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Abstract Accurate determination of molar mass

distribution for disperse cellulose samples has proved

to be a challenging task. While size-exclusion chro-

matography coupled to multi-angle light scattering

(MALS) and differential refractive index (DRI)

detectors has become the most commonly used

method for molar mass determination of celluloses,

this technique suffers low sensitivity at the low-molar

mass range. As discussed here, the universal method

for accurate molar mass distribution analysis of

cellulose samples not exists and thus thorough under-

standing on the differences of the various method-

ological approaches is important. In this study, the

focus is in the accurate determination of the low-

molar mass fraction. The results obtained by combin-

ing the two calibration strategies, MALS/DRI for

polymeric region of a cellulose sample and conven-

tional calibration for oligomeric region, was compared

to the results obtained using only MALS/DRI (with

extrapolation of the curve where signal-to-noise of

MALS is low). For birch pulp sample, the results from

the two approaches were comparable; it should be

highlighted, however, that MALS/DRI slightly over-

estimates the molar masses at the low-molar-mass

region.

Keywords Size-exclusion chromatography �
Cellulose � Cello-oligomers � Oligomeric region �
Light-scattering detection

Introduction

Accurate knowledge on the molar mass distribution of

polymeric material is often important when evaluating

the material’s structure–function properties. This

applies also for highly disperse biopolymers, such as

polysaccharides. Molar mass determination of

polysaccharides is not a straightforward task (Maina

et al. 2014; Potthast et al. 2015; Striegel et al. 2009a).

Variation in chain length, heterogeneous chemical

composition, challenges in dissolution, and impurities

complicates the molar mass determination of polysac-

charides, among other factors. A good example is

cellulose, the most abundant renewable material,

which commonly has a broad chain length distribution

from oligomeric material to ultra-high molar mass

chains, and a very limited solubility in common

solvents. A lot of effort has been made in order to find

‘‘a universal method’’ for accurate molar mass deter-

mination of cellulose (Potthast et al. 2015) but the

complexity of the material makes this task mission

impossible. Critical evaluation of the pros and cons of

different methods deserves, however, to be thoroughly

discussed.
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In order to obtain information on the distribution of

different chain lengths, separation technique is needed

to separate the fractions with different sizes. Size-

exclusion chromatography (SEC) is the most common

technique for determination of molar mass distribu-

tion. Basically, two different approaches are com-

monly used to determine the molar mass for each size-

separated fraction: either the columns are calibrated

using narrow dispersity molar mass standards or the

light-scattering detector is employed. Since the rela-

tionship between the size and molar mass is different

for structurally different polymers, the column cali-

bration approach usually gives biased values (or the

values should be given as ‘‘equivalents’’ of the

calibrant, such as pullulan equivalents). In general,

light-scattering detection (most commonly multi-an-

gle light scattering, MALS, detection) gives more

realistic molar mass values since it is independent of

calibrants. Despite of the fact that MALS is nowadays

the preferred method, it has some well-known limita-

tions. MALS detection has low sensitivity in the low-

molar mass region. In addition, concentration and

refractive index increment (qn/qc) are included in the

light-scattering equation (Striegel et al. 2009b). Thus,

the accuracy of these parameters (for each SEC

separated fraction) has direct impact on the accuracy

of the molar mass values from MALS. It is often

assumed that qn/qc is constant for the disperse

polymer sample, but it should be noted that this

parameter is dependent on the chemical composition.

In addition, qn/qc of oligomeric material might differ

from the one determined for the polymeric counterpart

due to the chain ends that are more abundant in the

oligomeric part of the sample (Striegel 2013). The

other required parameter, concentration, is most often

determined by differential refractive index detector

(DRI). qn/qc is also needed for determination of

concentration for each SEC separated fraction. Alter-

natively, it can be assumed that the area under the DRI

signal corresponds to the injected amount. If this latter

approach is used, special care must be taken during the

sample preparation.

While the challenges in the accurate determination

of molar mass for ultra high-molar-mass polysaccha-

rides has been in the focus during the recent years

(Isenberg et al. 2010; Maina et al. 2014), the

challenges related to the accurate mass characteriza-

tion of low-molar-mass fraction of the polysaccharides

has gained less attention (Striegel and Alward 2002;

Striegel 2013). Depending on the application, the

accurate knowledge on the lower range of the molar

mass distribution might be significant. One good

example is spinning of man-made cellulosic fibers for

textiles and clothing. It has been shown that spinnabil-

ity largely depends on the amount of the high molar

mass fraction (degree of polymerization, DP[ 2000)

as well as the amount of the low-molar mass fraction

(DP\ 100) of cellulose sample and thus, accurate

quantitation of both ends of the molar mass distribu-

tion is highly important (Michud et al. 2015). In case

of cellulose, an attempt was made to solve the problem

associated with the MALS/DRI approach or column

calibration with structurally different standard com-

pounds by preparing cello-oligomeric standards up

to the degree of polymerization (DP) of 21 (Oberler-

chner et al. 2016; Zweckmair et al. 2016). This is the

best approach for accurate characterization of low-

molar mass celluloses but preparation, purification,

and mass characterization of the cello-oligosaccha-

rides (by mass spectrometry) is quite time-consuming.

In addition, another method for fractions with higher

molar mass chains is still needed. In case of cellulose,

correction factors for calibration between the two

structurally different calibrants (i.e. cello-oligosac-

charides and commercially available narrow disper-

sity calibrants) (Oberlerchner et al. 2016) or calibrant

and MALS/DRI calibration curve (Berggren et al.

2003) has also been established. By using correction

factors, error in the column calibration approach can

be significantly reduced especially at the high molar

mass region.

In this work we compared different SEC calibration

approaches for the determination and quantitation of

the low molar mass fraction from a disperse cellulose

sample. Differences between the results obtained by

these methods were critically evaluated and the

problems related to both MALS/DRI detection and

conventional calibration were comprehensively

discussed.

Experimental

Materials

Pre-hydrolyzed kraft birch pulp sample was from

Stora Enso (Enocell mill, Finland). Pullulans and

polystyrenes were from Polymer Standards Service
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(Mainz, Germany) and cello-oligosaccharides (cel-

lobiose, cellotriose, cellotetraose, and cellopentaose)

and linear xylo-oligosaccharides (xylobiose, xylo-

triose, xylotetraose) from Megazyme (Wicklow, Ire-

land). Dextrans with nominal molar masses of 1000

and 5000 g/mol were from Sigma-Aldrich (Buchs,

Switzerland). Pullulans (nominal molar masses of 342,

1080, 6100, and 107,000 g/mol) were from Polymer

Standards Service (Mainz, Germany). Microcrys-

talline cellulose (MCC) and lithium chloride (LiCl)

were from Merck (Darmstadt, Germany) and HPLC

grade N,N-dimethylacetamide (DMAc) from VWR

Prolabo Chemicals (Radnor, USA).

Size-exclusion chromatography

The instrument consisted of Dionex Ultimate 3000

HPLC module (Thermo Fisher Scientific Inc., Wal-

tham, US), Shodex DRI (RI-101) detector (Showa

Denko, Ogimachi, Japan), and Viscotek/Malvern SEC/

MALS 20 multi-angle light-scattering (MALS) detec-

tor (Malvern Panalytical Ltd., Malvern, UK). The set

of four PLgel MIXED-A columns (Agilent Technolo-

gies Inc., Palo Alto, US) were used for separation with

the flow rate of 0.75 ml/min. The samples were

dissolved in the eluent (0.9% LiCl in DMAc) using

solvent exchange procedure (water/acetone/DMAc)

(Potthast et al. 2002). The injection volume was

100 ll. Detector constants (MALS and DRI) were

determined using narrow polystyrene sample (Mw =

96,000 g/mol, Ð = 1.04, refractive index increment,

qn/qc, 0.146 ml/g) dissolved directly in 0.9% LiCl in

DMAc. Broad polystyrene sample (Mw = 248,000

g/mol, Ð = 1.73) was used for checking the detector

calibration. The qn/qc value of 0.136 ml/g was used for

celluloses in 0.9% LiCl in DMAc (Schelosky et al.

1999; Potthast et al. 2015). The qn/qc values are known

to be wavelength dependent and the value commonly

increases with decreasing wavelength. Similar behav-

ior has been observed for cellulose (Ono et al. 2016) but

since the effect of wavelength in case of cellulose

seems to be quite insignificant, the generally accepted

value of 0.136 ml/g measured at 488 nm was used.

Cello-oligosaccharides (DP 3–6) were analyzed to

construct conventional calibration curve for low-molar

mass region. The qn/qc for cello-oligosaccharides,

dextrans (nominal molar masses 1000 and 5000)

pullulans (nominal molar masses 342, 1080, and

21,100) and xylo-oligosaccharides (DP 2–4) in 0.9%

LiCl in DMAc were determined from the online SEC/

DRI experiment assuming 100% recovery.

Results and discussion

Challenges of using MALS detection for low-

molar mass celluloses

As already pointed out in Introduction, light scattering

detection has challenges in the detection of low-molar-

mass analytes. Approximation of well-known Ray-

leigh–Gans–Debye equation (Wyatt 1993; Striegel

et al. 2009a, b) yields:

LS / Mw � c� on

oc

� �2

ð1Þ

where LS is light scattering detector response, Mw is

weight-average molar mass, c is concentration, and

qn/qc is refractive index increment. From this approx-

imation we can see that light scattering detector

response is directly proportional to the weight-average

molar mass which explains the low sensitivity of this

detection technique in the low-molar mass region.

Since the LS detector response is also proportional to

concentration, increasing the concentration of an

oligomeric SEC sample yields better signal-to-noise

of light scattering signal, but this approach cannot be

used for high dispersity samples such as cellulose

which also contains ultra-high molar mass chains (risk

of entanglement formation and saturation of light

scattering detector signals). Thus, commonly the way

to obtain molar mass for oligomeric region of disperse

analyte by static light scattering technique is to

extrapolate the molar mass calibration curve. This

was also done in this study for the birch pulp sample.

As can be seen in Fig. 1, the extrapolated part (MALS/

DRI curves without any noise) starts around retention

volume of 29 ml. In this case, with the instrumentation

used and with sample concentration of * 1 mg/ml,

extrapolated curve for molar masses below * 38,000

g/mol was used.

Comparison of MALS/DRI and conventional

calibration for low-molar-mass region

In addition to constructing the calibration curve for

standard pulp sample by MALS/DRI approach,
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conventional calibration curve was constructed using

commercially available low-molar-mass (DP 3–6)

cello-oligosaccharides. Since these oligosaccharides

cover very narrow molar mass range

(504–991 g/mol), MCC with molar mass of

23,900 g/mol (determined by SEC-MALS/DRI) was

also used in order to draw a calibration curve for the

low-molar-mass region where MALS/DRI calibration

curve is extrapolated. For better comparison between

MALS/DRI and conventional calibration curves,

conventional calibration curve was extrapolated to

cover the whole molar mass region of the pulp peak

(Fig. 1). As can be seen in Fig. 1, both calibration

curves overlay in the molar mass region which covers

the most abundant fractions of the pulp sample

(measured molar mass values from MALS/DRI and

extrapolated values from conventional calibration

curve). The two calibration lines, however, deviate

from each other at the high and the low-molar mass

region. It seems that at the high molar mass region the

extrapolated conventional calibration gives higher

molar mass values than MALS/DRI curve whereas the

situation is opposite at the low-molar mass region.

Similar behavior has been reported for kraft pulp

cellulose except that the conventional calibration

curve was constructed using narrow dispersity pullu-

lan standards (Berggren et al. 2003). Since the molar

masses of the early eluting (high-molar-mass) species

can be measured by MALS/DRI, these ‘‘absolute’’

molar mass values can be considered reliable. As

already pointed out, MALS/DRI curve is extrapolated

at the low-molar mass region and thus it is very likely

that the accuracy of the conventional calibration curve

is better for low molar masses than the MALS/DRI

curve. Thus, it can be assumed that the MALS/DRI

method combined with the separation technique,

which is generally considered to be the most accurate

method for determining the molar mass distribution of

disperse homopolymers, overestimates the molar mass

of low-molar mass cellulose and cello-oligosaccha-

rides. An overestimation of the molar mass of

oligomeric region can affect the number-average

molar mass calculated from the distribution. The

effect on the weight-average molar mass of disperse

cellulose sample is less pronounced as will be

discussed later.

The dilemma of obtaining reliable molar masses for

oligomeric celluloses/cello-oligosaccharides has been

discussed by Oberlerchner et al. (2016). They prepared

monodisperse cello-oligosaccharides up to DP 21 by

acetolysis and preparative chromatographic separa-

tion, constructed the SEC calibration curve using the

in-house prepared cello-oligosaccharides, and com-

pared the calibration curve to the ones obtained by

commercial narrow dispersity standards namely, pul-

lulan, polystyrene, PMMA, and dextran. While the

calibration curves constructed using synthetic poly-

mers polystyrene and PMMA deviated significantly

from the cello-oligosaccharide curve, low-molar-mass

dextran and pullulan showed similar retention behav-

ior to cello-oligosaccharides (similar elution behavior

of cello-oligosaccharides and low-molar-mass pullu-

lans was observed in this study; results not shown).

Even though it is a known fact that, in general,

pullulan calibration overestimates the molar mass data

of (1 ? 4)-linked polysaccharides (Oberlerchner

et al. 2016; Pitkänen et al. 2017), it seems that this is

not the case for the low-molar-mass region. Oberler-

chner et al. (2016) also compared the cello-oligosac-

charide calibration curve to the extrapolated MALS/

DRI curve of Avicel cellulose. Similarly to the

observations made in this study, the extrapolated

MALS/DRI curve gave overestimated molar mass

values.

Since MALS detector is not always available and

because pullulan calibration curve is known to over-

estimate the molar masses of celluloses (mid and high

chain lengths), correction factors have been deter-

mined between MALS/DRI calibration curves and
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Fig. 1 DRI chromatogram and molar mass for a birch pulp

sample. Open circles represent the calibration curve based on

the MALS/DRI detection and red line calibration curve based on

the cello-oligomers and MCC
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conventional calibration curves in order to obtain

MALS/DRI equivalent molar masses for celluloses

using conventional calibration (Berggren et al. 2003).

The molar mass results obtained from conventional

pullulan calibration are more realistic if correction

factors have been used but it should be kept in mind,

however, that molar mass of low-molar mass region is

still overestimated (because MALS/DRI overestimate

the masses in the low-molar-mass region). In addition,

the correction factors are sensitive to experimental

setup, such as concentration of the LiCl in DMAc

(LiCl has huge impact on the refractive index of the

solvent; see the discussion later for further details) and

SEC separation.

Effect of calibration on the quantitation

of cellulose low-molar-mass fraction

As already discussed in Introduction, the accurate

quantitation of low-molar-mass fraction of cellulose is

important for certain applications, such as when

evaluating the spinnability of pulp for production of

man-made cellulose fibers. As discussed in the previ-

ous chapter, molar mass obtained by MALS/DRI

method for each SEC separated low-molar mass

fraction is inaccurate (overestimate) and that the

cello-oligosaccharide calibration curve gives more

realistic molar masses for the low-molar mass cellu-

lose chains. In principle, the elution volume of each

sample fraction in relation to calibrants determines the

molar mass and the DRI peak height the relative

concentration if the conventional calibration is used

for determination of molar mass distribution. The

effect of calibration curve on the molar mass distri-

bution of pulp sample is presented in Fig. 2. As can be

seen in Fig. 2, when conventional calibration is used,

low-molar-mass analytes with molar masses ranging

from 800 to 2000 g/mol is present. These fractions are

not quantified when MALS/DRI method is used.

Even though the calibration method for the low-

molar mass region have clear effect on the molar mass

distribution, only small effect on the distribution

averages can be observed (Table 1). Weight-average

molar mass (Mw) is practically not affected at all

which is expected due to the emphasis of this average

on the mass of the chains. Number-average molar

mass (Mn) is more affected; Mn obtained when two

calibration methods are combined, conventional cal-

ibration for low-molar mass region and MALS/DRI

for the masses C 39,000 g/mol, is 25% lower com-

pared to the value which was obtained using only the

MALS/DRI calibration. The change in Mn value also

affect the dispersity. Due to the quantitation of lower

molar masses by conventional calibration, the propor-

tion of chains having molar mass lower than DP 100

(16,200 g/mol) is larger (7.4%) compared to case

where this value is calculated from the data obtained

solely by MALS/DRI (6.4%). DP\ 100 is important

parameter describing the spinnability of the cellulose

fibers. It has been reported that high-molar-mass

chains combined with a low amount of short-chain

fraction (DP\ 100) favors the formation of high

strength cellulosic fibers (Michud et al. 2015). The

significance of the differences in the data obtained

with different calibration curves obviously depend on

the application but for the pulp sample used in this

study as a model cellulose sample, the differences

cannot be considered very significant.

Refractive index increment (qn/qc) values

for oligosaccharides

The lowest molar masses which can be determined by

MALS/DRI method (without extrapolation) greatly

depend on the sensitivity of the MALS detector and

also the concentration of the analyte. As an example,

good MALS signal-to-noise has been reported for

styrene monomer (M = 104 g/mol) when 10 mg of

103 104 105 106
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Fig. 2 Molar mass distribution of a birch pulp sample

determined using MALS/DRI method and calibration where

cello-oligosaccharides have been used for low-molar mass

region (M B * 39,000 g/mol; the point in which the two

calibration lines intersect in Fig. 1)
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sample was injected (Striegel and Alward 2002) (it

should be noted that the common injected mass is

around 0.05–0.1 mg for celluloses). As can be seen

from the Eq. (1), the concentration for each eluted SEC

fraction is crucial in order to obtain the molar mass

from the MALS detector. Thus, the concentration

sensitive detection such as DRI is commonly used

together with light scattering detector. The response of

the DRI detector is proportional to both c and qn/qc:

DRI / c� on

oc

� �
ð2Þ

In practice, if the qn/qc is known, the concentration

can be determined with DRI detector. The qn/qc values

for certain polymer/solvent combinations can be

found from the literature (Theisen et al. 2000) or

those can be measured with refractomer using either

online or offline approach. In general, it is assumed

that qn/qc is constant for certain sample and no molar

mass dependence occurs. However, the qn/qc values

for low molar mass analytes may no longer be constant

due to a larger number of chain ends (Striegel 2013).

The determination of qn/qc for cellulose has proved

to be a challenging task. In order to measure qn/

qc accurately, sample concentration needs to be

known precisely. Poor solubility of cellulose compli-

cates this task. Direct dissolution of cellulose samples

to DMAc containing 8–9% LiCl (after activation steps

with water, acetone and neat DMAc) has become a

standard sample preparation procedure for SEC

(Sjöholm et al. 1999; Matsumoto et al. 2001; Potthast

et al. 2015). The samples are commonly diluted before

the SEC analysis with neat DMAc to obtain a final

LiCl concentration of 0.5–0.9% and the same compo-

sition is used as mobile phase in SEC analysis. Even

though DMAc/LiCl dissolves cellulose well, LiCl salt

complicates further the determination of qn/qc. The

qn/qc value of 0.324 ml/g has been reported for LiCl

dissolved in DMAc (Berggren et al. 2003). This value

is significantly higher than the values reported for

cellulose (values for cellulose range from around

0.100 ml/g to 0.140 ml/g depending on the concen-

tration of LiCl; the higher the LiCl concentration, the

higher the qn/qc). Also, LiCl is known to interact with

the hydroxyl groups of polysaccharides and thus the

distribution of LiCl is not even in the solutions

(Striegel 1998; Ono et al. 2016). Due to this

phenomenon, online measurement of qn/qc (separation

of a fully dissolved sample with SEC columns and

detection of a sample with known concentration by

DRI detector) has proved to be more reliable than the

off-line measurements (in which series of samples

with various concentration is directly injected to the

DRI detector cell). It has been speculated that the LiCl

is more evenly distributed in the cellulose solution

when the cellulose concentration is low (as is the case

in SEC for each eluted fraction) than when it is higher

(as is the case when the qn/qc value is determined off-

line); LiCl concentration in the vicinity of the

cellulose chains is higher as compared to the solvent

which is located further away from the cellulose (Ono

et al. 2016). Due to this effect, the qn/qc values

obtained using off-line method are too low. Cellulose

forms stable structures with LiCl leading to struc-

turally heterogeneous solutions. Despite of the chal-

lenges in determining qn/qc for celluloses, reliable

data on qn/qc are available in the literature (Schelosky

et al. 1999; Potthast et al. 2015; Ono et al. 2016). To

our knowledge, however, qn/qc for oligomeric carbo-

hydrates is less studied.

As already stated, reliability of the MALS/DRI data

for oligomeric region greatly depend on the sensitivity

of the MALS detector. If good MALS signal-to-noise

can be achieved, correct molar mass data can be

obtained if the qn/qc is known. In this study, the qn/

qc for cello-oligosaccharides with different DP was

measured online (in DMAc with 0.9% of LiCl) to find

out the possible effect of DP on the qn/qc value

(Table 2). The qn/qc values of other glucose contain-

ing oligo- and polysaccharides, namely dextran and

pullulan were measured for reference. Hardwood pulp

samples commonly contain a small amount of

Table 1 Molar mass averages for standard pulp sample calculated using different approaches

Mw (g/mol) Mn (g/mol) Ð DP\ 100 (%) DP[ 2000 (%)

SEC-MALS/DRI 156,400 50,300 3.11 6.6 11

SEC with combined calibration 156,800 38,800 4.04 7.4 11
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hemicelluloses (mainly xylans; this particular pulp

sample contains 5.2% of xylan) which are known to

have lower molar mass compared to cellulose. Since

xylans might elute as part of a low-molar mass

fraction, the qn/qc value for xylo-oligosaccharides

was measured in order to see if there was any

difference between the qn/qc value of hexo-oligosac-

charides (glucose-based oligosaccharides) and pento-

oligosaccharides (xylose-based oligosaccharides).

The qn/qc value for the lowest molar mass hexo-

oligosaccharides (both cello-oligosaccharides and

pullulans) was around 0.15 ml/g (Table 2), which is

higher compared to value of 0.136 ml/g which is

commonly used for cellulose (Potthast et al. 2015).

Oligosaccharides contain higher number of free

hydroxyl groups compared to the corresponding

polymers due to the abundance of chains ends. As

discussed in the previous paragraph, LiCl interacts

with free hydroxyl groups, which in turn increases the

qn/qc. The qn/qc was significantly lower for oligosac-

charides with somewhat higher molar mass (molar

mass of * 1000 g/mol and above), being around

0.13 ml/g (in case of pullulan, the oligosaccharide

having molar mass of 1080 had qn/qc close to 0.15 ml/

g, but sample with molar mass of 6100 has lower qn/

qc of 0.132 ml/g). Thus, it seems that these higher-

molar-mass oligosaccharides behave optically the

same way as the corresponding polysaccharides.

Pento-oligosaccharides had quite low qn/qc compared

to hexo-oligosaccharides. The qn/qc values for xylo-

oligosaccharides (DP 2–4) varied between 0.115 and

0.123 ml/g. The difference in the qn/qc values

between the pento-oligosaccharides and hexo-

oligosaccharides can be explained by the different

amount of free hydroxyl groups in the structures.

Cello-oligosaccharides have higher number of free

hydroxyl groups in their structure than the xylose-

containing structures due to free hydroxyl group at

position of C6 which is absent in xylose (since both of

the structures are (1 ? 4)-linked, free hydroxyl

groups exists at the positions C2 and C3). It is likely

that higher amount of LiCl is bound to the cello-

oligosaccharides than to the xylo-oligosaccharides due

to the higher number of free hydroxyl groups in the

former. Similar behavior applies to low-molar mass

dextrans and pullulans as for cello-oligosaccharides.

Dextrans are (1 ? 6)-linked glucose polymers and

thus this structure has free hydroxyl groups at the

positions of C2, C3, and C4. Pullulan has a-(1 ? 4)-

and a-(1 ? 6)-linkages in its structure and contains

free hydroxyl groups at the positions C2, C3 and C4 or

C6.

As a summary, knowledge on the qn/qc of cello-

oligosaccharides is crucial if accurate molar mass data

for low-molar mass celluloses want to be obtained by

MALS (i.e., the concentration of the analytes are

sufficient and/or the sensitivity of the detector is high

enough for good signal-to-noise ratio of the light

scattering signals). Pulps often contain small amounts

of hemicelluloses such as xylans which have lower

molar mass than celluloses and thus elute in SEC at

higher retention volumes together with low-molar

mass celluloses. It was showed in this study that cello-

oligosaccharides have higher qn/qc values than the

xylo-oligosaccharides due to the higher number of the

free hydroxyl groups which interact with LiCl in the

solution. If the sample contains both cello-oligosac-

charides and xylo-oligosaccharides, the average qn/

qc likely falls somewhere close to the value which is

used for cellulose (0.136 ml/g) and this difference

between the qn/qc values of the two oligosaccharide

classes likely has only very insignificant impact on the

accuracy of the molar mass results. Even though it was

not investigated in this study, it is very likely that

polymeric xylan has somewhat lower qn/qc value in

DMAc/LiCl than (polymeric) cellulose. Methyl glu-

curonoxylan in hardwood contains methylglucuronic

Table 2 Refractive index increment (qn/qc) values for cello-

oligosaccharides (DP 3–5), low-molar-mass dextrans and pul-

lulans, and linear xylo-oligosaccharides (DP 2–4) dissolved in

DMAc with 9 g/l of LiCl

qn/qc (ml/g)

Cellotriose C3 (504 g/mol) 0.1496 ± 0.0006

Cellotetraose C4 (667 g/mol) 0.1472 ± 0.0004

Cellopentaose C5 (829 g/mol) 0.1264 ± 0.0004

Dextran 1000 0.1286 ± 0.0007

Dextran 5000 0.1293 ± 0.0017

Pullulan 342 0.1516 ± 0.0012

Pullulan 1080 0.1467 ± 0.0008

Pullulan 6100 0.1319 ± 0.0003

Pullulan 107,000 0.1331 ± 0.0001

Xylobiose X2 (282 g/mol) 0.1146 ± 0.0005

Xylotriose X3 (414 g/mol) 0.1128 ± 0.0006

Xylotetraose X4 (547 g/mol) 0.1233 ± 0.0004

Molar masses of oligosaccharides are in parentheses
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acid side groups and high number of xyloses in the

xylose backbone carry acetyl groups at the position of

C2 and/or C3 (Timell 1967; Jacobs et al. 2001) which

decrease further the number of free hydroxyl groups.

Thus, in the case of a mixture of cellulose and xylan,

the molar masses obtained by MALS/DRI could

slightly be underestimated if the qn/qc value for

cellulose is used. Other hemicellulose fraction which

can be found in softwood pulp, galactoglucomannan,

consists of hexoses and, most likely, behave optically

the same way as cellulose even though, similarly to

methyl glucuronoxylan, some of the hydroxyl groups

of mannose and glucose units carry an acetyl group at

the position of C2 or C3 (Timell 1967; Willför et al.

2008).

Conclusions

Molar mass determination of cellulose is often a

challenging task due to the broad mass range from

several millions grams per mole to low-molar-mass

(oligomeric) region. Due to the broad molar mass

range of cellulose, different chain lengths need to be

separated from each other before determination of

their molar mass. Separation is commonly done by

size-exclusion chromatography (SEC). Coupling of

SEC to multi-angle light scattering (MALS) and

differential refractive index detectors (DRI) allows

the molar mass determination without calibrants but

the sensitivity of the light scattering detector at the

low-molar mass region is often too low for accurate

determination of molar mass and in these cases, molar

mass for oligomeric region is obtained by extrapola-

tion of the MALS/DRI curve. More accuracy to the

low-molar mass region can be obtained by using the

cello-oligo standards and constructing the conven-

tional calibration curve. Commercial cello-oligo stan-

dards are, however, available only up to DP 6 and

preparation of standards with higher chain lengths is a

tedious task. Thus, it is impossible to find the universal

method for determination of molar mass distribution

for highly disperse cellulose samples.

In this study, we combined the two calibration

methods, MALS/DRI for molar masses higher than *
39,000 g/mol and conventional calibration curve for

the region with molar masses below this number, for

molar mass distribution characterization of birch pulp

sample. When the data from this combined method

was compared with the data obtained solely by MALS/

DRI (with extrapolation at the low-molar-mass

region), it was clear that the molar mass of the low-

molar-mass region was overestimated by MALS/DRI

method. The molar mass averages were, however,

quite comparable with each other. Number-average

molar mass was somewhat lower when conventional

calibration was used for low-molar-mass region. All in

all, it can be concluded that MALS/DRI can be

considered the method of choice if the small errors in

the low-molar mass region can be accepted. For

samples containing only low-molar-mass celluloses

(e.g., degraded celluloses), high sample concentration

is required for obtaining adequate MALS signal-to-

noise. If molar mass data for oligomeric celluloses is

determined with MALS/DRI, the change in the qn/

qc value compared to the polymeric cellulose should

be taken into consideration.
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