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An ultrafiltration-based process for oligosaccharide and peptide fractionation from a macroalgae subcritical
water hydrolysate was studied. A wide range of separation results was obtained depending on the membrane
pore. 100 kDa cut-off size was enough for hydrolysate clarification with total retention of colloidal materials.
Oligosaccharides present in the hydrolysate showed the highest retention with all membranes, glucans mostly,
followed by galactans, and finally arabinans. Peptides obtained after subcritical water treatment were some of
the lowest rejected compounds, even using a 5 kDa membrane. The increase in temperature from 20 to 50 °C and
feed flow rate from 6.6 to 11.2 L/h enhanced permeate flux for 5 kDa membrane, without perturbing the
membrane retention. The Hermia’s models identified the cake layer resistance as the major fouling resistance in
hydrolysate filtrations at 20 °C, but standard pore blockage was the principal fouling mechanism at 50 °C. A
fractionation process with sequential filtration stages at 20 °C and TMP = 1.1 bar was examined. Oligosac-
charides were fractionated in the retentates of the sequential filtrations with 100, 5 and 1 kDa membranes. The
final permeate collected from the 1 kDa membrane was freeze-dried to obtain a peptide-rich solid (71 wt%) that

could be used in different applications.

1. Introduction

Red marine seaweeds are frequently exploited due to their high
content of phycocolloids, such as agar and carrageenans. Agar is a hy-
drocolloid that forms a thermo-reversible gel when it is dissolved in hot
water and cooled [1]. It is widely used in different areas such as
microbiology, pharmacy, food, or cosmetics [2]. Gelidium sesquipedale is
the major seaweed resource in the Spanish agar industry since it pro-
vides the best raw material to obtain the highest quality agar [3]. The
industrial agar extraction process involves the generation of a solid
residue, which is usually discarded, despite containing a significant
content of valuable compounds [4,5].

One profitable way of obtaining the highest benefit from this residue
is by turning it into a valuable source of food additives and chemical
compounds. For this purpose, subcritical water extraction/hydrolysis
has been shown to have a great capacity to extract bioactive compounds
from different natural sources [6,7]. Subcritical water (SW) is pressur-
ized water in its liquid state in the temperature range from 100 °C to
374 °C. Under these conditions, water presents unique properties such as
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higher ionic product and lower dielectric constant than at ambient
conditions [8]. The use of SW to valorise the solid residue of Gelidium
sesquipedale after agar extraction has been previously reported by Tri-
gueros et al. [9]. Nearly 100% of the protein fraction was extracted and
hydrolysed by using a semicontinuous reactor at 185 °C and a residence
time of 3 min. However, subcritical water hydrolysates (SWH) are
complex mixtures, which means that a suitable separation technique is
required to recover, isolate, and concentrate valuable compounds. The
nutritional and pharmaceutical value of oligosaccharides and peptides
recovered in the hydrolysates from red macroalga justifies the interest in
their separation and purification [10-12].

In this sense, pressure-driven membrane separation processes have
been proven to be an environmentally friendly and cost-effective alter-
native for the recovery of different valuable compounds from byprod-
ucts [13,14]. Ultrafiltration (UF) is widely used for the separation of
different molecules in solution based on molecular size, and to a lesser
extent on molecular shape, charge, and hydrophobicity. Compounds
commonly retained by UF membranes include suspended solids, pro-
teins, peptides, polyphenols, polysaccharides, and some
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monosaccharides [13-15]. Easy automation and scale up, low energy
costs, mild operation conditions, no use of toxic solvents and low waste
generation are recognised as the main advantages of UF-based processes
[16].

Different aqueous algae extracts obtained by conventional extraction
(maceration) have already been fractionated using organic membranes
with different pore sizes from 30 kDa to 300 kDa [17-19]. Denis et al.
[17] found that a 30 kDa polyethersulfone tubular membrane was
suitable to retain 100% of R-phycoerythrin of an extract from macro-
algae Grateloupia turuturu, whereas Zaouk et al. [19] used a 50 kDa
polyethersulphone membrane for the filtration of an aqueous extract
from the red microalga Porphyridium cruentum. Ultraporous inorganic
membranes, especially ceramics, are emerging as an alternative to
conventional organic membranes due to their potential advantages,
such as high chemical stability in a wide pH and temperature range, high
wear resistance, long lifetime, and resistance to harsh chemical cleaning
[20,21]. All these properties make inorganic membranes good candi-
dates to be used for the treatment of SWH from red macroalgae solid
residue, especially when a membrane system coupled to a reactor is
desired.

Nevertheless, problems associated with UF membrane fouling
remain the main disadvantage for its industrial implementation [22].
Some of the chemical compounds present in the SWH from Gelidium
sesquipedale solid byproduct, such as oligosaccharides and peptides may
play an important role in reversible and irreversible fouling, even when
using crossflow filtration [14,23,24]. This dissolved matter, with high
gelling properties, can cause severe fouling by accumulating in the pores
and spreading over the surface of the membrane, which could lead to
changes in membrane permeability and in retention coefficients along
the separation treatment. The extent of fouling depends strongly on the
SWH composition and concentration but can be significantly reduced by
optimizing temperature and crossflow velocity [23,25]. Moreover, low
transmembrane pressures are usually used in the filtration of colloidal,
high viscosity, and multi-component solutions. It has already been re-
ported that concentration polarization and membrane fouling become
more important and lead to a high permeate flux drop when increasing
operating pressure, as a result of the formation of less porous and more
compacted cake layers [25,26]. Therefore, fractionation of the SWH by
UF can lead to a valuable fraction rich with bioactive peptides.

Drying of the protein hydrolysate fraction will allow a more stable
shelf-life product. In this regard, freeze-dried algae-protein products can
exhibit commercial interest due to the wide range of application of
algae-proteins in cosmetics, pharmaceuticals as well as food additives
[27]. Freeze-drying has been examined because of its successful use in
the preparation of products that must conserve their functional prop-
erties. In addition, the freeze-dried products usually show a good cake
appearance, long lifetimes, a short reconstitution time and the same
characteristics of the original liquid formulation after reconstitution
[28].

This research has been carried out under the hypothesis of advancing
on the use of the environmentally friendly membrane technology as a
suitable purification process for the treatment of complex mixtures such
as macroalgae subcritical water hydrolysates, as well as to improve the
applicability of inorganic membranes. The aim of this study was to
analyse the feasibility of continuous crossflow ultrafiltration with multi-
channel ceramic membranes for the fractionation of subcritical water
hydrolysates from Gelidium sesquipedale solid residue. The effect of pore
size, temperature and feed flowrate on the separation yield and fouling
was examined. A fractionation process to separate and recover oligo-
saccharides and peptides based on sequential ultrafiltration stages was
proposed, followed by a final freeze-drying process to obtain a valuable
powdered product rich in peptides.
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2. Experimental
2.1. Chemicals and materials

Gelidium sesquipedale solid residue after industrial agar extraction
was kindly provided by Hispanagar (Burgos, Spain). Glucose (99.5%),
galactose (99%), arabinose (99%), ninhydrin (99%) and gallic acid
(98%) were supplied by Sigma-Aldrich (USA). Sulfuric acid (96%) and
iron (III) chloride were purchased from Merck (Spain); Folin-Cio-
calteau’s reagent, acetic acid and hydrochloric acid (37%) from VWR
Chemicals (Germany); 2,4,6-Tri s(2-pyridyl)-1,3,5-triazine from Tokyo
Chemical Industry; iron (II) sulphate 7-hydrate and potassium nitrate
from Panreac PRS (Spain); sodium acetate from Scharlab (Spain);
orthophosphoric acid (76%) and sodium hydroxide (99%) from Cofarcas
S.A (Spain), and sodium carbonate (99.5%) from Honeywell Fluka
(USA). Potassium hydrogen phthalate, sodium hydrogen carbonate, and
sodium carbonate were provided by Nacalai Tesque INC (Japan). All
chemicals were used without further purification.

Multichannel filtanium ceramic membranes with an active layer of
TiO4 supported on titania with a molecular weight cut-off size (MWCO)
from 1 kDa to 100 kDa were supplied by TAMI Industries (France). These
membranes consist of a single tubular module (254 mm length and 10
mm outside diameter) with seven inner channels (2 mm hydraulic
diameter) and an effective membrane area, as stated by the manufac-
turer, of 132 cm?. Note that TAMI membranes have a positive charge
below pH 4-4.5, and a negative charge at higher pH values, with a point
of zero charge at pH = 4-4.5 [29].

2.2. Subcritical water hydrolysis

SW experiments at pilot-scale level were carried out at Hiperbaric’s
facilities (Burgos, Spain) by using a discontinuous system. The main
structural elements of the prototype were a reactor of 25 L capacity, a
steam boiler as the heating system, a pump to recirculate and homog-
enize the biomass inside the reactor, a heat exchanger to avoid cooling
during the recirculation process and a solid/liquid separation system.
The maximum specifications were 185 °C and 20 bar. Operation and
control of the process was performed by self-built Hiperbaric software.
Before SW treatment, the dried macroalgae solid residue was milled by a
cutting mill Retsch SM100 to reach a particle size lower than 0.5 mm
according to the specifications of the recirculation pump. The biomass
was first loaded in the reactor and then the pressurized water was added,
keeping the macroalgae material in suspension during the process
through a recirculation pump. SW hydrolysis was carried out at 175 °C
(2.5% (w/v) biomass concentration) and a working pressure of 20 bar
for 2 h. After extraction was finished, a filtration tank allowed phases
separation to obtain a liquid hydrolysate and the solid residue. The
liquid hydrolysate was the feed used in this work for fractionation by UF
process.

2.3. Filtration assays by using membranes with different pore sizes

The retention degree of different compounds of the subcritical water
hydrolysate (SWH) and their hydraulic resistance to filtration were
determined. For that purpose, the hydrolysate and deionised water
(conductivity<15 pS/cm) were ultrafiltered with 5, 10, 50 and 100 kDa
membranes. Additional tests were carried out with a 5 kDa membrane to
evaluate the influence of temperature and feed flow rate on the fouling
and separation capacity.

Crossflow filtration experiments were performed using the experi-
mental setup shown in Fig. 1. The hydrolysate was continuously pumped
from a hermetically sealed stirred feed tank (Pobel) to the membrane
module, using a Masterflex peristaltic pump (HV-7520-57 with a Mas-
terflex L/S Easy-Load II Head HV-77201-62). The pipes were silicone
tubing Materflex L/S 15 (4.8 mm internal diameter). Before starting the
filtration process, the feed solution was recirculated through the system
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Retentate

Fig. 1. Schematic diagram of the experimental setup for crossflow ultrafiltra-
tion experiments. 1. Feed jacked tank; 2. Thermometer; 3. Peristaltic pump; 4.
Pressure gauge; 5. Tubular membrane module; 6. Permeate vessel; 7. Regu-
lating recirculation valve.

for 15 min. Then, the feed flow rate and transmembrane pressure (TMP)
were adjusted to the desired values by using the pump speed controller
(from 6 to 600 rpm) and a valve placed after the membrane module. The
pressures at the inlet and outlet of the membrane module were measured
by using two pressure gauges.

All experiments were carried out by continuously withdrawing the
permeate at constant TMP of 1.1 + 0.2 bar. The retentate was recycled
back to the feed tank and the permeate was collected in the permeate
tank until the desired value of the volume reduction factor, VRF, was
reached. The value of VRF was estimated during the ultrafiltration
process as the ratio of the feed volume to the retentate volume
(VRF=Vg/V;). Permeate fluxes (J) were determined volumetrically
(£0.1 mL) and gravimetrically (+0.001 g) at different operating con-
ditions including MWCO, temperature and feed flow rate (Qp). 11.2 L/h
was used as the highest feed flow rate in order to avoid problems caused
by foaming during SWH filtration.

All ceramic membranes were cleaned after each filtration experiment
by the following cleaning procedure. First, the membrane was rinsed
with deionised water (2 L) for 30 min, then cleaned with a 0.17 vol%
aqueous H3POy4 solution for 60 min at 25 °C and 0.25 bar, and finally
cleaned with a 0.20 g/L of NaOH solution for 90 min at 50 °C and 0.25
bar. The membrane was then rinsed with freshly deionised water and the
permeate flux was measured at 20 °C under different pressures to check
membrane cleaning. This cleaning procedure allowed to recover the
initial water permeability coefficient of each membrane.

The filtration resistances have been estimated by the resistance-in-
series model and Darcy’s law (Eq. (1)) using the experimental values
of J and TMP:

I'T:m: I'm + Ir (1)
J-p
where 1 is the permeate viscosity (Pa-s), which depends on temperature,
T (°C), in accordance with Eq. (2), rr is the total resistance to filtration
(m™Y), rm is the membrane hydraulic resistance (m™Y) and r; is the
fouling resistance due to concentration polarization and fouling effects
(m~1). The resistance 1, was determined by performing ultrafiltration
experiments with pure water at TMP from 0.25 to 2.5 bar and the
contribution of the fouling to the total resistance, r¢/ rr, was calculated
under different operating conditions.
he 0.479 - @
(T +42.5)
The Hermia’s model [30] modified by Field et al. [31] for crossflow
filtration, Eq. (3), has been employed to analyse the membrane fouling
mechanisms:

dJ

S _T*).T2n
i SIS R 3)

where k is the fouling index, J* can be considered as a critical flux that
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should not be exceeded in order to avoid fouling, and n indicates the
mechanism of fouling: n = 2 indicates the complete blocking model, n =
1.5 the standard blocking model, and n = 0 the cake layer model. When
n is fixed, the following linearised fouling models were obtained by
integrating Eq. (3) [31,32]:

whenn =2, In(J—J) =I(Jo —J) — k.t “4)
1 1
whenn = 1.5, JW:JOT + kit 5)
I roqr To— T 2
h =0, 1 ——=| —=1 keIt 6
when n , n(J_J*) 7 {Jo n( T )}+ " (6)

where Jj is the pure water flux (m3/(m> s)), and ke, kg, k) are the fouling
indexes for complete blocking (s!), standard pore-blocking (m~%°
s7%5), and cake layer formation (m~2 s) models, respectively.

Egs. (4)-(6) have been employed to fit the experimental permeate
flux data. The most predominant fouling mechanism has been identified
by comparing their determination coefficients, R? [31-33].

2.4. Experiments with sequential filtration stages

The flowchart of the integrated ultrafiltration process is shown in
Fig. 2. Two independent cycles of sequential filtration stages were per-
formed in order to determine the separation capacity and recovery
factors. The feed solution was ultrafiltered through a 100 kDa mem-
brane, obtaining a first permeate (pl) and retentate (rl). This first
permeate pl was then ultrafiltered through a 5 kDa membrane. Subse-
quently, the resulting permeate stream from 5 kDa membrane (p2) was
subjected to lyophilisation to obtain the concentrated dry extract (Cycle
A), while in Cycle B, p2 was ultrafiltered again through a 1 kDa mem-
brane. The resulting permeate from the 1 kDa membrane (p3) was also
lyophilized to obtain the concentrated dry extract for Cycle B. Samples
of each permeate and retentate fraction were taken and stored at —18 °C
for further analysis.

These filtrations were carried out at constant TMP of 1.1 £ 0.1 bar,
Qr of 11.2 L/h and 20 °C by continuously withdrawing the permeate.
The retentate was recycled back to the feed tank during ultrafiltration.
All ceramic membranes were cleaned before each experiment, following
the aforementioned procedure, and the initial pure water flux was
recovered in all cases.

2.5. Lyophilisation procedure

The final permeate fractions collected in the proposed sequential UF
cycles were submitted to freeze-drying: p2 and p3 for Cycle A and B,
respectively. First, samples were frozen with liquid nitrogen, equili-
brated at —80 °C for 2 h and then submitted to freeze-drying in a Lab-
conco Freeze Dry System (Labconco Corporation, U.S.A.) at 1.5:1077 bar
during 48 h. The moisture content of the freeze-dried particles was
determined gravimetrically by weighing small amounts of dried parti-
cles (around 0.5 g) before and after drying them in an oven at 105 °C
until constant weight. The freeze-drying process yield was calculated as
the ratio between the dried solid mass after the freeze-drying process
and the total solid content of the final permeate of the multi-stage UF
process. Each dried solid (Sp and Sg in Fig. 2) was then re-dissolved in
deionised water to determine the final solid composition.

2.6. Analytical methods

Chemical and physical characterization was carried out for the SWH
and the different fractions collected by UF, permeates and retentates.

The oligosaccharide fraction (OS) was quantified by high-
performance liquid chromatography (HPLC) with a Biorad Aminex-
HPX-87 H column (300 x 7.8 mm, Bio-Rad at 40 °C, a variable
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Fig. 2. Flowchart representing the sequential ultrafiltration performed for the separation of the oligosaccharide and peptide fractions from the subcritical water
hydrolysate (SWH). The unit L/L refers to litre permeate o retentate obtained per litre of the SWH used as feed.

wavelength detector (VWD) and a refractive index detector (RID), using
0.6 mL/min of 0.005 M sulfuric acid as a mobile phase. The standards for
the HPLC analysis were glucose, galactose, and arabinose. Free mono-
saccharides were directly analysed in all samples previously filtered
through a 0.22 pm pore size syringe filter (Scharlab). Total sugars were
measured after acid hydrolysis of the samples according to the Labora-
tory Analytical Procedure [34] to hydrolyse all the oligosaccharides in
monomeric sugars. Oligosaccharide fraction was calculated as the dif-
ference between total sugar content after acid hydrolysis and free
monosaccharide content.

The total protein (TP) fraction released as peptides was determined
by measuring the total nitrogen with a TOC-VCSN/TN analyser (Shi-
madzu) using KNOj3 as standard. It should be noticed that the nitrogen to
protein conversion factor applied, 4.9, was the same as for the solid
residue from the red macroalgae, despite it could have slightly varied
due to protein hydrolysis by subcritical water treatment [5]. Free amino
acids (AA) were measured by using the EZ:faast Phenomenex procedure
and derivatized samples were analysed by gas chromatography (Hew-
lett-Packard, 6890 series) with an EZ:faast AAA LC-integrated column
and FID detector, using norleucine as internal standard.

Total phenolic compounds (TPC), reducing capacity (RC) and
browning degree (BD). TPC was determined according to Folin-
Ciocalteu procedure [35] using gallic acid as standard. RC was
assessed by the ferric reducing ability of plasma method (FRAP) ac-
cording to the Benzie and Strain procedure [36]. Results were expressed
in mmol of Fe?* /L. BD was determined by UV-Vis spectrophotometry at

420 £ 0.4 nm using a Hitachi U-2000 UV/Vis spectrophotometer.

Total organic carbon (TOC), total solids (TS) and pH. TOC was
measured with a TOC-VCSN/TN analyser (Shimadzu) by difference of
estimated total and inorganic carbon, using CgH;4(COOK)(COOH),
NaHCOs3 and NayCOs as standards. TS was measured by drying the
samples (feed, permeates and retentates) at 105 °C to remove water until
constant weight. TS was estimated as the ratio between the residual
weight of the dry sample after removing water by evaporation and the
weight of the wet sample. The pH was measured using a Crison 52-08 pH
electrode, with an analytical error of +0.01 pH units.

Particle size distribution was measured by laser diffraction by using a
Malvern Matersizer 2000 particle size analyser (Malvern Instruments
Ltd., UK) with a measuring range from 0.02 to 2000 pm. Three replicates
of five measurements were performed for each sample. The volume-
weighted mean particle diameter, D [4,3], was estimated as:

Tn;D}
Zn,D}

D[4,3]= 7

where ni is the number of particles in size class i with a Di diameter.
2.7. Process parameters

Results were expressed as percentage variation of the permeate and
retentate content regarding the initial content in the SWH used as feed.
The retention degree of the different SWH compounds, R;, at the end of
each filtration experiment was estimated as follows:
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R(%) = (1 —%)-100 (8)

Ci)

and the transmission coefficients, Tr;, were determined as:

G
Tri (%) :C_—<(")>.100 9

where C; (mg/L) is the compound concentration, and subscripts p, r and
0 refer to the permeate, retentate and SWH solution (initial), respec-
tively. Concentrations in the retentate were also calculated by mass
balances, with errors less than 2.8% for all analysed compounds.

The selectivity, a, of ultrafiltration between TP fraction and oligo-
saccharides (OS) was estimated as:

Trrp
_ 10
« T, (10)
where subscript j refers to glucans (glOS), galactans (gOS), arabinans
(a0S8), and total oligosaccharides (total OS). The selectivity between TP
and TPC was also estimated as the ratio of their transmission co-
efficients.
The TP purity index, PI, regarding total solids was calculated as
follows:
Crp

PI (%) :C—Ts-loo an

2.8. Statistical analysis

Each experiment was performed at least twice and the feed solution,
permeates and retentates collected throughout ultrafiltration, final
permeate, and final retentate were analysed in triplicate. The results
were expressed as mean =+ standard deviation in order to evaluate the
dispersion degree of all experiment with the same operation conditions
and to validate the data. The Fisher’s least significant differences (LSD)
method at p-value<0.05 was applied to confirm significant differences.
A Statgraphics Centurion 18 software package (Statistical graph Co.,
Rockville, MD, USA) was used for statistical processing of the experi-
mental data.

3. Results and disscusion
3.1. Subcritical water hydrolysate

Chemical composition of the SWH used as feed for UF fractionation is
collected in Table 1. TOC accounted for 2093 + 40 mg/L. Most of the
organic carbon comes from subcritical water hydrolysis of the macro-
algae polysaccharide fraction with 551 + 10, 839 + 9, 131 + 7 mg/L for

Table 1

Chemical composition of the subcritical water hydrolysate used as feed solution
in the ultrafiltration experiments. The value of the purity index towards TP (PI)
was estimated by Eq. (11).

COMPOSITION

TOC (mg/L) 2093 + 40
Total solids (TS, g/L) 6.1 + 0.6
Glucans (glOS, mg/L) 551 + 10
Galactans (gOS, mg/L) 839+9
Arabinans (aOS, mg/L) 131 +7

Total peptides (TP, mg/L) 1761 +5

Free amino acids (AA, mg/L) 64.5 + 0.8
Total phenolic compounds (TPC, mg/L) 219 £10
Reducing capacity (RC, mmol Fe?*/L) 3.6 + 0.4

PIin TP (%) 28.9

Volumic mass at 20 °C (g/L) 999.852 + 0.001
Volumic mass at 50 °C (g/L) 988.001 + 0.001
D [4,3] (dissolved matter, nm) 69.1 +£0.1

pH 5.98 + 0.06
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glucans, galactans and arabinans, respectively. Total sugar content in
the hydrolysate comes mainly from oligomer, as no free mono-
saccharides have been detected. Moreover, the TP fraction in the SWH
was 1761 + 5 mg/L with a small amount of free amino acids, 64.5 £+ 0.8
mg AA/L. The free amino acid profile has been collected in Table 1S. The
main free amino acids in the hydrolysate were alanine (16.2 wt%),
glycine (15.5 wt%), serine (7.1 wt%) and aspartic acid (32.0 wt%). The
TPC was determined to be 219 + 10 mg/L with a reducing capacity of
3.6 + 0.4 mmol Fe?' /L.

This characterization indicates that the SWH from the macroalgae
solid residue is a complex mixture of different polymeric compounds
with a potential foulant effect. In addition, the particle size distribution
of the SWH in Fig. 3 shows the presence of colloidal and suspended
matter with sizes above 0.2 pm, which may also contribute to a severe
reduction of the membrane permeability. Jarusutthirak et al. [37] re-
ported that polysaccharide colloids were responsible for most fouling in
UF membranes. To separate dissolved matter from colloidal matter, a
sample of the SWH was centrifuged at 4000 rpm for 30 min. A liquid
supernatant and a solid at the bottom of the cylinder were obtained. The
particle size distribution of the supernatant, shown in Fig. 3, indicates
that the size of the dissolved matter in the SWH ranged from 23 to 148
nm, with a rather low D [4,3] value of approximately 70 nm.

3.2. Ultrdfiltration of SWH through a 5 kDa membrane: separation
capacity and fouling

An efficient fractionation process requires high separation capacity
and high permeate flux. Reversible and irreversible fouling creates
additional resistances to permeate flux, especially when using fine-range
UF membranes. An assessment of the separation efficiency and fouling
of the 5 kDa tubular ceramic membrane has been carried out under
different temperature and feed flow rate conditions: (a) SWH feed so-
lution was ultrafiltered at 20 °C with a feed flow rate of 6.6 L/h (Re =
1196), (b) SWH feed solution was ultrafiltered at 20 °C with a feed flow
rate of 11.2 L/h (Re = 2040) and (c) SWH feed solution was ultrafiltered
at 50 °C with a feed flow rate of 11.2 L/h (Re = 3622).

The results of SWH filtration at TMP = 1.1 bar with the 5 kDa pore-
sized membrane as a function of volume reduction (VRF) for the ex-
periments at different temperature and feed flow rate (Qg) are shown in
Fig. 4. As a general trend, the permeation rate was much lower for the
hydrolysate than for pure water. The pure water permeate flux, Jo, at
TMP = 1.1 bar was 46.9 + 0.3, 47.5 = 0.5 and 49.3 + 0.5 L/m? h using
6.6 L water/h at 20 °C, 11.2 L water/h at 20 °C, and 11.2 L water/h at
50 °C, respectively. It is observed that the increase in Re caused by the
increase in temperature and feed flow rate enhanced the pure water flux

18
16 A SWH
------ Liquid phase (after SWH centrifugation)
14 p-100 kDa
—~ 12 p-5 kDa
S
g 10 A
ERS
S 6
4 .
2
0 'l AL L RR) | v AL LB AR ] ¥ AL AL ER | T L L)
0.01 0.1 1 10 100

Particle size (um)

Fig. 3. Particle size distribution of the subcritical water hydrolysate (SWH), the
liquid supernatant after centrifugation of the SWH, and of the permeates for the
SWH filtration with 100 kDa (p-100 kDa) and 5 kDa (p-5 kDa) membranes.
Ultrafiltration conditions: 20 °C, TMP = 1.1 bar, 11.2 L/h of feed flow rate and
a final VRF of 4.1.
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Fig. 4. Subcritical water hydrolysate filtration with a 5 kDa membrane at TMP = 1.1 bar, 20 °C or 50 °C, and a feed flow rate (Qg) of 6.6 or 11.2 L/h. (A) Evolution of
permeate flux (J) and fouling resistance contribution ( r¢/rr) with VRF. (B) Permeation flux modelled by Hermia’s models (Egs. (3)-(5)). (C) TOC transmission rate
(Trroc, by Eq. (9)) and concentrations in the permeate (Croc(p)) versus VRF along filtration. (D) Retention coefficients (R;, by Eq. (8)), and selectivity (a, by Eq. (10))
at the end of filtration with a VRF = 3.3. Values with different letters for the same component indicate significant differences (p < 0.05).

through the 5 kDa membrane. Experimental data corresponding to
permeate flux (J) and the contribution of fouling resistance to total
resistance ( r¢/ rr) are plotted against the VRF in Fig. 4A. The sharpest
decrease in permeate flux was obtained at low VRF, with a flux loss
(compared to Jp) at VRF = 1.3 of about 80% in the experiment at 50 °C
and 83% in both experiments at 20 °C. This result might be explained by
the fact that the permeate flux in the early stage of ultrafiltration was
mainly controlled by the build-up of the polarization boundary layer
[14,38,39], which seems to be more affected by the chemical compo-
sition and high concentration (~2000 mg TOC/L) of the red macroalgae
hydrolysate than by the temperature, and unaffected by feed flow rate
modification. In all experiments, the flux continued decreasing for VRFs

from 1.3 to 2.5-3 and then remained about constant until the end of the
filtration.

It is also noted in Fig. 4A that, by increasing the feed flow rate from
6.6 L/h to 11.2 L/h, a slight variation in permeate flux around 3% for
VRFs>1.3 was obtained; however, by increasing the temperature from
20 °C to 50 °C, a considerable increase in permeate flux of more than
15% at the beginning of the filtration and about 10% at the end of
filtration was achieved. The pseudo-steady state permeate flux resulted
to be statistically higher at high temperature and high feed flow rate,
with values close to 8.0 = 0.1 L/m? h in the system at 50 °C, 7.4 & 0.1 L/
m? h in the system at 20 °C with high feed flow rate, and 7.1 + 0.1 L/m?
h in the systems at 20 °C with low feed flow rate. This result indicates
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that for SWH feed solution, the permeate flux and the mass transfer
coefficient were mainly affected by temperature and, to a lesser extent,
by the feed flow rate. This favourable effect of temperature on the
permeate flux due to lower permeate viscosity has also been confirmed
in many studies [20,40-45], which is in accordance with the
Hagen-Poisuille equation.

Regarding fouling characterisation, the resistance-in-series model
(Eq. (1)) has shown that the influence of r;;, was considerably lower than
the influence of rf, indicating that concentration polarization and
membrane fouling were the predominant contributions to the filtration
resistance, accounting for more than 78% in all experiments, as can be
seen in Fig. 4A. Comparison of the r¢/ rr profiles shows that SWH fouled
the tubular 5 kDa membrane faster when using a low feed flow rate of
6.6 L/h at 20 °C than when using a feed flow rate of 11.2 L/h at the same
temperature. The experiments carried out at 11.2 L/h showed that the
fouling was faster the lower the temperature. In addition, the membrane
fouling at the end of filtration was more severe at low temperature and
feed flow rate.

Proper analysis and understanding of the membrane fouling mech-
anisms are essential to minimize fouling in order to improve the per-
formance of SWH ultrafiltration. The Hermia’s model was used to
identify the fouling behaviour of the feed SWH at different temperatures
and feed flow rates. Complete blocking (Eq. (4)), standard blocking (Eq.
(5)), and cake layer formation (Eq. (6)) models were used to fit the
experimental flux data shown in Fig. 4A. Experimental permeate flux
data (symbols) and the predicted data (lines) by Egs. (4)-(6) are pre-
sented in Fig. 4B. The results of fouling index k for each model (k., ks and
ko) and R? coefficients are listed in Table 2.

Considering the data in Fig. 4B and Table 2, the same predominant
fouling mechanism was obtained for the SWH filtration at 20 °C using
different feed flow rate. It is observed in Table 2 that the standard
blocking and complete blocking models yielded poorer R? coefficients
than cake layer model (0.9972 and 0.9947 for Qf = 6.6 and 11.2 L/h,
respectively), which provided the best fit to the experimental data
(Fig. 4B) for both experiments at 20 °C. This result suggests that cake
layer formation was the primarily responsible mechanism and fouling
occurred predominantly on the membrane surface, resulting the
permeate flux decline and the r¢ increase controlled by the concentration
polarization and the cake layer formation with low contribution of the
pore blockage and pore constriction. The comparison of the coefficients
k has been employed to evaluate the fouling potential for the same
fouling mechanism at different feed flow rate and 20 °C. The k., ks and
ke values for a feed flow rate of 11.2 L/h were lower than for a feed flow
rate of 6.6 L/h, suggesting that an increasing feed flow rate leads to a
decrease in the cake layer resistance and in the blocking pore re-
sistances, due to the increased mass transfer coefficient, the increased
back-diffusion, and the reduced concentration polarization, which led to
a reduction of solute accumulation over the membrane surface and the
formation of a thinner and less compacted cake layer. However, the
model that best fitted the experimental permeate flux data for SWH

Table 2
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filtration at 50 °C was the standard blocking model, with a R2 coefficient
of 0.9974. In addition, the comparison of the fouling index k shows that
the k; of the cake layer resistance was lower for SWH filtration at 50 °C
than for SWH filtration at 20 °C, thereby mitigating the cake layer for-
mation. However, the index k of the blocking pore resistances (k. and k)
was notably higher at 50 °C than at 20 °C. Qi et al. [33] also observed the
increase in pore blocking resistances when the temperature increased
from 20 °C to 50 °C for oligodextran filtrations with ceramic mem-
branes. This result implies that, at 50 °C, the permeate flux declined and
the build-up of r; were mainly controlled by the combined effect of
standard and complete pore blocking resistances. Despite the fact that
fouling was less severe at 50 °C, fouling occurred predominantly inside
the pores with high impact on membrane lifetime. It is interesting to
point out that the formation of a physically removable cake (or gelation
layers) at the end of ultrafiltration was not detected in these experi-
ments, even though the cake/gel layer formation resistance turned out
the major contribution to the filtration resistance in experiments at
20 °C.

Fig. 4C and D shows the experimental data corresponding to the
retention of the 5 kDa membrane. No significant temperature and feed
flow rate effect on the organic matter transmission rate (Trroc by Eq. (9),
Fig. 4C) and on retention coefficients (R; by Eq. (8), Fig. 4D) was found
(p > 0.05) from statistical analysis, even though these operating pa-
rameters affected the permeate flux owing to differences in fouling.
However, the membrane retention depended on the VRF. As observed in
Fig. 4C, the diffusive transport of organic solutes throughout the mem-
brane was highly reduced along filtration, with the TOC transmission
rate ranging from approximately 65% at the beginning of each filtration
(VRF = 1.01) to 41% at the end of all filtrations (VRF = 3.3). In addition,
the TOC concentration in the permeates increased slightly with VRF
from 1370 to 1391 mg/L to 1465-1487 mg/L (~7% in each experi-
ment), whereas the TOC concentration in the retentates increased
71-72% during ultrafiltration. A final retentate with about 3500 mg
TOC/L (3527 + 22, 3541 + 35, and 3539 + 31 mg TOC/L for experi-
ments with Qp = 6.6 L/h at 20 °C, Qg = 11.2 L/h at 20 °C, and Qp = 11.2
L/h at 50 °C, respectively) and the same total TOC retention (Fig. 4D) of
about 30% were obtained in all experiments. It can be assumed that the
loss of organic matter on top or inside the membrane by fouling effects
was almost negligible due to the good agreement between the experi-
mental TOC data and the mass-balance calculated TOC data in the
retentate stream for each experiment along filtration, with errors lower
than 1%. These results suggest that the organic matter transport
throughout the 5 kDa TiO; tubular ceramic membrane during SWH
filtration and retention coefficients seem to be primarily affected by the
effect of increased retentate concentration with VRF more than by dif-
ferences in fouling due to the operating temperature and feed flow rate
modifications from 20 °C to 50 °C and from 6.6 to 11.2 L/h, respectively.
Krawczyk et al. [25] reached similar conclusions for crossflow filtrations
of hetero-polysaccharides with 10 kDa tubular a-Al,03 and TiO5 mem-
branes in concentration mode. These authors explained that operating

Determination coefficients (R?) and foiling indexes (k, ks and k) of three fouling models for the filtration of the subcritical water hydrolysate (SWH) with a 5 kDa
pore-sized membrane at different temperature (T) and feed flow rate (Qg). CFV and Re refer to the crossflow velocity and the Reynolds number, respectively.
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temperature from 60 to 80 °C, pressure from 0.2 to 1.6 bar, and cross-
flow velocity from 2 to 5 m/s affected the permeate flux and fouling,
with no influence on membrane retention (96%) since the limiting
operating parameter resulted to be the feed concentration. This effect
was also observed by Giacobbo et al. [46], reaching the same poly-
saccharide retention, 99.3%, by modifying the operating pressure from
0.5 to 4 bar in the filtration of winery effluents with 7.6 kDa PES
polymeric membranes.

Fig. 4D shows the results obtained for retention and selectivity at the
end of filtration for the different chemical compounds determined in the
SWH. Retention was negligible for free amino acids (AA), reaching
values of 16% for peptides (TP), 63% for glucans (glOS), 51% for gal-
actans (gOS) and 13% for arabinans (aOS), hence indicating a notably
higher retention for OS fraction than for TP fraction. These retention
results suggest that glucans and galactans presented a higher molecular
size distribution than the peptides and arabinans obtained by SWH. It
was observed that the pH in retentates and permeates remained constant
during the hydrolysate filtration, with values close to the pH of the feed
solution (Table 1). It should be also considered that the membrane
surface was negatively charged at the experimental pH and electrostatic
interactions took place with the negatively charged functional group of
glucans and galactans [10,11], which was probably a significant
contribution to its decreased transport through the 5 kDa membrane. In
addition, the 5 kDa membrane provided complete retention of colloidal
and suspended matter, as can be inferred from the particle size distri-
bution results in Fig. 3, where it can be observed that particles larger
than 0.2 pm were not detected in the permeate stream. These colloids
and suspended materials, together with the high OS fraction rejected by
the membrane, were thus the main responsible for most of the r; increase
and permeate flux drop during SWH filtration. Regarding the separation
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efficiency, Fig. 4D shows the selectivity of the 5 kDa membrane (a by Eq.
(10)) for the separation of the TP fraction from the OS fraction. A high
selectivity of the 5 kDa membrane for the TP separation from glucans
and galactans was observed, but this membrane was inefficient for the
separation of the TP fraction and arabinans (a = 1.0 + 0.1). In any case,
the arabinans fraction in the SWH accounted for less than 9 wt% of the
total oligosaccharide fraction.

Since experimental conditions did not affect the retention and
selectivity coefficients for the different chemical compounds, the effect
of membrane pore size on SWH fractionation and process with sequen-
tial UF-stages were studied at the highest feed flow rate and the lowest
temperature to avoid heating of the feed and to investigate the feasibility
of the process at ambient temperature, as well as to mitigate the irre-
versible membrane fouling during ultrafiltration. The final VRF was
increased from 3.3 to 4.1 due to its impact on the fractionation process.

3.3. Effect of the membrane pore size on SWH ultrafiltration

The following step was focused on analysing the effect of the mem-
brane pore size on the permeate flux and on the separation efficiency of
peptides from the different oligosaccharides and other organic com-
pounds in the SWH. An evaluation of the purity index towards the
peptide fraction was performed to assess the degree of purification
achieved in each filtration.

Experimental data for SWH filtration at 20 °C, TMP = 1.1 bar, and
Qr = 11.2 L/h with different pore-sized membranes from 5 to 100 kDa
are presented in Fig. 5. The results of filtration resistances (rr, rpy, and ry,
m’l), retention coefficients at the end of filtration with a VRF = 4.1 (R,
%), purity index in TP (PL, %), D [4,3] value for final permeates, and the
pH values are listed in Table 3.
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Fig. 5. Effect of the membrane pore size (5-100 kDa) on the subcritical water hydrolysate filtration at 20 °C, TMP = 1.1 bar and 11.2 L/h of feed flow rate. (A)
Evolution of permeate flux (J) with VRF. (B) TOC transmission rate (Trroc, by Eq. 9) versus VRF along filtration. (C) Selectivity («, by Eq. 10) towards peptide
fraction at the end of filtration with a VRF = 4.1. Values with different letters for the same component indicate significant differences (p < 0.05).
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Table 3

Experimental parameters for the filtration of the subcritical water hydrolysate
by using the different membranes at 20 °C, TMP = 1.1 bar, and 11.2 L/h of feed
flow rate. Values with different letters for the same component indicate signif-
icant differences (LSD, p < 0.05).

PARAMETERS 100 kDa 50 kDa 10 kDa 5 kDa
J (L/m? h) 39.7-30.9 31.0-23.8 11.1-8.6 8.9-7.4
VRF 1.05-4.10 1.05-4.10 1.05-4.10 1.05-4.10
rr (10 m™) 0.94-1.20 1.16-1.52 3.13-4.08 4.17-5.00
rm (10 m™h) 0.20 0.25 0.64 0.78
rr (10 m™Y) 0.74-1.00 0.91-1.28 2.59-3.43 3.38-4.22
e/ 11 (%) 78.7-83.4 78.8-83.8 79.4-84.2 81.2-84.4
PIin TP (%) 30.5 +0.8% 38.9 +0.8° 41+1°¢ 45414
Rroc (%) 6.7 + 0.5 7.9 + 0.5" 1442° 31+1¢
Rys (%) 10.2 + 0.8° 38.0 + 0.8° 40.8 + 0.9° 45.7 +0.89
Rop (%) 5.1 + 0.9% 16.5 + 0.6° 16.0 + 0.7° 15.9 + 0.9°
Raa (%) 0.3 +0.3% 0.1 +0.2° 0.2 £ 0.3% 0.1+0.1%
Ros (%) 20.8 + 0.8% 35+2° 41+1°¢ 55424
Rgi0s (%) 30.4 +0.7% 47.5 +0.7° 544+1¢ 64+14
Rgos (%) 16.5 + 0.9° 35+1° 41+1°¢ 50.8 + 0.9¢
Raos (%) 6.0 + 1.0° 8+2% 8+2% 13+2°
Rrpc (%) 21.7 + 0.2 31.9 +0.3" 37.2+0.3° 38.0 + 0.3¢
Rgc (%) 23422 35+1° 41+43° 57424
Rgp (%) 17.4 +0.8° 36.0 + 0.5° 41.7 + 0.5° 56.2 + 0.8%
PHep) 6.1+ 0.2° 6.1 +0.2° 5.8 +0.1° 5.9 +0.1°
pHe 6.0 +0.1° 5.9 + 0.2° 6.2 £ 0.2° 6.0 £ 0.2%
D [4,3] ) (nm) 86.0 + 0.3 82.2 + 0.3 69.0 + 0.2 58.0 + 0.2

J: permeate flux; rr, rp, and ry: filtration resistances estimated by Eq. (1); PL:
purity index towards TP in final permeate estimated by Eq. (11); R: retention
coefficients at the end of filtration estimated by Eq. (8); pH): average permeate
pH; pH(,): average retentate pH; D [4,3] p,): the mean volume-weighted particle
size in final permeate. TOC: total organic carbon, TS: total solids, TP: total
peptide fraction, AA: total free amino acids, OS: total oligosaccharides, glOS:
glucans, gOS: galactans, aOS: arabinans, TPC: total phenolics, RC: reducing
capacity, BD: browning degree.

3.3.1. Total permeation flux and fouling

The permeate flux clearly increased by increasing membrane pore
size from 5 to 100 kDa as can be observed in Fig. SA. The profile of the
permeate flux loss with VRF was similar for all the membranes. A
considerably high flux loss, with regard to pure water, was observed at
the beginning of the filtration, a continuous decrease of the flux up to
VRF 2-2.5 and then the flux remained constant at around 31 L/m? h for
the membrane with the highest cut-off size and slightly above 7 L/m? h
for the membranes with the lowest cut-off size. The fouling behaviour
was similar for all membranes. It is observed in Table 3 that r; (> ry,) was
the predominant contribution to rr and flux loss, indicating that con-
centration polarization and membrane fouling were the predominant
contributions to the filtration resistance. However, the decrease in r¢
from 3.38 to 4.22 -10'® m™! to 0.74-1.00 -10'3 m™! with increasing
membrane pore size from 5 to 100 kDa can be explained as a result of a
marked decrease in membrane retention of all the SWH components
(Table 3), which led to the reduction of the concentration polarization
layer development and solute deposition onto the membrane surface.

3.3.2. Selectivity of ultrafiltration

As observed in Fig. 5B, the organic matter transport throughout the
membrane depended on the membrane pore size and on the VRF. At
each VRF, the mass transfer rate of organic solutes across the membrane
was considerably lower for 5 kDa cut-off size than for 10, 50 and 100
kDa. Moreover, the organic matter transmission rate (Tr(roc)) ranged
from values around 99%-80% along filtration with the 100 and 50 kDa
cut-off sizes, indicating that these pore sizes have turned out to be
excessively large for the molecular weight of the main SWH compounds.
These results were also observed by comparison of the membrane
selectivity (@) in Fig. 5C and the purity index (IP) towards TP in Table 3.
Separation between TP and total OS was considerably reduced from 3 to
1.7 when the membrane pore size increased from 5 kDa to 100 kDa,
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leading to a final permeate with a low TP purity index close to 30%.
However, the 100 kDa cut-off size provided a colloid-free permeate with
arange size of dissolved matter between 25 nm and 200 nm, as shown by
the particle size distribution results in Fig. 3. A similar permeate particle
size distribution profile was obtained for all membranes, with hardly
any variation in the dissolved matter size range and D [4,3] values of the
same order of magnitude as can be seen in Table 3. This result justified
that the 100 kDa cut-off membrane was enough to retain all colloidal
and suspended matter from the SWH with a particle size above 0.2 pm.

It is interesting to point out that the highest selectivity of all mem-
branes was found for the separation of TP from glucans and galactans,
but the selectivity for arabinans and TPC resulted to be low and inde-
pendent on the membrane pore size. Thus, 5 kDa cut-off membrane was
still alarge membrane cut-off size for obtaining an efficient separation of
the TP fraction, as it was already found in the preliminary studies with
the 5 kDa membrane (Section 3.2).

3.3.3. Peptide fraction

A more detailed comparison of retention coefficients (Table 3) for
different membranes and compounds shows that TP fraction retention
(Rtp) was one of the lowest for all the tested membranes, even when
using the 5 kDa cut-off size. Retention was negligible for free amino
acids and a slight increase in retention of peptides was just observed
between 100 kDa (5%) and 50 kDa (16%) membranes with no further
increase of retention for lower MWCO membranes. Yu et al. [15]
observed a total protein retention with a 10 kDa membrane in the
filtration of fresh rapeseed extracts obtained by grinding and mixing
with water. They explained that the high levels of protein retention were
due to the composition of the raw material, mainly constituted of high
molecular weight globulins (300 kDa) and albumin proteins (12-14
kDa). Saidi et al. [14] found total retention of the peptide fraction with
molecular weight distribution higher than 7 kDa from fish protein hy-
drolysates by using an 8 kDa cut-off ceramic membrane. Hence, the low
retention obtained for the protein fraction in this work can be explained
considering that the extraction/hydrolysis under subcritical conditions
has provided the presence of low molecular weight peptides as the main
TP species in the SWH. In addition, these results suggest that about 5% of
the TP fraction was larger than 100 kDa, but the largest fraction of TP in
the SWH was peptides smaller than 5 kDa with a small amount of free
amino acids.

3.3.4. Oligosaccharide fraction

OS fraction showed the highest rejection from approximately 21%
for the 100 kDa membrane to 55% for the 5 kDa membrane as can be
observed in Table 3. Glucans were the most retained components, Rgos
= 30%-64%, followed by galactans, Rgos = 16%-51%, and finally
arabinans were poorly retained with all the tested membranes, Ryos =
6%-13%. Hence, the relation between the membrane pore size and
retention was observed, although no significant differences were found
between 100 and 10 kDa cut-off sizes for arabinans. From these results it
can be concluded that the glucans and galactans presented higher mo-
lecular size distribution than the peptides obtained in the extraction
process under subcritical conditions, however the largest fraction of
arabinans (~87%) in SWH was smaller than 5 kDa, although as previ-
ously described, the arabinans fraction represented only the 9% of the
total OS fraction.

3.3.5. Total phenolic compounds (TPC), browning degree (BD) and
reducing capacity (RC)

The retention of TPC (Rypc) showed the same trend as browning
degree (Rpp) and reducing capacity (Rrc). An increase in Rrpc from 22%
to 38%, in Rg from 17% to 56% and in Rrc from 23% to 57% was
observed with the reduction of the membrane pore size from 100 to 5
kDa, as shown in Table 3. The correlation between the retention of TPC
and antioxidant capacity has also been confirmed in several studies.
Tsibranska et al. [47] found that by decreasing the membrane pore size
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from 900 Da to 300 Da for propolis filtration, the antioxidant capacity of
the retentate increased, at the same time that a decrease was observed in
the permeate stream due to an increase in the retention of total poly-
phenols and flavonoids. Arend et al. [48] indicated that the retention of
total phenolics, total monomeric anthocyanins and antioxidant activity
increased with the volume reduction factor during nanofiltration of
strawberry juices in concentration mode. They found that the antioxi-
dant activity was adequately correlated with total phenolic content and
with the concentration of the major anthocyanin detected in the juice,
pelargonidin-3-O-glycoside. Additionally, Diaz-Reinoso et al. [49] ob-
tained high retention for phenolics (80-90%) and antioxidant activity in
filtrations of distilled white grape pomace with 1 kDa ceramic
membrane.

However, the comparison of retention results for the lowest mem-
brane pore sizes shows a slight variation in Rrpc between 37 and 38%
and a large increase in Rpc between 41 and 57%, suggesting that
browning products also present a strong correlation with the reducing
power. Melanoidins, with high antioxidant power, are compounds
formed as a consequence of Maillard and caramelization reactions at
high temperatures between carbonyl and amine groups from reducing
sugars and amino acids, respectively [50,51]. According to a previous
work [5], Maillard reaction products were the main responsible for
browning degree on the SWHs of the macroalgae solid residue. It was
also observed that TPC and Maillard reaction products of the SWH
showed stronger correlations with reducing capacity than other hydro-
lysate components, such as peptides and free amino acids, as it has also
been seen in this work. It can be concluded that, by using 5 kDa mem-
brane, the largest fraction of peptides, phenolics and Maillard reaction
products were collected in the permeate, which preserved about 40% of
the starting reducing capacity of the SWH.

3.4. Sequential ultrdfiltration integrated with freeze-drying

Based on the separation results of the 5 and 100 kDa membranes, a
process with sequential filtrations has been designed to study its suit-
ability to improve the SWH fractionation.

To separate and concentrate OS and TP fractions, a combined process
with sequential filtration stages and a subsequent freeze-drying stage
was examined (Fig. 2). All filtrations were carried out at 20 °C to avoid
heating and additional costs, TMP = 1.1 bar and Qr = 11.2 L/h. The VRF
was 4.1 for filtrations with 100 kDa and 5 kDa membranes and 2.1 for
filtration with 1 kDa membrane. A good reproducibility of the multi-
stage filtration process was observed, due to the fact that no statisti-
cally significant differences (p < 0.05) were found between replicate
stages in Cycle A (UFs with 100 and 5 kDa membranes) and Cycle B (UFs
with 100, 5, and 1 kDa membranes). A constant permeate flux of about
18 and 11 L/m? h was obtained during filtrations with 5 kDa and 1 kDa
membranes, respectively. Some of the experimental results are shown in
Table 4 and Fig. 6.

The retention coefficients for each filtration stage are shown in
Fig. 6A. By a multi-stage filtration process, most of total solid (TS)
content was removed, remaining 89.8%, 49.4% and 27.1% of initial TS
in the permeate after filtration through the 100, 5 and 1 kDa membrane,
respectively. In the first filtration stage with an ultimate VRF = 4.1, the
retention of the 100 kDa membrane for the different SWH components
was statistically similar to that shown in Table 3. A good clarification of
the feed hydrolysate was obtained since 100 kDa membrane provided
total retention of colloidal and suspended materials and a slightly higher
retention for OS fraction (20.6%) than for TP fraction (5.1%). TPC and
BD were also poorly retained by the 100 kDa membrane, at around 22%
and 17% respectively. Similar retention value was obtained for RC, 23%.
As discussed above, this result may be due to the fact that TPC and
browning compounds were probably the main SWH compounds with
reducing capacity.

In the second filtration stage with the 5 kDa membrane at VRF = 4.1,
when passing the 100 kDa permeate stream (pl) through the 5 kDa
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Table 4

Composition of permeate (p1, p2 and p3), retentate of the 1 kDa filtration (r3)
and dry solid obtained in Cycle A (S from p2) and in Cycle B (Sg from p3) for the
fractionation process shown in Fig. 2.

COMPOUNDS, CYCLE A (100 and 5 kDa) CYCLE B (100, 5, and 1 kDa)
I;’I&SISDSO’ FRF Cp1 Cp2 Wsa Cps Wsp Crs
AND PI VALUE (mg/L) (mg/L)  (mg/ (mg/L)  (mg/ (mg/L)
mg mg
dry dry
solid) solid)
Total solids (TS) ~ 5477.8 3013.4 - 1653.4 - 4524.3
+ 0.2 + 0.1 + 0.1 + 0.3
Total peptides 1671.2 1459.9 0.487 1170.5 0.712 1780.3
(TP) +0.1 +0.5 + +0.2 + + 0.6
0.002 0.002
Glucans (glOS) 382.4 197.6 0.07 54.5 + 0.033 354.9
+0.4 +0.1 +0.04 0.1 + +0.3
0.008
Galactans (gOS) 700.6 434.8 0.146 168.1 0.102 731.1
+0.5 +0.1 + +0.2 + +0.3
0.003 0.002
Arabinans 123.1 114.6 0.038 51.1 + 0.031 185.2
(a0S) +0.2 +0.2 + 0.2 + + 0.4
0.009 0.005
Total phenolic 171.5 133.1 0.045 77.4 + 0.047 195.0
compounds +0.5 +0.5 + 0.3 + +0.4
(TPC) 0.003 0.002
RFrp (Wt.%) 72+1 87.4 + - 42.2 &+ - 57.8 +
0.6 0.6 0.3
RFos (Wt.%) 59.9+  46.9 + 19.3 + 80.6 +
0.5 0.4 0.4 0.5
Mass of Sa and - - 3404 - 985 + -
Sg (mg)" +8 2
PI (wt.%) 30.5 + 48.4 + 48.7 70.8 + 71.2 39.3 +
0.2 0.7 +0.2 0.5 +0.1 0.8

Cp: concentrations in the permeate; w: compound mass fraction in the dry solid;
RF: recovery factors expressed as percentage variation of the compound mass in
the permeate or retentate per the initial compound mass in the feed of each UF
stage; PI: TP purity index in final permeates estimated by Eq. (11) and for the dry
solid.

@ Mass of Sp and Sg refers to the mass of dry solid per 2 L of SWH (Fig. 2).

membrane, a significant increase in retention was observed for all the
compounds analysed, but retention was more intense for glucans (64.0
+ 1% of the initial glOS), galactans (48.2 + 0.5% of the initial gOS), and
coloured compounds (51.4 + 0.7% of the initial BD). This browning
reduction in the permeate and browning intensification in the retentate
can also be visually observed in the photographs included in Fig. 2.
However, the TP fraction was not greatly affected by this filtration stage,
since just 17.1 £ 0.5% was retained after filtration through 100 and 5
kDa membranes. As expected, the retention results in Cycle A and the
purity index towards TP of the final permeate p2 (Table 4) matched
those obtained in the SWH single-stage filtration with the 5 kDa mem-
brane (Table 3 and Fig. 5C).

When passing the permeate stream from 5 kDa membrane (p3)
through the 1 kDa membrane (Cycle B in Fig. 2), OS retention still
continued to increase significantly, obtaining a total retention of 89.7 +
0.8% for glucans, 80.0 + 1.0% for galactans and 61.0 + 2.0% for ara-
binans, as can be seen in Fig. 6A. It can be also observed a considerable
increase in retention of the TPC, BD and RC, more than 64%, 81%, and
87% of the initial SWH content, respectively. Nevertheless, TP retention
coefficient stayed small, approximately 33.5 + 0.7% respect to the
initial SWH content. No significant retention of free AA fraction was
observed in the filtration with the 5 and 1 kDa membranes, as shown in
Fig. 6B. This means that the filtration with 1 kDa cut-off size was an
efficient fractionation stage for the separation of the TP fraction from
most of the TPC fraction, browning colour and total OS fraction,
including arabinans.
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Fig. 6. Experimental results for the fractionation process shown in Fig. 2. (A) Retention coefficients (R;, by Eq. (8)) at the end of each filtration stage. (B) Con-
centration of free amino acids (AA) in the subcritical water hydrolysate (SWH) and in the final permeate obtained after filtration with the 1 kDa membrane (p3). (C)
Composition of the dry solid (w;, g component/100 g dry solid) obtained in Cycle A (Sa) and in Cycle B (Sg).

The composition results of permeates p2 (from the 5 kDa membrane)
and p3 (from the 1 kDa membrane), presented in Table 4, show that
more than 92% of the total solids in p3 were TP, OS, and TPC with a TP
purity index (PI by Eq. (11)) close to 71%, while in p2, TP, OS, and TPC
only accounted for the 78% of the total solids and the TP purity index
was 48%.

Final permeates p2 and p3 were freeze dried. Lyophilization showed
a high recovery yield of 98.7% and 98.9% for p2 (Cycle A) and p3 (Cycle
B), respectively. The composition of the dry solids was summarised in
Table 4 and Fig. 6C. A good agreement between permeate composition
and dry solid composition has been obtained. The main component was
TP fraction in both solids. According to Fig. 6C, Cycle B was more effi-
cient than Cycle A, since the dry solid from permeate p3, obtained from
the 1 kDa membrane, was much rich in peptides (71 wt%) than the
permeate p2 obtained from the 5 kDa membrane (48 wt%).

In addition, the recovery factor of TP in mass (RFrp in Table 4) was
also calculated for each filtration stage. These mass results corroborate
that loss of TP mass in the retentates was low in the first and in the
second filtration, but the 1 kDa membrane removed more than 50% of
the feed TP mass. Thus, a retentate r3 with 39% of peptides in the range
of 1 and 5 kDa was achieved, while a solid Sg with more than 70% of
peptides with a molecular weight size below 1 kDa was obtained. The
molecular weights of peptides have a high impact on their bioactive
properties such as antioxidant, antimicrobial, or antihyperglycemic
among others. The fractionation of peptides resulting from protein hy-
drolysis has become a usual practice to investigate the properties of the
final hydrolysed products, such as the solid Sp and the retentate r3
(Table 4). Further work is needed to evaluate the different functional
properties of the fractionated peptides obtained in this work.

4. Conclusions

Subcritical water hydrolysate from red macroalgae residue was a
source of valuable bioactive compounds, which make it an excellent
substrate for fractionation and concentration by means of membrane
technology separation. Crossflow ultrafiltration with ceramic mem-
branes has proven to be a suitable separation technology to isolate the
oligosaccharides and peptide fraction. By decreasing the membrane pore
size from 100 to 5 kDa, higher retentions were achieved for glucans,
galactans and phenolics. However, the 5 kDa membrane was ineffective
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for the separation of the peptides and arabinans, both of which were
mostly collected in the permeate stream. The increase in feed flow rate
from 6.6 to 11.2 L/h and temperature from 20 to 50 °C played an
important role in hydraulic fouling and in the loss of permeate flux for
the 5 kDa membrane; however, these operating parameters did not in-
fluence the retention of the membrane. By using sequential ultrafiltra-
tion steps with different membranes cut-off sized membranes, it was
possible to fractionate and concentrate the oligosaccharides and pep-
tides from the hydrolysate. A sum of retentates with more than 90 wt%
of the SWH total oligosaccharide fraction and a final permeate with a
purity index towards peptides close to 71 wt% were collected after
sequential ultrafiltration by using 100, 5 and 1 kDa membranes. Lyo-
philisation was an effective technique for permeate treatment due to the
low losses of total solids. A dry solid, rich in peptides (71 wt%), with a
good cake appearance that could be used in different applications, was
obtained.
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NOMENCLATURE

List of symbols

AA total free amino acids

a0s arabinans

BD browning degree

C compound concentration (mg L’l)

D[4,3] the volume-weighted mean particle diameter estimated by Eq. (7) (pm)
glos glucans

g0s galactans
J permeate flux (L m2h1)
J* critical flux parameter defined in Eq. (3) (L m2h™H
Jo pure water permeate flux (L m*Z-hfl)
k parameter of Eq. 3
Ke fouling index of Eq. (4) (s™1)
ka fouling index of Eq. (6) (s m’z)
ks fouling index of Eq. (5) (s %5m %5
n parameter of Eq. 3
oS oligosaccharides
PI purity index towards TP in final permeates estimated by Eq. 11
Qr feed flow rate (L. h™1)
e fouling resistance of Eq. (1) (m’l)
I'm membrane hydraulic resistance of Eq. (1) m™bH
rT total filtration resistance of Eq. (1) mhH
R degree of retention estimated by Eq. (8) (%)
Re Reynolds number
R? determination coefficient
RC reducing capacity
SW subcritical water
SWH subcritical water hydrolysate
T temperature (°C)
TOC total organic carbon
TP total protein fraction
TPC total phenolic compounds
TPM transmembrane pressure (Pa)
Tr transmission coefficient estimated by Eq. 9
TS total solids
A% volume (L)
VRF volume reduction factor
w mass of compound per unit of mass of dry solid (g g1
Greek symbols
o selectivity estimated by Eq. 10
B viscosity of the permeate (Pa-s)
Subscripts
0 subcritical water hydrolysate used as feed solution
i each group of hydrolysate compounds
j total oligosaccharides and each oligosaccharide group
p permeate stream
r retentate stream
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