
Vol.: (0123456789)
1 3

Cellulose (2023) 30:8221–8233 
https://doi.org/10.1007/s10570-023-05414-2

ORIGINAL RESEARCH

Molar masses and molar mass distributions of commercial 
regenerated cellulose materials and softwood dissolving 
pulp determined by SEC/MALLS

Yuko Ono · Gaoyuan Hou · Korawit Chitbanyong · 
Miyuki Takeuchi · Akira Isogai 

Received: 9 May 2023 / Accepted: 18 July 2023 / Published online: 26 July 2023 
© The Author(s) 2023

Abstract  The molar masses and molar mass dis-
tributions of three commercial regenerated cellulose 
samples, viscose rayon, Tencel, and Bemliese (or 
cuprammonium nonwoven), have been determined by 
dissolution in 8% (w/w) lithium chloride/N,N-dimeth-
ylacetamide (LiCl/DMAc) and subsequent size-exclu-
sion chromatography with multi-angle laser-light 
scattering detection (SEC/MALLS). Before dissolu-
tion in LiCl/DMAc, the regenerated cellulose sam-
ples were pretreated by the following three methods: 
(1) soaking in ethylene diamine (EDA) and subse-
quent solvent exchange to N,N-dimethylacetamide 
(DMAc) through methanol, (2) soaking in water and 
subsequent solvent exchange to DMAc through etha-
nol, and (3) soaking in water and subsequent solvent 
exchange to tert-butyl alcohol through ethanol and 
freeze dying. The pretreated samples were dissolved 
in 8% (w/w) LiCl/DMAc by stirring the cellulose/
LiCl/DMAc mixtures for 1–3  weeks followed by 

dilution to 1% (w/v) LiCl/DMAc for SEC/MALLS 
analysis. The EDA- and water-pretreated samples 
gave almost the same SEC-elution pattens and molar 
mass plots, resulting in similar number- and mass-
average molar masses. However, the freeze-dried 
samples gave 10%‒20% lower mass recovery ratios 
than those obtained for the EDA- or water-pretreated 
samples, probably because of incomplete dissolution 
of the freeze-dried samples in 8% (w/w) LiCl/DMAc. 
The average mass-average degree of polymerization 
values of viscose rayon, Tencel, and Bemliese were 
340, 530, and 880, respectively. The slopes of the 
conformation plots were 0.58–0.62, showing that all 
of the molecules in the three regenerated cellulose 
samples were dissolved in 1% (w/v) LiCl/DMAc, 
forming linear random-coil conformations.
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Introduction

Regenerated cellulose fiber is important for textiles, 
engineering filament yarns, and various medical 
and healthcare applications. Viscose rayon, Tencel 
(or Lyocell), and Bemliese (or cuprammonium non-
woven) are typical regenerated cellulose materials 
produced at the industrial level, and they have con-
tributed to our cultural lives and technologies for a 
long time (Fink et al. 2001; Sayyed et al. 2019; Veit 
2022). Although viscose rayon production and waste-
water treatment systems have some environmental 
issues caused by H2S emission into the atmosphere, 
viscose rayon is still the main regenerated cellulose 
fiber, and it is called artificial silk in man-made fibers 
(Li et al. 2018; Kuchtoá et al. 2023). Tencel has been 

developed to overcome some of the shortcomings of 
the viscose rayon production process and to improve 
the fiber quality (Fink et  al. 2001; Kreze and Malei 
2003; Abu-Rous et  al. 2007; Borbély 2008; Sayyed 
et al. 2019; Veit 2022). Bemliese is another category 
of regenerated cellulose materials.

Viscose rayon and Tencel are produced by dissolu-
tion of wood dissolving pulps with high α-cellulose 
contents (> 93%) in aqueous CS2/NaOH at room tem-
perature and thermally melted N-methylmorpholine 
N-oxide (NMMO) hydrate, respectively, and subse-
quent spinning, regeneration in aqueous media, wash-
ing with water, and drying. Bemliese is produced 
from cotton linters cellulose by dissolution in aque-
ous Cu(NH3)4(OH)2, spinning, fabrication, regenera-
tion in an aqueous medium, washing with water, and 
drying to form cuprammonium nonwoven, which is 
mainly used for medical, healthcare, and agribusiness 
applications (Veit 2022).

The molar masses and molar mass distribu-
tions of these regenerated cellulose materials are 
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fundamental and important factors that influence 
the mechanical and other key properties of the 
materials. Size-exclusion chromatography com-
bined with multi-angle laser-light scattering and 
refractive index detection (SEC/MALLS/RI) gives 
molar-mass distributions and number- and mass-
average molar mass values (Mn and Mw, respec-
tively). In this case, the cellulose samples should be 
completely dissolved in a solvent at the individual 
molecular level, and the solution should be trans-
parent (without fluorescence formed by laser-light 
irradiation). Furthermore, the cellulose molecules 
should be stable in the solvent without depolymeri-
zation or side reactions during the dissolution pro-
cess and storage of the cellulose solution. Lithium 
chloride/N,N-dimethylacetamide (LiCl/DMAc) 
is the only solvent system that satisfies the above 
requirements (Bikova and Treimanis 2002; Potthast 
et  al. 2003; Dupont 2003; Ono and Isogai 2020). 
Some activation methods or pretreatments of the 
cellulose sample are required before dissolution 
treatment in 8% (w/w) LiCl/DMAc for complete 
dissolution (Bikova and Treimanis 2002; Potthast 
et  al. 2003; Dupont 2003). However, it has been 
reported that complete dissolution of regenerated 
cellulose materials is often difficult, resulting in 
inaccurate molar mass data by SEC/MALLS (Hen-
ninges et  al. 2014; Siller et  al. 2014; Silbermann 
et al. 2017).

The water-activation method followed by solvent 
exchange to DMAc through acetone has been used 
to pretreat some cellulose samples, such as hard-
wood bleached kraft pulps, softwood and hardwood 
bleached sulfite and prehydrolyzed kraft pulps, and 
cotton linters cellulose samples, for dissolution in 8% 
(w/w) LiCl/DMAc (Bikova and Treimanis 2002; Pot-
thast et al. 2003; Dupont 2003; Henninges et al. 2014; 
Siller et al. 2014). However, softwood bleached kraft 
pulps (SBKPs), cotton lint, bacterial, tunicate, and 
algal cellulose samples, hemicellulose-rich plant hol-
ocellulose samples, and some regenerated cellulose 
samples cannot be completely dissolved in 8% (w/w) 
LiCl/DMAc by the water-activation method (Hen-
ninges et al. 2014; Siller et al. 2014; Silbermann et al. 
2017).

In previous work, we succeeded in completely dis-
solving all of the above native cellulose and plant 
holocellulose samples in 8% (w/w) LiCl/DMAc by 
100% ethylene diamine (EDA) pretreatment. The 

cellulose and holocellulose samples were first soaked 
in EDA, and EDA was then solvent exchanged to 
DMAc through methanol. Complete dissolution was 
achieved by stirring the EDA-pretreated cellulose and 
holocellulose samples in 8% (w/w) LiCl/DMAc at 
room temperature for a few days, weeks, or months 
depending on the sample. The key for complete dis-
solution of all of the native cellulose and holocellu-
lose samples is conversion of the cellulose I crystal 
structure in the sample to cellulose III or disordered 
structures by EDA treatment followed by methanol 
washing. The cellulose and holocellulose solutions in 
8% (w/w) LiCl/DMAc are then diluted to 1% (w/v) 
LiCl/DMAc and subjected to SEC/MALLS analy-
sis. Consequently, some important information about 
the native cellulose samples and plant holocelluloses 
have been obtained by SEC/MALLS (Ono et  al. 
2016a, b, 2017, 2018, 2021, 2022a, b; c; Ono and 
Isogai 2020). It is possible that low-molar-mass hemi-
cellulose molecules slightly dissolve in EDA during 
pretreatment and are excluded from the SEC/MALLS 
data, which should be taken into account (Yamamoto 
et al. 2011).

In this study, two regenerated cellulose fibers, 
viscose rayon and Tencel, and one regenerated non-
woven cellulose, Bemliese, were selected, and the 
following three pretreatments were applied to the 
regenerated cellulose samples: EDA soaking used 
in our previous studies, conventional water soaking, 
and water-soaking/freeze-drying. In the EDA- and 
water-soaking pretreatments, some mass losses may 
be unavoidable during repeated solvent exchange 
and centrifugation, resulting in inaccurate cellulose 
concentrations in the obtained LiCl/DMAc solutions 
used for SEC/MALLS. In contrast, more accurate cel-
lulose concentrations of the LiCl/DMAc solutions are 
obtained using freeze-dried samples, which is signifi-
cant for evaluation of complete dissolution in LiCl/
DMAc from mass loss values (caused by, for exam-
ple, incomplete dissolution) in SEC/MALLS analysis. 
Soaking of cellulose samples including some regen-
erated cellulose fibers in dimethylsulfoxide followed 
by solvent-exchange to DMAc has been reported for 
complete dissolution in LiCl/DMAc for SEC/MALLS 
analysis (Silbermann et al. 2017). However, the mass 
recovery ratios of the starting cellulose materials in 
the LiCl/DMAc solutions subjected to SEC/MALLS 
analysis were not taken into account, and no data 
for water-activated or freeze-dried cellulose samples 
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were provided. In this study, one softwood bleached 
sulfite pulp (SBSP) sample, which was prepared by 
acid sulfite pulping and subsequent bleaching and 
used as the dissolving pulp for production of vis-
cose rayon and some cellulose derivatives, was also 
applied to dissolution in 8% (w/w) LiCl/DMAc and 
subsequent SEC/MALLS analysis as a reference 
(Mendes et al. 2021).

Materials and methods

Samples

The viscose rayon and Tencel fibers were commer-
cial products. Bemliese (or cuprammonium nonwo-
ven) was kindly provided by Asahi Kasei Co., Ltd. 
(Miyazaki, Japan). The regenerated samples were 
cut into short lengths of 3–5 mm with scissors. The 
SBSP was dissolving pulp fibers produced from soft-
wood chips by acid sulfite pulping and subsequent 
bleaching processes (Nippon Paper Co. Ltd., Japan). 
This SBSP contained 96% glucose, 1.5% xylose, and 
0.9% mannose as neutral sugars (Ono et  al. 2018). 
The 1  M cupriethylenediamine hydroxide solution 
(Cu(EDA)2(OH)2) is a commercial product (Sigma 
Aldrich, USA). LiCl, DMAc, and the other chemi-
cals and solvents were laboratory grade (FUJIFILM 
Wako Pure Chemical, Co., Tokyo, Japan) and used as 
received.

Dissolution of the cellulose samples in 8% (w/w) 
LiCl/DMAc

The three regenerated cellulose samples (viscose 
rayon, Tencel, and Bemliese) and SBSP were dis-
solved in 8% (w/w) LiCl/DMAc according to the 
procedures shown in Fig. 1. The first procedure was 
followed by the EDA-activation method commonly 
used in our laboratory (Ono et  al. 2016a, b, 2020). 
After vacuum drying at 40  °C for 1  day, the cel-
lulose sample (20  mg on dry mass) was soaked in 
100% EDA (5 mL), and the mixture was stirred with 
a magnetic stir bar overnight. Solvent exchange from 
EDA to methanol (MeOH, 35  mL) was then per-
formed by centrifugation, and the cellulose/MeOH 
mixture was shaken overnight. This treatment was 
repeated twice with fresh MeOH (35 mL each). The 
mixture was then solvent exchanged from MeOH to 

DMAc (35  mL) by centrifugation and shaking the 
cellulose/DMAc mixture overnight. This treatment 
was repeated again with fresh DMAc. After centrif-
ugation of the mixture to remove excess DMAc, 8% 
(w/w) LiCl/DMAc (5  g) was added to the cellulose 
sample, and the mixture was stirred at ~ 23 °C for 1 or 
2 weeks.

The second procedure was followed by the conven-
tional water-activation method (Bikova and Treima-
nis 2002; Dupont 2003; Henninges et al. 2014) with 
slight modification. The vacuum-dried sample (20 mg 
on dry mass) was soaked in water (20 mL), and the 
mixture was stirred overnight. Solvent exchange from 
water to ethanol (EtOH, 35 mL) was then performed 

Fig. 1   Scheme for dissolution of the three regenerated cellu-
lose samples and one dissolving pulp in 8% (w/w) LiCl/DMAc 
by three activation methods for SEC/MALLS analysis of the 
cellulose samples
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by centrifugation, and the mixture was shaken over-
night. This treatment was repeated twice with fresh 
EtOH (35  mL each). Solvent exchange from EtOH 
to DMAc was then performed by centrifugation, and 
the cellulose/DMAc mixture was stirred overnight. 
This treatment was repeated again with fresh DMAc. 
After centrifugation of the mixture to remove excess 
DMAc, 8% (w/w) LiCl/DMAc (5  g) was added to 
the cellulose sample, and the mixture was stirred 
at ~ 23 °C for 1, 2, or 3 weeks.

In the third procedure, the three regenerated cellu-
lose samples were dissolved in 8% (w/w) LiCl/DMAc 
according to the following freeze-drying method. 
The vacuum-dried sample (50  mg on dry weight) 
was soaked in water (20  mL), and the mixture was 
stirred overnight. Solvent exchange from water to 
EtOH (35 mL) was then performed, and the mixture 
was shaken for 3 h. Solvent exchange from EtOH to 
tert-butyl alcohol (t-BuOH) was then performed, and 
the mixture was shaken for 3  h. This treatment was 
repeated again with fresh t-BuOH followed by freeze 
drying for 5  days. The freeze-dried sample (8  mg) 
was dispersed in 8% (w/w) LiCl/DMAc (2 g), and the 
mixture was stirred at ~ 23 °C for 1, 2, or 3 weeks.

SEC/MALLS analysis

The cellulose solutions in 8% (w/w) LiCl/DMAc 
obtained by the processes described in the pre-
vious section were diluted with fresh DMAc to 
prepare cellulose solutions in ~ 1% (w/v) LiCl/
DMAc. Each solution was passed through a 0.45-
µm poly(difluoroethylene) disposable filter (Millex, 
Merck Millipore, Tokyo, Japan) and then subjected 
to SEC/MALLS analysis with 1% (w/v) LiCl/DMAc 
as the eluent (Ono et al. 2016b, 2022a, c). KD-806 M 
and KD-G columns (Shodex, Tokyo, Japan) were 
used as the SEC and guard columns, respectively. A 
MALLS detector (DOWN HELEOS-II, λ = 658  nm; 
Wyatt Technologies, USA) and a refractive index 
detector (RID-10A, Shimadzu, Japan) were set in a 
high-pressure liquid chromatograph system. ASTRA 
software (version 6.1, Wyatt Technologies, USA) was 
used for data acquisition and the analyses. The num-
ber- and mass-average molar masses (Mn and Mw, 
respectively) of the cellulose samples were calculated 
using the value of 0.131 mL/g as the specific refrac-
tive index increment (dn/dc) (Ono et al. 2016a).

Viscosity‑average degrees of polymerization of the 
cellulose samples

The freeze-dried cellulose sample (0.04  g) was 
soaked in water (10 mL), and the mixture was stirred 
for 10  min. The 1  M Cu(EDA)2(OH)2 solution 
(10  mL) was added to the cellulose/water mixture, 
and the solution was stirred until the cellulose sample 
was completely dissolved in 0.5  M Cu(EDA)2(OH)2 
(20 mL). The viscosity ratio of the solution ηrel was 
measured using a Cannon–Fenske-type capillary 
viscometer. The limiting viscosity number [η] (or 
intrinsic viscosity) was calculated from the viscos-
ity relative inclement ηsp (or specific viscosity) using 
the Schulz–Blaschke equation (Schulz and Dinglinger 
1941): [η] = ηsp/c(1 + 0.28ηsp), where c is the cel-
lulose concentration (g/mL). The DPv value of the 
sample was calculated from [η] using the Mark–Hou-
wink–Sakurada equation: [η] = 0.909 × DPv

0.9 (Marx 
1955; Isogai et al. 1989a, b).

Solid‑state 13C‑NMR analysis

Each of the air-dried cellulose samples was set in a 
ZrO2 sample rotor, and the solid-state 13C NMR spec-
trum was obtained by a NMR system (JNM-ECA II 
500, JEOL, Tokyo, Japan) equipped with a cross-
polarization (CP) and magic-angle sample-spinning 
probe (Funahashi et al. 2017; Ono et al. 2022a, b, c) 
under the following conditions: a sample spinning 
rate of 15 kHz, a proton 90° pulse time of 2.5 μs, and 
a relaxation delay of 5  s. CP transfer was achieved 
using a ramped amplitude sequence for a CP contact 
time of 2 ms. Each spectrum was acquired by 12,000 
scans for 16 h.

Results

Solid‑state 13C‑NMR spectra of the cellulose samples

The solid-state 13C-NMR spectra of the three regen-
erated cellulose samples and SBSP are shown in 
Fig. 1. Viscose rayon, Tencel, and Bemliese exhibited 
typical NMR patterns of low-crystallinity cellulose II 
samples. The crystalline C1 carbon peaks appeared 
at 105 and 107  ppm, and the crystalline C4 carbon 
peaks appeared at 88 and 89 ppm (Horii et al. 1982; 
Zhao et  al. 2007; Östlund et  al. 2013; Idström et al. 
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2016). The C6-OH carbon atoms of the three regen-
erated cellulose samples exhibited broad single peaks 
at ~ 63 ppm, showing that they had gauche–trans and 
gauche–gauche conformations, which correspond 
to the C6-OH groups of cellulose II and amorphous 
structures, respectively (Horii et al. 1983; Larsson PT 
2005; Funahashi et al. 2017). The NMR spectrum of 
SBSP showed the typical pattern of wood chemical 
pulp (Zhou et al. 2020), and the crystallinity of cellu-
lose I measured from the peak areas of the crystalline 
and amorphous C4 carbon atoms (C4cry and C4amo, 
respectively, in Fig.  2) was 56%. The relative peak 
areas of C6/C1 for the four samples in Fig.  2 were 
0.78–0.83 (Yang et  al. 2018; Zhou et  al. 2020; Ono 
et al. 2021, 2022c).

Each of the regenerated cellulose samples had a 
small peak (Cʹ) at ~ 97  ppm, which is the same as 
those of the C1 carbon atoms of the reducing ends 
(Dudley et  al. 1983; Isogai et  al. 1989a, b; Moul-
throp et  al. 2005; Yuan et  al. 2022). However, the 

peak ratios of (C1 + Cʹ)/C1ʹ (or the DPn values cal-
culated from the 13C peak ratios) were 25, 40, and 
42 for viscose rayon, Tencel, and Bemliese, respec-
tively, which are not plausible because the DPn 
values of the regenerated cellulose samples deter-
mined by SEC/MALLS were much higher than 
170, as described in the following section. Some 
solid-state 13C NMR spectra of viscose rayon sam-
ples in the literature exhibit the same small peaks 
at ~ 97  ppm (Horii et  al. 1982; Ibbett et  al. 2007; 
Zhao et  al. 2007; Li et  al. 2012; Shanshan et  al. 
2012; Mori et  al. 2012; Wei et  al. 2018; Zhang 
et  al. 2018; From et  al. 2020; Fadavi et  al. 2021), 
whereas other regenerated cellulose samples do 
not show the corresponding small peaks (Newman 
and Hemmingson 1994; Ago et al. 2004; Jin et al. 
2007; Duchemin et  al. 2007; Östlund et  al. 2013; 
Idström et  al. 2016). The small peak at ~ 97  ppm 
appears in the NMR spectra of some dried regen-
erated cellulose samples (Nomura et  al. 2020), 
whereas mercerized cellulose does not show such a 
peak (Maunu et al. 2000).

Some TEMPO-oxidized cellulose samples with-
out post-oxidation with NaClO2 or post-reduction 
with NaBH4 (Shinoda et  al. 2012) show the cor-
responding small peaks at ~ 97  ppm in their solid-
state 13C-NMR spectra (Follain et  al. 2010; Bil-
iuta et  al. 2010; Cao et  al. 2012; Li et  al. 2017; 
Lin et  al. 2017). These TEMPO-oxidized cellulose 
samples contain small amounts of C6-aldehydes 
formed as intermediates (Isogai et  al. 2011, 2018; 
Isogai 2022). Thus, it is possible that the Cʹ peak 
at ~ 97  ppm for the regenerated cellulose samples 
can be ascribed to hydrated C6-aldehydes, which are 
formed by partial oxidation of the C6-OH groups 
during the dissolution, aging, spinning/regenera-
tion, and/or drying process in the commercial pro-
duction system. The extended 13C-NMR spectra of 
the cellulose samples are shown in Fig. S1 in the 
Electronic Supplementary Material. Although the 
three regenerated cellulose samples exhibited no 
clear C=O peaks owing to carboxy, aldehyde, and/
or ketone groups in the region 170–235  ppm, the 
intensity-magnitude spectra indicated the presence 
of small C=O peaks at 197–198 ppm. The presence 
of C=O groups in regenerated cellulose samples has 
been reported by Potthast et al. (2003).Fig. 2   Solid-state13C-NMR spectra of the three regenerated 

cellulose samples (viscose rayon, Tencel, and Bemliese) and 
dissolving pulp (SBSP)
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SEC/MALLS analysis of the regenerated cellulose 
samples and SBSP

The three regenerated cellulose samples were pre-
treated by the three methods (EDA soaking, water 
soaking, and freeze drying) (Fig.  1), and the pre-
treated samples were stirred in 8% (w/w) LiCl/
DMAc for 1–3  weeks. Freeze-dried wood chemi-
cal pulps, such as SBSP, are insoluble in 8% (w/w) 
LiCl/DMAc, and thus only the EDA- and water-
soaking treatments were applied to SBSP before 
stirring in 8% (w/w) LiCl/DMAc. All of the EDA- 
and water-pretreated samples visually dissolved in 
8% (w/w) LiCl/DMAc within 1  week. The freeze-
dried Tencel and Bemliese samples visually dis-
solved in 8% (w/w) LiCl/DMAc, whereas freeze-
dried viscose rayon in 8% (w/w) LiCl/DMAc was 
slightly cloudy even after stirring the mixture for 
2  weeks, probably because of the presence of a 

small amount of insoluble particles (Siller et  al. 
2014).

The SEC/MALLS results of viscose rayon are 
shown in Fig.  3a, Figs. S2–S4, and Tables S1–S3. 
The molar mass plots for the three pretreatments 
agreed well (Fig.  3a). The peak areas of the SEC-
elution patterns roughly corresponded to the sample 
masses injected into the SEC/MALLS system. The 
SEC-elution peak area of the viscose rayon sample 
pretreated by freeze drying was smaller than those 
pretreated by EDA and water soaking (Fig. 3a). The 
lower calculated mass value of the freeze-dried vis-
cose rayon (42  µg, Table  S3) than those of EDA-
soaked and water-soaked viscose rayon (48  µg, 
Tables S1 and S2) indicates some mass loss. This 
was probably caused by filtration of insoluble par-
ticles present in the 8% (w/w) LiCl/DMAc solution. 
However, the other molar mass parameters, such as 
Mn, Mw, DPw, and Mw/Mn, were similar for the three 

Fig. 3   Molar mass plots and SEC-elution patterns of a viscose rayon, b Tencel, c Bemliese, and d SBSP dissolved in 8% (w/w) 
LiCl/DMAc following the three activation methods and stirring for 1 week before dilution to 1% (w/v) LiCl/DMAc
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pretreated viscose rayon samples. Furthermore, no 
significant differences in the molar mass plots and 
SEC-elution patterns were observed between the 
viscose rayon samples stirred in 8% (w/w) LiCl/
DMAc for 1 and 2 weeks, showing that stirring the 
pretreated viscose rayon sample in 8% (w/w) LiCl/
DMAc for 1  week is sufficient to obtain constant 
SEC/MALLS data.

The SEC/MALLS results of Tencel are shown in 
Fig. 3b, Figs. S5–S7, and Tables S4–S6. The molar 
mass plots for the three pretreatments agreed well, 
and the peak area of the SEC-elution pattern of 
freeze-dried Tencel was smaller than those of Ten-
cel pretreated by the other two methods (Fig.  3b). 
However, the molar mass parameters of the Ten-
cel samples, except for the calculated mass values 
(Tables S4–S6), were similar for the samples pre-
treated by the three methods. No significant differ-
ences in the molar mass plots or SEC-elution pat-
terns were observed for the Tencel samples stirred 
in 8% (w/w) LiCl/DMAc for different times. Stir-
ring the pretreated Tencel sample in 8% (w/w) LiCl/
DMAc for 1 week was sufficient to obtain constant 
SEC/MALLS analysis data.

The SEC/MALLS results of Bemliese are shown in 
Fig. 3c, Figs. S8–S10, and Tables S7–S9. The molar 
mass plot was the same line regardless of the pretreat-
ment (Fig. 3c). The SEC-elution patterns of Bemliese 
pretreated by EDA and water soaking were similar. 
However, the peak area and SEC-elution pattern for 
the freeze-dried Bemliese sample were different from 
those pretreated by EDA and water soaking. Not only 
the calculated mass values, but also the other molar 
mass parameters of the freeze-dried Bemliese were 
different from those of the EDA- and water-pretreated 
samples (Tables S7–S9). The Mn, Mw, and DPw val-
ues of freeze-dried Bemliese were higher than those 
of EDA- and water-pretreated Bemliese, whereas the 
calculated mass values were lower. Thus, the SEC/
MALLS data obtained for the EDA- and water-pre-
treated samples were regarded as being constant and 
more accurate than those of the freeze-dried sample.

The SEC/MALLS data of SBSP are shown in 
Fig. 3d and Table S10. The molar mass plot was the 
same regardless of the pretreatment and stirring time, 
and the SEC-elution patterns were almost the same 
(Fig.  3d). All of the molar mass parameters were 
similar for the samples pretreated by the two methods 
(Table S10).

Discussion

As described in the previous section, the molar mass 
parameters, including the calculated mass values, of 
EDA- and water-pretreated viscose rayon, Tencel, 
Bemliese, and SBSP were similar. Consequently, 
EDA pretreatment resulted in almost no mass loss 
of the low-molar-mass fractions in the three regener-
ated cellulose samples and SBSP used in this study. 
Furthermore, the SEC/MALLS data for the cellu-
lose samples obtained after stirring the EDA- and 
water-pretreated samples in 8% (w/w) LiCl/DMAc 
for 1 week can be regarded as being reproducible and 
constant for analytical studies of their molar masses 
and molar mass distributions.

The representative molar mass plots and SEC-elu-
tion patterns of the three regenerated cellulose sam-
ples and SBSP pretreated by EDA soaking are shown 
in Fig. 4a, in which the peak-top heights of the SEC-
elution patterns were adjusted to be similar. All of 

Fig. 4   a Molar mass plots and SEC-elution patterns of the 
three regenerated cellulose samples and SBSP and b the cor-
responding double logarithmic plots (or conformation plots)
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the SEC-elution patterns showed mostly single peaks 
without additional low-molar-mass peaks owing to, 
for instance, hemicelluloses (Ono et al. 2020, 2022a, 
b). The hemicellulose molecules originally present in 
the softwood chips were mostly removed by the acid 
sulfite pulping and subsequent bleaching processes 
for production of SBSP, differing from softwood 
and hardwood bleached kraft pulps (Ono et al. 2017, 
2018). The peak-top elution volume increased in the 
order of SBSP < Bemliese < Tencel < viscose rayon, 
showing that their molar masses decreased in the 
opposite order of SBSP > Bemliese > Tencel > vis-
cose rayon. All of the molar mass plots were roughly 
on the same line and the molar mass decreased with 
increasing SEC-elution volume. This showed that all 
of the cellulose molecules in the four samples were 
dispersed in 1% (w/v) LiCl/DMAc at the individual 
molecular level without forming any aggregates, 
and they were suitably separated by the SEC column 
depending on their sizes.

Double logarithmic plots, or conformation plots, of 
the four cellulose samples shown in Fig. 4a are shown 
in Fig. 4b. All of the plots were roughly on the same 
line, and the slopes were 0.58–0.62, showing that all 
of the cellulose molecules in the four samples had 
linear random-coil conformations in 1% (w/v) LiCl/
DMAc without any branched or shrunk structures. 
This is reasonable as pure β-(1 → 4)-linked glucans. 
We have reported that softwood holocellulose sam-
ples, softwood bleached kraft pulps (SBKPs), 17.5% 
NaOH-extracted softwood holocellulose and SBKP 
samples (i.e., α-cellulose samples prepared from soft-
wood holocellulose and SBKP samples, respectively), 
and dilute acid-hydrolyzed SBKP show conforma-
tion plots with slope values of < 0.45. These results 

indicate that some cellulose molecules in the high-
molar-mass fractions of these samples have branched 
structures with glucomannan through lignin mole-
cules or lignin fragments (Ono et al. 2017, 2018; Ono 
and Isogai 2020). Differing from the above softwood-
originating samples, SBSP did not have branched 
structures as in the cases of hardwood kraft pulps and 
cotton, bacterial, tunicate, and algal cellulose sam-
ples (Ono et al. 2016b, 2017, 2018). This is the rea-
son why SBSP is used as dissolving pulp fibers for 
production of regenerated cellulose samples and cel-
lulose derivatives.

The molar mass parameters of the four cellulose 
samples are summarized in Table 1. The average val-
ues for the viscose rayon and Tencel samples were 
calculated from those obtained for the EDA-pre-
treated, water-pretreated, and freeze-dried samples. 
For Bemliese, the average values were calculated 
from those of only the EDA- and water-pretreated 
samples. The values obtained for freeze-dried Bem-
liese were excluded because they were clearly dif-
ferent from those obtained for the EDA- and water-
pretreated samples, as described in the previous 
section (Tables S7–S9 in the Electronic Supplemen-
tary Material).

When the Mark–Houwink–Sakurada equation, 
[η] = 0.909 × DPv

0.9, was used, the average DPv value 
was similar to that of the average DPw value for each 
regenerated cellulose sample. However, the aver-
age DPv value of SBSP (610) was much lower than 
the DPw value (1810) determined by SEC/MALLS. 
The DPv values of SBSP were almost unchanged 
for the SBSP/Cu(EDA)2(OH)2 solutions stirred for 
10, 20, and 40 min. This clear discrepancy between 
the DPv and DPw values for SBSP may have been 

Table 1   Molar mass parameters of the regenerated cellulose samples and SBSP determined by SEC/MALLS and viscosity methods

a DPw = Mw/162
b The average SEC/MALLS data were obtained from the data for the EDA- and water-activated samples, excluding those for the 
freeze-dried samples

Sample SEC/MALLS DPv

Mn Mw DPw
a Mw/Mn Calculated 

mass (μg)
Slope of confor-
mation plots

Viscose rayon 26,900 ± 1600 54,400 ± 1500 340 ± 10 2.0 ± 0.1 48 ± 1 0.58 330 ± 3
Tencel 32,700 ± 1100 86,600 ± 3300 530 ± 20 2.0 ± 0.2 51 ± 4 0.59 400 ± 2
Bemlieseb 87,600 ± 4400 143,100 ± 1160 880 ± 7 1.6 ± 0.1 65 ± 2 0.59 800 ± 3
SBSP 72,200 ± 1800 293,100 ± 9200 1810 ± 60 4.1 ± 0.2 52 ± 1 0.62 610 ± 1
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caused by the stability of SBSP in the alkaline 0.5 M 
Cu(EDA)2(OH)2 solution. The SBSP sample may 
have contained some chemical structures susceptible 
to depolymerization by the alkaline Cu(EDA)2(OH)2 
solution. Generally, the C=O groups in cellulosic 
pulps cause depolymerization by β-alkoxy elimina-
tion under alkaline conditions, although the pres-
ence of such C=O groups could not be detected in 
the solid-state 13C-NMR spectrum of SBSP (Figs. 2 
and S1). Thus, a small amount of C=O groups pre-
sent randomly along each cellulose molecule of SBSP 
may have caused the low DPv value.

Although the solid-state 13C-NMR spectra of the 
regenerated cellulose samples indicated the presence 
of C=O groups as small peaks at ~ 97 ppm (Fig.  2), 
there were no significant differences between the 
DPw and DPv values (Table  1). This is probably 
because the C=O groups susceptible to the alkaline 
Cu(EDA)2(OH)2 solution are located close to both 
ends of each cellulose chain in the regenerated cellu-
lose samples, whereas the C=O groups in SBSP are 
located more randomly along each cellulose chain. 
However, this is speculative, and further studies 
are needed to clarify the reason for the discrepancy 
between the DPv and DPw values for SBSP.

Conclusions

The three commercial regenerated cellulose samples, 
viscose rayon, Tencel, and Bemliese, exhibited similar 
solid-state 13C-NMR spectra to low-crystallinity cel-
lulose II. The 13C-NMR spectra of the three samples 
had small peaks at ~ 97 ppm, which may be ascribed 
to the hydrated C6-aldehyde groups formed during 
the commercial fiber production processes. The three 
regenerated cellulose samples were dissolved in 8% 
(w/w) LiCl/DMAc by EDA-soaking, water-soaking, 
and freeze-drying pretreatment and subsequent stir-
ring of the pretreated samples in 8% (w/w) LiCl/
DMAc for 1 week. Based on the calculated mass val-
ues obtained by SEC/MALLS, almost all of the cel-
lulose molecules in the EDA- and water-pretreated 
regenerated cellulose samples were dissolved in 8% 
(w/w) LiCl/DMAc and subjected to SEC/MALLS 
without significant mass loss. However, 10%–20% of 
the freeze-dried samples were not subjected to SEC/
MALLS, probably because of incomplete dissolution 
in 8% (w/w) LiCl/DMAc. The average Mn and Mw 

values calculated from the SEC/MALLS data were 
almost the same as those obtained for the EDA- and 
water-pretreated samples. The average DPw values 
were calculated to be 340, 530, 880, and 1810 for vis-
cose rayon, Tencel, Bemliese, and SBSP, respectively. 
The conformation plots of the samples had slopes of 
0.58–0.62, showing that all of the cellulose molecules 
in the four samples were dissolved in 1% (w/v) LiCl/
DMAc, forming linear random-coil conformations. 
For the regenerated cellulose samples, the DPw values 
determined by SEC/MALLS were similar to the cor-
responding DPv values. However, for SBSP, the DPv 
values were lower than the DPw values, indicating the 
inaccuracy of the DPv values of SBSP.
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