 A, 150 x 4.6 mm column with a flow rate
of 1 mL min~" was used for the quality analysis of crude olive
leaf extract and isolated oleuropein (250 nm) with a gradient
elution. Eluent A was acetonitrile and eluent B was water con-
taining 0.1% trifluoroacetic acid. The gradient was linear from
10 to 90% A in 60 min, followed by 90% A held for further
5 min and a re-equilibration period of 15 min. The column
temperature was 25 °C and the injection volume was 15 pL.
LCMS measurements were carried out on an Agilent 1100
HPLC equipped with a gradient pump, autosampler and PDA
detector. A triple quadrupole mass spectrometer with a posi-
tive electrospray ionisation source was employed as the MS
detector. The energy consumption of the equipment was
measured with a Fluke 1736 power logger with resolution
10 mA and accuracy +0.1%. Infrared spectra were recorded on
a Bruker Alpha-T FT-IR spectrometer.

4.2. Preparation of imprinted polymers

IP microspheres were prepared by a suspension polymerisation
method according to our reported procedure.*® Briefly, in a
typical IP fabrication procedure the methacrylic acid func-
tional monomer (1 mmol), oleuropein template (1 mmol),
EDMA cross-linker (15 mmol), AIBN initiator (0.1 wt%), per-
fluoro polymeric surfactant (PFPS) emulsifier (75 mg), per-
fluoro methylcyclohexane (PMC) dispersing phase (60 mL) and
acetonitrile porogen (15 mL) were stirred at 300 rpm. The
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imprinted polymers were obtained by polymerisation involving
irradiation of the stirred mixture with UV light for 6 hours at a
wavelength of 365 nm at room temperature under an inert
nitrogen atmosphere. The resulting beads were filtered and
the remaining template and unreacted molecules were
extracted by sequential washing with methanol. The IPs were
dried under reduced pressure for 24 h at room temperature.
Please refer to section 2 of the ESIT for detailed synthesis and
characterisation of the imprinted polymers.

4.3. Kinetic and adsorption isotherms

In a typical procedure 10 mL of 1 g L' oleuropein in ethyl
acetate was loaded on 5, 15, 25, 50, 100, 150 and 200 mg adsor-
bents; the container was sealed, and placed in an incubator
shaker at 25 °C and 300 rpm for 24 hours. Samples from the
supernatants were taken in order to quantify oleuropein using
an LCMS system. Samples were taken at 0.2, 0.4, 1, 1.5, 2, 3, 5,
8, 12 and 24 hours to obtain kinetic data.

4.4. Nanofiltration performance evaluation

All nanofiltration experiments employed a 1 g L™" oleuropein
solution in ethyl acetate. The filtrations were carried out at 40
bar using a cross-flow filtration system with an effective mem-
brane area of 52 cm® The permeance of each membrane was
calculated by dividing the ethyl acetate flux by the applied
pressure. The rejection (R) of oleuropein was obtained by
measuring its concentration in the permeate and the feed, and
calculating the ratio of the molecules retained by the
membrane.

4.5. Digestion of olive leaves

Extraction of biophenols from olive leaves was carried out
according to a previously reported procedure.*” In a typical
procedure 1 kg of fresh olive leaves was milled and dried, fol-
lowed by the loading of the obtained dry matter (620 + 16 g)
into the extraction chamber of an ultrasonic bath, which was
assembled and filled with 6 litres of ethyl acetate leaching
carrier. The digestion of the olive leaves was carried out for
60 min at 40 °C under ultrasonic irradiation using a Guyson
KS300 tank resulting in 119 + 9 g of dissolved matter.

4.6. Continuous isolation of oleuropein & in situ solvent
recovery

Schematic representation of the continuous adsorption system
is shown in Fig. 1. The system consists of (i) two high pressure
pumps (Gilson 305) for simultaneously transferring the olive
leaf extract (adsorption) and ethyl acetate (desorption) onto
the columns; (ii) a feed tank containing the olive leaf extract;
(iii) an elution tank containing ethyl acetate for column regen-
eration and oleuropein desorption; (iv) a cooled vessel for the
isolated oleuropein to be crystallized; (v) a vessel for the con-
centrated waste solution; (vi) two thermostats (Lauda RA12);
(vii) two adsorption columns wet-packed with 8 g of IP; (viii)
two nanofiltration rigs with recirculation pumps for concen-
trating the waste and the product and simultaneously recover-
ing the solvent. The olive leaf extract and the washing solution

Green Chem., 2017, 19, 3116-3125 | 3123
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were loaded onto the columns at a speed of 2 mL min™" in an
alternating manner: the adsorption was carried out at 25 °C on
one column, while the desorption occurred at 43 °C on the
other column. After the collection of 11 litres of processed
volume the jacketed crystallisation vessel was cooled to 10 °C
resulting in the precipitation of oleuropein. Please refer to
section 9 of the ESIf for detailed optimisation of the experi-
mental conditions.
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