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Abstract Saccharide production is critical to the devel-
opment of biotechnology in the field of food and biofuel.
The extraction of saccharide from biomass-based hydro-
lysate mixtures has become a trend due to low cost and
abundant biomass reserves. Compared to conventional
methods of fractionation and recovery of saccharides,
nanofiltration (NF) has received considerable attention in
recent decades because of its high selectivity and low
energy consumption and environmental impact. In this
review the advantages and challenges of NF based
technology in the separation of saccharides are critically
evaluated. Hybrid membrane processes, i.e., combining
NF with ultrafiltration, can complement each other to
provide an efficient approach for removal of unwanted
solutes to obtain higher purity saccharides. However, use
of NF membrane separation technology is limited due to
irreversible membrane fouling that results in high capital
and operating costs. Future development of NF membrane
technology should therefore focus on improving material
stability, antifouling ability and saccharide targeting
selectivity, as well as on engineering aspects such as
process optimisation and membrane module design.

Keywords saccharides, nanofiltration membrane, hybrid
membrane process, biomas

1 Introduction

Biomass is an abundant and renewable resource which can
be used for energy production by direct combustion [1]. In
general, the biomass feedstocks include various wood
residues, agricultural residues, and crops grown specifi-

Received May 23, 2020; accepted September 22, 2020

E-mails: jqluo@ipe.ac.cn (Luo J), mp@kt.dtu.dk (Pinelo M)

cally for nonfood etc. [2]. The estimated annual production
of biomass in nature is about 170 billion tons [3]. The
annually renewable biomass production includes sacchar-
ides (75%), lignin (20%), and other substances such as fats
(oils) and proteins (5%) [4]. Saccharides are important
feedstocks that are used in the food, cosmetic, pharma-
ceuticals, oil drilling and fermentations industries [2,5,6].
As demand for saccharides in various industrial applica-
tions has grown, there has been increased interest in
saccharides extraction from biomass. According to the
definition of the World Health Organization, the sacchar-
ides can be classified into four types: monosaccharides
(degree of polymerization (DP) = 1), disaccharides (DP =
2), oligosaccharides (OS) (DP = 3-9), and polysaccharides
(DP > 10) on the basis of the chemical structure and DP
(Table 1) [7]. 1) Monosaccharides. The main monosac-
charides are glucose, fructose, and xylose. Some rare
saccharides with high-value or potential commercial
applications are dextrose, mannose, galactose, arabinose,
and rhamnose [8]. These were produced from agricultural
lignocellulosic biomass by biological or thermochemical
processes involving several steps, including separation,
pre-concentration and purification. The purification
process usually needs neutralization, filtration, and
precipitation by addition of an organic solvent [9]; 2)
Disaccharides. These refer to natural and untreated white
sugar, mainly containing sucrose. These are directly
extracted from plants (such as sugar cane or sugar beet)
by traditional techniques including pre-treatment, extrac-
tion, clarification and/or purification, evaporation, crystal-
lization, and centrifugal separation. Other disaccharides
include maltose, trehalose, and cellobiose; 3) OS. The OS,
classified as prebiotic, are carbohydrates containing
approximately 20 monomers [10]. Currently the well-
recognized prebiotics include certain fructooligosacchar-
ides (FOS), galactooligosaccharides (GOS), xylooligosac-
charides (XOS), isomaltooligosaccharides, lactulose,
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raffinose, and a number of other compounds. They are
produced by enzymatic trans-glycosylation or controlled
degradation reaction (such as hydrolysis from hemicellu-
loses). For example, the commercial GOS products are
manufactured by the enzymatically catalysed reaction of
concentrated lactose solution with f-galactosidase [11].
The main problem is that the GOS solution is complicated
and consists of many saccharides with different structures;
4) Polysaccharides. The widely used polysaccharides are
alginate, dextran, cellulose and chitosan (CS).

However, several challenges need to be addressed
during the saccharide production process: 1) the primary
saccharides are unstable under the biomass hydrolysis and
extraction conditions because saccharides are easily
dehydrated and further transformed into degradation
products with low molecular weight, such as acetic acid,
formic acid, and furfural; 2) most by-products are
inhibitors of the fermentation or enzymatic catalytic
process [12] and, importantly, the concentration of raw
saccharide is very low [10] while the by-products are also
enriched during concentration step; 3) products and by-
products with similar chemical structure and physico-
chemical properties are usually mixed together and are
difficult to separate; 4) fractionation of saccharide affects
the following processing steps and thus limits the scale of
production, the efficiency of saccharide crystallization, and
even the quality of raw saccharide production.

To obtain high-quality saccharide, several separation

Table 1 Summary of main commercial saccharides
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techniques have been applied in the saccharides purifica-
tion process, including vacuum evaporation [13], adsorp-
tion [14], precipitation by ethanol [15], ion exchange [16],
chromatography [17] and membrane separation technol-
ogy [18,19], as shown in Table 2. In comparison,
membrane technology, i.e., nanofiltration (NF), is a
promising technology for separation and purification of
saccharides due to low energy consumption, reduced
environmental impact and, in particular, the maintenance
of the intrinsic properties of the product during the
separation process [20]. NF has been widely applied for
saccharide extraction from mixtures based on both steric
hindrance and Donnan exclusion. For most neutral
saccharides, their mass transports through NF membranes
are controlled by convection and diffusion [21]. For other
charged saccharides, such as pectate oligosaccharides
(POS), their separation efficiency is influenced by the
membrane surface charge properties. However, NF-based
separation and purification of saccharides from biomass
still face the challenges of low concentration of target
saccharide, complex composition and severe membrane
fouling. To our best knowledge, there are very few
comprehensive reviews concerning NF-based separation
technologies for saccharides extraction, especially with
regard to the challenges and potential opportunities
associated with NF-based separation processes.

In this paper, we review the development of NF
membrane technology for the separation of saccharides

Saccharide type Product Production method Application Ref.
Monosaccharides Glucose Extraction, hydrolysis Food additive, fermentation feedstock [2]
Fructose Extraction, hydrolysis Sweetener [22]
Xylose Hydrolysis Production of xylitol, sugar substitute, starting material [6]
for the synthesis of drugs, synthesis of L-ribofuranose
derivatives
Arabinose Hydrolysis Culture medium, natural sweetener, intermediate raw [23-25]
material in pharmaceuticals
Galactose Hydrolysis Food additive [26,27]
Disaccharides Sucrose Extraction Food additive, fermentation feedstock [2]
Maltose Hydrolysis Sweetener, fermentation processes [28]
oS Fructooligosaccharides Biosynthesis, hydrolysis Prebiotics (non-cariogenic diabetic-friendly products), an [29]
alternative sweetener
Galactooligosaccharides Biosynthesis Prebiotics, enhancing the organoleptic quality of foods [30]
X0s Hydrolysis Prebiotics, enhancing the organoleptic quality of foods [31]
Isomaltooligosaccharides Hydrolysis, biosynthesis Prebiotics, enhancing the organoleptic quality of foods [30]
Raffinose Hydrolysis Starting material for synthesis of sucralose, used in foods [30]
to reduce calories
Polysaccharides Alginate Extraction Immobilization matrix, micro-encapsulation matrix, [32]
hypo-allergic wound-healing tissue
Dextran Extraction, biosynthesis Drug delivery application [33]
Cellulose Extraction Healing of burns or surgical wounds, non-digestible [32]

fibres
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Table 2 Obtainment of saccharides from different feedstocks
Feedstock Product Production method Purification method Ref.
Molasses Sucrose Separation of sucrose from  Ultrafiltration (UF) and NF membranes (UF10 kDa, UF5 kDa,  [34]
molasses N30F)
Birchwood xylan X0S Enzymatic hydrolysis Size-exclusion and ion-exchange [35]
Wheat X0S Enzymatic hydrolysis Graded ethanol precipitation or [36]
UF membranes with different pore sizes
Rice husks XO0S Hydrothermal treatment Evaporation, ethyl acetate extraction, solvent precipitation, [37]
ion-exchange
Biomass XOS Steam explosion and subsequent Ion-exchange [38]
hydrolysis
Xylose mother L-arabinose Bioconversion Decoloration with activated carbon, ion-exchange resin [23]
liquor columns for removing metal ions
Seaweed sample Galactose Hydrolysis, fermentation Activated charcoal treatment and over-liming [39]
Sugarcane bagasse Glucose and XOS Hydrolysis, fermentation Methanol precipitation [40]
Sugar beet pulp Pectins Hydrolysis and extraction Acid, ethanol extractions, centrifugation [41]
Cane molasses OS, p-fructose Enzymatic bioprocessing Extraction [42]

from biomass and summarize the significant advances in
the applications of NF. Furthermore it provides an insight
into the mechanisms of solutes transport and membrane
fouling as well as membrane cleaning strategies. Finally,
the challenges of membrane separation technology in the
saccharide industry and the potential opportunities for
improvement are discussed.

2 NF for saccharide separation

NF is a well-established separation process in fermentation
and biotechnology, which is widely applied in purifying
saccharides from different stocks (Table 3) [21].

2.1 Separation of monosaccharides and disaccharides

The separation of different monosaccharides is still
challenging due to their similar molecule sizes, structures,
and charges. Although NF enables separation of mono-
saccharides from disaccharides, or removal of monosac-
charides and disaccharides from high weight saccharides
such as OS based on a size sieving mechanism, the
separation of different monosaccharides is not easy. To
effectively separate a pentose (xylose) from a hexose
(glucose), Sjoman et al. [43] investigated the effect of
types of NF membranes (NF270 with MWCO of 150-
200 Da, Desal-5 DK and Desal-5 DL with MWCO of 150—
300 Da) on xylose production yield. The results showed
that all three membranes enhanced the mass ratio of xylose
to glucose at least two fold because of the large size of
glucose molecule. However, the best NF membrane
achieved a maximum xylose/glucose separation factor of
only 3.3 because the molecular weight difference between
these sugars is only 30 Da. In order to enhance the

separation of xylose/glucose mixtures, Morthensen et al.
[52] established an enzymatic process for converting
glucose (180 Da) to gluconic acid (196 Da) followed by
separation of xylose from gluconic acid by NF; this
process increased the separation factor of the NF270
membrane to 34 due to a stronger size sieving and
additional charge effect.

On the other hand, the relative molecular weight of
disaccharides (~300-360 g-mol™) is similar with that
of monosaccharides (e.g., pentose and hexose ~150—
180 g-mol ). Highly efficient NF separation thus requires
a suitable and accurate membrane pore size. For example, a
dense membrane with MWCO of 100 Da can completely
retain both solutes. Another looser membrane with
MWCO of 300 Da was able to achieve more than 99%
retention of disaccharides but allowed monosaccharides
pass partially with a reported retention of 68% [53].
Obtaining separation factors of monosaccharides and
disaccharides depends not only on the physicochemical
properties of the NF membrane but also on the operation
conditions [54]. Therefore optimization of operation
conditions, such as feed flow rate, transmembrane pressure
and pH, can help improve the separation factor. Himstedt
et al. [55] showed that the separation factor of glucose and
sucrose can be enhanced through optimizing operating pH.
The reason is that pH affects the membrane surface charge
through protonation or deprotonation of grafted polymer
chains, which leads to variation of hydrogen bonding
interaction between the sugar molecules and the polymer
chains. Luo et al. [56] found that a DL membrane with
MWCO of of 150-300 Da had a sucrose retention of 96%
and a reducing sugar retention of 5% when the operating
temperature was increased to 60 °C since high temperature
induces pore size change and enhances solute diffusivity.
In addition, they claimed that high sugar concentration,
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low permeate flux (below 15 L-m™=-h™), and high
temperature (55-60 °C) led to a low retention of
monosaccharides because of diffusive mass transfer
control, which was beneficial for the separation of
monosaccharides and disaccharides by NF. In addition,
in comparison with the feed stream containing a single
solute-water solution, the separation factor might be
slightly altered, probably due to solute-solute, solute-
membrane surface interaction [57]. Use of NF to separate
monosaccharides and disaccharides from saccharides with
large molecular weights is also a very common application
due to the high separation selectivity, especially the
purification of OS.

2.2 Separation of OS

OS are beneficial to human health as functional food
ingredients. Owing to a lack of natural sources with high
concentrations of OS and difficulty of synthesis, several
enzymatic trans-glycosylation or the controlled degrada-
tion reactions have been employed to produce high
quantities of OS. OS can be categorized into FOS, XOS,
GOS and POS based on differences of resources [58]. No
matter which type is in focus, the reaction mixture consists
of OS, other low molecular weight sugars, and unreacted
feedstock. NF has been conducted as a mature industrial-
scale technology for the purification and concentration of
OS mixtures to obtain high purity OS. A combination of
UF and NF has also been successfully used to recover
natural OS [10]. As presented in Fig. 1, in this integrated
process, the UF process is used to separate polysaccharide
and protein together with other impurities and the permeate
from UF is subsequently processed with NF. The OS is
concentrated in the retentate and the smaller monosacchar-
ides and disaccharides are removed to the permeate.
Grandison et al. [59] demonstrated the feasibility of
separating monosaccharides from mixed disaccharides
and OS using a loose NF membrane with MWCO of
1 kDa. During the NF purification of a commercial OS

Feedstock

UF | Retentate Protein, polysaccharide,
and other impuritics
-
Permeate

Y
o)
&
| Retentate

l Permeate \

| Mono- and disaccharides | Concentratgd
oligosaccharides

Fig. 1 Schematic diagram of the hybrid UF-NF membrane
process for OS extraction.

mixture, the yield of monosaccharides and both disacchar-
ides and OS reached 19% and 88%, respectively,
indicating the efficient removal of the monosaccharides.
A suitable NF membrane and optimum operating condi-
tions are important to achieve the maximum recovery
efficiency for different types of OS.

FOS formed by combination of several fructose moieties
with sucrose have strong prebiotic effects. Kuhn et al. [29]
proposed a two-stage UF-NF hybrid process to separate the
FOS from the enzymatic conversion product of sugar cane
molasses containing glucose, fructose, and sucrose. In the
first stage, the conversion product was filtered by UF
membrane and then through a concentration step to
achieve a high purity of FOS; in the second stage, the
NF permeate was concentrated to increase the total yield. A
purity of 90% FOS with yield of around 80% was obtained.
However, high sugar content easily results in propagation
of micro-organism contamination. Low-temperature filtra-
tion at 5 °C can solve this challenge and improve the OS
recovery yield [11].

XOS are novel prebiotic OS that can act as soluble
dietary fibers. Xylan extraction from plant hemicelluloses
is the first step for producing XOS from hydrolysis
treatment by acid and alkali, or by enzymatic methods. To
increase the separation efficiency, NF technology is
incorporated into the conventional downstream processing
for purification of XOS. XOS recovery of 74.5% was
achieved by using a combination of UF (50 kDa) and NF
(1 kDa) [60]. To increase the XOS recovery, another NF
membrane (500 Da) was used to achieve a high recovery of
95% and purity of 99% at operating pressure of 20 bar and
temperature of 50 °C [61].

GOS are a good low calorie sweetener, and can also be
purified and concentrated by a hybrid UF and NF process
[47]. Montesdeoca et al. [62] evaluated the potential of
hybrid UF-NF process for continuous OS purification in a
pilot plant. A dynamic model was established on the basis
of the film theory. The model predicted a maximum purity
of 46.7% and 94.9% for GOS and FOS, respectively,
which is higher than experimental results (purity of 40.4%
for GOS and 84% for FOS) by using NF membrane with
MWCO of 1-2 kDa. These results confirmed that NF
technology not only removes small molecular weight
molecules such as monosaccharides and disaccharides, but
also separates different kinds of OS.

POS have effective immune modulating properties.
Based on the charge characteristics of POS, charged
membranes are required for the separation of POS.
Almost all monosaccharides permeated through the NF
membrane (400 Da) while 60%—80% disaccharides and
higher saccharides were rejected in the retentate and were
used as final product [63]. The rejection of charged POS by
NF reached 80%, whereas no retention of the neutral FOS
was observed during use of the charged NF membrane
(1500 Da), which indicated that electrostatic repulsion was
the dominate mechanism [64].
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2.3 Separation of polysaccharides

Polysaccharides are a significant component of fungal cells
and have important medicinal and nutritional properties.
Polysaccharides are generally extracted from fruiting
bodies and fungal mycelium by bioreactors. The following
recovery and concentration of polysaccharides from
pretreatment solutions was successfully carried out using
NF that can separate low molecular weight polysacchar-
ides [65]. A polysaccharide yield of 85%—92% could be
achieved for extraction from mycelium and fruiting bodies
[50]. A NF membrane exhibited a 99% rejection of
polysaccharide from a winery effluent, further showing the
potential for large-scale application [51].

However, permeate flux was shown to be reduced
significantly with increasing filtration time over the course
of the process because polysaccharide was easily adsorped
on the membrane surface and even the pore walls, leading
to irreversible fouling [66,67]. Backflushing could effec-
tively reduce reversible fouling but not irreversible fouling
[68]. Compared with flat sheet NF membranes, it is easier
to conduct in-line cleaning with tubular membranes. For
example, alkaline cleaning agents can help in cleaning the
polarized gel layer because polysaccharides are rich of
—COOH groups. The hydrophilic modification of the
membrane surface by doping or grafting functional
hydrophilic materials, such as graphene oxide [69], is an
alternative for reducing adsorption of polysaccharides.

2.4 TIsolation of sugar from non-sugar components

NF membrane technology has been used in the sugar
industry as a key step in clarification and purification,
which affects sugar crystallization and the quality of raw
sugar production [56]. Minimizing sucrose retention and
simultaneously maintaining a high decolorization effi-
ciency are significant challenges because complex and
high levels of impurities would result in serious membrane
fouling. To address the trade-off between sucrose recovery
and color removal, Luo et al. [70] proposed a hybrid UF-
NF membrane process in which a tight UF membrane was
used for decolorization of cane juice with a removal rate of
95%. Similarly, 77%—-89% color removal rate was
achieved by a tight UF in the decoloration of sugarcane
molasses [71]. Subsequently the light-colored permeate
was injected into NF to recover sucrose. However, in this
procedure the pigments in sugarcane molasses would
adsorb on the membrane surface and pore walls, resulting
in irreversible fouling and thus reducing the efficiency of
sucrose recovery [72]. To control this fouling on the
surface of the NF membrane, a nonpolar resin was used to
remove pigments at the front of the NF process [73,74], the
NF operating pressure was decreased by 50% and the
resulting permeability increased by 10%.

Removal of by-product is another problem in sugar

purification. Most by-products are low molecular weight
organic compounds, including furfural, acetic acid, 5-
hydroxymethylfurfural (5-HMF) and formic acid. NF is the
best choice for separating the sugar from small organic
compounds because of its high selectivity for small
molecular. Kim et al. [27] proposed a two-stage membrane
process by combining the NF membrane with electro-
dialysis for the separation of levulinic acid (LA), 5S-HMF,
and galactose. NF is first used to remove LA and 5-HMF
from galactose solution produced by the hydrolysis of
agarose. The result showed that 62% of LA and 91% of 5-
HMF could be removed from agarose hydrolysate, while
galactose was almost completely rejected by NF, thus
significantly decreasing the microbial toxicity of the
hydrolysate. Gautam and Menkhaus [75] reported the
ability of NF membranes to separate sugars from inhibitors
(e.g., furans, mineral and organic acids, and phenolic
compounds) in real biomass enzymatic hydrolysates and
achieve a high yield of sugar at nearly 93%. Weng et al.
[76] separated acetic acid from xylose using a Desal-5 DK
NF membrane. The optimum retentions of acetic acid and
xylose were 90% and 81%, respectively, with a maximum
separation factor of 5.4 at an operating pressure of 24.5 bar
and pH of 2.9.

In industrial sugar production, another challenge is that a
large amount of the total sugar loss occurs in the final
molasses because melassigenic ions in the non-sugar
organic material inhibit the crystallization of sucrose. The
presence of melassigenic ions not only leads to lower sugar
yield but also to a higher cost of sugar extraction because
the alkali and alkaline metal ions grip sugar in the molasses
and prevent sugar from being recovered in crystalline
form. The melassigenic effect of the ions decreases in the
order of K* >Na" > Ca** > Mg**. More sugars could be
recovered with decreasing concentration of these ions [77].
NF therefore plays a vital role in the recovery of sugar
through the simultaneous removal of salts and pigments
[78].

3 Mass transport mechanism and model

The main mechanism of NF for separation of neutral
solutes is size exclusion. The “low weight molecule”
passes through the NF membrane, while the “larger weight
molecule” is retained in the feed solution. With NF
membranes used in the fractionation of different sacchar-
ides from a mixed solution, the “permeate solute” is low
molecular weight saccharide, such as glucose, xylose and
sucrose, or the non-saccharide components (inorganic salt,
organic acid). Therefore modelling the performance of a
NF membrane could deepen understanding of saccharide
transport mechanisms and of the interaction between
significant operating parameters [79-81].
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3.1 Mass transport mechanisms

Since most saccharides are neutral molecules in aqueous
solution, mass transport through NF membranes is
controlled by convection and diffusion [82]. The basic
models for description of flux variation include the
Spiegler-Kedem model and the Extended Nernst-Planck
equation [83]. The application of these models relies on the
membrane transport parameters. According to the Spieg-
ler-Kedem model, for example, NF membranes are
characterized by three transfer coefficients: solute
permeability P, reflection coefficient o, and pure water
permeability Lp [84]. The transport parameters of low
molecular weight saccharides, like glucose, sucrose and
xylose, can be determined by experiments because high
purity product can easily be obtained.

The transport parameters of large molecular weight
saccharides, such as OS, cannot be directly measured by
experiments due to lack of high purity OS. However, these
OS transport parameters might be calculated using the
experimental results of low molecular weight saccharides.
For example, Li et al. [85] proposed a method for
predicting OS transport parameters based on the perme-
ability and reflection coefficients of glucose and sucrose.
They found that the single pore model does not fit all kinds
of solutes in the multi-solute system. Hence the perme-
ability of OS and low molecular weight saccharides needs
to be calculated independently using the following
equations:

. K¢
R= kg (1)

KJ [ Ax
Pe:f(?)’ )

where R is the filtration resistant, K is the hindrance factor,
¢ is the porosity, Pe is the Peclet number, J is the permeate
flux, D is the diffusivity of solute, Ax is the length of
membrane segment, and A4 is the membrane area. As
different molecular weight saccharides can be separated by
NF membranes, the changes of resistance and the resulting
osmotic pressure affecting the flux and rejection should be
taken into account because of solute/membrane steric
interactions. A model was developed by Kuhn et al. [29] to
predict the variation of flux and rejection with filtration
time. They found that the solute adsorption on the
membrane is a crucial factor for determining the kinetic
constant of adsorption, k4 ;, which represents a function of
the molecular weights as shown in Fig. 2. There is a
proportionality between the adsorption mass and the
fouling resistance.

Solute is often assumed to be spherical-like inorganic
ions in the above models. This assumption is suitable for
inorganic ions because of their stable structures. However,
the assumption is not suitable for saccharides because of

Standard
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Fig. 2 Relationship of molecular weight to adsorption mechan-
isms. Reprinted with permission from Ref. [29], copyright 2010
Elsevier.

their non-uniform molecular weights. For example,
branched solutes have a large distribution molecular
weights. To solve this challenge, various hypotheses are
used, such as the molecular width plot for branched effects
[86] and the effects of molecular length and molecular
width on steric partition factor [87]. Kiso et al. [88]
investigated the separation performance of NF membranes
for alcohols and saccharides. They found that molecular
width played a major role in controlling solute permeation
with membranes with small pores. The pore radii of NF
membranes were calculated based on the non-spherical and
spherical model by using the rejection data of glucose,
sucrose and raffinose. The results revealed that the pore
radii calculated by the nonspherical model were obviously
larger than those calculated by the spherical model.

NF membranes suffer from serious biofouling during
separation of saccharides. In addition to sterilization after
operation, employing UV irradiation and sterile filtration
[89] conducted at lower or higher temperatures are
beneficial for mitigating potential microbial growth and
biofouling. As mentioned above, membrane structure
parameters and mass transfer properties can be predicted
by combining theoretical calculations with experimental
results. But the effect of temperature on mass transfer and
membrane structure was not taken into account. Pruksasri
et al. [11] therefore investigated the effects of temperature
on NF performance in GOS purification using the
Extended Nernst-Planck equation to elaborate the relation-
ship between temperature and pore size of NF membranes.
The results showed a linear increase of pore size radius
(r, 22 0.00367 +0.68) of NF membrane as operating
temperature increased from 5 °C to 60 °C. The pore size
distribution of the membrane was enlarged with increase in
temperature, leading to decrease of rejection. In addition,
the temperature affected the diffusivity, chemical structure
and concentration of individual saccharides. Similar results
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were observed by Bandini [90] in that the hydrodynamic
coefficient of the solute was another adjustable parameter
that is related to saccharide type. Although most
saccharides are neutral molecules in aqueous solution,
the presence of electrolyte can change the electric layer on
the membrane surface, membrane pore size distribution
and solute properties, which leads to increase of saccharide
transfer due to solute dehydration induced by the
electrolyte [91]. Diafiltration process is an effective
technique to achieve both high purification rate and
economically acceptable permeate flux, and thus it has
been widely in food, beverage, and biotechnological
industries to concentrate protein or to recover saccharides
[92]. Especially, Wang et al. has proven that the
diafiltration process by using NF membrane is a feasible
process to concentrate OS and simultaneously remove
NaCl from soybean whey wastewater [93].

3.2 NF process models

Modeling the filtration process of a pilot-scale NF system
has played a critical role in promoting the application of
NF in the real saccharide industry. Computational fluid
dynamics was applied to simulate diafiltration performance
(i.e., permeate concentration and permeability, etc.) with
dilution water added during treatment of mixture of
sucrose and inulin [94]. Simulations indicated that the
recovery of sucrose was achieved to 99%. In a single stage
process, a model based on mass balance was developed to
calculate the relationship between FOS purity and dilution
water usage by NF under different operation modes [54].
The relationship between yield and purity was found to be
independent of the operation mode. However, dilution
water consumption for the purification of FOS under
variable volume filtration mode was found to be less than
that under constant volume filtration mode. Dey et al. [95]
simulated the separation factor of NF membranes in
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separating lactic acid from fermentation broth solution, and
showed that the best NF membrane can retain at least 90%
of sucrose while allowing permeation of more than 70%
lactic acid.

However, a single NF stage is limited by the relatively
low purity and yield of sugar. Multiple stage operation,
where the simplest unit is arranged in multistage
membrane cascades, can improve performance. Caus
et al. [96] investigated the applicability of integrated
countercurrent cascades for separation of maltose and
xylose. In their study, a three-stage membrane cascade with
recycling of retentate was modelled on the basis of overall
mass balance. To obtain maximum purity with an optimum
number of membrane modules, a membrane with low
rejection of xylose is preferred to maximize the rejection
difference between the xylose and maltose. Patil et al. [97]
investigated the effects of the stage of NF membrane
cascades on the separation efficiency of OS (Fig. 3). The
results show that the separation factor of the membrane for
a binary mixture plays a vital role in determining the
relationship between purity and yield. Compared with
single stage NF, multiple stage can effectively increase
product yield and purity. However, a trade-off exists
between product purity and yield when the separation
factor is low in a three-stage cascade. A five-stage cascade
can break this trade-off even at very low separation factors.
Montesdeoca et al. [62] further presented the application of
a three-stage membrane cascade for purification of two
commercial OS mixtures of FOS and GOS under
continuous operating conditions. The established dynamic
model demonstrated that purity was increased from
44.4% to 46.7% for GOS and from 84% to 94.9% for
FOS, while both yields were higher than 90%. The model
also confirmed that trade-off phenomenon between yield
and purity can be overcome by optimizing cascade
configuration.
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Impact of NF membrane stages on production yield and purity. Reprinted with permission from Ref. [97], copyright 2014 Elsevier.
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4 Membrane fouling and control strategies
4.1 Membrane fouling

Membrane fouling, termed as biological, organic, inor-
ganic, and colloidal fouling based on the type of foulants,
causes deterioration of selectivity and permeate flux, which
consequently results in higher production costs [98].
Membrane fouling is therefore still a major problem in
achieving efficient saccharide separation with NF systems.
Foulants deposited on the NF membrane surface during
purification of saccharide are classified into saccharide and
non-saccharide components. The former mainly consists of
polysaccharides, saccharide crystallization, etc. The latter
includes high molecular weight compounds such as
pigments, protein and colloidal complexes, and low
molecular weight compounds such as phenolic and acetic
acid [98-100]. Xue et al. [40] observed that the flux
reduction of NF membranes resulted from the reversible
fouling formed by residual insoluble solids during
separation of lignocellulosic biomass hydrolysate. The
membrane fouling was found to be primarily caused by
colloidal particles and adsorbed polysaccharides (mainly
pectin) during filtration of sugarcane juice [101]. Accord-
ing to the resistance-in-series analysis, cake fouling is the
dominant mechanism. NF membranes have in particular
suffered from severe fouling during separation of sucrose
from by-product molasses in the saccharide industry
because molasses contained various pigments and calcium
ions that easily adhered to membrane surfaces [99].

The dominant membrane fouling mechanisms are
formation of a cake layer and/or pore blocking, depending
on the relative size of saccharide molecules and membrane
pores. Pore blocking can be characterized by standard,
intermediate and complete pore blocking [100-102].
Gyura et al. [103] optimized the operating conditions for
separating saccharide from green syrup using NF mem-
branes. The result showed that 49% of pigment is larger
than 15 kDa, 1% of this has a molecular weight between 6
and 15 kDa, 18% of this is between 0.5 and 6 kDa, while
the rest (32%) is less than 0.5 kDa. Under optimum
operating conditions, the pigments in the permeate
decreased by 76%. Balciolu et al. [104] characterized NF
membrane surface by using atomic force microscopy,
contact angle and Fourier transform infrared spectroscopy
measurements after filtration of the sugar fermentation
wastewater. They found that the fouling layer consisted of
a lot of inorganic matter, in particular calcium salts and
polysaccharides. The chemical structure of the membrane
also significantly affects membrane fouling. Although both
NF270 and Desal SDL membranes are composite poly-
amide NF membranes, the NF270 membrane is a
piperazine-based polyamide membrane while the Desal
5DL is an aromatic polyamide membrane. Compared to
the aromatic polyamide membrane, the piperazine-based

polyamide membrane is more hydrophilic due to a larger
amount of free carboxylic acid groups (—~COOH).

Inorganic fouling causes formation of scaling, i.e.,
precipitation of calcium salt on the membrane surface. In
addition, the polysaccharides can be crosslinked with
cations ions via intermolecular interactions, and thus
resulting in forming a gel layer on the membrane surface
or blocking the membrane pores [105]. Biofouling is
another serious problem for purification of saccharide
solutions in NF membranes due to high saccharide
concentrations that provides a favorable environment for
biological growth, and many kinds of biologically active
organisms, such as fungi and bacteria, are involved [13].
Murthy et al. [13] confirmed that the membrane surface
during purification of saccharide is prone to biological
fouling due to extensive and rapid fungal growth on the
abundant organic sources in aqueous xylose solution.
Notably, biofouling is a dynamic process involving bio-
attachment (adhesion and adsorption) and growth [106].
The structure of biofilm changed from a double layer to a
multi-layer during biofilm growth. Development of
effective strategies for inhibiting membrane fouling is of
great significance for long-term stable operation of NF
processes.

4.2 Fouling control strategies

Hydrophilic modification is an effective method for
alleviating membrane fouling through physical and
chemical methods [107]. Yu et al. [108] modified the
polypropylene UF membrane using NH; plasma treatment
to improve its antifouling property. After NH; plasma
treatment the membrane showed higher recovery of
permeate flux with simple flushing than the unmodified
membrane. Pretreatment is another strategy to control
membrane fouling. A disk stack centrifuge is an effective
tool for removing fine suspended solids and colloidal
particles (pigments and saccharide crystallization) during
molasses desludging [109]. The disk stack centrifuge
system rejects over 65% of the finely suspended solid
material and allows a significant increase in permeate flux
or cycle time. The gas-liquid two-phase flow via gas
sparing was found to be effective in enhancing NF
performance and, importantly, in controlling membrane
fouling [110]. In a flat sheet module, the application of gas
sparging could enhance limiting flux and critical flux, and
cause an almost 1.5-2 fold increase in shear stress.

In addition to on-line membrane fouling control
strategies, off-line membrane cleaning methods, including
physical cleaning, chemical cleaning, and enzymatic
cleaning, are an effective tool for maintaining the
sustainability of membrane systems (Table 4). Selection
of cleaning strategies depends on the characteristics of the
feed solution and membrane properties. For example,
Jones et al. [111] used fluid dynamic gauging to monitor
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Table 4 Membrane fouling control strategies in the sugar separation process

Stock solution Major challenge Fouling control strategy Ref.
Sugarcane juice Formaldehyde, organic acids, chloride, and Alkaline cleaning at pH=10-11 [45]
antifoaming agents
Cane molasses Pigments and other molecules interfere with ~ Disk stack centrifugation removes fine suspended solids and ~ [46]
crystallization colloidal material
Molasses wastewater Concentration polarization resistance AIr sparging is able to mitigate membrane fouling [82]
Concentrated xylose solution Glucose is conducive to rapid biological fouling 1% (w/v) EDTA, 2% (w/v) citric acid, 1% (w/v) tri-sodium  [32]

phosphate aqueous solution

the thickness of cake layer formed during filtration of
molasses solution. They found that crystals in molasses of
around 1-6 pm width and 5-20 pm length resulted in
severe fouling. Cleaning while the permeate line was
periodically switched off was effective for the removal of
cake layer in the early stage of fouling. Even so, chemical
cleaning was still required to significantly recover initial
permeate flux. A maximal pure water flux recovery of 89%
was achieved by using a 0.25 wt-% NaOH solution
followed by 0.1 wt-% citric acid. A 0.01 mol-L™' NaOH
cleaning solution was used to treat flux deterioration in a
NF membrane and increase recovery of hydrolysates
obtained from dilute acid hydrolysis of rice straw [18].
Alkaline cleaning would increase membrane surface
negative charge and hydrophilicity, but somewhat destroy
membrane structure. As a result, higher flux and lower
retention of uncharged solutes are observed. For example,
retention of glucose was decreased from 99% to 95% after
alkaline cleaning [112]. In a pilot-scale NF system, Murthy
et al. [13] observed that the NF membrane was especially
prone to biological fouling because the feed solution
contained glucose even at very low concentrations. To
completely alleviate biofouling, a mixed cleaning agent,
including 1% (w/v) ethylene diamine tetraacetic acid

Table 5 Enhancement of NF technology for sugar separation @

(EDTA), 2% (w/v) citric acid and 1% (w/v) tri-sodium
phosphate, was used. The flux and rejection were
recovered to 97% and 99% even after a 6-month running
period.

5 Development in NF technology for
saccharides separation

Production and purification of saccharides with various
molecular weights require an extremely highly selective
NF membrane process in order to enhance product quality
and yield as well as reduce the loss of saccharides at
industrial scales. Various physical and chemical techniques
have been used to enhance NF membrane selectivity
(Table 5).

5.1 NF membrane modification

Various surface modification methods including grafting
(plasma treatment, etc.) or coating (layer-by-layer, LbL,
etc.) techniques have been used to alter the surface
properties of a polymeric or inorganic membrane. Plasma
modification is a highly efficient wet-chemical surface

Technology Method Sugar solution Result Ref.
Membrane modification Virgin DK, DL, NF270 Glucose/xylose Limited separation [43]
PAN + PEM Maltose/glucose a =46 [113]
PSS/PDADMAC NaCl/sucrose a=133 [114]
PSS (50 kDa) + PEM Sucrose/glucose a=11 [115]
Sucrose/xylose a=235
Glucose/xylose a=2.1
NF45 NaCl/sucrose a=10 [93]
[PSS/PAH],-PSS NaCl/sucrose a=130 [116]
Integrated NF membrane Virgin NF 270 Glucose/xylose a=14 [52]
process NF 270 + enzyme Glucose/xylose o =34
NF + ED Hydrolysis of agarose 62% of LA and 91% of 5-HMF were [27]

removed by NF and then separated by
ED

a) a-Separation factor o = (100—R,)/(100—Rg); PSS: poly(styrenesulfonate); PAH: poly(allylamine hydrochloride); PDADMAC: poly(diallyldimethylammonium

chloride); ED: electrodialysis; PEM: polyelectrolyte multilayer.
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modifying technique because of its short reaction time,
high reproducibility and low environmental impact. Gulec
et al. [117] modified commercial cellulose acetate
membrane via low-pressure plasma polymerization for
saccharide separation applications. The modified mem-
brane showed very high retention ( > 94%) for disacchar-
ides and rather low retention (<73%) for
monosaccharides using a modified NF membrane.

The LbL technique can control the thickness of the
active layer through varying the number of polyelectrolyte
layers to allow the formation of a “skin layer” with a
thicknesses less than 50 nm. The resulting membrane can
achieve both high flux and rejection. Miller and Bruening
[114] reported the use of polyelectrolyte PDADMAC and
PSS as selective skins in a NF membrane for the
separation of different saccharides. The developed PEM
membrane allows the transmission of 42% glucose along
with a 98% rejection of raffinose and a permeate flux of
24 m*m?>-d"'. The PDADMAC/PSS membrane is
capable of separating sucrose with a selectivity of around
10. It was found that the polyelectrolyte with a high charge
density leads to a denser PEM membrane that benefits the
rejection of neutral molecules, such as sucrose, glucose
and glycerol. In comparison with static LbL deposition,
dynamic LbL deposition allows more polyelectrolytes to
enter into the pores of the substrate membrane, as shown in
Fig. 4, so as to achieve high separation factors but lower
flux [118]. Shi et al. [113] prepared a composite PEM (C-
PEM) membrane including two different polyelectrolyte
pairs (such as (PAH/PSS), + (CS/PSS);) as an active layer
to separate an OS mixture with wide molecular weight.
The C-PEM membrane demonstrated moderate permea-
tion flux and improved selectivity in comparison with
single-paired PEM membranes such as (CS/PSS)s mem-
brane or (PAH/PSS)s membrane. Specifically, C-PEM
membranes achieved a high rejection of OS (100%) and
maltose (99.2%) but a low rejection of glucose (63.0%),
which indicated high selectivity for glucose/maltose
mixture. Himstedt et al. [57] modified a commercial
NF270 membrane through grafting poly(acrylic acid) on
the membrane surface using a UV initiated free radical
polymerization method, which enhanced the separation
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factor between glucose and sucrose. The hydrogen
bonding interaction between the grafted polyacrylic chains
and sugar molecules results in higher glucose concentra-
tion and lower sucrose concentration in the permeate at
lower pH, which explains why the rejection difference
between sucrose and glucose becomes significant at low
pH.

NF membranes prepared from natural polysaccharides,
such as CS and cellulose, have attracted more and more
attention due to their high hydrophilicity, abundance, low
cost, and environmental benignity. CS and cellulose were
blended with polyethersulfone (PES) to make the NF
membrane [119]. With the PES/CS and PES/cellulose
blended membranes retention of saccharide for alkaline
hydrolysates was 94.5% and 97.6%, respectively, whereas
for acidic hydrolysates the saccharide retention was about
99% and 98% with PES/CS and PES/cellulose blended
membranes, respectively. Musale and Kumar [120] pre-
pared another CS/polyacrylonitrile composite membrane
to separate saccharides. The results showed that saccharide
retention relies on the degree of crosslinking of CS and that
saccharide retention was in the range of 45% to 90%
depending on the molecular weight of the saccharide.

The objective of membrane surface modification is
generally to improve the selectivity, permeatebility, and
even antifouling ability. Unlike the desalination NF
membranes that suffer from severer inorganic fouling
resulted from high rejection towards salts, saccharides
separation NF membranes reject large saccharides and
allow salts penetrate. Therefore, the cores of membrane
modification for saccharides separation are the alleviation
of organic and biological fouling and the enchancement of
selectivity towards target saccharide. Compared to grafting
technique, coating is a very simple method to implement
on the large-scale fabrication. However, long-term stability
and permeable impairment are still two significant
challenges. To address these issues, curing the coating
layer is applied to prevent the dissolution of polymer
coating so as to make it stable [121]. Incorperation of
nanoparticles (NPs) (i.e., CuNPs, AgNPs, GONPs etc.)
into coating layer results in formation of nanochannels for
improving the membrane permeability without compro-

c@o ©
Static LbL Dynamic LbL
deposition deposition

Fig. 4 Schematic diagram of different LbL deposition strategies. Reprinted with permission from Ref. [119], copyright 2013 Elsevier.
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mising the membrane selectivity [122]. The future
direction of membrane modification technique will be
focused on development of new methods that can be
implemented in large-scale membrane fabrication through
considering the stability and operating costs.

5.2 Integrated NF processes

Integration of NF with other advanced processes can
maximize the efficiency of saccharide recovery due to
technique complementation. Enzymatic treatment has been
widely used in the purification of saccharide using the
biomass hydrolysis reaction. Morthensen et al. [52]
demonstrated an enzymatic process for converting glucose
to gluconic acid followed by separation of xylose from the
gluconic acid using a NF270 membrane. Under the best
conditions (total feed concentration of 0.15 mol-L™", molar
ratio of xylose to gluconic acid of 9:1, operating pressure
of 4 bar, and pH 9.5), a xylose separation factor of 34 and a
flux of 18.7 L-m *-h could be achieved, whereas the initial
separation factor between xylose and glucose without
enzymatic pretreatment was only 1.4 for the same process.
Similarly, Machado et al. [49] proposed a combination of
enzymatic treatment with a NF membrane process to
recover biologically active OS from defatted milk. The
experimental results showed that enzymatic hydrolysis of
lactose can significantly enhance the selectivity and
efficiency of the NF membrane. Under optimum operation
conditions, 6.7 g of OS could be produced from one litre of
defatted human milk after four NF cycles. However, the
enzymatic process faces challenges of low efficiency and
high cost due to inactivation of the enzymes. To address
these issues, the membranes can be used as supports for
enzyme immobilization, which enhances performance and
economic viability and, importantly, facilitates simulta-
neous reaction-purification of the products as shown in
Fig. 5 [123]. The enzyme immobilized polymeric
membrane has been used to produce galactooligosacchar-
ides from lactose solution [124]. The regenerated cellulose
membrane surface has a larger amount of immobilized
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enzyme compared to the PES membrane, which thus
achieves a higher recovery of galacto-oligosaccharide from
lactose solution.

Ionic liquids for biomass pretreatment has been proved
to effectively convert cellulose to glucose because they can
dissolve lignocellulosic biomass efficiently while simulta-
neously decreasing the crystallinity of cellulose. Abels
et al. [125] developed an ionic liquid based hybrid process
which included ionic liquid pretreatment, enzymatic
hydrolysis and a NF process. The NF membrane was
applied to purify the glucose from impurities and recover
the ionic liquid back to the pretreatment reactor. Although
the whole process is technically feasible, the high cost of
the ionic liquid accounts for 33% of the total costs, which
limits large scale application of this approach in practice.

ED is an electro-driven membrane-based technology
that can effectively separate charged molecules like acid
from uncharged solutes like sugar. Kim et al. [27]
separated 5-HMF, LA and galactose in an acidic hydro-
lysate of agarose by using a hybrid NF-ED process. The
NF membrane was applied first to remove LA and 5-HMF
from galactose solution, and at this stage more than 62% of
LA and 91% of 5-HMF were removed from agarose
hydrolysate. Subsequently, LA and 5-HMF could be
effectively separated using the ED process.

6 Outlooks

There is growing interest in the extraction and purification
of saccharides from natural biomass rather than synthetic
saccharide production. Application of NF for extraction of
high value saccharides in the field of functional foods and
biofuels has increased fast in the last decade. Although NF
is a mature technology, its applications still face some
challenges, including high cost, membrane fouling and
long-term stability at industrial scale. The following
improvements to NF technology for saccharide recovery
may be undertaken to achieve the goals of high efficiency,
low energy, and low fouling tendency.
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Fig. 5 Schematic diagram of a biocatalytic membrane prepared via enzyme immobilization. Reprinted with permission from Ref. [123],

copyright 2018 Elsevier.
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Selection of an appropriate NF membrane is critical for
the specific saccharide separation. Membrane selection
generally depends on the interactions between the solute
and membrane. For example, besides the membrane pore
size, the charge density and characteristics of the
membrane surface are also key factors in the separation
of charged saccharides such as POS. However, most
commercially available NF membranes are polyamide-
based composite membranes. The skin layers are normally
negatively charged at pH >4 and their surface Zeta-
potential can only be adjusted by changes of pH. To
achieve better separation performance and selectivity,
membrane modification techniques such as LbL and
plasma treatment can be performed to produce a more
controllable charged surface to enhance the Donnan effect.

Another important issue is to decrease irreversible
fouling on the NF membranes because fouling formation
and chemical cleaning would reduce production efficiency
and shorten the lifespan of the membranes. Permeate flux
and selectivity may be enhanced and membrane fouling
reduced by modifying the NF membrane surface using
polymerization/coating with a hydrophilic polymers (e.g.,
polyvinyl alcohol, polyethylene glycol, etc.) or incorpora-
tion of functional NPs (e.g., graphene oxide, metalorganic
frameworks, etc.) to increase hydrophilicity and reduce
membrane surface roughness. The reduction or tuning of
membrane surface charge is preferred in order to decrease
the ionic bridge between membrane and charged sacchar-
ide. In practical large-scale membrane processes, the
membrane module configuration and operating conditions
have great significance for filtration sustainability. To
predict the separation performance during steady-state
filtration process, establishment of a reliable model is
highly encouraged based on different principles such as
convection-diffusion model, osmotic pressure model,
thermodynamics and hydrodynamics equations, etc. In
addition to theoretical calculations, some online and non-
invasive monitoring techniques (such as ultrasonics,
electrical impedance spectroscopy etc.) can be used to
evaluate the fouling potential in an early stage so as to
timely clean membrane.

Each technology has its own merits and limitations. To
maximize the overall separation efficiency of saccharide,
combining of NF process with other separation technol-
ogies are highly encouraged. For example, the hybrid UF-
NF membrane process is well-recognized as an effective
method for recovering saccharide because UF can greatly
mitigate fouling formation of NF. However, since the NF
membrane is limited to rejecting monovalent ions, an
additional process (such as ion exchange and electro-
dialysis) should be introduced to remove the residual
inorganic ions. Finally, high-purity concentrated sacchar-
ide can be obtained by using a vacuum evaporation
process, such as membrane distillation, for removal of
remaining water. Reasonable capital cost and energy
consumption are the keys to establishing a sustainable

membrane-integrated separation process.

In summary, improvements of NF membrane would be
performed considering the operating cost and system
stability with an ultimate goal of accomplishment of long-
term and full-scale applications.

7 Conclusions

Notwithstanding the fact that much success has been
achieved in the saccharides extraction from biomass using
NF membrane. This work presented an overview and
commentary of published studies on advanteges and
challenges of NF processes for separation and purification
of saccharides. This study gives us a comprehensive
understanding of the saccharide transport mechanisms and
of the interaction between significant operating parameters,
which provides a guideline of the selection for NF
membrane to purify saccharides from different feedstocks.
However, wider application of NF technique requires
overcoming the challenges of lowering the overall cost,
alleviating membrane scaling difficulties, and increasing
long-term stability. To ensure sustainable separation
efficiency, future research may be invested in membrane
surface modification and module optimization for achiev-
ing low fouling tendency and high permeselectivity. The
innovative hybrid system combining NF process with
different separation processes is a promising sustainable
technique. However, the hybridised NF-based process in
saccharides extraction should be performed considering
the system stability and operating cost. In sum, the present
selective NF membrane process could serve as a promising
and highly efficient separation platform for removal and
separation of saccharides from biomass.
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