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ABSTRACT

The potential implementation of membrane separation to bioactive compounds like soluble phenolics from aque-
ous and organic solvent solutions is gaining increasing interest in the recent years. The scope of this investigation is
the concentration and fractionation of polyphenols from plant extracts by nanofiltration and its combination with other
separation techniques (adsorption, precipitation, crystallization) in order to increase the selectivity of the process. The
aim of the study is to review the observed tendencies in membrane processes applications for separation of polyphenols
derived from natural products, as well as to present own results of such combination schemes on the example of extracts
from several natural sources (Sideritis, grape seeds, propolis etc.). Organic solvent nanofiltration (OSN) is in the focus,

applied for concentrating and fractionating polyphenolics from plant extracts. Own results using nanomembranes with

different molecular weight cut-off Starmem (200 and 400 Da) and Duramem (200 to 900 Da) are included.
Keywords: organic solvent nanofiltration, polyphenols, antioxidants.

INTRODUCTION

In recent years organic solvent nanofiltration (OSN)
is succesfully applied for concentration of polyphenols
from different plant extracts [1-10] and recovery of the
residual solvent. Compared to the traditional methods
used for concentrating biologically active compounds,
the membrane filtration has the advantages of operating
at ordinary temperatures, absence of phase transition
and low energy consumption. Laboratory scale OSN is
performed in one of the two modes: dead-end filtration,
where the entire solution is directed normal to the
membrane area under applied pressure, or cross-flow
(tangential) filtration, where the direction of the flow
is parallel to the surface of the membrane. The latter
provides flux and rejection data more consistent with
the industrial scale. Larger scale membrane filtration
is performed in tangential mode. For a number of in-
dustrially important applications integrated membrane
processes are proposed in the recent years. Despite this
increasing popularity of membrane technologies, the
main problem for their large scale application remains

the membrane fouling, which remains in the focus of a
number of publications. Another problem is the low se-
lectivity, especially pronounced in complex systems such
as natural extracts with large number of compounds,
including the groups of polyphenols and flavonoids with
biological activity, which are gaining increasing interest
in the recent years. To solve this problem multistage
processing is considered, coupling membrane filtration
with other separation methods.

OSN for concentrating and fractionating poly-
phenolics from plant extracts

UF [11-15] and UF-NF [2, 10] processes, coupled
with solid-liquid extraction, are tested for a variety of
materials with application in the pharmaceutical industry
(Table 1) [25]. Possibilities for extraction intensifica-
tion for liberating polyphenols from the solid material
are also discussed [7, 9, 16, 17]. Regarding the solvent
recovery (in permeates), as well as the preservation of
high biological activity in the obtained retentates, the
results are fully encouraging [4 - 8]. The concentration
polarization effect and pronounced flux decline remains
the major difficulty for larger-scale operations [6, 11,
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Table 1. Concentration of plant extracts by multistage membrane separation.

Raw Solvent, Membr. Extract
characterization
material Process Material Operatio | Composition
(Manufacturer) n mode
Almond | acetone/ UF (as Semipermeable, not | centrifug | 11 low MW
H,O0, specified, al UF phenolics: benzoic
skins [12] | 50:50; preparation | (Millipore,Bedford, | membran | acids, flavan-3-ols
USA) e mono- , oligomers,
technique) devices, | flavonol and
diafiltrati | flavanone glycosides;
on High MW
proanthocyani- dins:
di-, decamers
Ginko 50% NF Not specified flat-sheet | Flavone glycosides,
EtOH Cross deriva-tives of
biloba [1] flow quercetin, kaempfe-
rol and isorhamnetin.
Persimmon | MeOH UF Polysulfone hollow polyphenols,
(Tianjin, China) fiber including condensed
[13] tannin
Grape EtOH- UF [14] Millipore GS and Millipore | Oligomeric
H;0 HA [14];[2]: NF: stirred proanthocyani-dins;
seeds 1:1(1") | NF=>MF=U | Polyamide AFC 40; | UF cell polyphenolic acids:
95% UF:Polyether- [14] cinnamic (coumaric,
[2, 14] EtOH F[2] sulphone ES404; Tubular, | caffeic, ferulic,
2", 2] Polysulphone, PU tangential | chlorogenic,neochlo
MeOH- | NF=UF=M | 608, PU120; MF: filtration | rogenic); flavonoids:
H;0 FP 200 Polyvinili 2] flavan-3-ol (catechin,
80:20 F— dene fluoride (PCI epicatechin, their
Mem. Syst.) polymers or esters
UF (incl. with galactic acid or
glucose)
diafil.) [2]
Propolis EtOH- NF Polyamide/polysulp | Tangentia | flavones, flavonols,
H,0 hone (NF90 1 flavanones, dihydro-
[3,4,26] 8:2 3], Osmonics,USA) [3]; | filtration | flavonols (ex.
H,0; Crosslinked [3] pinocembrin,
EtOH- polyimide [4,26] Dead-end | pinoban-ksin, caffeic
H,0 (Duramem, Evonik, | filtration | acid, quercetin,
7:3[4,26] UK) [4,26] pinoban-ksin-
methilether,
p_coumaric acid,
crysin
Sideritis EtOH NF Crosslinked poly- Dead-end | Chlorogrnic acid,
imide Duramem [5] flat lavandulifolioside,ver
(Evonik, UK) sheet, bascoside,

18], the methodology for its control being in the focus of
a great number of publications concerning polyphenols
[19-21]. Change of running modes may be very practical
for the membrane fouling control in the pilot-scale or
large-scale applications [11, 18]. In the case of nanofil-
tration of ethanolic extracts of Sideritis the transfer from
dead-end to cross-flow mode of filtration [6], as well
as intermediate washing and transmembrane pressure
increase (Fig. 1) encouraged the larger-scale application
of the process of concentration by nanofiltration.
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Most of the reported investigations are laboratory
scale UF, NF or RO [9], but few examples on industrial
scale are also available, especially for concentrating
aqueous extracts [ 11,18, 22]. Forward osmosis (FO) [23]
and osmotic distillation (OD) [24] have also been con-
sidered for large-scale concentrations (roselle extracts,
anthocyanins from kokum extracts, etc.).

Nanofiltration can also be successful in applications,
involving fractionation and purification. The latter is
rather hindered by the similar molecular masses (MM)
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Fig. 1. Flux control during dead-end nanofiltration of Si-
deritis extracts (Starmem 240).

Fig. 3. Averaged permeate fluxes and flavonoids rejection.
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Fig. 2. Flux and total phenols rejection during sequential
nanofiltration of propolis extract.

of various compounds in the feed. In particular, nanofil-
tration (NF) has been intensively investigated [1-11, 18,
27-29] for fractionation of complex solutions by select-
ing a sequence of membranes with suitable molecular
weight cut-off (MWCO) in the range of 150-1000 Da.
Natural antioxidants from winemaking by-products [30]
were successfully treated by UF, NF and RO. Separation
and concentration of polyphenols in the bergamot juice
[31] was achieved by a multistep filtration, including
two UF(MWCO 100 and 1 kDa) and two NF modules
(MWCO 750 and 450 Da). Extract from propolis was
fractionated by a sequence of nanomembranes Duramem
with MWCO 900, 500 and 300 [4]. Rejections and ob-
tained fluxes are given on Fig. 2.

Polyphenols from grape seeds extract were frac-
tionated by nanofiltration. The comparison between
measured rejections and fluxes during individual and
sequential filtration (Duramem MWCO 900 and 500)
are given on Figs. 3 and 4. As can be seen, increased

Fig. 4. Permeate flux vs volume concentration ratio.

flux and lower rejection is obtained when the Duramem
500 membrane is used for sequential filtration of the
permeate from Duramem 900 in comparison to the data
for the individual nanofiltration of the raw extract. In
all examples the fractions were characterized by their
different antioxidant activity [4,31].

Diafiltration is a perspective approach for successful
fractionation and following concentration of multicom-
ponent solutions such as plant extracts. For instance the
dual membrane diafiltration [32] is a promising method
for membrane separation and concentration. It com-
prises a separation step, where lower MM compound is
separated from higher MM compound, followed by a
solvent recovery step, where the lower MM compound
is retained by the membrane, allowing the solvent to be
recycled into the first stage. Diafiltration was used to
separate caffeic from rosemarinic acid, extracted from
rosemary [8]. Membrane concentration of antioxidants
from Castanea sativa leaves aqueous extracts by di-
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afiltration with two UF membranes was reported [27],
where the ultrafiltration—diafiltration process with PES
membranes increased the antioxidant properties of the
concentrated streams.

Due to the low selectivity for isolating and purify-
ing phenolics, multistage processing has to be consid-
ered. A number of processes like alcohol precipitation,
isoelectric solubilization and ultrafiltration are used to
remove macromolecules (i.e. proteins, pectin, etc.).
Solvent and supercritical fluid extraction methodologies
can separate smaller molecules (i.e. phenols or sugars)
from the resultant substrates. Resin adsorption,
chromatography and nanofiltration have a greate poten-
tial for isolating and purifying target compounds [33].

Coupling with other separation techniques
1. Coupling adsorption with nanofiltration
Combining adsorption with membrane separation

techniques (ultra-, nanofiltration and reverse osmosis) is
successfully used in multistage processes for isolation of
polyphenols from extracts of plant materials, and purifica-
tion of waste liquids from the food industry (Table 2). Ac-
tive carbons and macroporous resins (strong or weak
cation or anion exchangers as XAD — 7, XAD — 16,
EXA—-90u EXA - 118, [34-40] ) are between the most
used adsorbents [41]. Adsorption can essentially alter
the ratio of flavonoids to total phenols. Examples are
given in [42] where functional groups (ester, amino or
amide group), introduced into the adsorbent matrix,
produce the hydrogen-bonding interaction and enhance
the adsorption selectivity towards flavone compounds,
and were used for purification of total flavonoids from
Ginkgo biloba L., Radix puerariac and Hypericum
perforatum L.

In this study, adsorption and nanofiltration were
performed with aqueous and ethanolic extracts from

Table 2. Coupling adsorption with membrane techniques for separation of poly-

phenols and flavonoids from plant extracts (AD-adsorption, UF- ultrafiltration,

NF-nanofiltration, RO — reverse osmosis).

Plant extract | Solvent Process | Adsorbent Membrane Ref.
Persimmon | CH;0H AD  + | Macroporous resin | Polysulphon.UF [31]
AB-8 MWCO=10
UF kDa)
Grean tea | H,O sol. | UF  + | Resins: XDA, | Ca-Ti [30]
DI113H, PA, | (celluloseacetate-
leaves of FeSO4 | AD D301, DOO1H, | Ti)
NKA-11, AB-8,
DI151H, 001X6
Grape C,HsOH NF+AD | Sepabeads SP700 | Nanomax 95- | [28]
resin MWCO=250kDa;
pommace Nanomax 50-
MWCO=350
kDa;
Inside Ceram-
MWCO=1000
kDa
sugarcane H,0O- UF-AD. | Styrene jon- Hollow-fiver UF | [29]
exchange resin (MWCO=5 kDa)
bagasse EtOH - 717
HCI sol.
Pigmented | H,O— Two- neutral resin | UF: [24]
Relite EXA-118; | fluoropolymer
orange pulp | EtOH step anion  exchange | spiral
resin  (Nekrolith | ETNA10PP-
wash AD-UF- | RAM 1 2517/48DRY
(MWCO 10 kDa)
RO RO: spiral thin
film FF-
ROHR98PP
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Sideritis. Fig. 5 shows the change in the flavonoids/
polyphenols ratio after adsorption on activated carbon
from apricot stones and ion-exchange resin Amberjet.
The subsequent fractionation or concentration is ob-
tained with OSN membranes Duramem (Evonik-MET,
UK) with molecular mass cut-off (MWCO) in the range

0f200-500 Da (for concentration) and 500-900 Da (for
fractionation). Fig. 6 presents the dependence of the
measured rejections of the polyphenolic content on the
MWCO of the membrane.

Processes involving adsorption for recovery and
concentration of bioactive phenolics from industrial
waste streams were reported in literature [41]. Adsorp-
tion in combination with membrane separation is applied
either as preceding or succeeding the membrane module
stage. In the first case adsorption is used for modification
of the extract, while in the second it is aimed mainly
for purification of the permeate solution. The review
of published results is encouraging for further research
in combining the adsorption with nanofiltration for
fractionating the polyphenolic content of plant extracts.

2. Combining precipitation with nanofiltration

Nanofiltration of natural extracts often results
in retentates concentrated near to saturation [7]. The
concentration of molecules at the membrane surface
increases and reaches its solubility limit. This results
in precipitation of the feed solution components and
formation of a deposit layer on the membrane surface.
The phenolic compounds are considered as the major
foulants in the UF and NF process. A relationship is
observed between the type of fouling and polyphenols
rejection. Some authors report maximum polyphenols
rejection when the intermediate pore blocking is the
governing fouling mechanism [15]. Coupling of UF or
NF with low temperature precipitation in a pretreatment
step can help fractionation of the polyphenolic content
and solve problems with fouling to a great extend.
After cooling, the separation of low-soluble substances
gradually increases until no further precipitation takes
place [43]. Other examples can be found in membrane
concentration of antioxidants from Castanea sativa
leaves [27], where the selectivity of phenolics was in-
creased by ethanol precipitation of the soluble protein.

Plant material

Low temperature

RETENTATE

SOLVENT l

rb

—

<

F
PERMEATE

Fig. 7. Example with grape seeds: Pre-fractionation of HMM polyphenols by precipitation.
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The result was an increase by about 15 % purity and
activity of the final product. The idea of coupling low
temperature precipitation and nanofiltration for prefrac-
tionation of HMM polyphenols from grape seeds extracts
is illustrated on Fig.7.

3. Combining crystallization with nanofiltration

Membrane crystallization is a new challenging sepa-
ration technique, allowing the control of supersaturation
through evaporation of the volatile solvent across the
membrane and the nucleation and growth of crystals.
Results with hybrid NF-MC systems are reported in in-
organic applications in the production of sodium chloride
and epsomite [44], treatment of sulphate wastes [45],
as well as for crystallization of organic materials [46]
like bio-macromolecules. Microporous hydrophobic
membranes, as heterogeneous nucleant surface for
protein molecules, induce the form of crystal nucleation.
Compared with the traditional crystallization methods,
membrane crystallization is more rapid and can control
the crystallization process better [47]. Recently, MC
has been also used for the production of pharmaceutical
cocrystals from water/ethanol solvent mixtures by
choosing the opportune initial solution composition
[46, 48]. This possibility extends the potential of MC
technology to the isolation of biologically-active com-
pounds like flavonoids in crystal form from natural
extracts.

CONCLUSIONS

OSN is succesfully applied for concentration of
extracts and purification of residual solvent. The number
of larger scale implementations is increasing, proving the
efficiency of the proposed methods for fouling control.
Multistage membrane processing is largely applied.

Nanofiltration can also be successful in applications,
involving fractionation rather than purification. The
latter is obtained either by diafiltration or by sequen-
tial filtration with membranes with different MWCO.
Modification of the extracts can be also achieved by
combining with adsorption as a preceding the membrane
separation step.

Adsorption following the membrane separation is
used for purification of the permeate solution.

Coupling of UF or NF with low temperature pre-
cipitation in a pretreatment step can help fractionation
of the polyphenolic content and solve problems with
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fouling to a great extend.

Other challenging separation technique is reported
like membrane crystallization. It is recently used for the
production of pharmaceutical cocrystals from water/
ethanol solvent mixtures.

The combination of membrane filtration with other
separation techniques with higher selectivity extends
the potential of membrane technology for isolation of
biologically-active compounds like polyphenols and
flavonoids from natural extracts.
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