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Abstract There are difficulties in measuring the 
molecular weight (Mw) of bacterial cellulose (BC) 
using Gel Permeation Chromatography (GPC) analy-
sis. Additionally, the Mark-Houwink-Sakurada equa-
tion cannot be used to predict the Mw of BC as no 
Mark-Houwink-Sakurada constant specific to BC 
is available. In this study, a systematic approach is 
developed to establish the relationship between the 
Mw of BC and the viscosity of its copper (II) ethyl-
enediamine (CED) solutions. Impurities contained in 
the raw BC are examined and appropriate purification 
procedures are designed for their removal before the 
above two measurements are conducted. The Mw of 
BC is obtained by measuring the Degree of Polym-
erization of its corresponding cellulose acetate (CA), 
derived from degraded BC, using GPC analysis, and 

the viscosity of the CED solutions of the BC is meas-
ured using a BS/U Tube viscometer. In this paper, 
the Mark–Houwink–Sakurada constants (K=0.3752 
mL/g and �=1.4532) specific for BC are determined 
to relate the Mw of BC with the intrinsic viscos-
ity of its CED solutions. It is also found that the 
Mw of BC is proportional to the dynamic viscosity 
(i.e.,�

BC
= 0.0183Mw

1.3069 ) and the flow time (i.e., 
t
BC

= 1.3809Mw 1.3062 ) of its CED solutions. These 
BC-specific relationships can help determine the Mw 
of BC from the rheological properties of its CED 
solutions.

Keywords Bacterial cellulose · Flow time · 
Dynamic viscosity · Intrinsic viscosity · Mark–
Houwink–Sakurada constant · Molecular weight

Introduction

BC is chemically analogous to plant cellulose and can 
be represented by the common formula for cellulose, 
which is (C

6
H

10
O

5
)
n
 (Tsouko et al. 2015; Gedarawatte 

et al. 2021; Atykyan et al. 2020; Moghanjougi et al. 
2020). BC has a number of distinctive characteris-
tics compared to other cellulose materials, including 
high DP, high crystallinity, high water-holding capac-
ity, ultrafine network architecture, biocompatibility, 
biodegradability, non-toxicity, and high mechanical 
strength (Atykyan et  al. 2020; Ghasemi et  al. 2020; 
Brown  Jr 1996). The exceptional purity of BC is 
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characterized by the absence of lignin, hemicellulose, 
pectin, and other biogenic constituents, and a distinc-
tive three-dimensional (3D) reticulated network struc-
ture comprised of cellulose nanofibers (Zhong 2020; 
Huang et al. 2014; Wang et al. 2019). These attributes 
render it extensively applicable in diverse sectors, 
including pharmaceuticals, biomedicine, and the food 
industry (Blanco et al. 2020; Moniri et al. 2017; Lin 
et al. 2020). Most of BC is produced by Acetobacte‑

raceae family which is well known as acetic acid bac-
teria (AAB) (Mamlouk and Gullo 2013; Singh et al. 
2020). The AAB is a gram-negative obligate aerobe 
in rod shapes that metabolizes carbon sources (e.g., 
glucose) into acetic acid and ethanol through oxida-
tive fermentation pathways (Raspor and Goranovič 
2008; Singh et  al. 2020). It conjugates a glucose 
monomer (carbon source) with a uridine diphos-
phate (UDP) group to produce UDP-glucose (Gullo 
et al. 2018; Singh et al. 2020). Then polymerization 
between UDP-glucose units occurs under the cellu-
lose synthase complex in the inner membrane of cells 
(Ross et  al. 1991; Singh et  al. 2020). The cellulose 
produced in the AAB cell wall typically crystallizes 
as cellulose I � , which has a triclinic unit cell contain-
ing one chain, this is a unique feature of BC and dif-
fers from the cellulose produced from other sources 
(Ross et al. 1991; Atalla and Vanderhart 1984; Nishi-
yama et  al. 2002, 2003). For example, the cellulose 
produced in the plant cells (e.g., vascular plants) is 
dominated by the crystalline structure of cellulose I � 
(Sugiyama et  al. 1991) which has a monoclinic unit 
cell containing two parallel chains (Atalla and Van-
derhart 1984; Nishiyama et  al. 2002, 2003). In the 
cellulose produced from the green algae Valonia, 
both cellulose I � and I � are typically found in the 
proportions of 65 % and 35 %, respectively, although 
this proportion can vary in non-algal samples (Sugiy-
ama et al. 1991; Atalla and Vanderhart 1984). Also, 
cellulose IV, a disordered form of cellulose I (Wada 
et al. 2004), is found in the cell walls of Oomycetes 
(Helbert et al. 1997; Bulone et al. 1992).

The ultrafine structure of BC is primarily charac-
terized by robust hydrogen bonding interactions. The 
hydrogen bonding structures in cellulose I � and I � are 
similar to each other (Wohlert et al. 2022). However, 
when these hydrogen bonds exchange with water 
molecules, their overall impact on the system’s ener-
getics becomes relatively minor. Other factors, such 
as dispersion interactions, play a more critical role 

in determining the overall structure (Wohlert et  al. 
2022). The molecular packing of chains in BC is sig-
nificantly shaped by steric repulsion and attractive 
dispersion interactions, which together can account 
for up to 70 % of the cohesive energy of cellulose 
(Nishiyama 2018). Consequently, these interactions 
lead to the formation of densely packed molecular 
chains within the BC structure (Oberlerchner et  al. 
2015). This configuration of BC makes it difficult 
for organic solvent molecules to penetrate its matrix 
(Oberlerchner et al. 2015), and makes the BC highly 
resistant to dissolution in organic solvents, which 
complicates the process of measuring its Mw.

Under certain conditions, such as cold tempera-
tures, BC can crystallize as cellulose II, which is 
significantly different from either of the two cellu-
lose I structures (Langan et  al. 2001; Sawada et  al. 
2022; Hirai et al. 1997). Despite the limited amount 
of literature documenting the existence of cellulose 
II in BC and algal cellulose, the available evidence 
remains reliable (Sisson 1938; Hirai et al. 1997). It is 
noticed that the cellulose I � is metastable and can be 
converted to cellulose I � by annealing in dilute alkali 
at 260 ◦ C (Sugiyama et  al. 1991, 1990). Merceriza-
tion of plant cellulose by using sodium hydroxide 
treatment can transform cellulose I into cellulose II, 
in which every alternate polymer chain changes direc-
tion (Sawada et al. 2022). However, mercerization in 
BC leads to the folding of polymer chains into a zig-
zag pattern, forming crystalline anti-parallel domains 
(Sawada et al. 2022). Tunicate cellulose I � is approxi-
mately 1.2 % denser than the most crystalline form of 
cellulose I � and nearly 2.0 % denser than cellulose 
II (Langan et al. 2001; Nishiyama et al. 2002, 2003). 
These density differences are calculated from the unit 
cell volumes reported in the referenced studies (Lan-
gan et  al. 2001; Nishiyama et  al. 2002, 2003). Fur-
ther investigation is needed to understand the struc-
ture and properties of BC (e.g., Mw) in relation to 
the cellulose biosynthesis method (Ross et  al. 1991; 
Singh et al. 2020; Brown Jr 1996). For example, the 
high water-holding capacity is likely attributed to the 
structure of the BC pellicle, which forms through the 
somewhat random movements of the bacterium in the 
culture medium (Brown Jr 1996). Moreover, the Mw, 
crystallinity, and fibril network structure of BC vary 
with its production variables, including diverse nutri-
ent solutions, culturing conditions, and purification 
methods (Choi et  al. 2009). The primary impurities 
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found in raw BC without purification include medium 
broth and cell biomass, which impact its overall qual-
ity (El-Gendi et al. 2022).

The Mw of cellulose constitutes a parameter in 
the assessment of its characteristics and potential 
applications. Numerous methodologies are avail-
able for the determination of the Mw of cellulose, 
encompassing techniques such as light scattering, 
osmotic pressure, end group analysis, ultracen-
trifugation, and GPC (Oberlerchner et  al. 2015; 
Zhou et  al. 2021). While the Mw of cellulose in 
its DMAc/LiCl solution can be measured directly 
by using GPC analysis (Potthast et  al. 2015), it is 
found that the DP of cellulose obtained in this way 
is smaller than the DP of corresponding cellulose 
derivative measured by using similar GPC analysis. 
This indicates that cellulose in DMAc/LiCl solu-
tion might undergo greater degradation than its 
corresponding cellulose derivative in DMAc/LiCl 
solution. It is also found that cellulose from pulps 
with higher Mw (570 kDa, 498 kDa, and 396 kDa) 
is hardly dissolved in DMAc/LiCl solution (Potthast 
et al. 2015). Therefore, the method of measuring the 
Mw of cellulose in DMAc/LiCl solution by using 
GPC analysis is not considered in this research. A 
prevalent approach to determine the Mw of cellu-
lose involves the direct synthesis of cellulose deriv-
atives such as cellulose trinitrate, cellulose tricar-
banilate, and CA derived from cellulose (Malešič 
et  al. 2021). Cellulose tricarbanilate can be pre-
pared by reacting cellulose with phenylisocyanate 
in pyridine at 80 ◦ C (Chang et al. 2021). The result-
ing cellulose tricarbanilate is soluble in tetrahydro-
furan (THF), making it suitable for the determina-
tion of Mw using GPC (Chang et al. 2021). CA can 
be synthesized by reacting cellulose, acetic acid, 
sulfuric acid, and acetic anhydride at 28 ◦ C for 24 
to 48 h (Paiva et al. 2023). The resulting CA is pre-
cipitated in excess distilled water at room tempera-
ture (Paiva et al. 2023). The Mw of the CA obtained 
can be determined using GPC after dissolving it in 
dimethylformamide (DMF) (Paiva et al. 2023). This 
cellulose derivative synthesis method is associated 
with certain limitations. There is a possibility for 
the molecular chains of cellulose to break during 
the synthesis of CA (Kroon-Batenburg et  al. 1996; 
Klemm et  al. 2005). Further reduction of the Mw 
of the CA might occur when it is dissolved in sol-
vents for GPC analysis. The possible breakage of 

molecular chains in both cellulose and its CA dur-
ing GPC analysis results in a smaller Mw being 
measured for cellulose compared to its actual Mw 
(Kroon-Batenburg et al. 1996; Potthast et al. 2015; 
Maraghechi et al. 2023).

The rheological properties of cellulose solutions 
are affected by the molecular chain structure and Mw 
of the cellulose (Gericke et al. 2009). The Mark–Hou-
wink–Sakurada equation for cellulose is used to esti-
mate the Mw of cellulose and predict the rheological 
behaviour of its CED solutions in the regenerated 
cellulose fiber spinning (Liu et  al. 2016). It estab-
lishes the linkage between the Mw of cellulose and 
the intrinsic viscosity of its CED solutions through 
appropriate Mark–Houwink–Sakurada constants 
for various cellulose resources (e.g., wood pulps) 
(Immergut and Eirich 1953; Maraghechi et al. 2023; 
Xie et al. 2023; Amini et al. 2023).

Cellulose solutions at low concentrations tend to 
demonstrate Newtonian characteristics (Maraghechi 
et  al. 2023). Measurement of the intrinsic and 
dynamic viscosities of such Newtonian cellulose 
solutions is achieved using a capillary viscometer, 
such as Ostwald viscometers, Ubbelohde viscometers 
and BS/U Tube viscometers, which determine the 
flow time required for the fluid to flow through a nar-
row capillary tube (Maraghechi et al. 2023). Cellulose 
solutions are usually prepared by dissolving cellulose 
in specific solvents such as CED (Wang et al. 2023a), 
cuprammonium hydroxide (Cuoxam) (Adhikari et al. 
2023), cadmium ethylenediamine (Cadoxen) (Wang 
et  al. 2023b), lithium chloride/N,  N-dimethylaceta-
mide (LiCl/DMAc) (Bu et al. 2019), lithium hydrox-
ide (LiOH) (Lue et al. 2011), and paraformaldehyde/
dimethyl sulfoxide (PF)/DMSO (Eckelt et  al. 2009). 
The Mark–Houwink–Sakurada constants for cellu-
lose in these particular solvents are available in the 
literature (Wang et  al. 2023a; Adhikari et  al. 2023; 
Wang et  al. 2023b; Bu et  al. 2019; Lue et  al. 2011; 
Eckelt et  al. 2009) and Table  1 shows the diverse 
Mark–Houwink–Sakurada constants pertaining to 
CED solutions of various types of cellulose (Bran-
drup et al. 1999).

However, BC is a relatively novel form of 
cellulose, principally  consisting of  cellulose 
 Iα and  different from the  cellulose from plant 
cells which  are principally cellulose  Iβ, the relation-
ship between the Mw of BC and the dynamic/intrin-
sic viscosities of its CED solutions remains unclear. 
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Additionally, it  has recently found applications 
in the domain of regenerated cellulose fiber spin-
ning, but  there is lack of appropriate Mark–Hou-
wink–Sakurada constants for BC in existing litera-
ture for the prediction of its Mw.

The primary objective of this study is to establish 
the relationship between Mw of BC and dynamic/
intrinsic viscosities of its CED solutions, in order to 
predict the Mw of BC based on its rheological prop-
erties. Techniques for examining and removing impu-
rities from raw BC are investigated. The Mw of BC is 
determined by measuring the Mw of its acetate deriv-
ative (i.e., CA) using the GPC analysis. The dynamic 
and intrinsic viscosities of the CED solutions of the 
BC are measured by using a BS/U Tube viscometer. 
The relationships between the Mw of BC and the 
flow time, as well as the dynamic viscosity of its CED 
solutions, are established. Mark–Houwink–Sakurada 
constants for BC are obtained to correlate the Mw of 
the BC and the intrinsic viscosity of its CED solutions 
in the Mark–Houwink–Sakurada equation (Kuhn and 
Kuhn 1948; Sakurada and Taniguchi 1937; Sakurada 
2012).

Methodology to obtain the relationship 

between Mw of BC and viscosities of its CED 

solutions

This section outlines the methodology employed to 
obtain Mw of BC and intrinsic/dynamic viscosities of 
its CED solutions. The flow time of the CED solution 
of BC is determined using a BS/U Tube viscometer. 
Relative viscosity ( �

r
 ) and specific viscosity ( �

sp
 ) of 

the CED solutions of BC are calculated via Eqs. (1) 
and (2) (Guimarães et al. 2023).

where t
0
 and t

BC
 are the flow time of reference CED 

solution and the CED solutions of BC, respectively, 
measured in seconds. Intrinsic viscosity ( � , mL/g) 
of the CED solution of BC is determined by Eq. (3), 
where c is the concentration of BC in its CED solu-
tion (g/mL) (Guimarães et al. 2023),

The relationship between Mw (kDa, 1 kDa= 1000 g/
mol) of BC and its intrinsic viscosity of its CED solu-
tions is determined via Mark–Houwink–Sakurada 
equation (see Eq. (4)) (Guimarães et al. 2023; Kuhn 
and Kuhn 1948; Sakurada 2012; Sakurada and Tani-
guchi 1937),

where � (mL/g) is the intrinsic viscosity obtained 
from the Eq. (3), the Mark–Houwink–Sakurada con-
stants of both K (mL/g) and � specific for BC are 
investigated in this research. Dynamic viscosity of 
CED solutions of BC, �

BC
 (mPa.s) at the concentra-

tion of 0.005 g/mL, is defined in the Eq. (5) (Beaulieu 
et al. 2017),

where d
CED

 is the density (1.11 g/mL) of the refer-
ence CED solution at the concentration of 1.00 mol/L 
and d

BC
 is the density (1.11 g/mL) of the CED solu-

tion of BC at the concentration of 0.005 g/mL.
In this paper, the concentration of CED solutions 

of BC is controlled at 0.005 g/mL. The flow time is 
measured in three replicates using a BS/U Tube vis-
cometer of size B, with the temperature regulated at 
25±0.01 ◦ C. The average flow time ( t

0
 ) and dynamic 

viscosity ( �
CED

 ) of the reference CED solution at the 
concentration of 1.00 mol/L, are 160.74±0.08 s and 

(1)�
r
=

t
BC

t
0

(2)�
sp
= �

r
− 1

(3)
� =

√

2�sp − ln(�sp)

c

(4)� = KMw
�

(5)�
BC

=

�
CED

d
BC

t
BC

d
CED

t
0

Table 1  Mark–Houwink–Sakurada constants of cellulose 
from wood (coniferous, deciduous), bamboo, cotton, hemp, 
straw, jute, flax, reed, sisal in CED solutions (Brandrup et al. 
1999)

*1 kDa= 1000 g/mol

Solvent K (mL/g) � Molecular 
weight range 
(kDa)

0.00473 0.76 49–970

CED 0.0101 0.9 40–1300

0.029 0.8 52–150



7977Cellulose (2024) 31:7973–7992 

Vol.: (0123456789)

2.14±0.05 mPa.s, respectively, when measured at 
25±0.01 ◦C.

Substituting those constants, d
CED

 = d
BC

 = 1.11 g/
mL, t

0
 = 160.74±0.08 s and �

CED
 = 2.14±0.05 mPa.s 

into the Eq. (5), the relationship between the dynamic 
viscosity ( �

BC
 ) and flow time ( t

BC
 ) of the CED solu-

tions of BC can be rewritten as Eq. (6).

The Mw of BC cannot be measured directly due to 
the insolubility of BC in the solvent (i.e., DMF) used 
in GPC analysis. Instead, the Mw of CA derived from 
specific BC of interest is measured in a GPC analyzer. 
The Degree of Substitution (DS) of the CA, which is 
defined as the ratio between the absorbance values 
of C=O stretching to that of O-H stretching (Muzza-
relli et  al. 1994; Paiva et  al. 2023), is characterized 
by using Fourier Transform Infrared (FTIR) spec-
troscopy. Then, the molar mass of each unit (Mr) in a 
CA molecule is calculated using Eq. (7) below (Paiva 
et  al. 2023), and the DP of the CA molecule (or its 
corresponding BC molecule) is obtained using Eq. 
(8) (Flory 1953).

Subsequently, the Mw of the corresponding BC is 
obtained using Eq. (9) below,

(6)�
BC

= 0.013t
BC

(7)Mr(kDa) =
159 + 43 × DS + (3 − DS) × 1

1000

(8)DP =

Mw of CAs

Mr

where 0.162 kDa is the Mr of one unit of cellulose 
(see Fig. 7).

Experimental

The schematic of the technical route of this study is 
shown in Fig.  1. It involves the purification of raw 
BC; degradation of purified BC in ZnCl

2
.4H

2
 O solu-

tion for different time durations; measurement of 
the flow time, dynamic viscosity, and intrinsic vis-
cosity of the degraded BC; synthesis of CA from 
the degraded BC, and the measurement of the Mw 
and DP of the CA and BC. Thus, the relationships 
between the Mw of BC and the flow time, dynamic 
viscosity and intrinsic viscosity of its CED solutions, 
including the Mark–Houwink–Sakurada constants 
specific for BC, are obtained.

The Mw of BC is predicted using the relationships 
obtained in this study.

Materials and equipment

Four types of BC (A, B, C, and D), produced from 
an identical bacterial strain of Komagataeibacter xyli‑

nus under different culturing conditions (e.g., nutri-
ent, temperature, and time duration) (Morrow et  al. 
2023), were provided by CNAP-Department of Biol-
ogy, University of York. The extent of differences in 

(9)Mw(kDa) = DP × 0.162

Fig. 1  Schematic of technical route of this study
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its Mw is unknown. The morphology and topography 
of raw BC and processed BC were examined by using 
Scanning Electron Microscopy (SEM). The elemental 
composition of the topography of BC materials was 
analysed employing energy-dispersive X-ray (EDX) 
analysis in SEM (FEI NanoSEM 450). The results 
are reported in the section entitled as Impurities con‑

tained in raw BC.
Chemicals used in the purification, dissolution 

and analysis of BC are detailed as follows. Vinyl 
acetate (99 %, stab with 8–12 ppm hydroquinone) 
was obtained from Alfa Aesar. Dimethyl sulfox-
ide (DMSO, HPLC grade, 99.9+ %) was purchased 
from Fisher Scientific. Sodium hydroxide anhydrous 
pellets (NaOH, reagent grade, ≥ 98 %), was obtained 
from Honeywell. Copper (II) ethylenediamine (CED, 
1mol/L, VOLUSOL) and 2-propanol ( ≥ 98 %, tech-
nical), were purchased from VWR Chemicals. DMF 
(anhydrous, 99.8 %), zinc chloride (anhydrous, pow-
der, ≥99.995 %, trace metals basis), and urea (ACS 
reagent, 99.0−100.5 %) were obtained from Sigma-
Aldrich. Sodium metabisulphite (97+ %, ACS rea-
gent) was purchased from Acros Organics.

Approach 1 for the purification of raw BC: using 20 

wt% of NaOH solution

1.0 g of Each type of raw BC was added to 20.0 mL of 
20 wt% NaOH solution (mass ratio of raw BC to NaOH 
is 1:4) and stirred for 20 h at 20 ◦ C (Method 1), 2 h at 
60 ◦ C (Method 2) and 2 h at 80 ◦ C (Method 3), respec-
tively. The solution was divided into two equal parts, 
with one part added to 100.0 mL of ice cold distilled 
water, and the other part being introduced into 100.0 
mL of ice cold propan-2-ol. White precipitate was pro-
duced from each solution and collected by centrifuge at 
2300 rev/min for 4 min. The white precipitate from the 
distilled water was dried in an oven at 50 ◦ C for 14 h 
and in a desiccator for 48 h, and the precipitate from the 
propan-2-ol was dried in a fume cupboard overnight.

Approach 2 for the purification of raw BC: using 

urea‑bisulphite solution

Urea-bisulphite solution was freshly prepared on the 
day of use. 125.0 g of Urea and 7.5 g of sodium meta-
bisulphite were dissolved in 80.0 mL of boiling water 
then the solution was cooled down. 5.0 mL of NaOH 

solution at the concentration of 5.0 mol/L was added 
into the above solution and made the volume to 250.0 
mL by adding distilled water. The pH of the solution 
was adjusted to 7.0. 25.0 g of Urea was dissolved in 
100.0 mL of distilled water. 20.0 mL of Urea-bisul-
phite solution was kept at 80 ◦ C for 20 min. 0.2 g of 
raw BC was added to 20.0 mL of urea-bisulphite solu-
tion at 80 ◦ C for 6 h (Method 4). Then the residue was 
washed by urea solution for three times, and distilled 
water for six times then dried in an oven at 50 ◦ C for 
14 h and in a desiccator for 48 h.

Degradation of purified BC into degraded BC having 
smaller Mw

It was observed that CA synthesized from purified BC 
with high Mw was insoluble in DMF, and its solid par-
ticles consistently obstructed GPC columns during Mw 
measurement. Consequently, the purified BC of types 
A, B, C and D was degraded in a ZnCl

2
.4H

2
 O solution 

at 60 ◦ C for different periods of time to obtain degraded 
BC having smaller Mw. The ZnCl

2
.4H

2
 O solution was 

prepared by dissolving 112.98 g of anhydrous ZnCl
2
 in 

59.77 g of distilled water. 1.22 g of Each type of puri-
fied BC was dissolved in 60.28 g of ZnCl

2
.4H

2
 O solu-

tion at 60 ◦ C for 24 h, 36 h, 48 h, and 60 h, respectively. 
The mass ratio of the BC to ZnCl

2
 was 1:32.3, resulting 

in 2 wt% of BC-ZnCl
2
 solution. Then the BC solution 

was filtered through a stainless-steel mesh with pore 
size of 20 μ m. The BC filtrate was then added to suf-
ficient distilled water to regenerate degraded BC having 
certain levels of Mw (or DP). The degraded BC was 
washed with 250.0 mL of distilled water for five times 
and then dried in an oven at 50 ◦ C for 48 h.

Measurement of dynamic and intrinsic viscosities of 
the CED solution of BC

The flow time and dynamic viscosity of both the ref-
erence CED solution and the CED solution of BC 
were measured under identical conditions. The CED 
solutions of BC at the concentration of 0.005 g/mL 
were prepared by dissolving 0.10 g of purified BC in 
20.0 mL of CED solution at 25 ◦ C for certain periods 
of time. The size of the BC/U Tube viscometer used 
in the measurement of its intrinsic viscosity depends 
on the specific concentration of BC in its CED solu-
tions. When the flow time of the solution is greater 
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than 1000  s, a BS/U Tube viscometer of the size C 
will be used, with the average flow time of the ref-
erence CED solution being 43.11±0.09 s. Triplicate 
measurements of the flow time of both the reference 
CED solution and the CED solution of BC were con-
ducted to determine their average flow time.

The intrinsic viscosity and dynamic viscosity were 
calculated based on the Eqs. (3) and (5), respectively.

Measurement of DP of CA derived from BC using 
GPC

The Mw and its Dispersity (Đ) (Stepto 2009) of CA 
derived from specific BC of interest were determined 
via GPC analysis, and its DP was obtained using the 
Eqs. (7) and (8) after the measurement of its DS. The 
Đ is defined as the ratio of the weight-average mass 
(Mw) to the number-average mass (Mn) (Harrisson 
2018), and the DS of the CA was measured using 
ATR-FTIR spectroscopy to obtain the Mr of each 
repeating unit in a CA molecule based on the Eqs. (7) 
(8) and (9) (Paiva et al. 2023).

Synthesis of CA: 1.0 g of each type of degraded 
BC, 60.0 mL of DMSO, and 15.0 mL of 20 wt% 
NaOH solution were added to a three-neck round bot-
tom flask, the mixture was stirred at 20◦ C for 5 min. 
Then the reaction was under refluxing at 100 ◦ C for 
5  min followed by adding 22.0 mL of vinyl acetate 
and refluxing at 100 ◦ C for further 30 min; then the 
residue was collected via centrifuging the mixture at 
2300 rpm for 4  min. The solution from the mixture 
was added dropwise to 300.0 mL of ice cold distilled 
water, yellow precipitate was produced and collected 
by centrifugation at 2300 rpm for 4 min and dried in 
an oven at 50 ◦ C overnight.

Measurement of Mw of CA using GPC: Mw of CA 
derived from specific BC of interest was measured by 
using a GPC analyzer (model: Agilent 1260 Infinity 
II) equipped with two PLgel Mixed-C columns plus 
a guard column and a refractive index detector. DMF 
containing 0.1 % w/v LiBr was used as the eluent at 
a flow rate of 1.0 mL/min, and the temperature of the  
column oven and RI detector were set to 60 ◦ C. 0.021 g  
of CA was added to 3.0 mL of DMF containing 0.1 %w/v  
of LiBr and sonicated for 2 h. The solution was fil-
tered using a 0.2 μ m syringe filter to remove any 
insoluble protein and bacterial residues before con-
ducting Mw measurement.

Measurement of DS of CA: DS of CA was deter-
mined by obtaining the ratio between the absorbance 
values of C=O stretching to that of O-H stretching 
using Attenuated Total Reflection (ATR-Platinum) 
FTIR spectroscopy (model: Bruker Alpha).

It is anticipated that CA may undergo additional 
degradation upon sonication-facilitated dissolution in 
potent solvents such as DMF or THF for the measure-
ment of its Mw using GPC analysis. Thus, the Mw of 
CA determined through GPC analysis is smaller than 
that of the original BC used in the analysis. However, 
the quantification of the reduction of the Mw of CA 
cannot be ascertained due to the unavailability of the 
original Mw of BC. It was reported that the average 
Mw of both cellulose and its acetate derivative exhib-
ited a significant variation of 36.0 % when analyzed 
using different methods such as GPC with refractive 
index and GPC with multi-angle laser light scattering 
(Potthast et  al. 2015). Sample preparation, specifi-
cally derivatization and dissolution methods, emerged 
as the two primary influencing factors (Kroon-Baten-
burg et al. 1996).

Determination of Mw of BC and its relationship with 
the viscosity of its CED solutions

The DP of BC is assumed to be equivalent to the 
DP of the corresponding CA; thus the Mw of BC is 
obtained using Eq. (9) after measuring the DP of CA. 
The dynamic and intrinsic viscosities of the CED 
solutions of BC are determined by using the Eqs. (3) 
and (5). The relationships between the Mw of BC 
and the flow time, as well as the viscosity of its CED 
solutions, are thus established for predicting the Mw 
of BC from its rheological properties.

Results and discussion

Purification of raw BC

Raw BC used in this research contained impurities 
potentially from culture solutions, including nutrients 
used for bacterial cultivation, residual bacterial bod-
ies, and proteins generated during the bacterial cul-
turing process. These impurities have the potential to 
dissolve in several solvents used for the dissolution of 
BC, such as CED solution, thereby potentially caus-
ing inconsistent and erratic measurements of both the 
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Mw of BC and the viscosity of the CED solutions of 
BC. Thus, the impurities in the raw BC need to be 
removed before incorporating the BC into this study.

The four purification methods developed to remove 
impurities from raw BC involve the use of either 
NaOH solution (Methods 1–3) or the urea-bisulphite 
solution (Method 4).

Impurities contained in raw BC

The morphology of the four types of raw BC, A, B, C 
and D, was examined using SEM analysis. It can be 
observed that most of the BC nanofibers in the raw 
BC of types A and B are bonded together by mem-
brane-like polymers (Fig. 2 a and b). There are parti-
cles appearing in worm and oval shapes, which might 
be bacteria, observed in the raw BC of type A and 
urea-bisulphite solution purified BC of type B (Fig. 2 
c and d).

The chemical structure of raw BC was ana-
lyzed via FTIR spectroscopy. In the FTIR spectra of 
raw BC of types A, B, C and D, peaks correspond-
ing to hydroxyl O-H (3400  cm−1 and 1387  cm−1 ), 
alkane C-H (2920  cm−1 ), amine N-H (1642  cm−1 
and 1573  cm−1 ), and ether C-O (1023  cm−1 ) groups 
are observed (Fig. 3), providing evidence of polysac-
charides present in the raw BC. Bacterial production 
is known to yield various microbial polysaccharides 
containing ether, alcohol, and alkane functional 

groups within their chemical structure (Alexander 
1965; Qi et al. 2023). Proteins, integral to the struc-
ture of living organisms and crucial in enzyme func-
tion, are characterized by amine functional groups 
(Stark 1965; Burnett et  al. 2023). The presence of 
proteins in the culture medium used for the produc-
tion of raw BC could result in the incorporation of 
some proteins into the final product. Therefore, the 
membrane-like polymers covered on the surface of 
BC nanofibers might be a mixture of polysaccharides, 
proteins and other impurities. Consequently, it is 
imperative to eliminate impurities from raw BC prior 
to its dissolution, facilitating the accurate measure-
ment of the Mw of BC.

Effectiveness of the four purification methods in the 
removal of impurities from raw BC

In light of the likelihood that the impurities in the raw 
BC primarily consist of proteins, two solvent solu-
tions, urea-bisulphite solution and 20 wt% NaOH 
solution, are utilized in the purification Methods 
1–4 to eliminate those proteins from the raw BC. 
The amounts of BC residues obtained after differ-
ent purification methods are shown in Tables S1–S4 
in the Supplementary Information. It is shown that, 
after treating the raw BC of types A, B, C and D 
using Method 4, the percentage of BC residues of 
types of A, B, C and D are 88.3 %, 87.9 %, 95.8 %, 

Fig. 2  a and c Morphol-
ogy of sheets of raw BC of 
type A; b morphology of 
sheets of raw BC of type B; 
d morphology of sheets of 
raw BC of type B after puri-
fied by using urea-bisuphite 
solution
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90.0 % respectively, which are greater than those 
obtained in the Method 1 (72.9 %, 83.5 %, 82.6 %, 
81.3 %), Method 2 (68.9 %, 78.4 %, 78.0 %, 77.2 %)  

and Method 3 (62.2 %, 73.8 %, 72.9 %, 70.7 %) 
(Tables S1–S4).

Fig. 3  FTIR spectra of the 
raw BC of types A, B, C 
and D

Fig. 4  FTIR spectra of raw 
BC of type B and the BC 
after purified with urea-
bisulphite solution at 80 ◦ C 
for 6 h (Method 4) and 
20wt% NaOH solution at 
20 ◦ C for 20 h (Method 1), 
respectively
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In comparison of the FTIR spectra of the BC resi-
dues before and after treating with the four methods 
(Figs.  4, S1–S3), it is observed that the amine N-H 
(1642 cm−1 and 1573 cm−1 ) peaks for all of the BC 
purified with Methods 1–3 are significantly reduced 
(Figs.  4, S1–S3). However, Method 4 only works 
effectively in removing proteins from raw BC of type 
B, as evidenced by the disappearance of the amine 
N-H peak in its FTIR spectra (Fig. 4). Conversely, the 
amine N-H peaks still appear in the FTIR spectra of 
BC residues of types A, C and D after treatment using 
Method 4 (Fig. S1–S3). Therefore, proteins and other 
impurities on raw BC are dissolved and removed effi-
ciently by Methods 1–3. It is also found that the mass  
percentage of the residues of the four types of BC after 
treatment using Method 2 (68.9 %, 78.4 %, 78.0 %,  
77.2 %), and Method 3 (62.2 %, 73.8 %, 72.9 %, 70.7 %)  
are smaller than that using Method 1 (72.9 %, 83.5 %, 
82.6 %, 81.3 %). This is believed due to some parts of 
BC being dissolved in the 20 wt% NaOH solution in 
Methods 2 and 3.

Further analysis of the compositions of impurities 
remaining within the raw BC and those dissolved in 
the 20 wt% NaOH solution was conducted for com-
prehensive evaluation. After treating the four types of 
raw BC using Method 1, the resultant solutions were 
added in ice cold distilled water and ice cold propan-
2-ol, respectively. White precipitates were produced 

and analyzed via FTIR spectroscopy (Figs. 5, S4–S6). 
Alcohol O-H (3400  cm−1 and 1422  cm−1 ), amine 
N-H (1573  cm−1 ) and alkane C-H (2966  cm−1 and 
867  cm−1 ) peaks are observed in the FTIR spectra 
of the precipitates obtained in water and propan-2-ol 
from all four types of raw BC (Figs. 5, S4–S6). Addi-
tionally, ether C-O (1023  cm−1 ) peaks are detected 
in the FTIR spectra of all the white precipitates pro-
duced in distilled water (Figs. 5, S4–S6). Therefore, 
the impurities from raw BC obtained in propan-2-ol 
and water might be proteins and cellulose (or poly-
saccharides) with proteins, respectively. It is thus rea-
sonable to conclude that the impurities in the raw BC 
dissolved in NaOH solutions are mainly proteins (or 
polysaccharides), while NaOH also dissolves parts 
of BC. No precipitate was produced from the filtrate 
obtained using Method 4 when it was added to either 
distilled water or organic solvents (e.g., acetone, etha-
nol, propan-2-ol and THF). This indicates that all 
of the protein impurities might be decomposed into 
water soluble polypeptides of short chains and amino 
acids. Therefore, the components of the membrane-
like polymers in all types of raw BC are believed 
to be protein, short chain polypeptides and other 
impurities.

Fig. 5  FTIR spectra of the 
white precipitates of raw 
BC of type B obtained in 
propan-2-ol and distilled 
water
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Impurity residues in the BC after different 
purification processes

SEM analysis of the purified BC residues of types 
A, B, C, and D using Methods 1–4, are illustrated in 
Fig.  6. Nanofibers clearly appear on the surface of 
sheets of BC after all types of raw BC are treated with 
Methods 1 and 4 (Fig. 6 a, b, e, f, i, j, m, n). Bacte-
ria are not found on the surface of any BC residues 
after purification using Method 1 (Fig. 6 a, e, i, m). It 
seems that when the raw BC is treated by Method 1, 
bacteria contained in all types of BC might undergo 
degradation into molecules of amino acids and small 
polypeptides, subsequently removed through a thor-
ough washing procedure with distilled water. The 
persistence of bacteria within the BC is found in the 
residue of BC of types A, C, and D after treated with 

Method 4 (Fig.  6 b, j, n). The particular BC neces-
sitates more stringent purification treatments to effec-
tively eliminate the bacterial presence. It is found 
that no bacteria are present in the BC of type B after 
treated using Method 4 (Fig. 6 f). The small pieces in 
strip-shape that appear on the surface of BC of type B 
and that in sphere-shape appear on the surface of BC 
of type D after treatment using Method 4 (Fig.  6 f, 
n) are found to be calcium carbonate (aragonite) and 
silicon, respectively, through EDX analysis (Figs. S7, 
S8). After treatments with Methods 2 or 3, all of 
the BC nanofibers are found to still be covered with 
membrane-like polymers, and no nanofibers or bac-
teria are shown on the SEM images of the residues of 
those BC (Fig. 6 c, d, g, h, k, l, o, p). It is thus con-
cluded that, after treatment with Methods 2 and 3, the 

Fig. 6  SEM images of BC of types A, B, C and D, BC treated by Method 1 (a, e, i, m), BC treated by Method 4 (b, f, j, n), BC 
treated by Method 2 (c, g, k, o) and BC treated by Method 3 (d, h, l, p)
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impurities, bacteria, and BC nanofibers still remain 
adhered together.

In a summary, it is suggested that the primary con-
stituent of the membrane-like polymers contained in 
raw BC is likely to be protein. When subject to a 20 
wt% NaOH solution, bacteria, proteins, and certain 
polysaccharides present in raw BC are effectively dis-
solved and eliminated. However, it is observed that a 
small proportion of BC might also be potentially dis-
solved in the 20 wt% NaOH solution. In contrast, cel-
lulose is hardly dissolved in urea-bisulphite solution 
used in Method 4, while impurities including bacteria, 
proteins and certain polysaccharides present on the sur-
face of raw BC might be effectively dissolved and elim-
inated in this solution. However, Method 4 might not 
effectively eliminate impurities embedded within the 
layers of BC, resulting in the retention of some impuri-
ties in the purified BC. Notably, the successful removal 
of protein, bacteria, and other impurities including cal-
cium carbonate and silicon from raw BC is achieved 

through the application of the purification treatment 
using Method 1, albeit with a minor loss of cellulose.

Fig. 7  Synthesis of CA via 
NaOH catalysed transes-
terification of BC and vinyl 
acetate at 100◦ C for 30 min

Fig. 8  FTIR spectra of CA 
synthesised via refluxing 
degraded BC of type B hav-
ing different Mw with vinyl 
acetate for 30 min

Table 2  DS of CA synthesized from the degraded BC of types 
A, B, C and D

CA synthesized from 
degraded BC via 
dissolution in ZnCl

2
 

for different
periods of time

BC of
type A

BC of
type B

BC of
type C

BC of
type D

DS of CA 24 h 2.02 2.06 2.07 2.08

36 h 2.07 2.04 2.03 2.03

48 h 2.04 2.11 2.02 2.02

60 h 2.05 2.08 2.06 2.07



7985Cellulose (2024) 31:7973–7992 

Vol.: (0123456789)

CA synthesized from BC and the measurement of its 
DP

CA was synthesized via NaOH catalysed transester-
ification of BC and vinyl acetate at 100 ◦ C (Fig.  7) 
(Cao et  al. 2013; French 2017). Transesterification 
occurred between the hydroxyl groups in the cel-
lulose and vinyl acetate. Progress towards achieving 
the desired DS in the CA was monitored by using 
its FTIR spectra (Figs.  8, S9–S11 and Table  2). 
The presence of C=O (1735  cm−1 ) and C-O acetate 
(1225 cm−1 ) peaks prove that the CA from all BC was 
synthesized successfully via refluxing with vinyl ace-
tate at 100 ◦ C for 30 min (Figs. 8, S9–S11).

The DS of the CA synthesized from all degraded 
BC is illustrated in Table  2. Ascertained via FTIR 
spectroscopy, the ratio between the absorbance of the 
C=O stretching and the O-H stretching is measured to 
determine the DS of the CA (Muzzarelli et al. 1994; 
Paiva et  al. 2023). It is revealed in the Table  2 that 
type of BC and its dissolution time duration have lit-
tle influence on the DS of the resulting CA. The simi-
larity in its DS values might be attributed to the iden-
tical transesterification reaction conditions employed.

The presence of amine peaks in the FTIR spectra 
of CA (Figs.  S9–S11) indicates that proteins (main 
component of impurities and body of bacteria) might 
be present in the CA samples. It is noted that amine 
peaks at 1573  cm−1 still present on FTIR spectra of 
the CA made from the degraded BC of type A dis-
solution for 24 h and 36 h, CA from the degraded BC 
of type C dissolution for 24 h, 36 h and 48 h, and the 
CA from the degraded BC of type D dissolution for 
24 h. In contrast, the amine peaks are absent on the 
FTIR spectra of all CA from the degraded BC of type 
B, CA from the degraded BC of type A dissolution 
for 48 h and 60 h, CA from the degraded BC of type 
C dissolution for 60 h and CA from the degraded BC 
of type D dissolution for 36 h, 48 h and 60 h (Figs. 8, 
S9–S11).

Most proteins should be degraded to smaller mol-
ecule of amino acids during both the BC dissolution 
and CA synthesis processes and should be removed 
by washing with distilled water. Therefore, the appli-
cation of Method 1 exhibits notable efficacy in elimi-
nating bacteria from raw BC of type B. However, it 
is found that, in the case of BC of types A, C, and D, 
there remains a possibility of bacteria persisting even 
after undergoing purification using Method 1.

Mw of BC measured by using GPC

The CA derived from the degraded BC for its Mw 
determination should demonstrate a high level of 
purity, exhibiting minimal susceptibility to the influ-
ence of impurities such as proteins. For this reason, 
the purification treatment of Method 1 was used, 
although some degree of degradation of BC occurred 
during this process.

Proteins are generally categorized based on their 
physical dimensions, often falling within the nanopar-
ticle range, typically ranging from 1 nm to 100 nm in 
size (Mu et al. 2014). A syringe nonwoven filter with 
a pore size of 200 nm was used to effectively remove 
most of the protein nanoparticles exceeding 200 nm 
in size during the preparation of CA samples for GPC 
analysis. Any protein nanoparticles smaller than 200 
nm that remained insoluble in DMF should not impact 
the accuracy of measuring the Mw of CA using GPC.

The Mw of CA derived from all degraded BC was 
evaluated using GPC and is shown in Table S5. The DS 
of the CA measured by using FTIR spectra is shown in 
Table 2. The DP of the CA, which is the same as the 
corresponding BC, is obtained using Eqs. (7) and (8). 
The Mw of the degraded BC predicted using the DP of 
CA obtained is shown in Table S6. There are difficul-
ties in consistently measuring the Mw of the purified 
BC in GPC. Solid particles are frequently observed in 
DMF solutions when dissolving CA which was syn-
thesized from the BC for GPC analysis. These particles 
block the guard column of the GPC system and disrupt 
the measurement process. Thus, we focus on measur-
ing the Mw of degraded BC as well as the rheological 
properties of its CED solutions in this research. After 
BC dissolution in ZnCl

2
 for a period of time, the molec-

ular chains of the degraded BC are notably fractured 
into smaller molecules of varying chain lengths, lead-
ing to elevate Đvalues in the resultant CA (Table S5). 
For example, the Mw of the CA synthesized from the 
degraded BC of type B, obtained from the dissolution 
time durations of 24 h, 36 h, 48 h, and 60 h, are 199.4 
kDa, 160.6 kDa, 125.6 kDa, and 92.8 kDa, respectively 
(Table S5), and corresponding Đ values are 3.05, 3.33, 
3.69, and 5.49, respectively (Table  S5). It is apparent 
that their Mw decrease and Đ values increase with the 
increasing duration of dissolution time. The DS of each 
CA measured using FTIR is shown in Table 2 and the 
Mr of each unit of each CA is computed using Eq. (7) 
(Paiva et al. 2023). The DP of each CA is determined 
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by dividing the Mw of CA by Mr (as shown in Eq. (8)) 
which is presented in Table S5, and the Mw of the cor-
responding degraded BC obtained by using Eq. (9) is 
shown in Table S6.

The relationship between Mw of BC and dynamic 
viscosity (and flow time) of its CED solutions

In this paper, the relationships between the Mw of 
degraded BC and the flow time ( t

BC
 ), the dynamic 

viscosity ( �
BC

 ) of its CED solutions are generated. 
New Mark–Houwink–Sakurada constants (K=0.3752 
mL/g and �=1.4532) are determined for the relation-
ship between the intrinsic viscosity of the CED solu-
tion of BC ( � ) and its Mw. Mw of BC predicted from 
the flow time of BC dissolved in CED solutions and 
its Mw determined from the corresponding CA using 
GPC are presented in Tables S7 and S6, respectively. 
The relationship between the Mw of the BC, Mw 

(kDa), and the flow time of its CED solutions, t
BC

 
(seconds), is thus obtained (Fig. 9a) as shown in Eq. 
(10) below,

The Mw of a group of purified BC of types A, B, 
C, and D is predicted using the above equation as 
152.7±2.2 kDa, 149.4±2.2 kDa, 136.0±1.9 kDa, and 
134.7±1.9 kDa, respectively (Table 3).

Similarly, the relationship between the Mw of 
BC (Table  S6) and the dynamic viscosity of its 
CED solutions (Table S8) is obtained in Fig. 9b. It 
is found that Mw of the BC, Mw, has a nonlinear 
relationship with the dynamic viscosity of its CED 
solutions, �

BC
 (mPa.s), as shown in Fig. 9b and Eq. 

(11) below,

(10)t
BC

= 1.3809Mw
1.3062 (R2 = 0.98)

(11)�
BC

= 0.0183Mw
1.3069 (R2 = 0.98)

Fig. 9  The relationship between Mw of BC and a flow time and b dynamic viscosity, of its CED solutions

Table 3  The Mw of a group of purified BC predicted using both the flow time and the dynamic viscosity of its CED solutions

*1 kDa= 1000 g/mol

Type of pure BC A B C D

Flow time of CED solutions of BC (s) 983.3±0.02 955.2±0.2 845.3±0.1 834.4±0.1

Dynamic viscosity of CED solutions of BC (mPa.s) 13.1±0.01 12.7±0.1 11.3±0.03 11.1±0.02

Mw predicted using flow time (kDa) 152.7±2.2 149.4±2.2 136.0±1.9 134.7±1.9

Mw predicted using dynamic viscosity (kDa) 152.8±26.4 149.4±25.8 136.1±23.5 134.7±23.2
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As discussed in the section entitled as Mw of BC 
measured by using GPC, the Mw of purified BC can 
be predicted here by using the Eqs. (10) and (11). 
When substituting the dynamic viscosity of the puri-
fied BC (Table  S8) into Eq. (11), the Mw of BC is 
predicted as shown in Table 3. The Mw of this group 
of purified BC of types A, B, C and D predicted 
using their dynamic viscosity are 152.8±26.4  kDa, 
149.4±25.8 kDa, 136.1±23.5 kDa, 134.7±23.2 kDa, 
respectively, which are close to the Mw of the BC 
predicted using the flow time (Table 3).

The relationship between Mw of BC and intrinsic 
viscosity of its CED solutions (i.e., Mark–Houwink–
Sakurada equation for BC)

The relationship between the Mw of BC and the 
intrinsic viscosity ( � ) of its CED solutions is estab-
lished using the Mark–Houwink–Sakurada equation 
(refer to the Eq.  4). New Mark–Houwink–Sakurada 
constants specified for BC (K= 0.3752 mL/g and 
� = 1.4532) are produced in this study to correlate 
the intrinsic viscosity measured (Table  S9) and the 
Mw of BC of types A, B, C, and D obtained by GPC 
(Table S6). Therefore, the Mark–Houwink–Sakurada 
equation specifically for BC is as follows,

(12)� = 0.3752Mw
1.4532 (R2 = 0.98)

The comparison between the Mw of puri-
fied BC (kDa), predicted using the newly derived 
Mark–Houwink–Sakurada constants for BC in this 
study (see the Eq.  12), and that predicted using 
Mark–Houwink–Sakurada constants for different cel-
lulose obtained from literature, as well as the Mw of 
BC measured using GPC, are presented in Table  4 
and Fig.  10. The supporting data for this compari-
son are illustrated in Table S10. Both Mw predicted 
using the newly derived Mark–Houwink–Sakurada 
constants for purified BC (marked as grey square and 
labelled as a in the Fig. 10) and the Mw measured by 
GPC (marked as red dot and labelled as aa in Fig. 10) 
are quite far away from those predictions using the 
Mark–Houwink–Sakurada constants for cellulose 
cited from literature. The Mw of BC, both predicted 
by using the new Mark–Houwink–Sakurada constants 
developed in this study and measured via GPC exhib-
its remarkable proximity (Fig.  10b). Comparatively, 
the highest Mw of purified BC predicted using litera-
ture-based constants is roughly 2.6 times greater than 
those predicted using the Mark–Houwink–Sakurada 
constants derived in this study. The Mw predicted by 
using the new Mark–Houwink–Sakurada constants 
for BC appears 2–6% smaller (Table 4) than the Mw 
predicted using both the flow time-Mw and dynamic 
viscosity-Mw equations (Table 3). It is observed that 
the Mw of BC measured using GPC (Fig. 9) exhibits 

Fig. 10  Mw of BC predicted using the Mark–Houwink–
Sakurada equation a with the constants both derived in this 
study (a, grey square), measured by using GPC (aa, red dot) 
and from existing literature, b comparison between the Mw 

predicted by using the Mark–Houwink–Sakurada equation for 
BC derived in this study (a, grey) and the Mw of BC measured 
by using GPC (aa, red dot)
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greater fluctuations than the Mw predicted from the 
new Mark–Houwink–Sakurada constants (Fig.  10b). 
This discrepancy might be attributed to factors in 
relation to the dissolution of BC such as the uneven-
ness of BC degradation and variations in the uni-
formity of different types of BC. Further investiga-
tion is necessary to explore these variations. These 
Mark–Houwink–Sakurada constants for BC are antic-
ipated to have wide uses in the wet fiber spinning pro-
cess of BC and other BC industries.

Conclusions

This paper presents a systematic approach to obtain 
the relationship between Mw of BC and the rheo-
logical properties of its CED solutions, includ-
ing the purification of raw BC, characterization 
of its viscosity, and the measurement of Mw of 
BC. The research identifies an effective purifica-
tion method, employing a 20 wt% NaOH solution 
at 20 ◦ C for 20  h, to treat raw BC effectively and 
eliminate impurities from it. It establishes a sys-
tematic procedure for measuring the Mw of BC by 
using the GPC analysis method. The relationship 
between the molecular weight of BC, Mw (kDa), 
and the dynamic viscosity, �

BC
 , of its CED solutions 

is established as a form of power function, �
BC

 = 
0.0183Mw

1.3069 , for the prediction of the Mw of BC 

based on the dynamic viscosity of its CED solu-
tions. The relationship between the Mw of BC, Mw 
(kDa), and the flow time, t

BC
 , of its CED solutions is 

also proposed, t
BC

 = 1.3809Mw
1.3062 , offering a com-

plementary model for the estimation of Mw of BC. 
Mark–Houwink–Sakurada constants specific to BC 
are determined as K= 0.3752 mL/g and � = 1.4532, 
(i.e., the Mark–Houwink–Sakurada equation spe-
cific for Mw (kDa) of BC is � = 0.3752Mw

1.4532 ). 
The resultant relationships and the corresponding 
methods developed in this study enable the predic-
tion of the Mw of BC based on the viscosities of 
its CED solutions. These findings are expected to 
have a wide application in wet spinning of regener-
ated cellulose fibers from BC and other BC-related 
industries.
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*1 kDa= 1000 g/mol

K (mL/g) � References BC type A
(kDa)

BC type B
(kDa)

BC type C
(kDa)

BC type D
(kDa)

0.3752 1.4532 This
study (a)

144.1 141.9 132.6 131.6

0.0101 0.90 Wood, bamboo,
cotton (b1)

169.7 165.5 148.5 146.7
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