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A B S T R A C T   

Xylan is a biopolymer readily available from forest resources. Various modification methods, including oxidation 
with sodium periodate, have been shown to facilitate the engineering applications of xylan. However, modifi
cation procedures are often optimized for semicrystalline high molecular weight polysaccharide cellulose rather 
than for lower molecular weight and amorphous polysaccharide xylan. This paper elucidates the procedure for 
the periodate oxidation of xylan into dialdehyde xylan and its further reduction into a dialcohol form and is 
focused on the modification work up. The oxidation–reduction reaction decreased the molecular weight of xylan 
while increased the dispersity more than 50%. Unlike the unmodified xylan, all the modified grades could be 
solubilized in water, which we see essential for facilitating the future engineering applications of xylan. The 
selection of quenching and purification procedures and pH-adjustment of the reduction step had no significant 
effect on the degree of oxidation, molecular weight and only a minor effect on the hydrodynamic radius in water. 
Hence, it is possible to choose the simplest oxidation-reduction route without time consuming purification steps 
within the sequence.   

1. Introduction 

Polysaccharides are necessary for producing current and future 
materials to provide renewable polymers for structural and functional 
purposes. Hemicelluloses are a diverse family of polysaccharides that 
have up to 35% in weight availability in wood (Sixta, 2006). The most 
abundant hardwood hemicellulose, xylan, has been suggested for engi
neered films (Escalante et al., 2012; Gordobil et al., 2014; Grondahl 
et al., 2004; Hansen et al., 2012), as a tensioactive material (Fu et al., 
2020; Nypelö et al., 2016), and in medical and hygiene applications (Fu 
et al., 2020; Gabrielii et al., 2000; Gabrielii & Gatenholm, 1998; Köhnke 
et al., 2014). Xylan is available as an extract of plant biomass (Ebrin
gerova & Heinze, 2000) and typically exhibits a linear backbone struc
ture comprising β-1,4-linked xylose units that may be substituted with 
monosaccharides, glucuronic acid groups, or be partly acetylated. 

Producing engineered materials from xylan presents some inter
esting challenges. The current applications mainly aim for high volume 
and low cost. However, the processes for extracting, purifying, and 
concentrating xylan from wood are costly, and these costs need to be 

considered when selecting applications. Xylan's susceptibility to batch- 
to-batch variations due to its natural source necessitates robust follow- 
up chemistry or end uses that allow raw material diversity. Addition
ally, wood-based xylans can often be solubilized in water only to a 
limited extent (Ebringerova et al., 2005). Such limited water in
teractions are a challenge for the renewable polymer industry, which 
frequently operates in aqueous conditions. 

Periodate oxidation is a modification method applied to poly
saccharides to alter their chemical reactivity (Larsson & Wagberg, 2016; 
Vold and Christensen, 2005). Periodate oxidation of cellulose was first 
used for analytical purposes to characterize monosaccharide structures 
(Malaprade, 1928), and was later used for preparative purposes (Bob
bitt, 1956; Zeronian et al., 1964). Oxidation modulates the mono
saccharide ring via cleavage of the diol structure and introduces an 
aldehyde functionality. The aldehyde can be further oxidized to the 
carboxylic acid group, reduced to an alcohol, or employed for inter
mediate chemical modifications (Nypelö et al., 2021). The cleavage of 
the monosaccharide ring may also alter the polymeric properties of 
xylan, such as solvent interactions, while introducing the aldehyde 
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functionality can assist reactivity or follow-up chemistry, such as ther
mal transitions (Börjesson et al., 2019). Periodate oxidation of xylan has 
been studied with a view to structural development (Painter & Larsen, 
1970). Hemiacetal formation between the aldehydes and hydroxyl 
groups has been utilized in xylan-based hydrogels to prevent the gel 
structure from dispersing in water (Köhnke et al., 2014). Amination of 
aldehyde groups with benzylamine has been used to introduce the 
benzyl group into the xylan backbone to increase its use in functional 
biomaterials (Chemin et al., 2015). 

A decrease in the molecular weight of xylan has been reported to 
result from the periodate oxidation (Amer et al., 2016; Palasingh et al., 
2021). Depolymerization is thought to occur due to overoxidation of the 
polysaccharide chain reducing ends and random attacks by hydroxyl 
radicals generated as the periodate decomposes spontaneously in water 
(Vold & Christensen, 2005). Additionally, it has been found that the 
resulting dialdehyde is more prone to alkaline β-elimination, which can 
be prevented by reducing the dialdehydes to dialcohols (Kristiansen 
et al., 2010). The extent of depolymerization can vary depending on the 
reaction conditions and molar ratios between the periodate and mono
saccharide units, and in certain situations, almost complete degradation 
can occur (Chemin et al., 2016). A low periodate-to-xylan ratio can 
prevent undesirable depolymerization; however, only a low degree of 
oxidation (DO) is reached with the low ratio (Chemin et al., 2016). An 
insignificant decrease in weight average molar mass but a significant 
decrease in number average molar mass, indicating an increase in dis
persity, has been reported for periodate-oxidized arabinoxylan at up to 
20% DO (Börjesson et al., 2018). 

The procedure for the periodate oxidation and reduction of xylan is 
well established. Pandeirada et al. (2022) elucidated on structural 
development from polysaccharides to oligosaccharides. However, the 
procedures aiming for oxidation and preservation of polymerix xylan 
rely mostly on procedures optimized for cellulose. Although xylan and 
cellulose are chemically similar, the cellulose reaction is almost always 
heterogeneous. This is not obviously the case for xylan since, unlike 
cellulose, the starting material is not in a fiber, fibril, or crystal form. 
Furthermore, analysis of the DO of xylan products has been approached 
using analytics optimized for cellulose. However, a few significant dif
ferences affect the applicability of the same procedures, one of which is 
that oxidized xylan products may be progressively solubilized in water 
during oxidation, complicating the typical analysis of DO, which is 
performed by observing the consumption of the oxidant during 
oxidation. 

We examined the modification procedure for oxidation and reduc
tion of xylan. We aimed to establish a process with minimal number of 
modular unit operations by evaluating the necessity of quenching and 
purification steps. The modification was sought to enable solubilization 
in water that extends engineering applications of xylan. Moderate water- 
solubility would, for example, enable the xylan derivates to be used as 
additives to functionalize wood fiber products. We provide insight into 
the challenge of analysis of degree of modification using UV–Vis and 
NMR spectroscopy, and molecular weight, and water-solubilization of 
the product from selected preparation routes to facilitate the choice of 
modification process unit operations. 

2. Experimental 

2.1. Materials 

Beechwood xylan was purchased from Megazyme (Co. Wicklow, 
Ireland) and, according to the manufacturer, contained 13 wt% of glu
curonic acid O-methyl substitution. Dimethyl sulfoxide (DMSO) and 
pullulan standards were purchased from Fisher Scientific (MA, United 
States) and Postnova Analytics (Landsberg am Lech, Germany), 
respectively. Other chemicals were purchased from Sigma-Aldrich (MO, 
United States) and all chemicals were used without further purification. 
Xylan was oxidized with sodium periodate according to Amer et al. 

(2016). In brief, 4 g of xylan was dispersed in 115 ml of water. A sodium 
periodate solution was prepared by dissolving 5.9 g (1:1 mol equivalent 
to anhydroxylose units [AXU]) of sodium periodate in 75 ml of water, 
which was added to the xylan solution. The oxidation was performed in 
darkness at room temperature. After 24 h, the oxidized xylan solution 
was divided into four batches and reduced using NaBH4. Fig. 1 shows the 
oxidation, reduction, and purification sequences used to prepare the 
selected grades. The oxidation reaction was optionally quenched with 
ethylene glycol. Two reduction conditions were investigated: for the 
first, DalX1, DalX2, and DalX3 were reduced with 0.46 g NaBH4 dis
solved in 10 ml of water for 2 days (Leguy et al., 2018), and in the 
second, DalX4 was reduced with 0.4 g of NaBH4 and 0.06 g of NaH2PO4 
(buffer) dissolved in 10 ml of water for 4 h (Börjesson et al., 2019). A 
buffer was added to maintain a constant pH throughout the reaction. 
Dialysis was used to purify the products, and they were freeze dried for 
further use. A yield of products was approximately 40–45% after the 
oxidation and reduction step. 

3. Methods 

3.1. Compositional analysis 

The composition of xylan was determined by hydrolyzing xylans 
with 72% sulfuric acid at 125 ◦C for 1 h (Theander & Westerlund, 1986). 
The hydrolyzed xylan was filtrated using a 0.2 μm PDVF filter. A fucose 
standard (200 mg/l) was added to 1 ml of filtrate, which was then 
diluted 50 times with water. The composition was analyzed with high- 
performance anion exchange chromatography with pulsed ampero
metric detection (HPAEC-PAD) (Dionex™ ICS-3000 equipped with a 
CarboPac™ PA1 analysis column; Dionex Corporation, USA). NaOH/ 
NaAc and NaOH were used as eluents. 

3.2. Size exclusion chromatography (SEC) 

The molecular weight of the xylans was analyzed with SEC using 
0.01 M LiBr in a DMSO-based eluent. Approximately 4 mg of the xylan 
was dissolved in 2 ml of the eluent for several days at room temperature 
and then filtered through a 0.45 μm PTFE syringe filter. All xylan grades 
were dissolved directly in the solvent, except for the unmodified xylans, 
which were first swollen in 30 μl of water overnight, followed by 
dissolution in 2 ml of eluent. An amount of 100 μl of the filtered xylan 
solution was injected into the SEC system equipped with a Jordi xStream 
GPC column (Jordi Labs, MA, USA) and analyzed using refractive index 
(RI) and right-angle light scattering (RALS, 670 nm, 90◦) detectors. The 
column temperature was 60 ◦C, the detector temperature was 40 ◦C, and 
the flow rate was 0.8 ml/min. 

3.3. Ultraviolet–visible light (UV–Vis) spectroscopy 

The oxidation progress was monitored by observing periodate con
sumption during oxidation based on the absorbance intensity of peri
odate at 290 nm using UV–Vis spectroscopy (Cary 60 UV–Vis 
spectrophotometer); Agilent, USA; (Maekawa et al., 1986). The intensity 
was used to quantify how much reactant was consumed according to a 
calibration curve for the sodium periodate solution, which was trans
lated into a DO using Eq. (1) (Amer et al., 2016; Malaprade, 1928): 

%DO =
mole of periodate consumed

mole of AXU
× 100 (1)  

3.4. Nuclear magnetic resonance (NMR) spectroscopy 

Solid-state NMR spectroscopy was performed on a Bruker 400 MHz 
dynamic nuclear polarization (DNP) operating at 100.6 MHz for 13C 
with a 3.2-mm solid-state magic-angle-spinning (MAS) probe head 
(Fällanden, Switzerland). Measurements were conducted at 298 K with a 
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MAS spinning rate of 8 kHz. One-dimensional 13C cross-polarization 
magic-angle spinning (CP/MAS) spectra were acquired with a 3.0 ms 
1H 90◦ pulse, 1500 ms CP contact time, 33 ms acquisition time with 
proton decoupling, a 5-s recycle delay, and 2048 acquisitions. The 
number of acquisitions of CP/MAS spectra was 2048 times with 13C in 
natural abundance. Chemical shifts were referenced to tetramethylsi
lane, using the carbonyl resonance of α-glycine at 176.5 ppm as a sec
ondary external reference. 

Solution-state NMR experiments were performed at 298 K on an 
Oxford 800 MHz 1H frequency Bruker AvanceIII HD spectrometer 
equipped with a TXO cryoprobe (Karlsruhe, Germany) using solutions of 
20 mg/ml xylans in DMSO‑d6. The 1H and 13C sequential assignments 
were obtained using standard pulse sequences of HSQC, COSY, and 
HMBC with deuterium decoupling. The chemical shifts were referenced 
to the methyl groups of DMSO on the tetramethylsilane scale (39.52/ 
2.50 ppm δ13C/δ1H). The spectra were processed and analyzed using 
MestReNova (version 14.2, Mestrelab Research, Santiago de Compos
tela, Spain). All spectra were normalized to unity with respect to the full 
integral intensity at 50–110 ppm, a frequency range encompassing all 
five ring carbons. 

The degree of glucuronic acid side groups per xylan monomer, 
DGANMR, was determined and calculated using the signal intensity in
tegral of the C4 of glucuronic acid side units and the total integral of all 
signals corresponding to the C1 carbon, according to the following 
equation (Eq. (2)): 

DGANMR =

∫
C4sxylan∫
C1xylan

(2) 

The DO was determined and calculated using the total area assigned 
to the intact C3 peak of the backbone repeating unit, according to Eq. 
(3): 

DONMR =

∫
C3dialcohol xylan∫

C3xylan
(3)  

3.5. Dynamic light scattering (DLS) 

The hydrodynamic diameters (Dh) of oxidized xylans in solution 
were determined with a particle size analyzer (Zetasizer® Nano ZS90; 
Malvern Panalytical, UK). Xylan and dialcohol xylans were dissolved in 

Milli-Q® water (Merck KGaA, Darmstadt, Germany) at concentrations of 
0.5, 1, and 2 wt%. The solutions were filtered using a 0.45 μm PTFE 
syringe filter before analysis. The refractive indexes of xylan and dia
lcohol xylans were determined using a refractometer (Abbemat 550; 
Anton Paar, Austria). The measurements were performed at 22 ◦C with a 
120 s calibration time. The Stokes–Einstein equation was used to 
calculate Dh (Eq. (4)): 

Dh =
kT

3πηD
(4)  

where k is Boltzmann's constant, T is the absolute temperature, η is 
viscosity, and D is a translational self-diffusion coefficient. D and the 
number distribution of Dh were estimated using the autocorrelation 
function. The viscosity was that of water at 22 ◦C (0.954 cPa), as given 
by the Zetasizer software. 

4. Results and discussion 

4.1. Characteristics of xylan 

The xylan contained 96% xylose, <2% glucose, <2% galactose, and 
<1% arabinose as determined by HPAEC-PAD. It also contained 
approximately 12% glucuronic acid side groups, as determined by NMR 
analysis using Eq. (2), close to the value provided by the manufacturer. 
Xylan was found to be completely amorphous, based on the solid-state 
NMR spectrum, which was compared to previously published assign
ments of amorphous and crystalline xylan (Meng et al., 2021). This 
observation was further supported by a comparison of solid- and 
solution-state NMR spectra. The chemical shift positions (particularly 
those of the well-resolved C1 and C5 carbons) were similar in both solid 
and solution states, reflecting the distribution of conformations in the 
former, unlike for crystalline structures. 

4.2. Periodate oxidation of xylan and analysis of the degree of oxidation 

A DO of 84%, determined by monitoring UV-absorbance intensity 
due to the consumption of periodate, was reached after 24 h. Periodate 
consumption was fast in the beginning and then slowed down (Fig. 2a). 
Considering the amount of periodate added, the reaction did not 
consume it all within 24 h, perhaps because, as Amer et al. (2016) 

Fig. 1. Oxidation, reduction, and purification sequences for preparing dialcohol xylans via periodate oxidation and sodium borohydride reduction.  
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suggested, part of the newly generated dialdehyde xylan converted to its 
hydrated structure, which could form hemiacetal linkages and prevent 
periodate from cleaving C2-C3 bonds. 

We highlight a challenge in the analysis of DO by monitoring peri
odate consumption. Xylans with a low glucuronic acid group and other 
monosaccharide side group content can be solubilized in water only 
partially or not at all. A typical approach for monitoring oxidation with 
UV absorbance is to filter the xylan solution to prevent the xylan from 
contributing to the analysis. Optimally, all xylan is filtered away, and 
only the unreacted periodate is analyzed; however, since some xylan is 
solubilized in the water, a fraction can pass through the filter, contrib
uting to the absorbance. This contribution can be subtracted using un
modified xylan absorbance. However, as oxidation proceeds, oxidized 
xylan is also generated, which adds another fraction that may contribute 
to the absorbance. The system becomes complex when more and less 
solubilized xylan fractions and the oxidized fraction are present, and the 
value for deriving the DO becomes obscured because the baseline to be 
subtracted cannot be precisely determined. 

Here, we demonstrate how the DO was determined without filtering 
the xylan fractions from the analyte (Fig. 2a). The xylan background 
absorbance was subtracted from the spectra at selected time intervals 
during oxidation on the assumption that it would not change as the DO 
proceeds. However, the background spectra were affected during 
oxidation, as can be observed based on spectra in Fig. 2b, showing that 
the DalX1 background had a lower absorbance intensity than xylan with 
the same concentration. The intensity difference corresponded to 
around 8.5% DO. Considering that the yield of the oxidized product was 
lower than that of the starting material, the actual absorbance may have 
been even lower. In addition, reflectance that may occur from particu
late matter contributes to the absorbance intensity, hence the observed 
absorbance intensity is a sum of the absorbance and reflectance con
tributions. This further amplifies the overestimation of the consumption 
of the reactant, and hence, the DO. Therefore, there is an inherent 
overestimation of the DO of the final products. The extent of misesti
mation depends on the xylan's initial degree of water solubilization and 
its development, and the value presented here should not be general
ized. An overestimation of DO was also seen in the periodate oxidation 
of cellulose (Kim & Kuga, 2001). Monitoring periodate consumption is 
useful in terms of ease of measurement, studying the kinetics of the 
reaction, and allowing to choose a time point to quench the oxidation to 
a selected degree. However, based on the observations here, a comple
mentary analysis of DO is required. Other techniques used for 

determining DO are titration (Babor et al., 1973; Chemin et al., 2016; 
Zhao & Heindel, 1991), IR spectroscopy for quantifying the aldehydes 
and their derivates (Simon et al., 2022) and NMR spectroscopy (Mae
kawa, 1991). 

4.3. Reduction of dialdehyde xylan to dialcohol xylan 

Xylan was modified following four pathways (Fig. 1): i) oxidation 
and direct reduction without quenching the remaining reactant, ii) 
quenching of the periodate residual prior to reduction, iii) quenching 
and purifying before reduction, and iv) controlling the pH (9.4) of the 
reduction to minimize degradation. Using the shortest pathway (pro
ducing DalX1), moving directly from oxidation to reduction without 
quenching the reactant, any excess IO4

− and IO3
− by-product remains in 

the solution during reduction. Besides IO4
− potentially reacting with 

NaBH4 in the reduction step (Lyttle et al., 1952), IO3
− could also have 

consumed NaBH4. Moreover, if the concentration of IO3
− and IO4

− was 
higher than that of the oxidized product, they could consume most of the 
reductant, and hence the dialdehyde xylan would be only partially 
reduced. When the excess IO4

− was consumed by the addition of ethylene 
glycol via the second pathway (producing DalX2), the ethylene glycol 
was oxidized and was present in the solution. Since this pathway 
involved no dialysis step, the oxidized ethylene glycol may have 
consumed the reductant along with the dialdehyde xylan. Using the 
third pathway (producing DalX3), the reactants were removed after 
quenching, and no diols other than xylan were present in the reduction 
step. As degradation was foreseen during NaBH4 reduction if pH was not 
controlled (Börjesson et al., 2019), using the fourth pathway (producing 
DalX4), NaH2PO4 was added to limit the pH change during a reduction 
step that also allowed for reduced reaction time (Börjesson et al., 2019). 

NMR spectroscopy was used here to determine the DO of the xylan 
backbone repeating unit (Eq. (3)). The C3 13C NMR signal of the un
modified xylan backbone monosaccharide ring turned out to be spec
trally well resolved when dissolved in DMSO‑d6, not only for pure xylan 
but also for the modified grades (Fig. 3a). As highlighted in Fig. 3b-c, the 
C3 chemical shift of 74.47 ppm for xylan was downfield shifted to 75.14 
ppm due to the oxidation and reduction steps. The integral regions based 
on Eq. (3) were 74.0–75.0 and 74.75–75.6 ppm for xylan and dialcohol 
xylan, respectively. The error in this procedure was estimated by 
comparing the integral intensity of the C1 region at 96–106 ppm with 
the different measurements. The error estimation was found to be 1.3% 
of C1 intensity variability (using a 95% confidence interval), and the DO 
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Fig. 2. (a) Degree of oxidation of xylan determined via periodate consumption monitoring using UV absorbance at 290 nm; (b) UV–Vis spectra of xylan (brown) and 
DalX1 product (black) solubilized in water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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values for the backbone are provided in Table 1. All the routes resulted 
in a DO between 77 and 80%. The values are lower than the estimation 
from observing reactant consumption via UV–Vis and support the hy
pothesis of it overestimating the DO. It should be noted that possible 
oxidation of glucuronic acid side groups and their connecting backbone 
monosaccharide were not considered here. 

4.4. Molecular characteristics of dialcohol xylan in solution 

The modification of xylan by cleaving the monosaccharide ring is 
known to involve some degree of depolymerization (Amer et al., 2016; 
Börjesson et al., 2018; Chemin et al., 2016). Given the long reaction time 
of 24 h and the relatively high periodate:AXU ratio (1:1), it is unsur
prising that some degradation of the xylan occurred, as indicated by the 
reduction of both Mw and Mn and an increase in the dispersity of the 
modified grades (Table 2). Interestingly, a large degree of degradation, 
as seen previously with similar periodate:AXU ratios after 6 h, (Chemin 
et al., 2016) was not observed. The quenching and dialysis steps 
appeared to make little difference to the extent of degradation. Mean
while, buffering the reduction step seemed to increase the dispersity of 
the end product compared to the unbuffered conditions. We note that 
with each grade we also detect a fraction of small molecules that are 
below 180 Da. This fraction is present even within the starting material 
and hence cannot be explained to result from the modification. 

The unmodified xylan solubilized in water was visibly yellowish and 
turbid. Turbid dispersions indicate micrometer-sized structures that 
scatter light. In general, it is thought that the solubilization of xylan in 

water is poor owing to its linear stiff backbone and ribbon-like confor
mation. The ribbon-like conformation promotes the close packing and 
interchain bonding of xylan chains, and the compact polymer structure 
reduces interactions with water (Guo et al., 2017). The dialcohol xylans 
solubilized in water were colorless and translucent independently of the 
modification route. The modification increased the ability to solubilize 
xylan in water, possibly due to the decreasing molecular weight and the 
opening of the monosaccharide ring. The Dh of the molecules was 
determined in water and as a function of xylan and dialcohol xylan 
concentrations. The number average Dh of the xylan and dialcohol xy
lans in water was in the range of 21–26 nm at a 0.5 wt% concentration 
(Fig. 4a), with unmodified xylan having the highest Dh. Increasing the 
xylan concentration to 1 wt% and 2 wt% led to an increase in Dh to 44 
nm and 52 nm, respectively. Large aggregates were removed by filtering 
before measurement; therefore, the Dh values of xylan, as shown in 
Fig. 4a, represent only the fractions that were retained. The attempted 
Dh determination for xylan at a 2 wt% concentration without filtering 
resulted in a large deviation between repetitions, although large ag
gregates were not detected. The upper detection limit of the instrument 
was 10 μm. 

Increasing the dialcohol xylan concentration to 1 and 2 wt% did not 
lead to a statistically significant increase in Dh, except for DalX1, with a 
DalX1 increase to 32 nm. The unchanged Dh of the dialcohol xylans 
(DalX2–4) as a function of concentration, compared to the increase in Dh 
of the xylan, indicated that the modified grades had a lower tendency to 
aggregate, and thus were better solubilized in water. Kishani et al. 
(2019) observed that the Dh of arabinoglucuronoxylan was <10 nm at a 

Fig. 3. a) Quantitative 13C NMR spectra of xylan and DalX1–4, and the integral of total area at the intact C3 position b) between 74 and 75 ppm in xylan and c) 
between 74.75 and 75.6 ppm in DalX1–4. The green mask in b) and c) indicates the integral region. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 1 
Summary of the degree of oxidation of dialcohol xylans.  

Grade DONMR in backbone (%) DOUV (%) 

DalX1  77  84 
DalX2  80  84 
DalX3  77  84 
DalX4  79  84  

Table 2 
Molecular weight and dispersity (Mw/Mn) of xylan and dialcohol xylans.   

Xylan DalX1 DalX2 DalX3 DalX4 

Mn (kDa) 18.5 9.3 9.6 9.5 8.2 
Mw (kDa) 23.8 18.7 18.2 18.3 18.0 
Mw/Mn 1.3 2.0 1.9 1.9 2.2  
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0.1 wt% concentration, the Dh increased to >60 nm at a 1.5 wt% con
centration. The dialcohol xylans obtained here exhibited a smaller in
crease in Dh over a similar concentration range. This implies a lower 
tendency of aggregation of dialcohol xylans. The solubilization of the 
xylan appear more complex than only a matter of molecular weight or 
number of side units alone, but that the cleaving modification could be 
used to increase solubilization at higher concentrations. 

The reduction pathways had little influence on the Dh for the 
reduction routes studied (DalX2, DalX3, and DalX4), except for DalX1. 
Distribution curves for DalX1 (Fig. 4b) illustrated low dispersity; how
ever, at a 2 wt% concentration, DalX1 included a second population that 
was detected in the autocorrelation curves (Fig. 4c). 

5. Conclusion 

Quenching excess periodate, purification before reduction, and 
buffering the reduction pH did not significantly impact the degree of 
modification and molar mass of dialcohol xylan, allowing the most 
practical route to be selected. All selected oxidation and reduction 
routes, resulted in modified xylans that could be solubilized in water. 
There was an improvement in solubilization compared to the unmodi
fied xylan, which was only partly solubilized, and that fraction also 
exhibited moieties with larger hydrodynamic radii than those of the 
modified grades. Furthermore, the unchanged hydrodynamic radius of 
the dialcohol xylans as the concentration increased indicated that the 
modified grades had a lower tendency to aggregate and were thus better 
solubilized in water compared to the unmodified xylan. The improved 
solubilization in water was due to the cleavage of the monosaccharide 
units in the backbone and a reduction in molar mass. Hence, we add a 
further variable to the puzzle of xylan solubilization that so far has been 
governed by the molecular weight, the number and kind of side units, 
and interchain interactions. Our focus here on the work up procedure 
allows to develop efficient processing for manufacturing of the dialcohol 

xylan grades. 

CRediT authorship contribution statement 

CP: Experimental work and writing the original draft. KN: NMR 
Spectroscopy measurements and analysis, writing, reviewing, editing. 
FA: SEC measurements and analysis, writing, reviewing, editing. KM: 
SEC analysis, writing, reviewing, editing. LE: NMR Spectroscopy anal
ysis, writing, reviewing, editing. AS: Conceptualization, writing, 
reviewing, editing. TN: Conceptualization, writing, reviewing, editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We appreciate the receipt of the Swedish Research Council grant 
(registration number 2017-05138), SNS Nordic Forest Research grant 
(grant number SNS-127) and thank the Wallenberg Wood Science Center 
and the Materials Science Area of Advance at Chalmers for funding. We 
also thank the Swedish NMR Centre at the University of Gothenburg for 
its support. We thank Anette Larsson for discussions regarding UV–Vis 
spectroscopy analytics. Finally, we acknowledge the Division of Forest 
Products and Chemical Engineering at Chalmers for access to carbohy
drate analysis. 

References 
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