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A B S T R A C T   

In this work, a diafiltration-based process was investigated for the recovery of pectic oligosaccharides produced 
by subcritical water hydrolysis from onion skin waste. Four tubular ceramic membranes from 100 to 1 kDa were 
selected based on the molecular weight of the different galacturonic acid species present in the onion skin hy
drolysate. All these membranes showed high selectivity towards pectic oligosaccharides, with low retention for 
free galacturonic acid, monosaccharides, organic acids, and other impurities. The 50 and 100 kDa membranes 
completely retained pectic oligosaccharides with a molecular weight exceeding 80 kDa, accounting for 
approximately 30 % of the initial pectic oligosaccharides in the hydrolysate. However, the purification rate was 
significantly slower using the 50 kDa membrane due to the increased cake layer resistance. Furthermore, it was 
examined a fractionation/purification cascade involving sequential diafiltration stages using 100, 10, and 1 kDa 
membranes at 25 ◦C, TMP = 1 bar, and a crossflow velocity of 1.5 m s− 1. Approximately 87 % of the initial pectic 
oligosaccharides were successfully recovered and purified in the retentates, highlighting their potential for 
diverse applications due to their narrow molecular weight distribution, while phenolic compounds and other 
valuable low molecular weight molecules were recovered in the final permeate.   

1. Introduction 

Onion processing yields large amounts of skin residues, which are 
characterized by its high environmental impact and the presence of 
valuable bioactive compounds [1], such as quercetins and derivatives 
[2,3]. Furthermore, the solid waste after the extraction of these phenolic 
compounds is a promising natural source of pectin [1,3] from which 
pectic oligosaccharides (POS) can be produced. These pectin-derived 
oligosaccharides, rich in 1,4-D-galacturonic acid and neutral sugars 
(commonly rhamnose, galactose, arabinose, and xylose), find applica
tion as functional agents in the realms of food, healthcare, and phar
maceuticals due to their capacity to modulate the microbiota within the 
human intestine and their anti-inflammatory and anti-obesity properties 
[4–7]. 

The conventional process for producing POS typically involves par
tial acid or enzymatic hydrolysis of pectin [5]. However, subcritical 
water extraction offers notable potential in this regard, as it has previ
ously been proposed as an environmentally friendly reaction medium 
for obtaining different chemical compounds from solid by-products 
[8–11]. Subcritical water refers to water at temperatures ranging from 

100 ◦C to 374 ◦C (critical point), which remains in a liquid state due to 
the application of pressure. As a consequence of the higher ionic 
strength and lower pH of subcritical water, pectin can be extracted from 
the solid matrix and hydrolysed without the necessity of adding acids, 
enzymes, or organic solvents [12,13]. Benito-Román et al. [14] have 
previously found that pectin extracted and hydrolysed from onion skin 
waste using a subcritical water at 145 ◦C for 50 min preserves the 
branched domains of ramnogalacturonan- I (RG-I) in the resulting pectin 
oligomers. These RG-I domains comprise numerous side chains formed 
by neutral sugars [15], which can enhance the nutritional and phar
maceutical value of POS. However, in practice, a separation process is 
required to isolate these valuable pectic oligosaccharides from subcrit
ical water hydrolysates. Monosaccharides, organic acids, and sugar 
dehydration products (furfural and HMF) have been identified as the 
main impurities in the hydrolysates derived from pectin-rich solid res
idues [14–16]. Currently, precipitation is employed as purification 
process, accomplished through the addition of ethanol (a salting-out 
process) and followed by subsequent steps involving dialysis, ionic ex
change, nitration, or combinations thereof [17,18]. Nevertheless, the 
use of ethanol raises environmental concerns and lacks selectivity [4, 
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19], often resulting in monosaccharides and POS remaining in the 
alcohol solution [7]. Therefore, there is a compelling need for efficient 
tools that enable an effective and cost-efficient separation of the com
plex product obtained. 

For this purpose, ultrafiltration (UF)-based diafiltration process 
emerges as a cost-effective alternative to the traditional precipitation 
method for separating POS. This approach offers several advantages, 
including ease of automation and scalability, minimal energy con
sumption, absence of organic solvents or other precipitating agents, 
under mild operation conditions [20,21]. Diafiltration processes rely on 
the separation of molecules in solution due to their different rejection 
rates by the membrane. A diluent, typically water, is intermittently or 
continuously pumped into the feed side to facilitate the transport of 
molecules with lower rejection rates, which generally correspond to the 
smallest molecular weight species for ultrafiltration membranes 
[22–24]. In fact, ultrafiltration in diafiltration mode employing organic 
membranes ranging from 1 to 100 kDa has been investigated as a po
tential POS purification process. For instance, ultrafiltration in inter
mittent feed diafiltration mode was employed to process a subcritical 
water hydrolysate from lemon peel waste using a 1 kDa regenerated 
cellulose membrane, achieving notably high purities (up to 98 g oligo
mers per 100 g dry product) as reported Gómez et al. [15]. However, in a 
different study by Yammine et al. [25], the purification of POS from a 
grape pomace subcritical water hydrolysate necessitated a cascade of 
continuous feed diafiltration stages, utilising organic membranes with 
cutoff sizes of 100, 50, and 2 kDa. Pinelo et al. [26] have already re
ported that the degree of linearity or branching of pectinaceous sub
stances greatly affects their ability to pass through the membrane pores. 
In this context, a proper assessment of the molecular weight cutoff 
(MWCO) of the membrane is required to achieve efficient fractionation 
and purification of the POS species. It is also important to note that 
challenges related to diafiltration productivity, such as water con
sumption and membrane fouling, are often overlooked when dealing 
with these types of oligosaccharides. 

Ceramic membranes are emerging as a promising alternative to 
organic membranes due to their exceptional separation accuracy, 
chemical stability across a wide pH and temperature range, high resis
tance to wear, extended lifespan, and ease of cleaning [27–30]. The 
complex chemical composition and acidic pH of onion skin waste 
subcritical water hydrolysates make ceramic membranes the preferred 
choice for the development of POS separation processes. However, it 
should be indicated that severe fouling of ceramic membranes has been 
detected in the separation of pectin and derivatives from model solu
tions, wastewater, and natural juices [26,31–33]. 

This study aims to assess the feasibility of crossflow ultrafiltration in 
diafiltration mode using TiO2 membranes to fractionate and purify the 
pectic oligosaccharides present in onion skin waste subcritical water 
hydrolysates. In the existing literature, it is hard to find examples 
showing the fractionation of pectin-derived oligosaccharides through 
sustainable membrane technology, particularly employing diafiltration 
processes with ceramic membranes. Therefore, a comprehensive inves
tigation in total recirculation is necessary to examine the impact of 
membrane cutoff size on separation efficiency of the different main 
hydrolysate compounds. Furthermore, it is essential to delve into the 
fouling mechanisms, given that continuous feed diafiltration is a com
plex kinetic purification process demanding modelling for its successful 
scaling-up towards industrial implementation. The last objective of this 
work was to assess the overall efficiency of a series of diafiltration stages 
utilising membranes with varying molecular weight cutoff sizes. This 
aims to generate multiple high-purity POS fractions with differing mo
lecular weights, thereby offering versatile functional additives for in
dustrial applications. 

2. Experimental 

2.1. Chemicals and materials 

Onion (Allium cepa) skin residues corresponded to the cultivar Horcal 
and were kindly provided by a local blood sausages manufacturer 
(Embutidos Cardeña, Burgos, Spain). The 1–100 kDa cutoff-sized 
tubular ceramic membranes (Filtanium, with an active layer of TiO2 
supported on titania) were supplied by TAMI industries (France). The 
TAMI membranes consisted of a single tubular module (254 mm length, 
10 mm outside diameter) with 7 inner channels (2 mm hydraulic 
diameter), an isoelectric point close to 4.2 [34] and an effective filtra
tion area of 0.0132 m2. Glucose (99.5 %), galactose (99 %), arabinose 
(99 %), rhamnose (99 %), xylose (99 %), D-glucuronic acid (98 %), 
acetonitrile (99.9 %), and furfural (99 %) were supplied by 
Sigma-Aldrich (USA). 5-hydroxymethyl furfural (97 %) was provided 
from Biosynth Ltd. (United Kingdom); D-galacturonic acid monohydrate 
(purity >97 %) was obtained from Alfa Aesar (USA). Formic acid (98 %) 
and acetic acid glacial (99.7 %) were purchased from Panreac (Spain); 
orthophosphoric acid (76 %) and sodium hydroxide (99 %) from 
Cofarcas S.A. (Spain), and ammonium acetate (LiChropur™, ≥99 %) 
form Merck (Germany). Sulfuric acid used for the sample hydrolysis was 
96 % purity and was provided by Labbox (Spain), whereas the one used 
for the HPLC mobile phase preparation was 96 % Suprapur provided by 
Merck (Germany). All chemicals were used without further purification. 

2.2. Biomass preparation 

Industrial onion skin residues (IOSR) underwent manual processing 
to isolate the outermost skins, which were subsequently air-dried at 
room temperature. The dried material was further reduced in size to 
particles smaller than 1 mm using a Retsch SM100 cutting mill (Retsch 
GmbH, Germany), to a particle size of less than 1 mm, ensuring suit
ability for suspension within the reactor. The dried solid was then sub
jected to an extraction process with an ethanol/water mixture (70/30 v/ 
v%) at 37 ◦C in order to recover the primary portion of the phenolic 
fraction (~10 % of biomass extractive content), following the procedure 
established by Benito-Román et al. [14]. The solid waste from the IOSR, 
obtained after the recovery of primary phenolic compounds, was sub
sequently dried once more and employed as pectin biomass for the 
subcritical water hydrolysis experiments. 

2.3. Hydrolysate preparation from onion skin waste 

Subcritical water (SubW) hydrolysis experiments were carried out 
using a discontinuous system, consisting of a 0.5 L batch reactor coupled 
with a ceramic electric band heater (2000 W, manufactured by SAF 
Wärmetechnik GmbH, Germany) and nitrogen as pressurizing agent. 
The reactor maximum specifications were 250 ◦C and 70 bar. The SubW 
treatment was carried out at 145 ◦C and 50 bar for 50 min with a 
biomass concentration of 4.3 % (w/v). The solid residue and water were 
first loaded in the reactor, then the system was heated and stirred 
continuously using a magnetic stirrer (Agimatc-E, J.P.-Selecta, Spain) 
placed under the reactor. Subsequently, the system was pressurized to 
achieve the desired working pressure. After the SubW hydrolysis was 
finished, the reactor was cooled down to 90 ◦C. Subsequently, it was 
opened, and the suspension was filtered using cheesecloth (Thermo 
Fisher Scientific Inc., United Kingdom). The exhausted onion skin 
biomass was discarded and the liquid phase (named onion skin hydro
lysate, OSH) was centrifuged (model SorVall™ ST16R, Thermo Scien
tific, MA-USA), characterized in terms of composition and frozen at 
− 20 ◦C. This OSH was used as feed solution in all ultrafiltration assays. 
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2.4. Crossflow ultrafiltration experiments 

2.4.1. Filtrations in total recirculation mode 
Experiments in total recirculation mode were carried out using the 

experimental setup depicted in Fig. 1A. The feed hydrolysate was 
pumped from a stirred feed tank (Pobel, Spain) to the membrane module 
by means of a Masterflex peristaltic pump (HV-7220-57 equipped with a 
Masterflex L/S EasyLoad II head HV-77201-62, Masterflex SE, Ger
many), using silicone pipes (Masterflex L/S 15, 4.8 mm internal diam
eter, Masterflex SE, Germany). Two pressure gauges measured the 

pressures at the inlet and outlet of the membrane module. The crossflow 
velocity (CFV) and the transmembrane pressure (TMP) were adjusted to 
the desired working value using the pump speed controller (from 6 to 
600 rpm) and a valve placed downstream the membrane module. All 
experiments were carried out at a constant temperature of 25 ◦C and 
CFV of 1.5 ± 0.1 m s− 1 (feed flow rate of 17.5 L h− 1) by recycling 
permeate and retentate continuously to the feed tank in order to 
maintain a constant feed concentration during membrane filtration. This 
crossflow velocity was the maximum value to avoid problems in the 
pressure drop along the membrane unit caused by foaming during OSH 

Fig. 1. Schematic diagram of the experimental setup for ultrafiltration experiments (A) in total recirculation mode and (B) in continuous feed diafiltration mode. 1. 
Feed jacked tank; 2. Thermometer; 3. Peristaltic pump; 4. Pressure gauge; 5. Tubular membrane module; 6. Regulating recirculation valve 7. Permeate vessel; 8. 
Water tank. 
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filtration. The temperature was set at 25 ◦C in order to avoid heating of 
the onion skin hydrolysate, minimise the energy cost, and to assess the 
feasibility of the ultrafiltration process at ambient temperature. 
Permeate fluxes (J) were determined volumetrically (±0.1 mL) and 
gravimetrically (±0.001 g) at different operating conditions including 
MWCO (1–100 kDa) and TMP (0.25–1.5 bar). After 120 min of filtration, 
samples were collected from the retentate and permeate sides to mea
sure the separation performance. 

2.4.2. Filtrations in diafiltration mode 
The continuous feed diafiltration (CFD) experiments were carried 

out using the experimental setup shown in Fig. 1B. The onion skin hy
drolysate was placed in a stirred feed tank (Pobel) and pumped to the 
membrane module by means of a Masterflex peristaltic pump (HV-7220- 
57 with a Masterflex L/S EasyLoad II head HV-77201-62, Masterflex SE, 
Germany). Another Masterflex peristaltic pump (HV-7521-10 with a 
Masterflex L/S EasyLoad II head HV-77200-50, Masterflex SE, Germany) 
was used to add deionised water to the feed tank. The pipes were silicone 
tubing (Materflex L/S 15, Masterflex SE, Germany). Two pressure 
gauges measured the pressures at the inlet and outlet of the membrane 
module. Before starting the filtration process, the feed solution was 
recirculated through the system for 5 min. Then, TMP and CFV were 
adjusted to the desired working value using the pump speed controller 
and a valve placed downstream the membrane module. 

The diafiltration experiments were carried out at constant TMP =
1.00 ± 0.05 bar, CFV = 1.5 ± 0.1 m s− 1 (feed flow rate of 17.5 L h− 1) 
and 25 ◦C by continuously withdrawing the permeate. The retentate was 
recycled back to the feed tank, the permeate was collected in the 
permeate tank, while water was added to the feed tank at a flow rate 
equal to the permeate outflow rate (Vp = Vw) in order to keep the vol
ume in the feed tank constant (VF=Vr). Permeate fluxes were measured 
volumetrically (±0.1 mL) and gravimetrically (±0.001 g) until the end 
of the experiment. The diafiltration volume (water consumption), DV, 
was calculated as the ratio of the volume of water added in the feed tank 
to the constant retentate volume (DV=Vw/Vr). The permeate and the 

retentate were periodically analysed and the concentration of different 
hydrolysate compounds was represented against the DV ratio in order to 
evaluate the mass transfer rate, the membrane fouling and separation 
degree. 

2.4.3. Experiments with sequential diafiltration stages 
The flowchart of the POS fractionation cascades is shown in Fig. 2. 

Filtration experiments were carried out using the 1, 10 and 100 kDa 
membranes. Two independent cycles of sequential ultrafiltration stages 
were performed in order to determine the membrane separation ca
pacity and POS recovery factors. The feed solution (OSH) was ultra
filtered in diafiltration mode through a 100 kDa membrane, obtaining a 
first permeate (p1) and retentate (r1). This first permeate p1 from the 
100 kDa membrane was then ultrafiltered in diafiltration mode through 
a 1 kDa membrane (Cycle A). 

In Cycle B, p1 from the 100 kDa membrane was ultrafiltered in 
concentration mode with a 10 kDa membrane until a volume reduction 
factor (VRF=Vp1/Vp*) of 2.6 was reached, and then, the resulting 
retentate (r*) and permeate (p*) were subjected to a diafiltration stage 
through a 10 kDa membrane and a 1 kDa membrane, respectively. 

All diafiltration stages and the concentration stage in Cycle B were 
performed at constant TMP of 1.00 ± 0.05 bar, CFV of 1.5 ± 0.1 m s− 1 

and 25.0 ± 0.1 ◦C by continuously withdrawing the permeate. The 
retentate was recycled back to the feed tank, the permeate stream was 
collected in permeate tank throughout the filtration and water was 
added to the feed tank at the same permeate outflow rate in diafiltration 
stages. The membrane was not cleaned between the concentration and 
CFD stages in Cycle B, i.e., the process was continuous. 

2.4.4. Membrane cleaning procedure 
All ceramic membranes were cleaned after each experiment to 

restore the initial water permeability. The membrane was rinsed with 
deionised water, and then cleaned with a sodium hydroxide solution 
(0.2 M, 50 ◦C and TMP = 0.3 bar) for 60 min. After that, the membrane 
was rinsed again with deionised water and the water permeate flux was 

Fig. 2. Flowchart representing the diafiltration cascades for the fractionation and purification of the onion skin pectic oligosaccharides. CFD and Concentration, refer 
to the ultrafiltration stage in continuous feed diafiltration mode and in concentration mode, respectively. 
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measured at 25 ◦C under different transmembrane pressures in order to 
evaluate the membrane cleaning extent. 

2.5. Analytical methods 

The feed hydrolysate, along with the permeates and retentates, have 
been chemically and physically characterised. 

Determination of pectic oligosaccharides (POS), free mono
saccharides and degradation products. Identification and quantification 
of sugars, organic acids and sugar dehydration products in the samples 
was carried out following protocol NREL/TP-510–42623 by high- 
performance liquid chromatography (HPLC). For that purpose, the 
HPLC system (Agilent Technologies, CA, USA) equipped with a Biorad 
Aminex HPX-87 H column (300 × 7.8 mm, Bio-Rad laboratories, Inc., 
USA) coupled with the guard column Micro-Guards Cation H+ (BioRad 
laboratories, Inc., USA), with a variable wavelength detector (VWD) and 
a refractive index detector (RID), using 0.005 M sulfuric acid as mobile 
phase (0.6 mL/min) was used. The column and detectors were main
tained at 40 ◦C and the total running time was 67 min per injection. The 
standards for the HPLC analysis were glucose, galactose, xylose, rham
nose, arabinose, 5-hydroxymethyl furfural and furfural, and other 
compounds such as glucuronic acid, galacturonic acid, acetic acid and 
formic acid. Free monosaccharides, free galacturonic acid and other 
compounds in the samples were first determined, after centrifugation 
(4500 rpm, 15 min, 4 ◦C) and filtration through a 0.22 μm pore size 
syringe filter (Scharlab, Spain). Total sugars and total galacturonic acid 
were determined after acid hydrolysis of the sample according to the 
NREL/TP-510–42618 Analytical Procedure. POS fraction was calculated 
as the difference between total galacturonic acid and sugar content after 
acid hydrolysis and the free galacturonic acid and monosaccharide 
content. The proportions of homogalacturonan (HG) and rhamnoga
lacturonan type I (RG-I) have been calculated according to the equations 
proposed by M’Sakni et al. [35]: 

HG (%,mol)=GAO − rhaO (1)  

RG − I (%,mol) = [GAO − HG] + rhaO + galO + xylO + araO (2)  

where GAO, rhaO, galO, xylO and araO refer to the molar percentage of 
galacturonic acid, rhamnose, galactose, xylose, and arabinose in oligo
meric form. 

Molecular weight analysis for POS fractions. The molecular weight 
(MW) distribution, average molecular weights and polydispersity of the 
pectic oligosaccharides recovered in the hydrolysate were determined 
using high-pressure size exclusion chromatography coupled to refrac
tion index detector (HPSEC-RID). Briefly, the 1260 HPLC system (Agi
lent Technologies, CA, USA) consisted of a PL Aquagel-OH guard pre- 
column (Agilent Technologies, CA, USA) linked in series with PL 
Aquagel-OH 30 and PL Aquagel-OH 40 columns (300 mm × 7.5 mm, 
particle size 8 μm, Agilent Technologies, CA, USA), coupled to a 
refractive index detector (RID). Characterization of OSH and samples 
obtained from the diafiltration process was done at 35 ◦C. 20 μL of each 
sample, previously filtered through 0.22 μL syringe filters (Scharlab, 
Spain), was eluted in isocratic mode using 0.01 M ammonium acetate at 
a flow rate of 0.7 mL/min as the mobile phase. A set of pullulan stan
dards in the range 0.342–400 kDa (PSS Polymer Standards Service 
GmbH, Mainz, Germany) were used for calibration. Standards were also 
filtered through 0.22 μm syringe filters. Data were analysed with Agilent 
OpenLab Data Analysis 2.5 software. 

Determination of phenolic compounds. Each sample was character
ized by High Performance Liquid Chromatography using a Diode Array 
Detector (HPLC-DAD, Agilent 1100, CA, USA) with a Kinetex® Biphenyl 
column (250 × 4.6 mm, particle size 5 μm, pore size 100 Å) supplied by 
Phenomenex (CA, USA). The mobile phase consisted of (A) ammonium 
acetate 5 mM with acetic acid (1 %, v/v) in water and (B) ammonium 
acetate 5 mM with acetic acid (1 %, v/v) in acetonitrile. The gradient 

profile was the following: From 0 to 7 min, 2 % of solvent B (isocratic); 
from 7 to 20 min, from 2 % to 8 % of solvent B; from 20 to 35 min, from 8 
% to 10 % of solvent B and from 35 to 55 min, 10 %–18 % of solvent B; 
from 55 to 65 min, increase from 18 % to 38 % of solvent B; from 65 to 
75 min increase up to 65 % of solvent B; from 75 to 80 min increase to 80 
% of solvent B. Post time was 10 min. The flow rate was set at 0.8 mL/ 
min and temperature column was 25 ◦C. Samples were filtered (0.45 μm 
pore size, Scharlab, Spain) before injection. OpenLab CDS software was 
employed to collect and analyse the chromatographic data delivered by 
the diode array detector and the identification of the different phenolic 
compounds was done by comparing retention times and UV spectrum 
with those of standards supplied by Sigma-Aldrich (USA). The total 
phenolic compounds (TPC) were calculated as the sum of the individual 
phenolics detected at 280 nm. 

Zeta potential, density and pH measurements. The zeta potential (ξ) 
of the samples was measured with a Zetasizer Nano ZS apparatus 
(Malvern Panalytical, Malvern, United Kingdom), using the Laser 
Doppler Velocimetry technique and a DTS1061 disposable folded 
capillary cell. The zeta potential was calculated using Henry’s equation 
and the Smoluchowski approximation [36]. The density of the samples 
was measured by means of the density-meter DMA 5000 (Anton Paar, 
Austria). The pH of the samples was measured by means of a pH-meter 
(Crison GLP 22, Crison Instruments S.A, Spain). 

2.6. Data processing 

2.6.1. Analysis of membrane fouling 
The filtration resistances have been estimated by the resistance-in- 

series model and Darcy’s law (Eq. (3)) using the experimental value of 
the membrane permeability coefficient (Lp = J/TMP): 

rT =
1

Lp • μ = rm + rf (3)  

where, rT is the total resistance to filtration (m− 1), rm is the membrane 
hydraulic resistance (m− 1), rf is the fouling resistance due to concen
tration polarisation and fouling effects (m− 1), and μ is the permeate 
viscosity (Pa s). 

The filtration of pure water at TMP from 0.25 to 1.5 bar has allowed 
to know the pure water permeate flux (J0) as well as the resistance rm. 
The contribution of the fouling to the total resistance, rf/rT, has also 
been calculated. 

The membrane fouling mechanisms have been examined using the 
Hermia’s model [37] modified by Field [38] for crossflow filtration: 

dJ
dt

= − k • (J − J∗) • J2− n (4)  

where k, n and J* are the fouling index, the fouling mechanism, and the 
critical flux that should not be exceeded in order to avoid fouling, 
respectively. By integrating Eq. (4) with n fixed (0, 1.5 and 2), the 
following fouling models have been obtained [30]: 

ln
(

J
J − J∗

)

−
J∗

J
=

[
J∗

J0
− ln

(
J0 − J∗

J0

) ]

+kcl • J∗2

• t (for n=0, cake layer formation) (5)  

1
J0.5 =

1
J0

0.5 + ks • t (for n= 1.5, standard blocking) (6)  

ln(J − J∗)= ln(J0 − J∗) − kc • t (for n=2, complete blocking) (7)  

where kcl ks, and kc are the fouling indexes for cake layer formation (m− 2 

s), standard pore-blocking (m− 0.5 s− 0.5), and complete blocking (s− 1) 
models, respectively. Equations (5)–(7) have been employed to model 
the experimental permeate flux profile, and the predominant fouling 
mechanisms during OSH filtration have been identified by comparing 
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the determination coefficient, R2 [27,30,39]. 

2.6.2. Process parameters 
The yield and purity results of filtration experiments have been 

calculated as the percentage variation of retentate and permeate content 
relative to the initial OSH content. The retention coefficients of different 
OSH compound, Ri, were determined as follows: 

Ri (%)=

(

1 −
Ci(p)

Ci(F)

)

• 100 (8) 

and transmission coefficients, Ti, as: 

Ti(%)=
Ci(p)

Ci(r)
• 100 (9)  

where Ci (g/L) is the compound concentration, and subscripts p, r and F 
refer to the permeate, retentate and feed solution, respectively. 

The selectivity, α, of ultrafiltration between POS fraction and other 
OSH compounds (j) was estimated as: 

α=
Tj

TPOS
(10)  

2.6.3. Mathematical formulation for diafiltration data analysis 
The concentration in the permeate of the OSH compounds (Ci(p)) 

during diafiltration has been estimated using the governing mass bal
ance in the feed tank (Eq. (11)). 

Vr •
dCi(r)

dt
= − A • J•Ci(p) (11) 

By combining Eq. (11) and Hermia’s model (Eq. (4)), Ci(p) in the 
course of the diafiltration can be expressed as follows: 

dCi(p)

dJ
=

A • Ti • J
Vr • k • (J − J∗) • J2− n • Ci(p) (12)  

where A is the membrane area, Vr is the retentate volume, Ti is the 
average transmission coefficient of the different OSH compounds during 
all diafiltration operation (Eq. (9)), J is the permeate flux, and J*, n and 
k are parameters of the Hermia’s model (Eq. (4)). When the fouling 
mechanism (n = 0, 1.5 or 2) is fixed, the following linearised models 
(Eqs. (13)–(15)) were obtained by integrating Eq. (12) from J0 to J and 
from Ci(p)0 to Ci(p) as the boundary conditions:   

In the case of a constant J during all diafiltration process, the 
following linearised model (Eq. (16)) was obtained by integrating Eq. 
(11) from t0 to t and from Ci(p)0 to Ci(p) as the boundary conditions [23]: 

ln
(
Ci(p)

)
= ln

(
Ci(p)0

))
− Ti • DV (16) 

Eqs. (13)–(16) have been employed to fit the experimental Ci(p) ki
netic data and to estimate retention coefficients during diafiltration. The 

determination coefficients were used to assess the goodness of fit of the 
diafiltration kinetic models. 

2.6.4. Statistical analysis 
All the statistical processing of the experimental data was done using 

Statgraphics Centurion 19-X64 package (Statistical graph Co., Rockville, 
MD, USA). Each experiment was carried out at least three times. The 
permeates and retentates collected throughout diafiltration, the feed 
solution, the final permeate, and the final retentate were analysed in 
triplicate. Concentrations in the retentate were also calculated by mass 
balances, with errors less than 1.5 % for all analysed compounds. The 
standard deviation (SD) was used to assess the degree of dispersion for 
the experiments under the same operating conditions and to validate the 
data. The significance of the differences was determined based on an 
analysis of variance with the Fisher’s least significant difference (LSD) 
procedure at a p-value ≤0.05. 

3. Results and discussions 

3.1. Onion skin hydrolysate composition 

The results of the physicochemical characterisation of the onion skin 
hydrolysate (OSH) are presented in Table 1. OSH has been characterized 
as a complex acidic aqueous solution with a pH of 3.76 ± 0.06 and a 
negative zeta potential of − 12.3 ± 0.5 mV. The total pectic oligosac
charides (POS) derived from the subcritical water hydrolysis of onion 
skin pectin were found to be 5.17 ± 0.06 g/L, with galacturonic acid 

Table 1 
Physico-chemical characterisation of the onion skin hydrolysate (OSH). N.D.: 
not detected.   

COMPOSITION 

Total pectic oligosaccharides (POS, g/L) 5.17 ± 0.06 
Galacturonic acid (g/L) 3.94 ± 0.02 
Galactose (g/L) 0.486 ± 0.006 
Glucose (g/L) 0.30 ± 0.02 
Xylose (g/L) 0.069 ± 0.001 
Rhamnose (g/L) 0.369 ± 0.008 
Arabinose (g/L) 0.005 ± 0.001 
Free galacturonic acid (GA, g/L) 0.324 ± 0.004 
Free galactose (gal, g/L) 0.09 ± 0.01 
Free glucose (glu, g/L) 0.296 ± 0.007 
Free xylose (xyl, g/L) 0.188 ± 0.005 
Free rhamnose (rha, g/L) N.D. 
Free arabinose (ara, g/L) 0.124 ± 0.007 
Formic acid (FA, g/L) 0.47 ± 0.01 
Acetic acid (AcA, g/L) 0.12 ± 0.01 
Total phenolic compounds (TPC, g/L) 0.280 ± 0.002 
Furfural (F, mg/L) 0.041 ± 0.002 
Hydroxymethylfurfural (HMF, g/L) 0.008 ± 0.001 
Total solids (g/L) 7.5 ± 0.6 
Density at 25 ◦C (g/L) 1002 ± 2 
Zeta potential (ξ, mV) − 12.3 ± 0.5 
pH 3.76 ± 0.06  

ln
(
Ci(p)

)
= ln

(
Ci(p)0

)
+

A • Ti

Vr • J∗•kcl
• ln

(
J0 • (J − J∗)

J • (J0 − J∗)

)

(for n= 0, cake layer formation) (13)  

ln
(
Ci(p)

)
= ln

(
Ci(p)0

)
+

A • Ti

Vr•ks
•
( ̅̅̅

J
√

−
̅̅̅̅̅
J0

√ )
(for n=1.5, standard blocking) (14)  

ln
(
Ci(p)

)
= ln

(
Ci(p)0

)
+

A • Ti

Vr•kc
•

[

J − J0 + J∗ • ln
(

J − J∗

J0 − J∗

)]

(for n=2, complete blocking) (15)   
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being the predominant component among the oligomers (76.2 %), fol
lowed by neutral sugars in variable composition, ranging from 0.069 ±
0.001 g/L of xylose (1.3 %), 0.005 ± 0.001 g/L of arabinose (0.1 %), 
0.30 ± 0.02 g/L of glucose (5.9 %), to 0.369 ± 0.008 mg/L of rhamnose 
(7.1 %), and up to 0.486 ± 0.006 g/L of galactose (9.4 %). Total 
rhamnose content in the hydrolysate comes from the oligomers, as no 
free rhamnose was detected. Furthermore, glucuronic acid oligomers 
and free glucuronic acid were absent in the hydrolysate. 

In addition to the pectic oligosaccharide (POS) fraction, it was 
detected the presence of 0.324 ± 0.004 g/L of free galacturonic acid (7.6 
% of the total galacturonic acid in the hydrolysate) and 0.59 ± 0.01 g/L 
of organic acids, consisting of 79.6 % formic acid and 20.3 % acetic acid. 
It has also been identified 0.70 ± 0.01 g/L of free monosaccharides, 
including 12.9 % galactose, 26.9 % xylose, 17.8 % arabinose, and 42.4 % 
glucose, as well as a minor quantity of hydroxymethyl furfural (0.008 ±
0.001 g/L) and furfural (0.041 ± 0.002 g/L). These findings align with 
the degradation products previously reported by Gómez et al. [15] in the 
context of SubW biomass hydrolysis. They observed minimal amounts of 
hydroxymethyl furfural and furfural when the SubW hydrolysis of lemon 
peels was carried out below 160 ◦C. However, when the SubW tem
perature was raised to 180 ◦C, the concentration of free galacturonic 
acid, galactose, arabinose, xylose, and rhamnose in the reaction liquor 
increased, as a consequence of the hydrolytic reaction, which also led to 
higher concentrations of organic acids and furfural. Pińkowska et al. 
[40] also detected a low furfural content in the SubW hydrolysates from 
a high methyl ester citrus-apple pectin using an operating temperature 

between 120 and 150 ◦C, observing an increase in the content of 
degradation products with the increase in temperature. Martínez et al. 
[41] reported comparable results, identifying free monosaccharides, 
formic acid, and acetic acid as the major impurities in the POS pro
duction from orange peel waste using a SubW treatment below 160 ◦C. 
The total content of phenolic compounds was quantified at 0.280 ±
0.002 g/L. For a detailed profile of phenolic compounds, refer to 
Table S1 in the supplementary material section. The primary phenolic 
compounds present in the hydrolysate were p-hydroxybenzoic acid 
(57.5 wt%), protocatechuic acid (25.7 wt%), and quercetin 4′-glucoside 
(11.2 wt%). 

The molecular weight (MW) distribution of the POS fraction recov
ered in the hydrolysate was also examined and it is presented in Fig. 3A. 
As can be observed, various galacturonic acid species were identified 
based on their molecular weights, ranging from about 150 to 0.2 kDa. 
The most prevalent pectin-derived oligosaccharides (peaks 1 and 2, 55.5 
% of the total area) exhibited an average molecular size exceeding 20 
kDa, followed by an intermediate fraction (peaks 3 and 4), constituting 
approximately 32.2 % of the total area, with a molecular size in the 
range between 20 and 1.5 kDa. Lastly, there was a low molecular weight 
fraction (peak 5, representing about 12.3 % of the total area) with a 
molecular size below 0.5 kDa, corresponding to free galacturonic acid 
and other structures (galacturonic acid dimers and trimers). These 
findings highlight the potential of investigating crossflow ultrafiltration 
in diafiltration mode using various membrane cutoff values between 1 
and 100 kDa to explore the fractionation and purification of POS species 
in terms of molecular weight. 

3.2. Ultrafiltration of OSH in total recirculation mode 

The effect of the membrane molecular weight cutoff size on the 
separation of different compounds of the OSH, and fouling has been 
examined. A comprehensive examination of the principal mechanisms 
causing membrane fouling is also essential in order to enhance the 
performance of OSH ultrafiltration. For this purpose, the hydrolysate 
and deionised water (conductivity ≤15 μS/cm) underwent ultrafiltra
tion in total recirculation mode with different cutoff-sized membranes 
from 1 kDa to 100 kDa. Prior to this experimental study, a start-up of the 
ultrafiltration process was carried out with the evaluation of the influ
ence of the transmembrane pressure on the permeate flux. 

3.2.1. Effect of the transmembrane pressure on the membrane performance 
To initiate the ultrafiltration process, the transmembrane pressure 

(TMP) was gradually raised from 0.25 to 1.5 bar during the filtration of 
both pure water and the OSH in total recirculation mode using 1, 10, 50, 
and 100 kDa cutoff-sized membranes at 25 ◦C and CFV = 1.5 m s− 1. The 
effect of TMP on the permeate flux during the start-up experiments is 
depicted in Fig. S1. The permeate flux of pure water (J0) exhibited a 
linear increase with rising TMP within the 0.25–1.5 bar range. The 
permeability coefficients for pure water, denoted as Lp0, were as follows: 
15.1, 96.6, 119 and 132 L bar− 1 h− 1 m− 2 for the 1, 10, 50, and 100 kDa 
membranes, respectively. As a general trend, membrane permeability 
was considerably lower for the OSH compared to pure water, with the 
differences being more pronounced at the highest applied pressures for 
all membranes. When filtering the onion skin OSH, it was observed that 
the permeate flux (J) and TMP did not maintain a linear relationship. J 
initially increased linearly with TMP, then began to stabilise at 0.8–1 
bar, and remained constant between 1 and 1.5 bar for all membranes. 
The non-linear behaviour of J with the driven force is usually associated 
with the formation of saccharide cake layers on the membrane surface 
and the compression of deposited cakes [26,42,43]. Moritz et al. [34] 
found that fouling layers are formed rapidly when the feed solution and 
membrane surface presented opposite charge, as in the OSH filtration (ξ 
= − 12.3 mV) where the membrane surface was positively charged at 
the experimental pH. Bacchin et al. [44] have reported that the limiting 
flux corresponds to the permeate flux at which the membrane filtration 

Fig. 3. Molecular weight (MW) distribution of the galacturonic acid species in 
(A) the onion skin hydrolysate (OSH) used as feed solution in this work, and (B) 
in the retentate (r1) obtained by OSH diafiltration through a 100 kDa mem
brane at 25 ◦C, TMP = 1 bar, CFV = 1.5 m s− 1and 6.2 diafiltration volumes. 
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capacity is saturated due to fouling. Additionally, fouling caused by the 
hydrolysate became more severe when the limiting flux was reached, 
resulting the fouling resistance (rf , Eq. (3)) and its contribution to the 
total resistance (rf/rT, %) increasing at a rate proportional to the driving 
force for all the membranes, as shown in Fig. S2. These resistance results 
confirm that permeation through the 1–100 kDa membranes was in the 
diffusion-controlled region at high TMP. In this regard, the limiting flux 
was reached at a TMP of only 1 bar, suggesting that higher values should 
not be recommended for onion skin hydrolysate filtration in order to 
reduce the membrane cleaning frequency in continuous UF processes as 
well as to prevent energy waste. 

3.2.2. Effect of the membrane molecular weight cutoff on the OSH 
fractionation and fouling 

Following the determination of the operational TMP at 1 bar, the 
subsequent stage involved investigating the influence of the membrane 
molecular weight cutoff (MWCO) on the separation efficiency of pectic 
oligosaccharides (POS) from other compounds present in the OSH and 
fouling characterisation. The results of the hydrolysate underwent ul
trafiltration in total recirculation mode at 25 ◦C, TMP = 1 bar, and CFV 
= 1.5 m s− 1 with different cutoff-sized membranes from 1 kDa to 100 
kDa are presented in Fig. 4 and in Table 2: encompassing the experi
mental data corresponding to the membrane retention and selectivity at 

the end of filtration (Fig. 4A and B), permeate flux over time (Fig. 4C), 
and parameters for fouling characterisation (Fig. 4D and Table 2). 

Fig. 4A illustrates that the ceramic membranes from 1 to 100 kDa 
achieved acceptably high retention (Ri, Eq. (8)) of the total POS fraction 
present in the OSH. A noticeable correlation between membrane MWCO 
and POS retention was observed, although slight differences were found 
between 50 kDa and 100 kDa cutoff sizes. POS retention was approxi
mately 50 % using the membranes with the highest cutoff sizes. When 
the membrane cutoff size was reduced to 10 kDa, POS retention 
increased to approximately 70 %, and further rose to above 80 % with 
the use of a 1 kDa membrane. The comparison of retention results with 
the POS molecular size distribution presented in Fig. 3 reveals that it has 
been possible to obtain a complete retention of the largest POS (peaks 1 
and 2) with all membranes, a good retention of the intermediate POS 
ranging from about 20 to 10 kDa (peak 3) using the membranes with the 
lowest cutoff sizes, while the POS fraction with a molecular size between 
10 and 1.5 kDa (peak 4) was exclusively retained by the 1 kDa mem
brane. According to a previous work [14], pectin oligomers from onion 
skin solid residues preserved the branched domains of ramnogalactur
onan type I (RG-I) when using an extraction process with SubW at 
145 ◦C. This result was also observed in this work (Table 1), where 
rhamnose and neutral sugars have been identified in oligomeric form 
and free rhamnose was not detected in the hydrolysate. It should also be 

Fig. 4. Effect of the membrane molecular weight cutoff size (1–100 kDa) on the OSH filtration in total recirculation mode at 25 ◦C, TMP = 1 bar and CFV = 1.5 m 
s− 1. (A) Retention coefficients (Ri, Eq. (8)) for pectic oligosaccharides (POS), free galacturonic acid (GA), galactose (gal), glucose (glu), xylose (xyl), arabinose (ara), 
formic acid (FA) and acetic acid (AcA) at the end of filtration. (B) Membrane selectivity (α, Eq. (10)) towards total POS fraction. (C) Permeate flux (J) profile 
modelled by Hermia’s cake layer model (Eq. (5), n = 0). (D) Evolution of fouling resistance (rf, by Eq. (3)) along filtration. 
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considered that the largest POS with less hydrolysed RG-I branches 
exhibit a more complex “hairy” spatial configuration [45–47] and steric 
interactions may hinder their passage through the membrane pore [48], 
which was probably a significant contribution to their decreased 
transport throughout the 50 and 100 kDa membranes. 

Regarding the separation efficiency, as depicted in Fig. 4A, the 
highest retention values corresponded to the POS species. In addition, 
retention values below 3 % were obtained for monosaccharides, free 
galacturonic acid and organic acids with all membranes, indicating that 
the pore size distribution of the 1 kDa membrane also proved to be large 
enough to allow complete transport of low-molecular-weight com
pounds (impurities) present in the OSH. This result was validated by the 
membrane selectivity (α, Eq. (10)) in Fig. 4B, observing that these UF 
membranes were selective for the POS separation from the different free 
monosaccharides and organic acids with values above 5 for the lowest 
membrane cutoff and approximately 2 for the highest membrane cutoff. 
The reduction in selectivity was only due to the POS increased transport 
(Ti, Eq. 9) from 17 % to 48 % when increasing the molecular weight 
cutoff size of the membrane from 1 to 100 kDa, as can be observed in 
Table 2. Consequently, these results suggest that it is feasible to achieve 
a selective separation of POS species, as these low-molecular-weight 
compounds can pass through the membrane regardless the UF mem
brane cutoff size used. 

In the case of the permeate flux (J), Fig. 4C shows that J was sharply 
reduced by decreasing the molecular weight cutoff size of the membrane 
from 100 to 1 kDa. A fast J loss took place at the beginning of the UF 
with all membranes due to the build-up of the polarisation boundary 
layer, followed by a slow J decrease during 30–90 min, and then J 
remained mostly constant at around 8.9 L h − 1 m − 2 for the membranes 
with the highest cutoff sizes and close to 1.2 L h − 1 m − 2 for the mem
branes with the lowest cutoff sizes. It can be observed from Table 2 that 
the fouling resistance 

(
rf) was considerably higher than the membrane 

resistance ( rm) in all experiments, suggesting that concentration 
polarisation and fouling were the predominant contributions to the flux 
decline. Due to the negligible retention of the most abundant OSH im
purities (Fig. 4A), it can be assumed that the POS fraction was, hence, 
the primary foulant responsible for the rf increase and J drop during 
OSH filtration. To comprehend the fouling mechanisms affecting 

filtration performance, Hermia’s models (Eqs. (5)–(7)) were used. The 
experimental J data were analysed by fitting with each model and the 
results of fouling indexes (kc, ks and kcl) along with the R2 coefficients 
are listed in Table 2. Considering the results presented in Tables 2 and in 
Fig. 4C, the cake layer formation model (Eq. (5) for n = 0, R2 = 0.993, 
0.993, 0.995 and 0.994 for the 100, 50, 10 and 1 kDa membranes, 
respectively) provided the best fit to the experimental J data. This result 
justifies that the fouling occurred predominantly on the membrane 
surface, resulting the J decrease and the rf increase (Fig. 4D) controlled 
by the POS cake layer formation, with low contribution of the pore 
blockage. It should be noted that cake layer formation has already been 
identified as the main contribution to irreversible fouling in the filtra
tion of different pectin solutions. Gimenes et al. [49] used Hermia’s 
models and identified cake layer formation as the dominant restrictive 
fouling mechanism during the filtration of aqueous pectin solutions, 
achieving retention coefficients of up to 97.8 %. Similarly, Xie et al. [50] 
observed gel layer formation on the membrane surface as the primary 
cause of permeate flux decline in the filtration of pectin solutions 
derived from citrus peels. In contrast, Echavarria et al. [29] found that 
apple pectin, ranging from 50 to 1200 kDa, formed thick gel layers that 
led to pore clogging during the filtration through a 100 kDa membrane. 
Rai et al. [51] proposed a surface interaction between pectin and the 
pores, resulting in pore sealing due to the deposition of pectin on the 
membrane surface in the form of gel. Sarkar [52] also identified 
simultaneous cake layer formation and complete pore blocking during 
the filtration of pectin solutions ranging from 30 to 100 kDa using a 30 
kDa membrane. However, the low contribution of complete pore 
blocking resistance (R2 ≤ 0.97 for all membranes, Table 2) observed in 
this work suggests a low degree of pore sealing due to the low adhesion 
of the POS gel layer to the membrane surface. In addition, the com
parison of kcl indexes revealed that the reduction of the membrane 
MWCO from 100 to 1 kDa leads to a high increase in cake layer resis
tance due to the increased concentration polarisation and the decreased 
back-diffusion, which resulted in increased POS deposition on the 
membrane surface and the formation of thicker and less porous cake 
layers during filtration. Therefore, these results suggest that to minimise 
the severe surface fouling caused by pectin-derived oligosaccharides, it 
may be more desirable to start the OSH fractionation process with the 

Table 2 
Experimental parameters, filtration resistances (rT, rm, and rf , Eq. 3) and foiling indexes (kc, ks and kcl) of three Hermia’s fouling models (Eqs. 5, 6 and 7) for the OSH 
ultrafiltration in total recirculation mode with different cutoff-sized membranes from 1 to 100 kDa at 25 ◦C, TMP = 1 bar and CFV = 1.5 m s− 1.  

PARAMETERS 1 kDa 10 kDa 50 kDa 100 kDa 

J0 (L h− 1m− 2) 15.1 ± 0.2 96.6 ± 0.5 96.6 ± 0.5 132.0 ± 0.5 
J (L h− 1m− 2) 3.3–1.2 ± 0.1 11.2–6.1 ± 0.2 14.1–7.1 ± 0.3 22.8–8.9 ± 0.2 
rm (1012 m− 1) 2.8 4.3 3.5 3.2 
rf (1012 m− 1) 100.1–308.8 32.9–64.4 26.1–55.3 15.2–43.5 
rf/ rT (%) 78–92 88–94 88–94 83–93 
kcl (n = 0, Eq. (5), s m− 2) 153.9⋅107 13.4⋅107 9.6⋅107 3.0⋅107 

R2 (n = 0, Eq. (5)) 0.994 0.995 0.993 0.993 
ks (n = 1.5, Eq. (6), s− 0.5m− 0.5) 0.09 0.03 0.03 0.03 
R2 (n = 1.5, Eq. (6)) 0.891 0.807 0.781 0.907 
kc (n = 2, Eq. (7), s− 1) 3.3⋅10− 4 5.4⋅10− 4 5.0⋅10− 4 3.3⋅10− 4 

R2 (n = 2, Eq. (7)) 0.945 0.974 0.973 0.956 
TPOS (%) 17 ± 1 30.4 ± 0.8 45 ± 1 48 ± 2 
TGA (%) 97 ± 2 99 ± 2 98 ± 1 99.8 ± 0.6 
Tgal (%) 98.6 ± 0.9 98 ± 1 97.5 ± 0.8 98.9 ± 0.8 
Tglu (%) 98.1 ± 0.4 99 ± 1 99 ± 2 99.2 ± 0.7 
Txyl (%) 98.7 ± 0.7 99 ± 1 98.8 ± 0.7 99.1 ± 0.7 
Tara (%) 98 ± 1 99.6 ± 0.5 98.9 ± 0.5 100 ± 1 
TFA (%) 97 ± 2 97.9 ± 0.8 98 ± 1 99.7 ± 0.8 
TAcA (%) 98.7 ± 0.5 98 ± 1 98 ± 2 99.9 ± 0.5 
pH(r) 3.78 ± 0.07 3.8 ± 0.1 3.8 ± 0.1 3.7 ± 0.1 
ξ(r) (mV) − 12.1 ± 0.6 − 12.8 ± 0.5 − 12.8 ± 0.6 − 12.4 ± 0.6 

J0: pure water permeate flux; J: permeate flux; R2: determination coefficient of Hermia’s models; T: transmission coefficients at the end of filtration estimated by Eq. 
(9); pH(r): retentate pH and ξ(r): retentate zeta potential; POS: pectic oligosaccharides; GA: free galacturonic acid; gal: galactose; glu: glucose; xyl: xylose; ara: arabinose; 
FA: formic acid; AcA: acetic acid. 
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100 kDa membrane, even though the average molecular size of the 
largest POS in the hydrolysate has turned out to be only 58.3 kDa. Based 
on these results, 50 and 100 kDa membranes were selected for subse
quent diafiltration experiments in order to better compare their sepa
ration properties. 

3.3. Continuous feed diafiltration of OSH using wide membrane pores (50 
and 100 kDa) 

Continuous feed diafiltration as a purification process requires 
maximise yield and purity of the target POS as well as fast removals of 

Fig. 5. Results of the OSH diafiltration using the 50 and 100 kDa membranes at 25 ◦C, TMP = 1 bar, CFV = 1.5 m s− 1. (A) Permeate flux (J) and fouling resistance (rf, 
Eq. (3)) versus diafiltration volume (DV) along diafiltration and J profiles modelled by Hermia’s cake layer model (Eq. (5), n = 0). (B) The removal (1-Ri, Eq. (8)) of 
monosaccharides (MS), organic acids (OA) and sugar dehydration products (SDP) versus DV along diafiltration and their profiles modelled by Eq. 13. (C) The 
retention of pectic oligosaccharides (POS) and the removal of free galacturonic acid (GA) versus DV along diafiltration and their profiles modelled by Eq. 13. (D) 
Recovery factors (RFi) at the end of diafiltration calculated as the percentage variation of the retentate content relative to the initial OSH content. 

Table 3 
Determination coefficients (R2) and foiling indexes (kc, ks and kcl) for the OSH diafiltration using the 50 and 100 kDa cutoff-sized membranes at 25 ◦C, TMP = 1 bar and 
CFV = 1.5 m s− 1, calculated from the permeate flux profile (J) of Fig. 5A (Eqs. (5)–(7)) and from the removal profiles (1-Ri) of Fig. 5B and C (Eqs. (13)–(15)).  

MEMBRANE (kDa) COMPOUNDS AND DATA 
PROFILE 

T i (±1 %) CAKE LAYER FORMATION (n 
= 0) 

STANDARD PORE BLOCKING (n =
1.5) 

COMPLETE PORE BLOCKING (n 
= 2) 

kcl (s m− 2) R2 ks (s− 0.5m− 0.5) R2 kc (s− 1) R2 

50  J  3.43⋅107 0.999 – 0.801 2.1⋅10− 4 0.975 
50 MS 1-Ri 64 3.44⋅107 0.998 – 0.712 2.4⋅10− 4 0.951 
50 SDP 1-Ri 64 3.44⋅107 0.995 – 0.613 2.3⋅10− 4 0.955 
50 OA 1-Ri 58 3.45⋅107 0.998 – 0.760 2.4⋅10− 4 0.948 
50 GA 1-Ri 64 3.42⋅107 0.997 – – 2.3⋅10− 4 0.945 

100  J  0.84⋅107 0.998 – 0.819 1.4⋅10− 4 0.988 
100 MS 1-Ri 86 0.83⋅107 0.993 – 0.799 1.5⋅10− 4 0.982 
100 SDP 1-Ri 86 0.83⋅107 0.991 – 0.787 1.4⋅10− 4 0.978 
100 OA 1-Ri 79 0.84⋅107 0.992 – 0.794 1.5⋅10− 4 0.980 
100 GA 1-Ri 86 0.84⋅107 0.994 – – 1.5⋅10− 4 0.986 

J: permeate flux; Ri: retention coefficient (Eq. 8); T i: average transmission coefficient during diafiltration (Eqs. (13)–(15)); GA: free galacturonic acid; MS: free 
monosaccharides; OA: organic acids; SDP: sugar dehydration products.  
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low-molecular-weight impurities in order to minimise the water con
sumption. The total recirculation experiments have provided evidence 
that the primary fouling mechanism governing the UF process and 
permeate flux loss was the POS cake layer formation (n = 0), as indi
cated by the application of Hermia’s model. Consequently, membrane 
fouling can cause additional resistances to filtration with high impact on 
diafiltration productivity. Since 50 and 100 kDa membranes have 
exhibited similar separation properties in total recirculation experi
ments, the following step has been focused on analysing the hydrolysate 
fractionation by diafiltration with both membranes. Results of the OSH 
filtration in diafiltration mode using the 50 and 100 kDa membranes at 
25 ◦C, TMP = 1 bar and CFV = 1.5 m s− 1 are presented in Fig. 5 and 
Table 3. 

3.3.1. Permeate flux and fouling 
The permeate flux (J) and fouling resistance ( rf , Eq.3) are plotted 

against the diafiltration volume (DV) in Fig. 5A. Permeate flux was 
considerably lower for the 50 kDa membrane than for the 100 kDa 
membrane, with low flux differences close to 15 % at the beginning of 
filtration and slightly above 40 % at the end of filtration (DV = 6.2 L 
water/L feed). The trend of flux drop with DV was similar with both 
membranes. It was observed that the most pronounced flux decline took 
place at low DV from 0.1 to 1 L water/L feed, with a J loss about 37 % for 
the 50 kDa membrane and slightly above 15 % for the 100 kDa mem
brane. The flux continued decreasing for DV from 1 to 4.5–5 L water/L 
feed and then remained constant at around 7.7 L h− 1 m− 2 ( rf = 5.1⋅1013 

m− 1 and rm = 0.35⋅1013 m− 1) for the 50 kDa membrane and about 13.7 
L h− 1 m− 2 ( rf = 2.7⋅1013 m− 1 and rm = 0.32⋅1013 m− 1) for the 100 kDa 
membrane. The comparison with the rf results obtained for the OSH 
filtration in total recirculation mode (Table 2) leads to the conclusion 
that the fouling build-up was significantly reduced when the OSH was 
ultrafiltered in diafiltration mode. This means that the dilution effect of 
the feed concentration (due to the continuous addition of water in the 
feed tank and solute removal) during diafiltration seems to play a 
favourable role in limiting fouling phenomena [53]. The experimental 
flux profiles were analysed by fitting with Hermia’s model (Eqs. (5)–(7)) 
and the results are summarised in Tables 3 and in Fig. 5A. As in the total 
recirculation experiments, Eq. (5) (n = 0, R2 = 0.999 and 0.998 for the 
50 and 100 kDa membranes, respectively) provided the best fit to the 
experimental J data with the POS cake layer formation as the main 
fouling contribution to the rf increase and J loss. The differences in kcl 
values between the two operation modes and both membranes (Tables 2 
and 3) have revealed a high decrease in cake layer resistance for the 
continuous feed diafiltration and with the 100 kDa membrane, which 
reinforces the idea of a reduction of POS accumulation over the mem
brane surface and the formation of thinner and less compacted cake 
layers when the OSH was diafiltered across the 100 kDa membrane. 

3.3.2. Purification degree of pectic oligosaccharides (POS) during 
ultrafiltration 

Free monosaccharides and organic acids (Table 1) have been iden
tified as the major impurities in the OSH used as feed solution in this 
work. Sugar dehydration products (furfural and HMF) were found in low 
concentration in this hydrolysate, but their toxicological effects and low 
acceptable daily intake (<0.5 mg/kg bw) highlight the importance of 
minimising their concentrations in new formulations of POS products. In 
this sense, the POS purification study has been carried out by examining 
the removal of the three groups of compounds: free monosaccharides 
(MS), organic acids (OA) and sugar dehydration products (SDP). 

The removal results (1-Ri = Ci(p)/Ci(r), Fig. 5B) obtained for these 
groups of compounds with both membranes demonstrated that a dia
filtration volume (DV) of about 3 L water/L feed provided an oligosac
charide purification above 90 % when using the 100 kDa membrane. 
This was attributed to the most effective removal of most impurities, 
with free monosaccharides and sugar dehydration products being 

removed more rapidly than organic acids. The experimental 1-Ri profiles 
in Fig. 5B were analysed by fitting with mass balance models (Eqs. (13)– 
(15)) and the results are summarised in Table 3. The good agreement 
between the experimental 1-Ri data (symbols) and the data calculated by 
Eq. (13) (lines) in Fig. 5B justifies that the removal of monosaccharides, 
organic acids, and sugar dehydration products during the hydrolysate 
diafiltration depended more on the fouling effects than on the feed 
dilution effect. The evaluation of the average transmission coefficients 
(Ti, Table 3) from the slope of Eq. (13) revealed a significant rejection of 
these monomeric compounds by the membrane during diafiltration, 
owing to fouling phenomena. The values of Ti were experimentally 
validated, and no significant differences (p > 0.05) were found between 
the experimental and calculated values according to statistical analysis. 
Consequently, the transport rate of monomeric compounds across the 
membrane was slower than expected, and it was especially evident 
during the diafiltration process with the 50 kDa membrane. In addition, 
while monosaccharides and dehydration products have shown the 
highest transport rates (TMS = TSDP = TGA = 86 % and 64 % for the 100 
and 50 kDa membranes, respectively), organic acids (TOA = 79 % and 58 
% for the 100 and 50 kDa membranes, respectively) have diffused more 
slowly through these membranes. It should be also considered that the 
functional carboxylic group of POS was negatively charged at the 
experimental pH and a considerable fraction of organic acids (mainly 
formic acid) was also negatively charged and, hence, electrostatic in
teractions in fouling layers were probably a significant contribution to 
the slowest transport rate of organic acids during diafiltration process. 
This effect was also observed by Oueslati et al. [23] for the purification 
of hyaluronic acid from fermentation broths by continuous feed diafil
tration. They achieved a purity level close to 90 % after using a 
feed-to-water ratio of 7 L/L, attributed to electrostatic interactions with 
the charged hyaluronic acid in the polarisation layer causing a low 
diffusion rate of charged impurities through a 100 kDa polyethersulfone 
membrane. 

Consequently, all these results demonstrate that the fouling effects 
were relatively minimised during the OSH diafiltration with the 100 kDa 
membrane, achieving a POS purification of more than 90 % with a low 
diafiltration volume close to 3 L of water per L of feed. Additionally, 
diafiltration mass balance models have allowed an accurate prediction 
of POS purification yield during diafiltration. This model also facilitates 
the identification of average transmission rates across the membrane 
during the purification process, as well as the predominant fouling 
mechanisms involved in the treatment of complex mixtures such as OSH. 

3.3.3. Fractionation of galacturonic acid species: yield and purity 
The experimental data corresponding to the fractionation of the 

different galacturonic acid species as a function of diafiltration volume 
(DV) are depicted in Fig. 5C. The 100 kDa membrane provided faster 
removal of galacturonic acid monomers than the 50 kDa membrane, 
with no free galacturonic acid detected in either the permeate or the 
retentate after using a DV close to 5.5 L water/L feed. In the case of POS, 
no differences in retention coefficients were observed when the mem
brane cutoff size was increased from 50 to 100 kDa, with a POS retention 
of approximately 53 % at the beginning of filtration and 98 % at the end 
of filtration. This implies that a final DV of 6.2 L water/L feed was 
insufficient to achieve total separation between the largest POS and 
other POS species with both membranes. As can be observed in Fig. 5C, 
good agreement was obtained for the retention of POS estimated by Eq. 
(13) (R2 = 0.992), showing that the transport of the low and interme
diate molecular weight POS species throughout the membrane was also 
controlled by the fouling. It can be concluded that the fractionation level 
of POS species in terms of molecular weight will dictate the ultimate 
water consumption of the process. However, a minimum DV can be 
suggested for the optimisation of the oligosaccharide fractionation 
process since differences in POS retention were lower than 5 % after 
using a DV of 3 L water/L feed. This minimal feed-to-water ratio of 3 L/L 
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aligns with the findings by Cho et al. [54], who selected a diafiltration 
volume of 2 L water/L feed for pectin separation as a balance between 
the removal of pectic oligosaccharides and energy consumption for the 
microfiltration of mandarin peel extracts. 

After collecting up to 6.2 diafiltration volumes, the process was 
stopped, and a successful removal of the three groups of impurities was 
achieved (>99 %, Fig. 5D) for the filtration with the 100 kDa membrane, 
as well as the complete removal of the phenolic compounds, that were 
directly to the permeate stream. Therefore, it can be assumed that the 
100 kDa ceramic membrane was also efficient for the POS separation 
from the phenolic compounds. It has already been reported negligible 
retentions of ultrafiltration membranes for different profiles of phenolic 
compounds [55–57]. Alonso-Vázquez et al. [55] found that 95 % of the 
phenolic compounds from canned mandarin production wastewater 
were collected in the permeate stream of the ultrafiltration membranes, 
while its purification and concentration was achieved by nanofiltration. 
Similar results were observed by Giacobbo et al. [57] for the separation 
of polysaccharides and phenolic compounds from second racking wine 
lees. They indicated that ultrafiltration was effective to fractionate 
polysaccharides and polyphenols, with the polysaccharides mainly 
stayed in the retentate stream, while phenolic compounds preferentially 
permeated these membranes. In this context, it is noteworthy that the 
removal rate of phenolic compounds achieved in this study was 
considerably faster than that reported by Cho et al. [54]. In their study, 
even after subjecting the pectin samples to 6 diafiltration volumes with 
microfiltration membranes, complete removal of these compounds was 
not achieved. 

Furthermore, the final retentate from the 100 kDa membrane after 
using 6.2 diafiltration volumes (Fig. 5D) accounted for about 34 % of the 
total POS species present in the OSH. The results of the GPC analysis in 
Fig. 3B confirmed that the 100 kDa membrane retentate turned out to be 
a POS product enriched in the largest POS above 30 kDa (peak 1~90.3 % 
of the total area), with a slight presence of the POS species ranging from 
30 to 1.5 kDa (peaks 2, 3 and 4) and the absence of the smallest gal
acturonic acid species (peak 5, not detected). Notably, the POS fraction 

recovered in this retentate was composed of 69.0 mol% of galacturonic 
acid, 11.3 mol% of rhamnose, and 22.7 mol% of neutral sugars, which 
indicated a higher degree of branching compared to the total POS in the 
OSH (Table 4). This was evidenced by an increase in the Rha/GalA ratio 
(0.14 % compared to 0.1 % in the OSH) and a greater presence of the RG- 
I domain (36.1 % compared to 28.5 % in the feed, Eq. (2)). 

In summary, the 50 kDa and 100 kDa membranes showed similar 
POS fractionation capacity during the diafiltration process. However, 
the purification of pectic oligosaccharides, achieved through impurity 
removal, was clearly less efficient when the MWCO of the membrane 
was reduced. When using a membrane with a lower MWCO size, 
increased water addition was necessary to achieve comparable purifi
cation levels. Therefore, the 100 kDa membrane was selected as the 
initial step in a cascade process designed to fractionate pectin-derived 
oligosaccharides with specific molecular weights. 

3.4. Sequential diafiltration for the fractionation of onion skin pectic 
oligosaccharides 

To fractionate the different POS species from the onion skin hydro
lysate (OSH), an ultrafiltration-based diafiltration process with 
sequential UF stages was examined. The sequential diafiltration 
approach for pectin separation has been previously employed by various 
researchers [17,20]. Such a strategy has proven effective in achieving 
substantial removal efficiencies of monosaccharides and other impu
rities, facilitating the generation of various pectin fractions character
ized by different molecular weights. 

Based on the results detailed in section 3.3, OSH was diafiltered 
across the 100 kDa membrane. Subsequently, the permeate from the 
100 kDa (p1) underwent further separation, involving the use of 1 kDa 
and 10 kDa membranes, as illustrated in Fig. 2. The up-scaling of the 
diafiltration processes must strike a balance between separation degree 
and water consumption, in order to avoid treating excessive volumes 
[58]. In this sense, in Cycle B was included a concentration stage before 
the diafiltration stages with 1 and 10 kDa membranes. The entire UF 

Table 4 
Main features of the final retentates (r1, rA, rB1 and rB2) obtained from the diafiltration cascade processes illustrated in Fig. 2.    

OSH 100 kDa MEMBRANE (Common stage in Cycles A 
and B) 

CYCLE A (1 kDa membrane) CYCLE B (1 and 10 kDa membranes) 

r1 (100 kDa) p1 (100 kDa) rA (1 kDa) rB1 (10 kDa) rB2 (1 kDa) 

CPOS (g/L) 5.17 ± 0.06 1.74 ± 0.01 0.553 ± 0.008 0.471 ± 0.005 0.637 ± 0.004 0.328 ± 0.005 
V (±0.01 L) 0.20 0.20 1.24 1.24 0.48 0.76 
Purity index (±0.5 wt%) 72.7 99.9 – 92.7 99.8 88.2 
RFPOS (±0.3 wt%) – 33.7 66.3 56.5 29.6 24.1 
Average MWa (Da) 32288 79419 – 20167 35954 7254 

MW distributiona (kDa) Peak 1 58.3 (43.9 %) 85.6 (90.3 %) 42.5 (29.7 %) 41.3 (25.5 %) 41.0 (72.2 %) N.D. 
Peak 2 26.2 (11.6 %) 28.1 (5.2 %) 27.8 (11.8 %) 28.8 (15.1 %) 28.2 (16.2 %) 27.0 (1.4 %) 
Peak 3 16.4 (15.5 %) 17.9 (3.2 %) 16.9 (17.7 %) 17.5 (21.2 %) 17.7 (9.1 %) 16.4 (25.7 %) 
Peak 4 6.4 (16.7 %) 6.8 (1.3 %) 6.6 (23.3 %) 6.6 (23.2 %) 6.9 (2.5 %) 6.5 (39.4 %) 
Peak 5 0.3 (12.3 %) N.D. 0.3 (17.5 %) 0.3 (15 %) N.D. 0.3 (33.5 %) 

Composition (mol, ±0.1 %) 
GA 74.1 69.0 73.0 74.4 79.5 70.5 
glu 5.3 4.8 8.9 5.3 4.7 8.5 
xyl 1.5 3.1 0.8 2.0 1.7 1.6 
gal 9.0 11.2 7.6 8.9 6.2 9.9 
rha 7.9 11.3 6.3 7.3 7.9 6.2 
ara 2.3 0.5 3.4 2.1 0.0 3.3 

POS Features 
rha/GA (±0.01) 0.10 0.14 0.08 0.10 0.10 0.09 
(gal + ara)/rha (±0.01) 1.56 1.12 1.83 1.61 0.87 2.25 
HG (±0.1 %) 70.0 60.6 73.1 70.8 75.2 77.4 
RG-I (±0.1 %) 28.5 36.1 26.0 27.0 23.0 20.6 

OSH: onion skin hydrolysate used as initial feed solution; POS: pectic oligosaccharides; RFPOS (wt.%): recovery factor calculated as the percentage variation of the POS 
content in the retentate or permeate relative to the initial POS content in the OSH. Purity index: POS content relative to the total content of monomeric and oligomeric 
compounds. 

a Average molecular weight determined by GPC. In brackets, it is shown the presence of each fraction. N.D.: not detected. 
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processes were conducted at 25 ± 0.1 ◦C, with a crossflow velocity of 1.5 
± 0.1 m s− 1 and a transmembrane pressure of 1.0 ± 0.1 bar. It should be 
indicated that in the first diafiltration stage of Cycle A (UF with 100 and 
1 kDa membranes) and of Cycle B (UF with 100, 10, and 1 kDa mem
branes), the permeate flux profile for the 100 kDa membrane and the 
retention of the different OSH components were statistically similar to 
those shown in Figs. 5 and 3B. A constant permeate flux close to 4.5, 5.3 
and 22.1 L h− 1 m− 2 was obtained during the diafiltration with the 1 kDa 
membrane in Cycle A and during the diafiltration with the 1 and 10 kDa 
membranes in Cycle B, respectively. The evolution of POS retention with 
diafiltration volume (DV) for the 1 and 10 kDa diafiltration in these 
multi-stage cycles is shown in Fig. 6A. Good agreement was obtained for 
the POS retention estimated by Eq. (16) during the diafiltrations across 
the 1 and 10 kDa membranes, suggesting that the permeation of 
low-molecular-weight oligosaccharides through these membranes 
depended mainly on the dilution feed effect and, to a lesser extent, on 
the concentration polarisation effects [23,55]. As discussed above, in 
order to ensure a permeate p1 with the largest fraction of the interme
diate POS, the first UF stage (Fig. 5C) was stopped when a DV of 6.2 L of 
water per litre of OSH was reached. However, in order to minimise water 
consumption, the final DV for subsequent diafiltrations was experi
mentally selected as the minimum required to achieve a POS retention 

close to 95 %, as shown in Fig. 6A. This resulted in a final DV value of 
1.5 L water/L feed for the 1 kDa diafiltration in Cycle A, 4.9 L water/L 
feed for the 10 kDa diafiltration in Cycle B, and 0.4 L water/L feed for the 
1 kDa diafiltration in Cycle B. The fractionation and purification results 
at the end of each filtration stage for both fractionation cascades are 
shown in Fig. 6B and Table 4. 

3.4.1. Results for Cycle A: purity degree and fractionation yield 
In Cycle A (Fig. 2), OSH was diafiltered through a 100 kDa mem

brane, and then the first permeate p1 from the 100 kDa membrane was 
subjected to a diafiltration through a 1 kDa membrane. As can be 
observed in Fig. 6B and in Table S2, a successful removal (>97 %) of the 
different monomeric compounds was achieved, which were collected in 
the final permeate pA. Thus, even the 1 kDa membrane scarcely retained 
free monosaccharides, organic acids, furfural and phenolic compounds. 
However, these membranes effectively retained a substantial portion of 
the onion skin POS, approximately 90.1 %, with around 33.7 % recov
ered in the first retentate r1 from the 100 kDa membrane and followed 
by about 56.5 % recovered in the second retentate rA from the 1 kDa 
membrane. 

The comparison of the POS molecular weight distribution (Table 4) 
and recovery factors (RFPOS) for the permeate and retentate from the 

Fig. 6. Results for the diafiltration cascades shown in Fig. 2 (A) The retention of pectic oligosaccharides (POS) versus diafiltration volume (DV) along filtration and 
their profiles modelled by Eq. 16. (B) Recovery factors (RFi) at the end of filtration calculated as the percentage variation of retentate content (r1 and rA in Cycle A; 
r1, rB1 and rB2 in Cycle B) or permeate content (pA in Cycle A and pB in Cycle B) relative to the initial OSH content. 
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100 kDa membrane shows that the retentate r1 turned out to be a 
product enriched in POS species above 80 kDa (peak 1, ~90.3 % of the 
total area in r1) with low content in the other POS species (peaks 2–5), 
which were collected in the permeate p1 (peaks 2–5, ~70 % of total area 
in p1). Furthermore, the permeate p1 exhibited a first peak of POS 
species ranging from approximately 80 to 30 kDa (peak 1 in p1, with 
average molecular weight value close to 42 kDa), constituting around 29 
% of the total area. These results suggest that the 100 kDa membrane 
was enough to obtain complete retention of the POS species with a 
molecular weight above 80 kDa, which was found to be approximately 
30 % of the initial oligosaccharides in the onion skin hydrolysate. 

In the second diafiltration stage, it can be inferred from the results of 
GPC analysis and recovery factor that even the smallest POS species 
present in the permeate p1 (feed) were mostly recovered in the retentate 
rA from the 1 kDa membrane. This is evidenced by the similar retention 
factor in both streams and by the detection of all POS species (peaks 1–5) 
found in the permeate p1 also in the retentate rA, as well as similar 
relative proportions of the different POS fractions. 

Finally, it can also be seen from Table 4 that the onion skin POS 
recovered in these final retentates (r1 and rA) exhibited high purity, and 
a significantly narrower molecular weight range compared to the total 
POS in the initial OSH. The first retentate r1 from the 100 kDa mem
brane has been identified as a POS product enriched in less hydrolysed 
POS species from the initial OSH, with an average molecular weight 
close to 79 kDa, and a greater value of the degree of branching (RG-I =
36.1 %) compared to the total POS in the OSH (RG-I = 28.5 %). In 
contrast, the retentate rA from the 1 kDa membrane was composed by all 
POS fractions below 80 kDa, accounting for 56 % of the initial POS in the 
OSH. This POS product showed an average molecular weight of about 
20 kDa and a degree of branching similar to the total POS in the OSH 
(RG-I = 27 % and 28.5 % for POS in rA and in OSH respectively). 
Consequently, it can be concluded that this sequential diafiltration 
process has been effective in yielding two valuable high-purity fractions 
of POS with a narrower molecular weight distribution than the OSH, 
along with low molecular weight molecules collected in the final 
permeate. 

3.4.2. Results for Cycle B: fractionation efficiency of onion skin pectic 
oligosaccharides 

In the second cycle (Cycle B, Fig. 2), the permeate p1 from the 100 
kDa membrane was filtered in concentration mode with a 10 kDa 
membrane, and then, the permeate and retentate of this concentration 
stage were diafiltrated with a 1 and 10 kDa membrane, respectively. 
This proposed sequence aims to further study the fractionation of POS 
species present in the permeate p1. As shown in Fig. 6B, most of the total 
POS content (87 %) was recovered in the final retentate streams. Spe
cifically, 33.7 %, 29.3 %, and 24.1 % were distributed in the retentate r1 
from the 100 kDa membrane, in the retentate rB1 from the 10 kDa 
membrane, and in the retentate rB2 from the 1 kDa membrane, 
respectively. It should be noted that the results for the retentate r1 were 
statistically similar in both fractionation cycles. 

The comparison of recovery factors (RFPOS) and the molecular 
weight distribution (Table 4) confirmed the fractionation of the POS 
species present in the OSH in three products with noticeable differences 
in terms of molecular weight range. It was observed that the average 
molecular weight differed notably among the three POS products, with 
values close to 79, 36 and 7 kDa for the retentate r1, rB1, and rB2, 
respectively. The retentate r1 turned out to be a POS product enriched in 
less hydrolysed POS above 80 kDa, the retentate rB1 was primarily 
composed for the POS species from 20 to 80 kDa (peaks 1 and 2, ~88.4 
% of the total area), and finally, the retentate rB2 can be considered as a 
product enriched in POS species below 20 kDa (peaks 3–5, ~98.6 % of 
the total area). In addition, significant differences were also observed in 
the extent of branching, which decreased as the average molecular 
weight of the POS products decreased. Nevertheless, the degree of 
branching for all POS products remained over 20 %, indicating that even 

the more hydrolysed POS species preserved a considerable portion of the 
onion skin pectin RG-I branches. 

With regard to purity (Figs. 6B), 87 % of total monosaccharides, 
organic acids, and sugar dehydration products, along with 91 % of total 
phenolic compounds (Table S3), were collected in the final permeate pB. 
In any case, an increase of the final VD for diafiltration with the 1 kDa 
membrane will result in a higher recovery of low-molecular-weight 
compounds in the pB permeate, since the low retention of the 1 kDa 
membrane towards these monomeric compounds has already been 
demonstrated previously. 

In summary, the combination of diafiltration and cascade operation 
has yielded various types of onion skin pectic oligosaccharide (POS) 
products, demonstrating their potential for diverse applications owing 
to their high purity, significant degree of branching, and narrow mo
lecular weight range. However, it is important to note that further 
research is necessary to assess the distinct functional properties of the 
fractionated oligosaccharides obtained in Cycle A and Cycle B of this 
work. 

4. Conclusions 

Onion skin waste recovered after quercetin extraction was an 
excellent source of natural pectin, from which pectic oligosaccharides 
have been produced using an integrated process of subcritical water 
extraction followed by diafiltration purification. The subcritical water 
hydrolysate from this solid residue was found to be a complex multi
component mixture with a large variety of pectic oligosaccharides of 
different molecular weight. Experiments conducted in total recirculation 
mode yielded valuable results regarding the effect of transmembrane 
pressure and the membrane cutoff size on permeate flux and separation 
capacity. The reduction of the membrane molecular weight cutoff from 
100 kDa to 1 kDa favoured the retention of pectic oligosaccharides, 
confirming the potential of membrane separation processes for its 
fractionation. A comparison of membrane retention with the molecular 
size distribution of pectic oligosaccharides revealed complete retention 
of the largest pectic oligosaccharides with all membranes (100, 50, 10 
and 1 kDa), good retention of the intermediate pectic oligosaccharides 
ranging from 10 to 30 kDa with the 1 kDa and 10 kDa membranes, while 
the smallest oligosaccharides below 10 kDa were exclusively retained by 
the 1 kDa membrane. Additionally, all ultrafiltration membranes 
exhibited high selectivity for separating pectic oligosaccharides from 
other compounds present in the onion skin hydrolysate, thus justifying 
the potential to achieve high purification yields. For the separation of 
the less hydrolysed onion skin pectic oligosaccharides, no significant 
differences in terms of oligosaccharide fractionation were found using 
the 50 kDa and 100 kDa membranes. Nevertheless, the results of the 
onion skin hydrolysate diafiltration across the 50 and 100 kDa mem
branes have provided information on the water consumption required to 
achieve similar oligosaccharide purification, which significantly 
increased with the 50 kDa membrane due to irreversible fouling effects. 

The combination of diafiltration and cascade operation, using 
sequential diafiltration stages with 100, 10, and 1 kDa membranes, has 
enabled the fractionation and purification of the total pectic oligosac
charides present in the onion skin subcritical water hydrolysate. The 
diafiltration mass balance applied to different compounds of the hy
drolysate allowed a suitable prediction of fractionation and purification 
of oligosaccharides throughout the diafiltration process. Approximately 
87 wt% of the initial oligosaccharides were successfully recovered and 
purified in the different retentates. Specifically, 33.7 %, 29.3 %, and 
24.1 % were recovered in the retentate from the 100, 10, and 1 kDa 
membranes, respectively. The average molecular weight differed 
notably among the three pectic oligosaccharide fractions (79, 36 and 7 
kDa), with no significant variation in the degree of branching, which 
remained over 20 % for all products. This highlights the feasibility of the 
integrated subcritical water/diafiltration process for obtaining diverse 
high-purity products of onion skin pectic oligosaccharides with distinct 
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range of molecular weights and significant branching, offering an 
improvement for further industrial exploitation. 
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Nomenclature 

List of symbols 
A membrane area (m2) 
AcA acetic acid 
ara arabinose 
C compound concentration (mg L− 1) 
CFD continuous feed diafiltration 
CFV crossflow velocity (m s− 1) 
DV diafiltration volume 
F furfural 
FA Formic acid 
GA free galacturonic acid 
gal galactose 
GAO galacturonic acid oligomers 
glu glucose 
HMF hydroxymethyl furfural 
IOSR industrial onion skin residues 
J permeate flux (L m− 2⋅h− 1) 
J* critical flux parameter defined in Eq. (5) (L m− 2⋅h− 1) 
J0 pure water permeate flux (L m− 2⋅h− 1) 
k parameter of Eqs. (4) and (12) 
kc fouling index of Eqs. (7) and (15) (s− 1) 
kcl fouling index of Eqs. (5) and (13) (s m− 2) 
ks fouling index of Eqs. (6) and (14) (s− 0.5m− 0.5) 
MS total free monosaccharides 
MW molecular weight 
MWCO molecular weight cutoff of the ultrafiltration membranes 
n parameter of Eqs. (4) and (12) 
OA total organic acids 
OSH onion skin hydrolysate 
POS pectic oligosaccharides 
rf fouling resistance of Eq. (3) (m− 1) 
rm membrane hydraulic resistance of Eq. (3) (m− 1) 
rT total resistance to filtration of Eq. (3) (m− 1) 
R retention coefficient defined in Eq. 8 
RF retention factor (wt.%) 
R2 determination coefficient 
rha rhamnose 
SubW subcritical water 
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T transmission coefficient defined in Eq. 9 
TMP transmembrane pressure 
TPC total phenolic compounds 
V volume (L) 
VRF volume reduction factor 
xyl xylose  

Greek symbols 
α selectivity defined in Eq. 10 
ξ zeta potential 
ρ density (kg/m3) 
μ viscosity of the permeate (Pa⋅s)  

Subscripts 
F onion hydrolysate used as feed solution 
i hydrolysate compound 
j each group of hydrolysate compounds, without the oligosaccharide fraction 
p permeate stream 
r retentate stream 
w pure water for the continuous feed diafiltration experiments 
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