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A B S T R A C T   

Hemicelluloses and pectins are good candidates as biopolymers for the formation of products such as packaging 
films. Purified freeze-dried fractions of hemicelluloses and pectins, of different molecular weights, were obtained 
by treating hydrothermal extracts (140, 160, and 180 ◦C) of discarded carrots with ultrafiltration membranes 
(30, 10, 5, and 1 kDa). After each ultrafiltration, several cycles of diafiltration with partial water reuse were 
applied, obtaining a better separation and purification. A cascade configuration (30-10-5-1 kDa) was used in the 
140 and 160 ◦C extracts, and a mixed configuration (5-10-1 kDa) in the 180 ◦C extract. High molecular weight 
hemicelluloses increased in concentration by a factor of 5 in the cascade configuration and by a factor of 16.67 in 
the mixed configuration. A high removal of free sugars (98.9–99.5 wt%) and by-products (94.4–99.2 wt%) 
through 1 kDa permeate and diafiltration waters was obtained. The system allowed moving from feeds with 
molecular weight, polydispersity, and purity in the ranges 9.02–18.83 kDa, 16.2–31.6, and 30.12–33.51 wt% to 
fractions with values in the ranges 2.59–102.75 kDa, 1.2–4.0, and 73.1–100 wt%.   

1. Introduction 

The global economy is highly dependent on fossil sources for prod-
ucts and energy. Their long-term consumption is environmentally un-
sustainable due to their depletion and the impact and pollution 
problems associated with their use. It is important to find other organic 
sources allowing the development of processes and products in a 
cleaner, more sustainable and renewable way. 

1.1. Food waste is a worldwide issue 

One of the main waste products worldwide is vegetable food waste. 
This waste is characterized by a high moisture content which makes it 
difficult to manage. Most of it is dumped into the field or landfills, while 
a small part is used as animal feed. This behavior creates environmental 
problems due to the putrefaction processes occurring quickly in the area. 
In particular, carrot production generates around 30 wt% of discards 
due to several reasons (Marić et al., 2018): damage during the produc-
tion process, not meeting market standards in terms of shape, size or 
colour, pulp generated in juice companies and withdrawal in 

supermarkets due to some degradation, among others. Although the 
priority is to minimize the waste, it is of great importance to be able to 
treat it appropriately to take advantage of the components of interest it 
contains. Discarded carrots are a source of vitamins, carotenoids, min-
erals, sugars and dietary fiber. 

In previous studies, we have focused on the valorization of discarded 
carrot pulp and discarded carrot juice. The valorization of the juice 
focused on sugars and nutrients through fermentation, and carotenoids 
through encapsulation and drying. The valorization of the pulp was 
based on hydrothermal treatment for the extraction of free sugars and 
high molecular weight hemicelluloses and pectins, leaving a residual 
pulp with abundant cellulose content (Ramos-Andrés et al., 2020). The 
present work aims at the conditioning of the hydrothermally extracted 
hemicelluloses and pectins for use in the production of high value-added 
products. 

1.2. Hemicelluloses 

Hemicelluloses are the second most abundant biopolymers in plants 
after cellulose. If hemicelluloses are extracted cost-efficiently in their 
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polymeric form they can be used in the formation of hydrogels, biode-
gradable barrier films for food packaging, paper additives, adhesives, 
thickeners, emulsifiers, stabilizers, and binders in the food, pharma-
ceutical, and cosmetic industries (Thuvander and Jönsson, 2020). The 
most common methods used for hemicelluloses extraction are alkaline, 
organosolv, acid, and hydrothermal treatments, among others. Hydro-
thermal treatment has important advantages as it uses only biomass and 
water as reagents, with no need for subsequent neutralization or 
desalting, and reduces corrosion in the equipment used. The species 
responsible for the autohydrolysis phenomenon in the hydrothermal 
treatment are the hydronium ions formed in the water at temperatures 
above 120 ◦C and the organic acids released during extraction. 

Hemicelluloses extracted by almost any method, and especially by 
hydrothermal treatment, are accompanied by a number of co-extracted 
compounds such as monosaccharides, organic acids, extractives, 
degradation compounds and certain lignin derivatives. Hemicelluloses 
require purification to be used in any application. The main purification 
methods are ultrafiltration (UF), ethanol precipitation, and chroma-
tography. Although the latter two methods seem to give more homo-
geneous fractions, UF is the most widely used in recent research due to 
its significant operational advantages (Arkell et al., 2013a). Membrane 
operation is characterized by low chemical consumption (for cleaning 
only), low energy requirement (with operating conditions close to 
ambient), scalability and flexibility of operation, providing a cleaner 
and more efficient purification process. The main challenge of this pu-
rification method is membrane fouling, which is reduced by feed pre-
treatments such as microfiltration or some heating to reduce viscosity. 
Diafiltration (DF) is an important post-treatment to mitigate fouling. The 
reduction of the feed volume during UF allows concentration and partial 
purification, but DF ensures complete purification by removing un-
wanted substances. DF consists of diluting the retentate by adding water 
and applying UF, repeating this cycle until de desired level of impurities 
removal is reached. This method is probably the most cost-effective for 
hemicelluloses purification (Al Manasrah et al., 2012). 

1.3. Pectins 

Pectins are heteropolysaccharides present in the primary cell wall 
and middle lamella of higher plants. They consist mostly of α-galactur-
onic acid subunits with a variable content of methyl esters occurring in 
the acid group. This region of the pectins is called homogalacturonan. 
Other monosaccharides such as arabinose, galactose, and rhamnose may 
also be present in smaller proportions (Babbar et al., 2016). The in-
dustrial extraction of pectin is performed from fruit peel (waste from the 
juice industry), mainly from citrus fruits (Grassino et al., 2018). Other 
residues also contain pectins and although sometimes not in high 
quantities, they may be of better quality (Grassino et al., 2016). Some of 
these raw materials are olive pomace, berry pomace, potato pulp, and 
carrot pulp. Once extracted, pectins are used in the food industry as 
additives for thickening, gelling, stabilizing, and emulsifying agent in 
jams, jellies, soft drink, fish, meat, fruit juice, and milk product, as well 
as a fat replacer in spreads, salad dressing, ice cream, and emulsified 
meat products (Raji et al., 2017). For food applications, pectins are 
required to contain at least 65% galacturonic acid subunits (Schmidt 
et al., 2017). Another application starting to be studied is pectin in its 
oligosaccharide form, with a lower molecular weight, which can be used 
as a prebiotic agent (Babbar et al., 2016). 

The most common extraction method for pectins is acidic extraction 
using a dilute mineral acid (hydrochloric acid, nitric acid, and sulfuric 
acid). These acids have the advantage of low price and high extraction 
yield, but their major disadvantage is toxicity and harmful effects on the 
environment (Jafari et al., 2017). Other more environmentally friendly 
extraction methods are enzyme-assisted extraction, ultrasound-assisted 
extraction, microwave-assisted extraction, subcritical water extraction, 
and induced electric field-assisted extraction (Dranca and Oroian, 
2018). After extraction, pectins have to be purified for application by 

reducing the presence of co-extracted sugars and acids. The main 
method is precipitation using an organic solvent, usually ethanol, either 
in a single step or in several steps. Other methods also used are dialysis, 
ionic exchange, nitration, as well as combined methods (Dranca and 
Oroian, 2018). Novel, more environmentally friendly methods include 
UF in combination with DF, UF, metal precipitation, copper precipita-
tion, and purification using protein (sodium caseinate) (Dranca and 
Oroian, 2018). 

1.4. Films from hydrothermally extracted biopolymers 

The hydrothermal extraction of hemicelluloses and pectins from 
discarded carrots by means of a flow-through configuration allows 
obtaining these biopolymers with high molecular weight, together with 
other components (Ramos-Andrés et al., 2020). A concentration, sepa-
ration, and purification treatment as in the present work allows 
obtaining fractions suitable for film manufacture. Edible films are a good 
alternative for the conservation of food because they have good prop-
erties among which are their biodegradability and zero toxicity. They 
also stand out because they can act naturally as antimicrobials or anti-
oxidants (Rojas et al., 2015). These films are characterized as being a 
very good barrier to gases, although not so good to water vapor, as their 
raw material (polysaccharides and/or proteins) is hydrophilic (Rojas 
et al., 2015). 

1.5. Purification using membranes applying ultrafiltration and 
diafiltration 

Membranes have been used as a purification method with almost all 
types of hemicellulose extraction methods, such as hemicelluloses 
extracted by alkaline treatment and recovered using UF (Laine et al., 
2015) and nanofiltration (Arkell et al., 2013b). Persson et al. (2010) 
fractionated process water from a thermomechanical pulp mill into five 
fractions using filtration, ultrafiltration, and nanofiltration. Rico et al. 
(2018) valorized peanut shells by hydrothermal extraction of hemi-
celluloses and lignin-derivative compounds. Successive DF stages 
allowed obtaining a purity of 72.4 wt%. Krawczyk et al. (2008) 
extracted hemicelluloses by steam explosion from barley husks. They 
applied prefiltration followed by an UF/DF system, which increased the 
purity of the hemicelluloses from 40 to 70 wt%. 

Several authors have used several membranes, either in series or in 
parallel, as in the present work. González-Muñoz et al. (2013) extracted 
hemicelluloses from Pinus pinaster wood with a purity of 69.6 wt%. 
Concentration, purification, and fractionation were carried out by suc-
cessive stages of DF and concentration with MWCO 10, 5, 3, 1, and 0.3 
kDa membranes. The purification effects were mainly seen in the 5 and 
3 kDa membranes, enabling the generation of manooligosaccharides 
with tailored molecular weight distributions. In the case of Sukhbaatar 
et al. (2014), after extraction of sugarcane bagasse hemicelluloses by 
hydrothermal treatment, UF and nanofiltration were performed in series 
with MWCO 10, 1, and 0.4 kDa membranes to recover high molecular 
weight hemicelluloses and oligomers. Al Manasrah et al. (2012) applied 
hydrothermal treatment to spruce-sawdust and recovered gal-
actoglucomannan which was further processed with three membranes of 
5, 10, and 30 kDa. The best results were obtained with the 5 kDa 
membrane, with 88% retention, 63 wt% purity, and 70% recovery, using 
a feed volume reduction of 86 vol%. DF did not improve the purity of 
galactoglucomannan due to overlapping of the lignin molecular weight 
distribution. This problem was not present in this work due to the 
negligible lignin content in the extracts. 

In one of our previous works, hydrothermal treatment was applied to 
spent coffee grounds followed by cascade UF/DF with three membranes 
of MWCO 30, 10, and 5 kDa for separation and purification of the 
hemicelluloses (Ramos-Andrés et al., 2019). Thanks to DF, the retention 
of co-extracted by-products was reduced from 45.6 to 8.7 wt%, 
obtaining fractions with average molecular weights from 1.6 to 49.7 kDa 
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and purities between 83.7 and 97.8 wt%. Although these purity values 
were high, this was also because the purity of the feed was relatively 
high (75.2–84.3 wt%). In the present work, a higher number of DF cycles 
were applied as the purity values of the feeds were lower (approx. 30%) 
mainly due to free sugars. Compared to our previous work, in the present 
work an additional 1 kDa membrane was used to recover the abundant 
hemicelluloses between 1 and 5 kDa. Also, all the membranes used were 
bigger, which meant great advantages in the operation and allowed to 
obtain fractions of sufficient volume to proceed to drying and charac-
terization of the solid. As in our previous work, the purity was high 
(73.1–100%) compared to the obtained in other studies (63.0–72.4%). 
Not only the high purity is remarkable, but also the molecular weight 
achieved in the present work was very high in relation to the usual due 
to both the flow-through extraction previously performed 
(Ramos-Andrés et al., 2020) and the efficient operation with the 
membranes. 

1.6. Aim of this work 

To our knowledge, there are no studies using membranes for the 
recovery of components from discarded carrots, namely hemicelluloses, 
and pectins. Our previous work on hydrothermal treatment of discarded 
carrots at different temperatures yielded extracts with a very wide mo-
lecular weight distribution due to the presence of different hemi-
celluloses/pectins and especially the presence of free sugars 
(Ramos-Andrés et al., 2020). The present work is focused on the pro-
cessing of these novel extracts characterized by excellent quality hem-
icelluloses/pectin of both very high and moderate molecular weight. 
The hydrothermal extracts of purity close to 30 wt% were processed 
with four cascade membranes applying UF, multiple DF cycles, and 
drying, which allowed obtaining defined and high-purity solid fractions 
of biopolymers containing hemicellulose and pectin. These fractions 
have different potential applications depending on their molecular 
weight. 

2. Materials and methods 

2.1. Raw material and sample preparation 

Discarded carrots were supplied by the company Muñozval S.L. 
(Valladolid, Spain). They were washed with tap water and stored in a 
cool, dry, and dark place for the shortest time. Discarded carrots were 
processed with a juice extractor (Moulinex ZU5008 Infinity Press Rev-
olution) yielding approximately 0.545 kg of pulp per 1 kg of discards. 

While the juice was valorized following a different strategy, the pulp 
was subjected to hydrothermal treatment in a flow-through reactor for 
the extraction of free sugars, hemicelluloses, and pectins, as explained in 
our previous article (Ramos-Andrés et al., 2020). The biomass is loaded 
into the reactor with the help of a cartridge. The water is bypass through 
the plant until it reaches the desired temperature, after which it circu-
lates through the heated reactor from top to bottom, performing the 
extraction. The reactor outlet stream exchanges heat with the inlet 
stream to save energy. Three experiments were performed extracting at 
140, 160, and 180 ◦C for 80 min. The plant was kept pressurized to 
ensure the water was always in a liquid state, operating at 6 bar 
(140 ◦C), 10 bar (160 ◦C), and 15 bar (180 ◦C). The three hydrolysates 
obtained in the first 25 min of the three extractions were recovered to be 
subjected to a downstream process. The post-treatment was done 
immediately to prevent degradation, keeping the liquid at 4 ◦C when-
ever a stop in the process was necessary, for example in the cleaning of 
the membrane. The three hydrothermal extracts were characterized by 
determining their composition according to the method described in 
Section 2.4.1. and by determining their molecular weight distribution 
according to the method in Section 2.4.2. 

2.2. UF and DF 

The hydrothermal extracts were subjected to several stages of UF and 
DF with membranes for the concentration, separation, and purification 
of hemicelluloses and pectins. Concentration was achieved through UF, 
separation through both UF and DF, and purification mainly through DF. 
Four UF membranes were used, three of them Pellicon 2 Mini Biomax 
polymeric membranes, flat sheet configuration, made of poly-
ethersulfone, with molecular weight cut-off (MWCO) of 30, 10, and 5 
kDa, and filtration area of 0.1 m2. The last membrane of 1 kDa was a 
Prep Scale-TFF polymeric membrane, spiral wound configuration, made 
of regenerated cellulose, and filtration area of 0.23 m2. To achieve the 
concentration effect, the feed volume was reduced by 80% (v/v) on each 
membrane during UF. To improve separation and to carry out purifi-
cation, the retentates of each membrane were subjected to several DF 
cycles. In each cycle, a volume of water equal to the volume of the 
retentate was added and ultrafiltered being recovered as permeate. Each 
retentate was subjected to 5 DF cycles with distilled water, and up to 3 

Fig. 1. A) Cascade and B) mixed configuration of the membranes including UF 
and DF cycles. 
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DF cycles with water reused from previous DFs according to Fig. 1. The 
transmembrane pressure was kept in the range 1.5–2.5 bar by a manu-
ally adjusted valve on the retentate side, and feed flow was approxi-
mately 4.8 L/m2/min. 

The first step was to subject each hydrothermal extract to dead-end 
microfiltration to remove particles larger than 50 μm. After micro-
filtration, two membrane configurations were used: 

1) Cascade configuration. It was applied to 140 and 160 ◦C hydro-
thermal extracts. The configuration was based on a cascade 
arrangement of the membranes following a decreasing order of 
MWCO: 30, 10, 5, and 1 kDa. The four retentates in the cascade 
underwent several cycles of DF as can be seen in Fig. 1a. The first 
retentate (Ret-30 kDa) underwent five cycles of DF, the second (Ret- 
10 kDa) underwent six cycles, the third (Ret-5 kDa) underwent seven 
cycles, and the fourth retentate (Ret-1 kDa) underwent eight cycles. 
With Ret-30 kDa only distilled water was used for all five DF cycles. 
The remaining retentates were also subjected to five DF cycles with 
distilled water, but prior to these, the retentates were subjected to an 
additional cycle for each membrane located in the previous position 
in the cascade. These additional cycles were performed by reusing 
water from previous DF cycles to recover part of the entrained 
components.  

2) Mixed configuration. The 180 ◦C extract was subjected to this 
configuration, using only three membranes, as GPC analysis in-
dicates the absence of the highest molecular weight fraction. The first 
membrane was the 5 kDa MWCO, followed by the 10 kDa and 1 kDa 
membranes operating in parallel, each with one of the 5 kDa mem-
brane outlets. DF cycles were carried out on the three retentates 
according to Fig. 1b. Ret-5 kDa underwent five DF cycles with 
distilled water, Ret-10 kDa also underwent five cycles with distilled 
water, and Ret-1 kDa, having a higher MWCO membrane before it, it 
underwent six DF cycles: the first cycle with reused water from the 
DF of Ret-5 kDa and the last five cycles with distilled water. 

The feed streams and all the products obtained in each membrane of 
MWCO ‘X’ were sampled: Ret-X kDa, Ret-X kDa-DF and Perm-X kDa. 
These liquid samples were analyzed for composition following the 
method described in Section 2.4.1. and for molecular weight distribu-
tion following the method described in Section 2.4.2. After each use, the 
membranes were subjected to a cleaning and flushing stage as recom-
mended by the manufacturer. 

2.3. Freeze-drying of the purified fractions 

Freeze-drying was used as drying method for the purified fractions of 
hemicelluloses and pectins obtained after UF/DF. With the cascade 
configuration using four membranes, four fractions were obtained: Ret- 
30 kDa-DF, Ret-10 kDa-DF, Ret-5 kDa-DF, and Ret-1 kDa-DF. With the 
mixed configuration using three membranes, three purified fractions 
were obtained: Ret-10 kDa-DF, Perm-10 kDa, and Ret-1 kDa-DF. These 
liquid products were frozen overnight at − 25 ◦C and then freeze-dried 
under vacuum (0.180 mbar) for 96 h using a Telstar Lyoquest − 55 
unit (Terrassa, Spain). 

2.4. Analysis 

2.4.1. Chemical characterization 
Composition analysis of the liquid samples was carried out by High- 

Performance Liquid Chromatography (HPLC) as previously described by 
Ramos-Andrés et al. (2019). A column SUGAR SH-1011 Shodex was 
used for the analysis of sugars, uronic acids, aldehydes, organic acids, 
and degradation compounds. The temperature in the column was 
maintained at 50 ◦C and the mobile phase had a flow of 0.8 mL/min of 
0.01 N sulfuric acid in Milli-Q water. Sugars, uronic acids, aldehydes, 
and organic acids were identified and quantified with a Waters IR 

detector 2414. Degradation compounds (5-HMF and furfural) were 
analyzed with a Waters dual λ absorbance detector 2487 (210 nm and 
254 nm). To determine the concentration of hemicelluloses and pectins, 
liquid samples were submitted to standardized hydrolysis to break the 
hemicelluloses and pectins into monomers. Briefly, 15 mL of Milli-Q 
water and 0.8 mL of sulfuric acid (72 wt%) were mixed with 5 mL of 
the sample. The solution was autoclaved at 121 ◦C for 1 h, and then 
neutralized with CaCO3 and filtered (Pore size 0.22 μm, Nylon; 
FILTER-LAB) before HPLC analysis. The standards used for the analysis 
were: sucrose (99%), galacturonic acid (97%), glucose (99%), galactose 
(99%), fructose (99%), arabinose (99%), glycolaldehyde (99%), formic 
acid (98%), acetic acid (98%), levulinic acid (98%), acrylic acid (99%), 
5-hydroxymethylfurfural (99%), and furfural (99%), all of them from 
Sigma-Aldrich. The concentration of arabinogalactan was calculated 
using anhydrous corrections of 0.9 (galactose) and 0.88 (arabinose). 
Galacturonic acid from pectins was corrected by 0.9 as an anhydrous 
factor. 

2.4.2. Molecular size distribution 
Molecular size distribution was determined by Size Exclusion Chro-

matography (HPLC-SEC) using the method previously described by 
Ramos-Andrés et al. (2019). A GPC column (SB-803 HQ; Shodex) was 
used together with a guard column (SB-G; Shodex). The temperature in 
the column was maintained at 35 ◦C. The mobile phase had a flow rate of 
0.5 mL/min (NaNO3 0.1 M + NaN3 0.02% in Milli-Q water). A Waters IR 
detector 2414 was used to determine the molecular weight distribution 
of the liquid samples. The calibration curve was determined with a set of 
5 pullulan standards (STANDARD P-82; Shodex) dissolved in Milli-Q 
water, ranged between 6.1 and 113 kDa of weight-average molecular 
weight. The chromatographic curves were integrated and the area under 
the curve was divided into regions for classifying in different groups 
depending on the molecular weight: (1) monomers, (2) dimers, (3) 
pentamers, (4) hexamers, (5) 1–5 kDa, (6) 5–10 kDa, (7) 10–30 kDa, and 
(8) >30 kDa. The groups of trimers and tetramers were under the limit of 
detection. 

2.4.3. Structural characterization (FTIR, TGA) 
The purified solid fractions of hemicelluloses and pectins were 

structurally characterized by Attenuated total reflectance (ATR) – 
Fourier transform infrared spectroscopy (FT-IR) (Bruker, Alpha model, 
with a Platinum ATR single reflection diamond module). The absor-
bance spectra were obtained in a wavenumber range from 4,000 to 400 
cm− 1, acquiring 64 scans per sample at a resolution of 4 cm− 1. 

The structure of each purified fraction was also studied through 
thermogravimetric analysis (TGA) carried out in a TGA/SDTA RSI 
analyzer of Mettler Toledo. Samples of approximately 10 mg were 
heated at 10 ◦C/min under nitrogen atmosphere (60 NmL/min) from a 
temperature of 50 ◦C up to around 900 ◦C. 

3. Results and discussion 

The main data of the paper used in the tables and figures can be 
accessed here. 

3.1. Hydrothermal extracts characterization 

It was analyzed the composition of the three hydrothermal extracts 
recovered in the first 25 min of the flow-through extraction, obtained at 
140 ◦C (Feed-140), 160 ◦C (Feed-160), and 180 ◦C (Feed-180). These 
extracts were the feeds of the UF/DF system and their composition is 
listed in Table 1. 

As in the present work, a previous work has shown extracted hemi-
celluloses from carrot pulp were of the arabinogalactan type, with a 
majority proportion of galactose versus arabinose (Ribas-Agustí et al., 
2014). As shown in Table 1, the concentration of arabinogalactan was 
592.7 mg/L (140 ◦C), 935.3 mg/L (160 ◦C), and 1,556.2 mg/L (180 ◦C) 
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in the hydrothermal extracts obtained. Pectin biopolymer of the 
homogalacturonan type was present with a concentration of 289.56, 
492.2, and 617.5 mg/L. Despite the biopolymers degradation caused by 
a higher extraction temperature, the extraction kinetics was accelerated 
along with temperature resulting in a higher concentration of both 
biopolymers in the collected extracts corresponding to the first 25 min of 
extraction time. The free sugars were the majority components of the 
extracts. These are the sugars also present in the juice, the most abun-
dant being sucrose followed by glucose and fructose. Again, despite the 
degradation, a higher concentration of free sugars was obtained at a 
higher temperature during the first 25 min of extraction: 1,765.41 mg/L 
(140 ◦C), 2,340.79 mg/L (160 ◦C), and 3,093.90 mg/L (180 ◦C). 
By-products accompanying hemicelluloses, pectins, and free sugars can 
be classified into those of the first degree coming from the trans-
formation of one of the products (glycolaldehyde, 5-HMF, furfural, 
arabinose, and acetic acid) and those of the second degree coming from 
the transformation of other by-products (levulinic acid, formic acid, and 
acrylic acid) (Ramos-Andrés et al., 2020). The total concentration of 
by-products was 175.45 mg/L (Feed-140), 491.72 mg/L (Feed-160), and 
952.82 mg/L (Feed-180). 

Fig. 2 shows the molecular weight distribution of the three hydro-
thermal extracts. In this distribution, the main molecular groups can be 
identified. The first peak on the left in the chromatograms is associated 

with the monomers (glucose, fructose, and arabinose) and the second 
with the dimers (sucrose). Other important groups were close to 1 kDa, 
between 1 and 5 kDa, between 5 and 10 kDa, and >30 kDa. The use of 
UF membranes with MWCO of 1, 5, 10, and 30 kDa allows separating 
these groups and obtaining more defined fractions with less poly-
dispersity. The polydispersity of the hydrothermal extracts was too high 
to allow specific application as biopolymers. The main cause of this high 
value was the presence of free sugars together with the extraction of 
hemicelluloses and pectins of the highest molecular weight. The weight- 
average molecular weight (MW) and PD parameters of the molecular 
weight distributions shown in Fig. 2 were: 18,833 Da and 31.55 (Feed- 
140), 10,977 Da, and 19.94 (Feed-160), 9,017 Da, and 16.16 (Feed- 
180). 

As it can be seen in Table 1 and Fig. 2, Feed-180 had a higher 
presence of monomers than Feed-140 and Feed-160, which is associated 
with a greater extraction, greater hydrolysis of sucrose into its mono-
mers, and a greater autohydrolysis of arabinogalactan releasing arabi-
nose units. As for the molecular weight groups higher than sucrose but <
30 kDa, Feed-180 was the most concentrated feed, being Feed-140 and 
Feed-160 similar to each other. This higher concentration can be asso-
ciated with both a higher extraction and the phenomenon of autohy-
drolysis at a higher temperature. With respect to the molecular group >
30 kDa, the concentration was lower the higher the extraction temper-
ature. This can be associated with the phenomenon of autohydrolysis 
during extraction. The autohydrolysis effect occur at temperatures 
higher than 120 ◦C when the water is ionized forming H3O+ ions which 
cause partial depolymerization of hemicelluloses and pectins. The acetyl 
and methyl groups of hemicelluloses and pectins are cleaved leading to 
the subsequent formation of H3O+ ions that autocatalyze the depoly-
merization process (Ramos-Andrés et al., 2020). 

3.2. Concentration applying UF and DF 

The feed volume reduction in the UF process allowed to increase the 
concentration of each molecular group. Those groups whose molecular 
weight is higher than the MWCO of the membrane are expected to be 
concentrated since they are retained. Fig. 3 shows on the y-axis the so- 
called concentration factor, which represents the increase in concen-
tration compared to the concentration in the feed stream of the mem-
brane system (Feed-140, Feed-160, and Feed-180). The concentration 
factor of each molecular group was calculated as the ratio between the 
areas under the curve of the HP-SEC chromatogram corresponding to 
each molecular group, comparing the different streams of the UF/DF 
system with the feed stream. 

The extracts obtained at 140 and 160 ◦C were subjected to the 
cascade membrane configuration, while the 180 ◦C extract was pro-
cessed with a mixed configuration (Fig. 1). We used these two config-
urations for optimization purposes, as the higher temperature did not 
provide very long biopolymers and the use of 30 kDa was dispensable. 
The different configurations resulted in differences in the concentration 
factor. The feed volume reduction was in all cases 80 v/v% so the 
maximum theoretical increase in concentration for those groups totally 
retained was 5-fold. 

As can be seen in Fig. 3A and B, the group > 30 kDa reached a 
concentration factor of 5 in Ret-30 kDa. After DF, this factor was 
maintained in Ret-30 kDa-DF, so hemicelluloses and pectins > 30 kDa 
were effectively retained. With regard to the molecular groups < 30 kDa, 
they were partially retained in Ret-30 kDa, in greater proportion as their 
molecular weight increased. The concentration factors of these groups 
were found to be between 0.92 and 5.00 for Feed-140 and between 0.05 
and 4.91 for Feed-160. After applying the five cycles of DF and obtaining 
Ret-30 kDa-DF, the retention of the groups < 30 kDa decreased 
considerably. The concentration factor was 0 for molecular weight 
groups < 1 kDa, and for groups > 1 kDa it was between 0.20 and 4.55 
(Feed-140) and between 0.70 and 3.77 (Feed-160). 

With regards to the retentates of the other membranes in the cascade 

Table 1 
Chemical composition of the hydrothermal extracts extracted at 140 ◦C (Feed- 
140), 160 ◦C (Feed-160), and 180 ◦C (Feed-180) feeding the membrane 
configurations.   

Feed-140 Feed-160 Feed-180 

Biopolymers (mg/L) 882.3 1,427.5 2,173.7 

Galacto- (mg/L) 356.1 660.4 1,223.1 
Arabino- (mg/L) 236.6 274.9 333.1 
Arabinogalactan (mg/L) 592.7 935.3 1,556.2 
Pectin (mg/L) 289.6 492.2 617.5 

Free sugars (mg/L) 1,765.4 2,340.8 3,093.9 

Sucrose (mg/L) 820.1 1,012.9 1,166.6 
Glucose (mg/L) 483.4 704.6 1,130.6 
Fructose (mg/L) 461.9 623.3 796.7 

By-products (mg/L) 175.5 491.72 952.8 

Arabinose (mg/L) 21.88 n.d. 174.7 
Glycolaldehyde (mg/L) 32.21 82.72 140.7 
Formic Acid (mg/L) 30.74 216.1 278.6 
Acetic Acid (mg/L) 41.58 45.40 88.32 
Levulinic Acid (mg/L) 1.93 15.76 3.89 
Acrylic Acid (mg/L) 45.31 120.6 218.1 
5-HMF (mg/L) 1.80 11.09 45.54 
Furfural (mg/L) n.d. n.d. 3.04  

Fig. 2. Molecular weight distribution of the hydrothermal extracts extracted at 
140 ◦C (Feed-140), 160 ◦C (Feed-160), and 180 ◦C (Feed-180) feeding the 
membrane configurations. 
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(Ret-10 kDa, Ret-5 kDa, and Ret-1 kDa) their concentration with respect 
to the feed did not increase as significantly since the great part of the 
extract was retained in the first membrane (Ret-30 kDa). The molecular 
groups in the three retentates showed a concentration factor around 1 
when operated with Feed-140. When Feed-160 was processed, the 
concentration factor in Ret-10 kDa was less than 1, being concentrated 
mainly the pentamers and hexamers, probably the most abundant 
groups in the feed of the 10 kDa membrane. It is worth noting an in-
crease of 2.32-fold in the concentration of Ret-1 kDa dimer group of 
Feed-160, which may be due to a not very effective mass transfer 
through the membrane in this case. After applying the multiple DF cy-
cles, the overall concentration of Ret-10 kDa-DF, Ret-5 kDa-DF, and Ret- 
1 kDa-DF was much lower than the feed concentration, but a more 
sharpen molecular weight distribution can be seen (Fig. 3A and B). 
Those molecular groups not interested in retaining (<1 kDa) experi-
enced a maximum concentration factor of 0.05 for Feed-140 and 0.13 for 
Feed-160, both in Ret-1 kDa-DF, so the concentration of non-target 
groups was reduced considerably by DF. As for the target groups, on 
Ret-10 kDa-DF the group increasing its concentration the most was 5–10 
kDa (as 10–30 kDa was very low in feed), on Ret-5 kDa-DF it was the 
corresponding group 5–10 kDa and on Ret-1 kDa-DF it was indeed the 
group 1–5 kDa. 

Feed-180 was subjected to the mixed membrane configuration, 
resulting in 3 products instead of 4 products: Ret-10 kDa-DF, Perm-10 
kDa, and Ret-1 kDa-DF. With the first of the membranes (MWCO 5 
kDa) the concentration of all the molecular groups increased consider-
ably in Ret-5 kDa, especially those with a molecular weight > 5 kDa, 
which experienced a concentration factor between 4.84 and 5 (Fig. 3C). 
Monomers and dimers experienced almost total retention in Ret-5 kDa, 

with concentration factors of 4.53 and 4.50. This can be associated with 
poor mass transfer due to the presence of high molecular weight groups 
in a membrane with a moderate value of MWCO. After applying the five 
DF cycles, the presence of monomers and dimers was totally reduced in 
Ret-5 kDa-DF, keeping the concentration of the rest of the groups the 
same. This DF process was effective for the purification of the bio-
polymers, but not for the separation of molecular groups. Ret-5 kDa-DF 
was passed through the 10 kDa membrane and gave rise to Ret-10 kDa in 
which groups with a molecular weight > 5 kDa were concentrated with 
concentration factors between 15.47 and 25, being 25 the maximum 
possible given the feed volume reductions. After applying DF to Ret-10 
kDa, a product with improved characteristics was obtained (Ret-10 kDa- 
DF). The interest groups, those > 10 kDa, increased their concentration 
between 10.20 and 16.67. The non-interest groups present were exclu-
sively the group 5–10 kDa with concentration factor 2.42 and the group 
1–5 kDa with concentration factor 0.26. The second product was Perm- 
10 kDa, which had a very low impurities content due to the DF applied 
on the 5 kDa membrane. The most concentrated group was 5–10 kDa, as 
it was the most abundant group in the feed. The third product, Ret-1 
kDa-DF, was much diluted compared to the feed. It presented good 
characteristics for not having impurities associated with monomers and 
dimers, not having molecular groups of very high molecular weight, and 
having its group of interest (1–5 kDa) the highest concentration factor of 
the groups present. 

3.3. Purification applying UF and DF 

Table 2 analyses the separation of each of the four groups of 
extracted components: arabinogalactan, pectins, free sugars, and by- 

Fig. 3. Concentration factor (CF) of the different groups of hemicelluloses-pectins in each of the UF and UF/DF products compared to the feed stream.  
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products (percentage is wt%). Each of the groups was distributed in the 
UF streams or products and in the UF/DF products. In the cascade 
configuration (Feed-140 and Feed-160) the UF products were Ret-30 
kDa, Ret-10 kDa, Ret-5 kDa, Ret-1 kDa, and Perm-1 kDa, whose re-
tentions together added 100 wt%. In the mixed configuration (Feed- 
180), the UF products were Ret-10 kDa, Perm-10 kDa, Ret-1 kDa, and 
Perm-1 kDa, which together with DF water from 5 kDa membrane added 
100 wt% of retention. After purifying through DF cycles, the products in 
the cascade configuration were Ret-30 kDa-DF, Ret-10 kDa-DF, Ret-5 
kDa-DF, Ret-1 kDa-DF, and Perm-1 kDa, which together with the DF 
waters added up to 100 wt%. In the mixed configuration, the products of 
the DF were Ret-10 kDa-DF, Perm-10 kDa, Perm-1 kDa, and the total DF 
waters (5, 10, and 1 kDa), adding up to 100 wt% retention. 

3.3.1. Arabinogalactan (AG) 
Regarding the arabinogalactan present in Feed-140, Table 2 shows 

how it was distributed mainly in Ret-30 kDa (59.31 wt%) and Perm-1 
kDa (20.54 wt%), the products of higher and lower molecular weight. 
Part was retained in the intermediate retentates (Ret-10 kDa, Ret-5 kDa, 
and Ret-1 kDa), with values in the range 4.46–9.95 wt%. After applying 
DF, Ret-30 kDa-DF slightly reduced its retention (52.91 wt%). Nothing 
or a very small percentage of arabinogalactan was recovered in the 
diafiltered intermediate retentates, having Ret-10 kDa-DF, Ret-5 kDa- 
DF, and Ret-1 kDa-DF retentions lower than 1.89 wt%. The reduction in 
the retention of arabinogalactan taking place after DF could be partly 
compensated by a recovery of arabinogalactan thanks to the reuse of the 
DF water. Despite this, 23.40 wt% of the total arabinogalactan was lost 
through DF. A percentage close to 44 wt% was lost due to low molecular 
weight through Perm-1 kDa and the DF water, while 52.91 wt% was 
recovered as purified high molecular weight arabinogalactan in Ret-30 
kDa-DF. 

In the case of Feed-160, most of the arabinogalactan was retained in 
the first membrane of the cascade (68.43 wt%), with the next largest 

part being removed through Perm-1 kDa (14.30 wt%). The remaining 
arabinogalactan was homogeneously retained in the intermediate 
retentates (Ret-10 kDa, Ret-5 kDa, and Ret-1 kDa) with values in the 
range 5.60–5.90 wt%. After applying the DF cycles the retention of 
arabinogalactan decreased in all membranes, as in the case of Feed-140. 
Although some of the removed arabinogalactan could be recovered by 
reusing the DF water, most of it was lost. The retentions decreased to 
59.20 wt% (Ret-30 kDa-DF) and to the 1.40–3.65 wt% range (Ret-10 
kDa-DF, Ret-5 kDa-DF and Ret-1 kDa-DF). A total of 34.16 wt% was 
eliminated through Perm-1 kDa and the DF waters, similar to the 
treatment of Feed-140. 

The mixed operation with Feed-180 resulted in a loss of arabinoga-
lactan through Perm-1 kDa of 15.27 wt% while the loss in the Ret-5 kDa 
DF was nil, as only by-products were removed. A 55.30 wt% of the 
arabinogalactan was retained in Ret-10 kDa, while Perm-10 kDa con-
tained 20.21 wt%. After applying DF to Ret-10 kDa and Ret-1 kDa, both 
reduced their arabinogalactan retention despite the reuse of DF water in 
Ret-1 kDa. Ret-1 kDa-DF retained 2.47% and Ret-10 kDa-DF a moderate 
37.46 wt%. The high extraction temperature resulted in a loss of low 
molecular weight arabinogalactan through Perm-1 kDa and DF waters of 
39.86 wt%. This is similar to the value obtained for Feed-140 and Feed- 
160, so part of the autohydrolysated hemicelluloses was not lost but 
remained in the intermediate molecular weight product Perm-10 kDa. 

3.3.2. Pectins 
In the case of pectins, unlike arabinogalactan, all of them were 

distributed in the retentates for Feed-140. 94.77 wt% were recovered in 
Ret-30 kDa, while the rest were recovered in the following two reten-
tates: Ret-10 kDa (1.65 wt%) and Ret-5 kDa (3.58 wt%). Pectins can be 
identified as high molecular weight components or at least associated 
with high molecular weight arabinogalactan, as already demonstrated in 
our previous work (Ramos-Andrés et al., 2020). Once the DF cycles were 
performed, the retention in Ret-30 kDa-DF was 74.92 wt%. Thanks to 

Table 2 
Recovery of arabinogalactan (AG), pectins, free sugars, and by-products after UF and UF/DF.   

140 ◦C  

UF products  UF/DF products  

Ret-30 kDa Ret-10 kDa Ret-5 kDa Ret-1 kDa Perm-1 kDa Ret-30 kDa-DF Ret-10 kDa-DF Ret-5 kDa-DF Ret-1 kDa-DF DF water 

AG 59.31% 5.74% 9.95% 4.46% 20.54% 52.91% n.d. 1.89% 1.26% 23.40% 
Pectins 94.77% 1.65% 3.58% n.d. n.d. 74.92% 9.15% 10.45% 5.48% n.d. 
Free sugars 6.56% 15.53% 14.55% 14.38% 48.98% n.d. n.d. n.d. 0.53% 50.49% 
By- 

products 
33.16% 23.00% 21.43% 2.14% 20.27% 3.71% n.d. n.d. n.d. 76.02%  

160 ◦C  
UF products  DF products  
Ret-30 kDa Ret-10 kDa Ret-5 kDa Ret-1 kDa Perm-1 kDa Ret-30 kDa-DF Ret-10 kDa-DF Ret-5 kDa-DF Ret-1 kDa-DF DF water 

AG 68.43% 5.90% 5.60% 5.77% 14.30% 59.20% 1.40% 1.59% 3.65% 19.86% 
Pectins 71.08% 12.98% 7.03% 7.60% 1.31% 71.07% 9.54% 6.77% 6.58% 4.73% 
Free sugars 7.82% 18.44% 16.19% 14.89% 42.66% 0.59% n.d. 0.16% 0.32% 56.27% 
By- 

products 
19.80% 14.46% 12.64% 10.84% 42.26% n.d. n.d. 0.75% 0.01% 56.98%  

180 ◦C   
UF products  DF products   
Ret-10 kDa Perm-10 kDa Ret-1 kDa DF 5 kDa Perm-1 kDa Ret-10 kDa-DF Perm-10 kDa Ret-1 kDa-DF DF water  

AG 55.30% 20.21% 9.22% n.d. 15.27% 37.46% 20.21% 2.47% 24.59%  
Pectins 55.61% 34.43% n.d. 9.96% n.d. 24.97% 38.24% 6.46% 30.33%  
Free sugars 0.82% 0.62% 18.21% 23.82% 56.53% n.d. 0.81% 0.08% 42.58%  
By- 

products 
1.47% 4.94% 18.17% 9.18% 66.24% 0.18% 5.44% 0.03% 28.11%   
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the reuse of the DF water from the 30 kDa membrane, pectin retention 
was increased in the next membranes: Ret-10 kDa-DF (9.15 wt%), Ret-5 
kDa-DF (10.45 wt%), and Ret-1 kDa-DF (5.48 wt%). The loss of pectins 
in the DF water and Perm-1 kDa was nil, so the recovery process was 
fully efficient. As can be seen in Table 3, products with pectins as major 
components and in different molecular weights were obtained, as pec-
tins were present in higher proportion than arabinogalactan in Ret-10 
kDa-DF, Ret-5 kDa-DF, and Ret-1 kDa-DF. Ret-30 kDa-DF, the product 
with the highest molecular weight, was more abundant in 
arabinogalactan. 

Due to the higher extraction temperature, the pectins had a lower 
molecular weight at 160 than at 140 ◦C, with a lower percentage 
retained in the first membrane (71.08 wt%). While in the case of Feed- 
140 no pectin was lost through Perm-1 kDa, in the case of Feed-160 1.31 
wt% were removed through this stream. In the other membranes, pec-
tins were retained in percentages of 12.98 wt% (Ret-10 kDa), 7.03 wt% 
(Ret-5 kDa) and 7.60 wt% (Ret-1 kDa). The application of DF cycles kept 
the retention in Ret-30 kDa intact, so all pectins present there are either 
high molecular weight or bound to high molecular weight arabinoga-
lactan. Retention in the next membranes was slightly reduced after DF, 
being in the range of 9.54–6.58 wt%. Compared to a zero-pectin loss in 
the case of Feed-140, in this case, the loss was a total of 6.04 wt%. Ac-
cording to the results very few pectins reach molecular weights of less 
than 1 kDa under these conditions. 

Due to the high extraction temperature, Feed-180 had the lowest 
proportion of high molecular weight pectins, resulting in a recovery of 
55.61 wt% at Ret-10 kDa. Certain pectins (9.96 wt%) were removed 
through DF of the 5 kDa membrane, the first membrane in the config-
uration. After the application of the DF cycles to Ret-10 kDa and Ret-1 
kDa, a large part of the pectins retained as high molecular weight pec-
tins were carried over in the DF water. Part of the pectins washed out in 
the 5 kDa DF water were recovered in the 1 kDa membrane DF, passing 
from 0 to 6.46 wt% in Ret-1 kDa-DF. The final retention of the other two 
products was 24.97 wt% in Ret-10 kDa-DF and 38.24 wt% in Perm-10 
kDa. In this case, most of the pectins had an intermediate molecular 
weight. The total loss of pectins was 30.33 wt%, again lower than the 
loss of arabinogalactan but significantly higher than the pectins loss in 
Feed-140 and Feed-160. 

3.3.3. Free sugars 
Free sugars were not the target compounds in the present work, so 

they are intended to be poorly retained in the membranes. After per-
forming UF of Feed-140, the retention of free sugars was 6.56 wt% in 
Ret-30 kDa and was in the range 14.38–15.53 wt% for Ret-10 kDa, Ret-5 
kDa, and Ret-1 kDa. A total of 48.98 wt% was removed via Perm-1 kDa. 
This result shows the need for several cycles of DF to purify the bio-
polymers. After these cycles, the retention of free sugars became zero 
except for Ret-1 kDa-DF which retained a low 0.53 wt%. 50.49 wt% of 
the sugars were removed through the DF water. The total removal 
through Perm-1 kDa and DF waters was 99.47 wt%, very effective. 

The retention of free sugars of Feed-160 was almost identical to the 
case of Feed-140, as can be seen in Table 2. The removal of free sugars 
via Perm-1 kDa was 42.66% versus 48.98% in the case of Feed-140. The 
total removal through Perm-1 and DF waters was 98.93%, resulting 
again in a very efficient purification process. 

In the mixed configuration of Feed-180, very few sugars remained in 
the 10 kDa membrane products, as the previous 5 kDa membrane un-
derwent DF cycles where 23.82 wt% of the sugars were removed along 

with 56.53 wt% sent to Perm-1 kDa via Perm-5 kDa. The highest 
retention percentage occurred at Ret-1 kDa with 18.21 wt%. After the 
application of the DF cycles, the retention in the retentates was practi-
cally nil. Perm-10 kDa maintained a low 0.81 wt%. Sugars removed 
were 42.58 wt% through the DF waters. The total removed through 
Perm-1 kDa and the DF waters was 99.11 wt%, again very efficient even 
in the mixed rather than cascade configuration. 

3.3.4. By-products 
By-products are, together with free sugars, the components to be 

reduced in the treatment. In the case of Feed-140, by-products experi-
enced higher retention in the membranes than free sugars, perhaps due 
to a higher interaction with the high molecular weight hemicelluloses 
and pectins. Only 20.27 wt% was removed by Perm-1 kDa, making DF 
cycles essential for purification. After these, only Ret-30 kDa-DF 
retained 3.71 wt% of the by-products, the remainder being removed 
through the DF waters. 96.29 wt% was removed through Perm-1 kDa 
and the DF waters. 

The by-products experienced lower retention on the membranes in 
the case of Feed-160 than in the case of Feed-140, which may be due to 
the lower molecular weight of Feed-160 leading to less interaction with 
the by-products. By-products removal through Perm-1 kDa was 42.26 wt 
% in this case compared to 20.27 wt% in Feed-140. After application of 
the DF cycles, by-products retention was reduced to zero except for a 
small percentage in Ret-5 kDa-DF (0.75 wt%) and Ret-1 kDa-DF (0.01 wt 
%). The total removal through Perm-1 and DF waters was 99.24 wt%. 

In the mixed configuration with Feed-180, a considerable proportion 
of by-products was removed via Perm-5 kDa and from there via Perm-1 
kDa with a percentage of 66.24 wt%. In the 5 kDa DF, 9.18 wt% was 
removed, resulting in very low retention of by-products in the 10 kDa 
membrane. Ret-1 kDa was the product more abundant in by-products 
(18.17 wt%). After applying the DF cycles, the retentates were almost 
completely purified, with 28.11 wt% of the by-products being removed 
through the DF waters and a total of 94.35 wt% being removed through 
Perm-1 kDa and DF. 

Both cascade and mixed configurations are suitable for purification 
based on the removal of free sugars and by-products. The loss of hemi-
celluloses and pectins was similar in both configurations, and the small 
differences can be attributed to the different extraction temperatures. An 
important difference between the two configurations is the number of 
products, which is lower in the mixed configuration as fewer membranes 
are used. Given the low proportion of biopolymers in the 10–30 kDa 
group, it may be more interesting to use fewer membranes. Due to the 
low proportion of hemicelluloses and pectins of intermediate molecular 
weight, a high percentage was not recovered in the reuse of the DF 
water. A mixed configuration seems more efficient with respect to re-
sources (membranes, time, water) in view of the products obtained. 

3.4. Separation applying UF and DF 

It is possible to study the effect of separation not only in terms of 
individual components but also in terms of molecular groups. In Section 
3.2. it was shown how each molecular group was more or less concen-
trated in the different retentates, and how DF decreased the concen-
tration of the non-target groups. DF is key in the separation of molecular 
groups as well as in the purification of biopolymers. Fig. 4 shows the 
effect of separation due to UF but mainly due to DF showing the 
composition (wt%) of each molecular group in the feed and in the final 
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diafiltered products. A large difference can be seen in the molecular 
weight distribution of each product before and after the UF and DF cy-
cles. In general, the presence of non-target components (<1 kDa) is 
practically null in all the products obtained. The maximum percentage 
reached was in the case of Ret-1 kDa-DF from Feed-180 where the 
hexamers group reached 2.8 wt%. 

In the cascade configuration with Feed-140 and Feed-160, Ret-30 
kDa-DF products were rich in the > 30 kDa group with percentages of 
66.2 wt% (140 ◦C) and 58.4 wt % (160 ◦C), as it can be seen in Fig. 4. 
These percentages were considerably higher than the percentage of >
30 kDa in the feeds, which was 12.7 wt% (140 ◦C) and 8.9 wt% (160 ◦C). 
The other molecular groups > 1 kDa were also present in Ret-30 kDa-DF 
in decreasing order according to their decreasing molecular weight. The 
Ret-10 kDa-DF product was rich in the 5–10 kDa group for 140 ◦C (40.8 
wt%) and in the 10–30 kDa target group for 160 ◦C (47.2 wt%). The 
higher presence of 5–10 kDa than 10–30 kDa in Ret-10 kDa-DF at 140 ◦C 
could be due to the almost total retention of the 10–30 kDa group in the 

30 kDa membrane even after applying DF (Fig. 3), not allowing the 
recovery of part of the 10–30 kDa group in the reuse of water in 10 kDa 
DF. The Ret-5 kDa-DF product of 140 ◦C contained the 1–5 kDa group as 
the most abundant (56.1 wt%) and the 5–10 kDa target group in the case 
of 160 ◦C (50.7 wt%). Again, the 5–10 kDa was considerably concen-
trated in Ret-30 kDa-DF at 140 ◦C compared to 160 ◦C and despite DF 
(Fig. 3). The last of the products, Ret-1 kDa-DF, was rich in both cases in 
the 1–5 kDa target group. The 1–5 kDa concentrations were 93.1 wt% 
(140 ◦C) and 68.6 wt% (160 ◦C). This difference could be due to slightly 
higher retention of the group in the 30 kDa membrane at 160 ◦C (Fig. 3). 

When Feed-180 was processed in the mixed configuration, Fig. 4 
shows that the first product Ret-10 kDa-DF was equivalent to Ret-30 
kDa-DF and contained the group >30 kDa as the most abundant (61.7 
wt%). The remaining molecular groups had a decreasing concentration 
as the molecular weight decreased. The next product was Perm-10 kDa, 
whose target group would be 5–10 kDa, but which was mostly in the 1–5 
kDa group (51.6 wt%) partly because it was a permeate and no DF was 
applied. The last product was Ret-1 kDa-DF whose most abundant group 
was the target 1–5 kDa, with a concentration of 77.1 wt%. This value is 
intermediate to the obtained in Feed-140 and Feed-160, so there would 
be no notable differences in composition relative to obtaining this 
product in a cascade configuration or in a mixed configuration. 

3.5. Chemical characterization and molecular weight distribution of the 
products 

Table 3 shows the main parameters characterizing each of the 
downstream process streams. The main parameters defining the mo-
lecular weight distribution are MW and PD. As far as these parameters 
are concerned, the UF/DF system has made it possible to obtain fractions 
with MW within the desired range given the MWCO of the membranes 
used. DF allowed the PD value of the fractions to be reduced, some of 
them to almost a commercial level, improving separation and making 
these fractions more defined. At 140 ◦C, starting from a highly disperse 
feed (18.83 kDa, PD: 31.6), four well-defined fraction were obtained: 
Ret-30 kDa-DF (102.75 kDa, PD: 4.0), Ret-10 kDa-DF (8.06 kDa, PD: 
1.6), Ret-5 kDa-DF (6.20 kDa, PD: 1.7) and Ret-1 kDa-DF (2.59 kDa, PD: 
1.2). The fractions showed low polydispersity, which is advantageous 
for applications where a biopolymer with defined molecular weight and 
narrow distribution is required. At the other temperatures, the molec-
ular weight distributions of the feeds were also polydisperse with values 
of 10.98 kDa PD: 19.9 (160 ◦C) and 9.02 kDa PD: 16.2 (180 ◦C). The 
products had similar molecular weights to those obtained at 140 ◦C, 
except for the highest molecular weight retentate, which had lower MW 
at higher extraction temperature. At 160 ◦C, the product parameters 
were Ret-30 kDa-DF (59.99 kDa, PD: 3.4), Ret-10 kDa-DF (11.48 kDa, 
PD: 1.5), Ret-5 kDa-DF (6.85 kDa, PD: 1.4) and Ret-1 kDa-DF (4.21 kDa, 
PD: 1.4). At 180 ◦C the three products obtained also had adequate 
values: Ret-10 kDa-DF (57.06 kDa, PD: 2.4), Perm-10 kDa (5.71 kDa, PD: 
1.4) and Ret-1 kDa-DF (3.33 kDa, PD: 1.5). 

As already mentioned, DF has the dual function of performing pu-
rification (removal of free sugars and by-products) and improving sep-
aration. This can be clearly seen in the increase of the MW value in the 
retentates after the application of the DF cycles. The removal of lower 
molecular weight hemicelluloses and pectins, and especially the 
removal of free sugars, resulted in this increase of the MW value 
accompanied by a decrease of the PD value as can be seen in Table 3. 

Regarding the concentration of each component, Fig. 3 and Table 3 
shows that the most concentrated products are those corresponding to 
the highest molecular weight fraction (Ret-30 kDa-DF) where the 

Fig. 4. Molecular weight distribution (wt%) of the Feed and the UF/ 
DF products. 
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concentration of arabinogalactan and pectins increased with respect to 
the feed by 2.65 and 4.15-fold (cascade configuration, 140 ◦C), 2.96 and 
3.51-fold (cascade configuration, 160 ◦C), and 9.37 and 6.24-fold 
(mixed configuration, 180 ◦C). The rest of the products had a similar 
or slightly lower concentration than the feed, but very good character-
istics. The concentration of free sugars and by-products can also be seen 
in Table 3, and the values show the importance of DF in minimizing their 
presence. The purity of the products obtained was defined as the ratio of 
the concentration of biopolymers to the total concentration. The purity 
values were high, being for 140 ◦C in the range 73.06–100 wt%, for 
160 ◦C between 86.61 and 100 wt%, and for 180 ◦C between 87.73 and 
100 wt%. The improvement in purity was remarkable as the feed purity 
values were 31.49 wt% (Feed-140), 33.51 wt% (Feed-160), and 30.12 
wt% (Feed-180). 

Another parameter of interest was whether the product was more 
abundant in arabinogalactan or pectin. In the case of Feed-140, corre-
sponding to the lowest extraction temperature, Table 3 shows that 
arabinogalactan was only predominant in the highest molecular weight 
retentate with 58.5 wt%. The rest of the retentates were mostly pectins 
with values between 68.6 and 100 wt%. These values represent pectin of 
commercial quality, as it exceeds the 65 wt% of homogalacturonan 
required in the market (Schmidt et al., 2017). In the Feed-160 treatment, 
the retentates more abundant in arabinogalactan were the highest and 
lowest molecular weight, with percentages of 61.6 wt% (Ret-30 kDa-DF) 
and 51.3 wt% (Ret-1 kDa-DF). The result is logical due to a higher 
breakdown of hemicelluloses by autohydrolysis. The other two reten-
tates were again mostly pectins with percentages between 69.2 and 78.1 
wt%, again commercial values. The Feed-180 treatment resulted in the 
highest molecular weight product being rich in arabinogalactan (76.8 wt 
%). The intermediate product, Perm-10 kDa, was also rich in arabino-
galactan due to autohydrolysis, with a percentage of 57.1 wt%. The 
lower molecular weight product, Ret-1 kDa-DF, was instead major in 

pectins with a percentage of 54.2 wt%. 
The G/A is defined as the ratio between galactan and arabinan in 

arabinogalactan, and it can be related to the molecular weight. In gen-
eral, the lower molecular weight, the higher the G/A ratio. This is due to 
the release of monomeric arabinose units into the medium as a result of 
autohydrolysis. The higher the temperature, the higher the G/A value. 
Once the DF cycles are performed, this G/A ratio did not follow a fixed 
rule as it decreased on some occasions and increased on others. This may 
be because the hemicellulose fragments removed during DF contain 
both galactose and arabinose units, not exclusively monomeric arabi-
nose units. 

According to the results shown in Table 3, the technological feasi-
bility of the process of obtaining different purified fractions of hemi-
celluloses/pectins was proven. It would be necessary to determine the 
economic feasibility. The membrane operation offers low cost compared 
to other purification processes requiring chemicals or operating condi-
tions not close to the environment (e.g., ethanol precipitation or chro-
matography). In the membrane operation, the only chemical needed was 
NaOH in low concentration (0.01 M) for cleaning after the operation. 
The main expense of the process was pumping for the duration of the UF 
or DF. This time would be reduced if the permeate flow were higher, 
which could be achieved with proper scaling. The other main cost was 
water consumption in the DF process. As shown in Fig. 1, part of this 
water was reused in the process, not only to partially recover the 
entrained hemicelluloses/pectin but also to consume less resource. One 
possibility would be the implementation of a nanofiltration membrane 
for the purification of water obtained in Perm-1 kDa and its subsequent 
reuse. The implementation of the process on an industrial scale would 
require a proper economic assessment to confirm feasibility. 

Since the different extracts were treated with different membrane 
configurations, it was not possible to establish an optimum operation. 
Both configurations (cascade and mixed) are feasible, and the mixed 

Table 3 
Characterization of the feeds, UF products and UF/DF products.  

140 ◦C MW (kDa) PD AG (mg/L) Pectins (mg/L) Free sugars (mg/L) By-products (mg/L) Bio-polymers (wt%) AG/(AG þ P) G/A 

Feed 18.83 31.6 592.7 289.59 1,765.4 175.5 31.25% 67.2% 1.51 
Ret-30 kDa 54.57 51.6 1,895.8 1,372.22 688.6 487.4 73.54% 58.0% 1.50 

Ret-30 kDa-DF 102.8 4.0 1,691.1 1,200.22 n.d. 32.5 98.89% 58.5% 1.74 
Ret-10 kDa 1.04 2.4 229.2 29.78 1,713.8 297.8 11.41% 88.5% 3.89 

Ret-10 kDa-DF 8.06 1.6 n.d. 183.26 n.d. n.d. 100% n.d. n.d. 
Ret-5 kDa 1.06 2.3 496.8 81.09 2,007.1 382.4 19.47% 86.0% 0.76 

Ret-5 kDa-DF 6.20 1.7 94.27 261.54 n.d. n.d. 100% 26.5% 1.83 
Ret-1 kDa 0.61 1.4 278.4 n.d. 2,478.8 36.7 9.96% 100% 8.28 

Ret-1 kDa-DF 2.59 1.2 78.51 171.48 92.19 n.d. 73.06% 31.4% 1.59 
Perm-1 kDa 0.51 1.3 320.6 n.d. 2,110.9 86.8 12.73% 100% 1.22 

160 ◦C MW (kDa) PD AG (mg/L) Pectins (mg/L) Free sugars (mg/L) By-products (mg/L) Bio-polymers (wt%) AG/(AG þ P) G/A 

Feed 10.98 19.9 935.3 492.2 2,340.8 491.7 33.51% 65.5% 2.40 
Ret-30 kDa 44.22 6.9 3,199.9 1,749.0 3,332.7 371.4 57.19% 64.7% 2.58 

Ret-30 kDa-DF 59.99 3.4 2,768.6 1,729.2 68.52 n.d. 98.50% 61.6% 2.41 
Ret-10 kDa 2.83 3.5 345.1 399.4 2,697.3 444.5 21.63% 46.4% 2.16 

Ret-10 kDa-DF 11.48 1.5 82.09 293.4 n.d. n.d. 100% 21.9% 1.43 
Ret-5 kDa 1.97 3.7 409.2 270.4 2,961.3 485.6 16.47% 60.2% 1.70 

Ret-5 kDa-DF 6.85 1.4 115.9 260.3 29.25 28.91 86.61% 30.8% 1.79 
Ret-1 kDa 1.28 2.7 527.0 365.5 3,404.5 520.3 18.53% 59.0% 1.37 

Ret-1 kDa-DF 4.21 1.4 333.0 316.2 72.52 0.41 89.90% 51.3% 1.45 
Perm-1 kDa 0.54 1.4 326.6 15.73 2,437.8 507.4 10.41% 95.4% 2.68 

180 ◦C MW (kDa) PD AG (mg/L) Pectins (mg/L) Free sugars (mg/L) By-products (mg/L) Bio-polymers (wt%) AG/(AG þ P) G/A 

Feed 9.02 16.2 1,516.5 685.8 4,061.2 1,049.1 30.12% 68.9% 3.13 
Ret-5 kDa 11.20 20.7 568.0 3,429.1 5,129.7 817.9 60.49% 62.3% 2.15 

Ret-5 kDa-DF 30.58 4.1 5,875.5 3,087.6 293.3 98.66 95.81% 65.6% 2.61 
Ret-10 kDa 38.91 3.8 21,516.3 9,534.9 836.6 386.6 96.21% 69.3% 3.12 

Ret-10 kDa-DF 57.06 2.4 14,202.5 4,281.9 n.d. 48.33 99.74% 76.8% 2.17 
Perm-10 kDa 5.71 1.4 1,965.3 1,475.8 161.3 319.9 87.73% 57.1% 1.69 

Ret-1 kDa 0.99 2.3 896.8 n.d. 4,865.8 947.4 13.37% 100% 18.81 
Ret-1 kDa-DF 3.33 1.5 234.0 277.1 21.31 n.d. 96.00% 45.8% 1.07 
Perm-1 kDa 0.53 1.6 371.2 n.d. 3,798.1 874.8 7.36% 100% n.d. 

MW: weight-average molecular weight, PD: polydispersity, AG: arabinogalactan, P: pectins, G: galactan, A: arabinan. 
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operation has the advantage of providing a higher concentration of the 
highest molecular weight product. Because the cascade configuration 
showed the existence products of very low concentration (e.g. 10–30 
kDa), it may be interesting to discard this fraction and obtain a low 

number as in the mixed configuration. 
Fig. 5 shows the molecular weight distribution curves of the feed and 

diafiltered products. These curves allow seeing graphically what the MW 
and PD parameters indicate. Starting from very broad molecular 

Fig. 5. Molecular weight distribution curves of the feed and the UF/DF products.  

Fig. 6. Purified hemicellulose/pectin products after freeze-drying.  
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distributions in all three cases (140, 160, and 180 ◦C), a clearly more 
concentrated product was obtained (the area under the curve is larger) 
with the higher molecular weight biopolymers. This product was Ret-30 
kDa-DF for 140 and 160 ◦C, and Ret-10 kDa-DF for 180 ◦C. The next 
product, of lower concentration, was Perm-10 kDa from Feed-180, 
which had a clearly narrow and well-defined distribution, centered in 
the 5–10 kDa range. The less concentrated products are shown in the 
graphs on the right. All of them also had a narrow distribution, as the PD 
value was low. Within these products, the lowest molecular weight 
product (Ret-1 kDa-DF) was the most concentrated in all three cases, as 
it corresponds to the easily extractable arabinogalactans (Ramos-Andrés 
et al., 2020). One peak stood out in the products from Feed-140, and it 
was associated with a molecular weight of around 2.25 kDa. Given the 
high proportion of pectins in these products, this peak could be associ-
ated with them, being a type of pectin of lower molecular weight as 
previously demonstrated (Ramos-Andrés et al., 2020). 

3.6. Structural characterization of the products 

Structural characterization was applied to the purified products after 
freeze-drying. Fig. 6 shows these solid products. The highest molecular 
weight retentates had the darkest colour, and the samples with the 
highest pectin content had the lightest colour. The higher the extraction 
temperature, the darker the colour of the hemicelluloses/pectin. The 
most abundant product was the fraction with the highest molecular 
weight. 

3.6.1. FTIR 
The ATR-FTIR spectra of the most abundant purified products were 

determined after freeze-drying and they can be seen in Figure A1. These 
products were Ret-30 kDa-DF, Ret-5 kDa-DF, and Ret-1 kDa-DF for Feed- 
140 and Feed-160, and Ret-10 kDa-DF, Perm-10, kDa and Ret-1 kDa-DF 
for Feed-180. The broad band in 3,600–3,000 cm− 1 is associated with 
the hydroxyl group of O–H stretching vibrations, characteristic of 
lignocellulosic materials. The intensity in this area was similar for all 
products. The region between 3,000–2,800 cm− 1 is related to C–H 
stretching vibrations. This type of bond is present in both hemicelluloses 
and pectins as it is present in their constituent monosaccharides. The 
intensity was the same for all products except in A) 140 ◦C, where the 
lower the molecular weight of the products, the higher the intensity. 
This may be due to a lower branching or higher linearity of these lower 
molecular weight fractions. 

The band 1,800–1,500 cm− 1 represents carbonyl groups (C––O) 
stretching vibrations. The peak 1,738 cm-1 is associated with the pres-
ence of the C––O methyl ester group (COOCH3) corresponding to pectin 
structure (Ben-Fadhel et al., 2020). In the case of A) 140 ◦C, this peak 
was significantly lower for the product with the lowest molecular weight 
(Ret-1 kDa-DF), so the lower molecular weight pectins have a lower 
degree of methylation. In B) 160 ◦C, the intensity of the peak was similar 
for all three products, although slightly higher for the highest molecular 
weight (Ret-30 kDa-DF). In the C) 180 ◦C products, the peak was of 
lower intensity for Ret-10 kDa-DF and Ret-1 kDa-DF compared to the 
intermediate molecular weight product (Perm-10 kDa). The high 
extraction temperature (180 ◦C) might have decreased the degree of 
methylation in the higher molecular weight pectins (Ret-10 kDa-DF). 
The peak at 1,602 cm− 1 is assigned to the stretching vibration of the 
carbonyl group of the carboxylate ion (COO− ), corresponding to the 
hemicellulose and especially to the pectin structure (Sucheta et al., 
2019). In the cases of A) 140 ◦C and B) 160 ◦C, this peak was higher in 
the intermediate molecular weight product (Ret-5 kDa-DF) and lower in 
the highest molecular weight (Ret-30 kDa-DF), so the lower the mo-
lecular weight, the higher the presence of the COO− group. Ret-1 kDa-DF 
was not the sample with the highest intensity which may be due to its 
lower pectin content compared to Ret-5 kDa-DF. In the case of C) 180 ◦C, 
the intensity of the peak was always higher the lower the molecular 
weight, as in this case the pectin content was similar in Perm-10 kDa and 

Ret-1 kDa-DF. 
The band between 1,500–1,200 cm− 1 includes the peaks 1,401, 

1,358, and 1,228 cm-1. The peak 1,401 cm− 1 is again related to the 
carboxylic acid and COO− symmetric stretching vibration in hemicel-
lulose and pectin (Célino et al., 2013). This peak follows the same trend 
as the 1,602 cm− 1 peak also associated with the COO− stretching vi-
bration. The peak 1,358 cm− 1 is assigned to C–H deformation in hemi-
cellulose and pectin (Traoré et al., 2016). The intensity of this peak was 
lower the higher the molecular weight of the product, which again could 
be associated with a higher branching of the biopolymers of high mo-
lecular weight and a lower presence of the C–H bond. The peak 1,228 
cm− 1 is due to C–OH bending at C6 so it is relating with pyranose ring 
vibration (Fan et al., 2012). This is due to the sugar galactose. 

The region 1,200-950 cm− 1 contains multiple peaks associated with 
polysaccharides. These peaks are related to C–C, C–OH-, C–O–C, C–H 
ring, and side group vibrations (Fan et al., 2012). The band 1,200–1,100 
cm-1 is related to C–O–C stretching vibration in the glycosidic ring 
(Ben-Fadhel et al., 2020). There were no notable differences in products 
in this region. The region 1,100-950 cm− 1 implies C–C, C–O, and C–OH 
stretching vibrations (Ben-Fadhel et al., 2020). In this region, there was 
an area with peaks reminiscent of the shape of a saw blade. These peaks 
are more pronounced in samples with a higher percentage of pectins. 
The peak at 1,007 cm− 1 stood out, whose intensity was maximum in the 
product with the highest molecular weight in A) 140 ◦C and B) 160 ◦C 
(Ret-30 kDa-DF). For C) 180 ◦C the intensity was higher in the inter-
mediate molecular weight product (Perm-10 kDa). This could be due to, 
as in the case of the 1,738 cm− 1 peak, the extraction temperature of 
180 ◦C may have decreased the presence of these bonds in the highest 
molecular weight hemicelluloses and pectins (Ret-10 kDa-DF). 

3.6.2. TGA 
The first derivative of the weight loss curve shows peaks representing 

the greatest rates of change on the weight loss curve, which are the in-
flection points in the weight loss curve. By plotting the first derivative, 
the temperature corresponding to each peak can be seen. Figure A2. A) 
shows the most abundant products obtained from Feed-140: Ret-30 kDa- 
DF, Ret-5 kDa-DF, and Ret-1 kDa-DF. The same products but from Feed- 
160 are represented in Figure A2. B), while Figure A2. C) shows the 
products Ret-10 kDa-DF, Perm-10 kDa, and Ret-1 kDa-DF from Feed- 
180. 

In Figure A2. A), three peaks can be seen: the first one is found in all 
three products in the range 77.0–132.70 ◦C and represents the evapo-
ration of the water present in the sample, being between 5.71 and 8.51 
wt% of the sample content. The next peak of decomposition is also 
present in all three products, in the range 202.02–226.08 ◦C. This peak 
can be associated with the decomposition of a significant part of the 
sample, which constitutes 19.59 wt% for Ret-30 kDa-DF versus 57.59 wt 
% for Ret-5 kDa-DF and 55.39 wt% for Ret-1 kDa-DF. This peak can be 
associated with hemicelluloses and pectins easier to thermally degrade. 
On the contrary, the Ret-30 kDa-DF sample has a third peak at 
274.89 ◦C, where 45.67 wt% of the sample decomposes. This peak could 
be associated with higher molecular weight hemicelluloses and/or 
pectins, not present in the other two samples and more resistant to 
thermal decomposition given the results of the analysis. 

The same happens in Figure A2. B) with the products from Feed-160. 
All three products have a first peak in the range 76.35–76.92 ◦C repre-
senting water evaporation. This is followed by a peak in the range 
209.73–237.62 ◦C, representing the decomposition of certain hemi-
celluloses/pectins with percentages of 14.56 wt% (Ret-30 kDa-DF) 
versus 57.61 wt% (Ret-5 kDa-DF) and 62.32 wt% (Ret-1 kDa-DF). The 
last peak is associated with those more resistant biopolymers whose 
main decomposition occurs at 277.27 ◦C. This peak is present only in 
Ret-30 kDa-DF with a percentage of 52.99 wt%. 

The products from Feed-180 shown in Figure A2. C) show a similar 
result. There is a first peak in the range 76.21–77.07 ◦C which represents 
the evaporation of water from the sample. The next peak is in the range 
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215.99–229.08 ◦C, and unlike the previous peaks is present only in 
Perm-10 kDa and Ret-1 kDa-DF products, with percentages of 68.29 and 
63.63 wt%. The higher molecular weight product Ret-10 kDa-DF has a 
single decomposition peak at 286.52 ◦C, with a percentage of 66.26 wt 
%. The absence of the second peak (approx. 222 ◦C) could be due to the 
high extraction temperature, so this group of hemicelluloses and pectins 
became present only in the other two products (Perm-10 kDa and Ret-1 
kDa-DF) instead of Ret-10 kDa-DF. This is consistent with the Ret-30 
kDa-DF product of Feed-160 having a lower percentage of this 
biopolymer group than the Ret-30 kDa-DF product of Feed-140: 14.56 
wt% versus 19.59 wt%. The presence of different groups of hemi-
celluloses and pectins can also be seen well in the molecular weight 
distribution curves in Fig. 5. 

4. Conclusions 

Purified solid fractions of different molecular weights and low 
polydispersity were obtained from the three hydrothermal extracts of 
discarded carrots (140, 160, and 180 ◦C). There were no notable dif-
ferences between the cascade configuration and the mixed configura-
tion, except for the number of membranes used and the degree of 
concentration of the highest molecular weight biopolymers which can 
be up to 5 times higher in the mixed configuration than in the cascade 
configuration. The purification allowed eliminating a very high per-
centage of free sugars (up to 99.5 wt%) and by-products (up to 99.2 wt 
%), resulting in fractions with purities between from 73.1 to 100 wt%. 
The treatment resulted in fractions with molecular weights between 
2.59 and 102.75 kDa and with low polydispersity between 1.2 and 4.0 
due to successive DF steps. The purified fractions were preserved using 
freeze-drying for subsequent application in film formation. This allows 
the production of plastic substitute products in a clean way from the 
point of view of both process and raw material. The film formation work 
is in the process of being published. 
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