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Abstract Cellulose utilization at its full potential

often requires its dissolution which is challenging.

Aqueous NaOH is the solvent of choice due to the

rapid, non-toxic, low cost and environmentally

friendly dissolution process. However, there are

several limitations, such as the required low temper-

ature and cellulose�s moderately low degree of

polymerization and concentration. Moreover, there is

a tendency for gelation of semidilute solutions with

time and temperature. The addition of ZnO aids

cellulose dissolution and hinders self-aggregation in

the NaOH solution; however, the exact role of ZnO has

remained as an open question. In this work, we studied

cellulose dissolution in the aqueous NaOH–ZnO

system as well as the reactivity of the dissolved

cellulose by oxidation with 4-AcNH-TEMPO?

(TEMPO?). Based on Raman spectroscopic studies

and the TEMPO?-reactivities, we propose a new

structure for cellulose dissolved in aqueous NaOH–

ZnO.
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S. Väisänen (&) � R. Ajdary � M. Altgen �
K. Nieminen � O. J. Rojas � T. Vuorinen

Department of Bioproducts and Biosystems, School of

Chemical Engineering, Aalto University, P.O. Box 16300,

00076 Aalto, Finland

e-mail: saija.vaisanen@aalto.fi

K. K. Kesari � J. Ruokolainen

Department of Applied Physics, School of Science, Aalto

University, P. O. Box 15100, 00076 Aalto, Finland

O. J. Rojas

Departments of Chemical and Biological Engineering,

Chemistry, and Wood Science, Bioproducts Institute, The

University of British Columbia, 2360 East Mall,

Vancouver BC V6T 1Z3, Canada

123

Cellulose (2021) 28:1267–1281

https://doi.org/10.1007/s10570-020-03621-9(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0001-9840-7252
http://orcid.org/0000-0003-1193-8662
http://orcid.org/0000-0002-0024-8677
http://orcid.org/0000-0002-8238-1251
http://orcid.org/0000-0003-3622-9555
http://orcid.org/0000-0003-2214-0621
http://orcid.org/0000-0003-4036-4020
http://orcid.org/0000-0002-5865-1776
https://doi.org/10.1007/s10570-020-03621-9
https://doi.org/10.1007/s10570-020-03621-9
https://doi.org/10.1007/s10570-020-03621-9
https://doi.org/10.1007/s10570-020-03621-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-020-03621-9&amp;domain=pdf
https://doi.org/10.1007/s10570-020-03621-9


Graphic abstract

Keywords Cellulose � Dissolution � Reactivity �
Raman spectroscopy � TEMPO-oxidation � UV/Vis-

spectroscopy

Introduction

Cellulose is a versatile raw material which can be

converted into numerous products applicable in var-

ious fields. However, its full potential is not fully met,

partly due to the difficulty in dissolving it. Cellulose

dissolution is a prerequisite for manufacturing value-

added cellulosic products, such as regenerated fibers,

filaments and films (Wawro et al. 2009; Yang et al.

2011a), and producing functional cellulose-based

materials in a homogenous environment (Gericke

et al. 2013; Wang et al. 2016). Functionalizing

cellulose in the dissolved state is desired due to the

full availability of hydroxyl (OH) groups, control of

both the degree of substitution (DS) and the distribu-

tion of the functional groups as well as minimal chain

degradation and high yield due to small consumption

of reagent by side reactions (Heinze et al. 2000). Yet,

as the load-bearing structure in nature, cellulose is a

recalcitrant polysaccharide organized in the plant cell

wall in a hierarchical structure that resists degradation.

The stiffness of cellulose chains and their close

packing through numerous hydrogen bonds make

dissolving cellulose difficult. Cellulose solubility is

affected by strong intra- and intermolecular hydrogen

bonding as well as hydrophobic interactions between

the molecules (Lindman et al. 2010; Medronho and

Lindman 2015). Therefore, it is insoluble in water and

in the most common organic solvents.

Cellulose can, however, be dissolved with certain

solvents or solvent systems which are able to diffuse in

and disrupt the crystalline structure as well as

dissociate cellulose chains from each other (Ghasemi

et al. 2017a, b). Cellulose dissolution typically begins

with swelling of the fibers. When cellulose is placed in

contact with a solvent, the solvent molecules permeate

into the structure of the biopolymer changing its

volume and physical properties (Medronho and Lind-

man 2015). If the cellulose-solvent interactions are

stronger than the intra- and intermolecular interactions

between cellulose chains, the crystalline network of

cellulose is gradually destroyed increasing the possi-

bility of conformational chain movement of individual

chains (Rabideau et al. 2013). The weakening inter-

actions between cellulose molecules and the increas-

ing chain movement result in the transformation of

solid cellulose fibers to swollen gel-like medium

(Ghasemi et al. 2017a; Lu et al. 2011). With increasing

swelling, the individual cellulose chains start to

disintegrate from each other and diffuse into the bulk

solution (Ghasemi et al. 2017a). In complete dissolu-

tion, the supramolecular structure of cellulose is

expected to be completely destroyed resulting in a

solution where cellulose chains are separated from

each other. Generally, dissolution is favored by an

increase of entropy in solution (e.g. the entropy of

mixing and the entropy of conformation mobility) and

thus, due to the long polymer chains, dissolving

polymers is more challenging than dissolving their

parent monomers (Budtova and Navard 2016). The

former is true also for cellulose. However, the

dissolution of cellulose is additionally hindered by

two properties, namely, (1) the rigidity of cellulose

chains limiting the degrees of freedom when the chain

is dissolving and (2) the tendency of cellulose

molecules to self-aggregate in solution (Budtova and

Navard 2016). Thus, a good cellulose solvent is not

only able to disturb the interaction between cellulose

chains but also to prevent them from self-aggregating

in solution.
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Aqueous sodium hydroxide solution is a promising

choice for cellulose dissolution due to the rapid, non-

toxic, low cost and environmentally friendly dissolu-

tion process. The process for dissolving cellulose in

aqueous NaOH was discovered already in the early

1900s (Davidson 1934, 1936) and it is still attracting a

lot of interest (Cai et al. 2008; Egal et al. 2007;

Hagman et al. 2017; Huh et al. 2020; Medronho and

Lindman 2015). Cellulose dissolves rapidly in aque-

ous NaOH, however, the dissolution is limited to low

temperatures (\ 0 �C), moderately low degree of

polymerization (DP), low concentration of cellulose

and narrow concentration range of NaOH (7–10%)

(Budtova and Navard 2016; Cai et al. 2008; Egal et al.

2007; Hagman et al. 2017; Isogai and Atalla 1998;

Medronho and Lindman 2015). Furthermore, there is a

tendency for gelation of semidilute solutions (e.g. 5%

cellulose in 9% NaOH solution) with increased time

and temperature (Liu et al. 2011; Pereira et al. 2018;

Roy et al. 2003). One of the leading theories explain-

ing cellulose dissolution in aqueous NaOH at low

temperature is the formation of hydrates with water

that permeate into the structure of the cellulosic

material and detach individual chains from each other

(Cai et al. 2008; Egal et al. 2007). According to Egal

et al. (2007) the structure of aqueous NaOH–cellulose

solution is highly dependent on the concentrations of

the species present in the solution and at the optimal

concentrations, there is an unstable equilibrium

between NaOH hydrates bonded to each other and to

cellulose. On the other hand, charging up polymers is

expected to increase their solubility. In the strongly

alkaline conditions typically used for cellulose disso-

lution, cellulose is in a dissociated form which can

play a significant role in the dissolution of this polymer

(Kihlman et al. 2013). This phenomenon was studied

by Bialik et al. (2016) who have shown that there is a

correlation between the dissolving power of alkali

hydroxides and their pK values. As possible explana-

tions for the counter-intuitive effect of temperature to

cellulose dissolution in aqueous NaOH, it has been

proposed that the network of NaOH hydrates is

stronger at low temperatures preventing cellulose

chains from interacting with each other (Egal et al.

2007). Alternatively, more polar conformations of

cellulose are favored at low temperature promoting

interactions with the polar solvent (Medronho and

Lindman 2014).

The dissolution of cellulose in aqueous NaOH and

the stability of the solution against gelation can be

enhanced with certain additives, such as a small

amount of zinc oxide (Kihlman et al. 2013; Liu et al.

2011; Yang et al. 2011b). Despite active research, the

role of ZnO has remained to be an open question. ZnO

forms zincate (Zn(OH)4
2-) in strongly alkaline solu-

tion, and it has been suggested that this species

enhances the dissolution of cellulose by forming even

stronger hydrogen bonds with it (Yang et al. 2011b).

On the other hand it has also been suggested that

Zn(OH)4
2- enhances cellulose dissolution by associ-

ating to it and thus further charging up the molecules

in the alkaline conditions (Kihlman et al. 2013).

Moreover, Liu et al. (2011) have suggested that ZnO

acts as water ‘‘binder’’ stabilizing cellulose solutions

in aqueous NaOH.

The work presented here contributes to the under-

standing of cellulose dissolution in aqueous NaOH–

ZnO and elaborates on the role of ZnO. Moreover, the

reactivity of cellulose dissolved in the NaOH–ZnO

system is discussed. Two samples, microcrystalline

cellulose consisting of pure, low molecular weight

cellulose and never-dried, bleached softwood pulp

containing cellulose of high molecular weight were

dissolved in a solvent system containing 9 w-% NaOH

and 1 w-% ZnO. The structure of the samples was

studied with Raman spectroscopy and the reactivities

were assessed based on oxidation with 4-acetamido-

2,2,6,6-tetramethylpiperidine-1-oxo-piperidinium

cation (4-AcNH-TEMPO?) as a probe reaction with

the method published by Khanjani et al. (2017).

2,2,6,6-tetramethylpiperidine-1-oxyl radical

(TEMPO) -catalyzed oxidation in alkaline pH has

been widely studied in the production of oxidized

cellulose nanofibrils because of the high reaction rate,

yield and selectivity (Isogai et al. 2011; Okita et al.

2010; Saito et al. 2007, 2009; Salminen et al. 2017).

The actual oxidizing agent in these reactions is the

TEMPO?-cation (Isogai et al. 2011). It is able to

rapidly and selectively convert the hydroxymethyl

groups of cellulose into carboxylate groups in mild

conditions (pH 9, room temperature) (De Nooy et al.

1994). In addition, the reaction can be followed and

quantified with iodometry (Bichsel and von Gunten

1999; Pääkkönen et al. 2015; Khanjani et al. 2017).

Thus, oxidation with 4-AcNH-TEMPO? provides a

means to study cellulose reactivity quantitatively.

Raman spectroscopy was chosen for the structural
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studies as it enables analysis of chemical bonds at the

molecular level. Moreover, it is non-destructive and

enables analysis of samples in their native state since

minimal sample preparation is required and also wet

samples can be analyzed (Agarwal 2014). Raman

spectroscopy is especially useful in studying cellulosic

samples as, in general, the materials are inherently not

fluorescent and thus the obtained Raman spectra have

good signal-to-noise ratios (Agarwal 2019). In the

current work, oxidation with 4-AcNH-TEMPO? as a

means to study the reactivity of cellulose in the

dissolved state is reported for the first time, and, based

on the reactivity studies as well as the Raman

spectroscopic analyses, a new structure for cellulose

dissolved in aqueous NaOH–ZnO is proposed.

Materials and methods

Materials

The samples were never-dried bleached softwood

(SW) kraft pulp obtained from UPM-Kymmene Oyj

and microcrystalline cellulose powder (MCC; Avicel,

PH-101, * 50 lm particle size) obtained from

Sigma-Aldrich, Ireland. In addition, cellohexaose

(purity[ 90%) from Megazyme International, Ire-

land as well as amorphous cellulose (AC) prepared

from the MCC with a method modified from Mormann

and Wezstein (2009) were studied as references with

Raman spectroscopy. In preparing the amorphous

cellulose, 3 mol of hexamethyldisilazane (HMDS)

was used per anhydroglucose unit (AGU) for the

silylation and the reaction medium was EmimAc with

10% MCC concentration. Desilylation was done in a

slightly acidic water reflux.

For the molecular weight distribution analyses, the

samples were dissolved in LiCl/DMAc solution which

was prepared from LiCl (purity[ 98.5%) purchased

from VWR Chemicals and DMAc (HPLC-grade) from

VWR Chemicals. NaOH (purity 99.6%) from VWR

Chemicals and ZnO (pro analysis) from Merck were

used for preparing the cellulose solvent. For the

TEMPO-oxidation studies, 4-acetamido-2,2,6,6-te-

tramethylpiperidine-1-oxo-piperidium (4-AcNH-

TEMPO?) tetrafluoroborate (purity 97%) and pH 2

buffer solution (AVS titrinorm) were purchased from

Sigma-Aldrich and VWR Chemicals, respectively.

Boric acid (purity[ 99.8%) from Sigma Aldrich and

NaOH (purity 99.6%) from VWR Chemicals were

used to prepare the pH 9 buffer solution for the

oxidation experiments. All dilutions were done in

Milli-Q water (Millipore Corporation, resistivity

18.2 MX cm).

Structural characterization of the samples

The samples were characterized for their dry matter

(DM) and structural carbohydrate contents as well as

their DPw (Table 1). The dry matter contents were

determined according to the standard ISO 638:1978

and the structural carbohydrate contents were ana-

lyzed according to the analytical method NREL/TP-

510-42618 published by the U.S. National Renewable

Energy Laboratory (NREL) (Sluiter et al. 2008). For

the structural carbohydrate contents determination, the

samples were acid-hydrolyzed to their constituent

monosaccharides and analyzed with high-perfor-

mance anion-exchange chromatography with pulsed

amperometric detection (HPAEC-PAD) with a Dio-

nex ICS-3000 system (Thermo Fisher Scientific). The

samples were studied in duplicate and two chromatog-

raphy injections were done for each analysis. Based on

the amounts of monosaccharides, the cellulose and

hemicellulose contents were calculated according to

the formula published by Janson (1970).

The DPw of the samples was calculated from their

molecular weight distributions that were analyzed

from their solution in LiCl/DMAc with gel permeation

chromatography (GPC) based on the method

described in Borrega et al. (2013). To facilitate

dissolution, the samples were first activated in Milli-

Q water and then dehydrated by solvent-exchange

with acetone. Prior to the dissolution, the samples

were activated in DMAc overnight. Then the samples

were dissolved in 90 mg/l LiCl/DMAc solution at

room temperature under continuous mixing with a

magnetic stirrer. The dissolved samples were diluted

10 times and analyzed with a Dionex UltiMate 3000

system (Thermo Fisher Scientific) with RI-detection

(Shodex RI-101) coupled with multi angle laser light

scattering (Viscotek SEC-MALS 20). Solution con-

taining 9 g/l LiCl/DMAc was used as the eluent, two

injections were performed for each analysis and

pullulan standards (343 Da–708 kDa, Polymer Stan-

dard Service, and 2350 kDa, Fluka) were used to

calibrate the system.
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The dissolution procedure

4 w-% of cellulosic sample (in dry matter) was

dissolved in the solvent system containing 9 w-%

NaOH and 1 w-% ZnO. The amounts of NaOH and

ZnO were chosen based on previously published

studies (Budtova and Navard 2016; Cai et al. 2008;

Egal et al. 2007; Hagman et al. 2017; Isogai and Atalla

1998; Kihlman et al. 2013; Liu et al. 2011; Yang et al.

2011b) as well as preliminary studies optimizing the

conditions for the system applied in the current work.

First, NaOH and ZnO were dissolved in boiling water

in the mass ratio of 6:1 (18 w-% in total) in order to

dissolve ZnO and then cooled down to - 10 �C. The

cellulosic samples were activated in Milli-Q water in a

separate container and then poured to the NaOH–ZnO

solution while mixing with a mechanical stirrer in a

salt-ice bath at - 10 �C. For the Raman spectroscopic

studies, the following additional references were

prepared: 4 w-% cellohexaose in water, 4 w-%

cellohexaose in NaOH–ZnO as well as pure NaOH–

ZnO solvent. The amounts of NaOH and ZnO were 9

w-% and 1 w-%, respectively.

Optical and scanning electron microscopy imaging

The MCC and pulp samples were imaged with a Leica

ICC50 HD microscope in their as-received state as

well as immediately after their dissolution in the

NaOH–ZnO system. In addition, the samples were

imaged with scanning electron microscopy (SEM)

before and after their dissolution. The never-dried pulp

as well as the dissolved samples needed to be dried for

the SEM study while the MCC was a dry powder and

needed no sample preparation. The pulp was dried

with critical point drying (CPD) in order to preserve its

pore structure and the dissolved samples were vacuum

dried. For the CPD, a method modified from Lovikka

et al. (2016) was used. The pulp samples were placed

into regenerated cellulose membrane tubings and

solvent exchanged by dialysis into acetone for 48 h.

Then, the samples were moved into a Leica EM

CPD300 critical point drier where the acetone was

exchanged to liquid CO2 over 18 cycles (ca. 2 h). In

order to bring the CO2 to its supercritical state, the

system was heated to 35 �C under ca. 75 bar pressure.

The samples were prepared for the SEM analysis in a

low humidity room (\ 10% RH). The CPD dried pulp

and MCC were gently mounted onto a double-sided

conductive carbon tape. The dissolved samples were

dried directly on the carbon tape. Prior to the imaging,

the samples were sputtered with iridium for 60–90 s

by applying 30 mA current to form a 3–9 nm layer on

the sample surface. The images were taken with a

Zeiss Sigma VP SEM using a secondary electron

detector at the accelerating voltage of 2.5–2.8 keV.

Oxidation with 4-AcNH-TEMPO?

The reactivity of the samples was studied with the

method published earlier (Khanjani et al. 2017). The

samples were oxidized with 4-AcNH-TEMPO? which

oxidizes hydroxymethyl groups to carboxylate groups

(De Nooy et al. 1994). The reactions were done at

room temperature in pH 9 buffer solution under

continuous mixing. The consumption of 4-AcNH-

TEMPO? was monitored by its reaction with potas-

sium iodide (KI) (Pääkkönen et al. 2015). The reaction

between 4-AcNH-TEMPO? and I- is shown in Eq. 1.

2 4 � AcNH � TEMPOþð Þ þ 3I�

! 2 4 � AcNH � TEMPOð Þ þ I�3 ð1Þ

The formed I3
- was quantified by absorption

spectrophotometry at the absorption maximum of

I3
- at 288 nm (Bichsel and von Gunten 1999).

The total volume in each experiment was 100 ml

and the amount of 4-AcNH-TEMPO? was 2.5 mmol/

l. The samples were studied in their as-received state

as well as immediately after their dissolution in the

NaOH–ZnO system. The amount of undissolved

sample in each experiment was 0.5 g/l (in dry matter)

while the amount of dissolved sample was 0.5 g/l,

0.1 g/l or 0.05 g/l (in dry matter) depending on the

experiment. Prior to the oxidation, the undissolved

Table 1 Structural

characterization of the

cellulosic samples

Sample DM (%) DPw Component (% dry weight)

Cellulose Xylan Glucomannan

MCC 96 400 96 2 2

SW pulp 18 3680 83 9 8
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samples were ultrasonicated in the pH 9 buffer

solution to achieve an even dispersion of the sample.

For monitoring the consumption of 4-AcNH-

TEMPO?, samples of the reaction solution (1 ml

each) were mixed with 1 ml of a 10% KI and diluted to

40 ml with a pH 2 buffer solution. The absorption

spectrum of the resultant solution was recorded at

appropriate time intervals. The recording of time

started at the time when 4-AcNH-TEMPO? was

mixed with the sample.

The values for reactivity (mmol/g) were obtained

by nonlinear fitting of the oxidant decay data accord-

ing to Eq. 2.

c ¼ c0 � 2aþ ae�k1t þ ae�k2t; ð2Þ

where the c0 and c refer to the concentration of

4-AcNH-TEMPO? after the reaction time 0

(2.5 mmol/l) and t, respectively. The k1 and k2 are

first-order rate constants for the oxidation of primary

and secondary hydroxyl groups, respectively, and a is

the fraction of 4-AcNH-TEMPO? that reacts with the

accessible hydroxyl groups of cellulose.

Raman spectroscopy

The Raman spectra of the samples were acquired as

such except for the never-dried pulp, which was dried

in the oven at 40 �C prior to the measurement. The

dissolved samples were studied immediately after

their dissolution. The Raman spectra were acquired

using a WITec alpha 300 RA confocal Raman

microscope equipped with a 532 nm frequency-dou-

bled Nd:YAG laser (used at 30 mW), a 20 9 air

objective (NA = 0.4), and a DU970-BV EMCCD

camera behind a 600 lines mm-1 grating. An integra-

tion time of 0.5 s was used and the number of

accumulations was 10 except for the dissolved MCC

for which the number of accumulations was 50.

Spectral analysis was done with the WITec Pro-

jectPlus software. All spectra were baseline corrected

by fitting a fifth-order polynomial and normalized on

the band at ca. 1096 cm-1.

Results and discussion

Cellulose dissolution in the NaOH–ZnO system

Figure 1 shows optical microscope images of the

MCC and never-dried bleached SW pulp in their as-

received state as well as after dissolving them in the

NaOH–ZnO system including photos of the samples as

inlays on the microscope images. Although, based on

solely microscope imaging, it is not possible to

distinguish between complete dissolution of cellulose

and the formation of a fine dispersion, it is a quick and

indicative way to estimate the dissolution capacity of

the solvent. The MCC formed a clear liquid when

dissolved in the NaOH–ZnO solvent system, and

according to the microscopy image in Fig. 1c, there

were only few small solid particles visible. These

particles might be undissolved ZnO or small aggre-

gates of cellulose. Similar small particles were visible

also in the microscope image taken of the pure NaOH–

ZnO solvent (Fig. S1d in the Supplementary Material).

Hagman et al. (2017) have previously reported clusters

of cellulose with an apparent size of[ 1 lm in their

study of MCC dissolved in aqueous NaOH. However,

it is important to note that the samples were allowed to

warm up to room temperature, the storage time at

room temperature prior to the measurement was not

mentioned and no ZnO was added to the system.

Figure 1b shows the SW pulp fibers in their as-

received state, and the fibers after the completion of

the dissolution procedure are shown in Fig. 1d. The

pulp formed an opaque gel in NaOH–ZnO, and in the

microscope image (Fig. 1d) swollen fibers are visible.

It is clear that the dissolution of the SW pulp in the

NaOH–ZnO system was poor. Indeed, dissolving the

SW pulp fibers with such a high DP (DPw = 3680,

Table 1) is not an easy task. The DPw of the SW pulps

was measured to be almost 10 times that of the MCC

(DPw = 400, Table 1). In fact, the main characteristic

of cellulose influencing its dissolution in NaOH has

been concluded to be its molecular weight (Isogai and

Atalla 1998). Moreover, Young et al. (2011b) found

that the solubility of cellulose in NaOH/urea/ZnO

solution decreases linearly with increasing molecular

weight of cellulose.

Figure 2 shows SEM micrographs of the samples.

The surface of the MCC in NaOH–ZnO is covered

with small, needle-like particles (Fig. 2c) whose size

is estimated with a larger magnification (Fig. 2S in the
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Supplementary Material) to be a few micrometers in

length and a few hundred nanometers in width.

Comparing the images in Fig. 2a, c, it is clear that

the shape and size of these needle-like particles is very

different from those ones of the MCC prior to the

dissolution. Thus, it is possible that these particles are

formed by cellulose that was originally dissolved and

has been aggregated when the sample was dried for the

Fig. 1 Microscope images of the samples: a MCC, b never-dried SW pulp, c MCC in NaOH–ZnO and d never-dried SW pulp in

NaOH–ZnO. Photos of the samples are included as inlays

Fig. 2 SEM images of the cellulose samples: a MCC, b SW pulp, c MCC in NaOH–ZnO and d SW pulp in NaOH–ZnO
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SEM imaging. Alves et al. (2016) have previously

reported similar needle-like particles in SEM micro-

graphs taken for MCC in NaOH. These types of

particles were not observed for the pulp in NaOH–

ZnO (Fig. 2d). Besides the needle-like particles, there

are also larger particles visible in both Fig. 2c, d. They

might be undissolved ZnO, aggregates of the solvent

and/or fractions of dissolved and aggregated cellulose.

Energy-dispersive X-ray analysis (EDS) could not

verify the chemical composition of these particles.

Moreover, the image taken of the SW pulp after its

dissolution in the NaOH–ZnO system shows undis-

solved fibers (Fig. 2d). A careful comparison of

Fig. 2b, d reveals that the average width of the fibers

after the NaOH–ZnO treatment (Fig. 2d) is smaller

than the average width of the fibers that have

undergone no dissolution procedure (Fig. 2b). This

might suggest that the SW pulp fibers have partially

dissolved during the dissolution procedure and, thus,

the fibers in the SEM micrograph (Fig. 2d) are thinner.

However, such conclusion cannot be made solely

based on SEM imaging and further evidence for this is

needed.

TEMPO?-reactivity

Figure 3a–c show UV–vis absorption spectra for the

iodometric analysis of 4-AcNH-TEMPO? from its

reaction mixture with MCC dissolved in the NaOH–

ZnO system and Fig. 3d–f show the consumption of

4-AcNH-TEMPO? during oxidation of the dissolved

MCC calculated based on the absorption spectra. To

visualize how the consumption of 4-AcNH-TEMPO?

depends on the concentration of cellulose, three cases

with varying cellulose concentration are shown. The

amount of 4-AcNH-TEMPO? in each experiment was

the same (2.5 mmol/l) while the amount of MCC was

0.5 g/l, 0.1 g/l and 0.05 g/l (in dry matter) depending

on the experiment.

In Fig. 3a, d, the relative amounts of 4-AcNH-

TEMPO? and MCC were chosen to be the same as

what was found optimal in our previous work report-

ing TEMPO?-reactivity of undissolved cellulose

samples (Khanjani et al. 2017). However, in the case

of MCC dissolved in the NaOH–ZnO system,

4-AcNH-TEMPO? reacts extremely fast and all

4-AcNH-TEMPO? is consumed in the beginning of

the reaction (Fig. 3a, d). When the amount of MCC is

decreased to 0.1 g/l, a small absorption peak of I3
- at

288 nm appears visible in the beginning of the

reaction (Fig. 3b) showing that most of 4-AcNH-

TEMPO? is also consumed immediately in the

beginning of the reaction. In contrast, the rest is

consumed fast, within ca. 2 min since the beginning of

the reaction (Fig. 3d). When the amount of MCC is

decreased even more, to 0.05 g/l, the consumption of

4-AcNH-TEMPO? becomes traceable (Fig. 3c, f).

Also in this case, the most amount of 4-AcNH-

TEMPO? is consumed immediately in the beginning

of the reaction. Some 4-AcNH-TEMPO?, however, is

consumed at a slower rate and the consumption can

thus be followed.

Figure 4 shows the consumption of 4-AcNH-

TEMPO? during the oxidation of MCC and the SW

pulp in their as-received state as well as after their

dissolution in the NaOH–ZnO system. The graph for

the dissolved MCC (0.05 g/l) is shown here again for

convenience. The solid line in the graphs represents

the computational fit of the data according to the two-

component first-order reaction system (Eq. 2) and the

dotted and dashed lines are the fast and slow compo-

nents of the reaction system, respectively. As observed

from Fig. 4, the non-linear, two-component reaction

system models the experimental data reasonably well

for all of the samples. The oxidation of the cellulosic

samples includes a faster, initially dominating reaction

and a slower, more persisting reaction. The fast

oxidation of hydroxymethyl groups of the MCC

proceeds to the end within ca. 15 min (Fig. 4a) while

the fast oxidation takes only ca. 5 min for the SW pulp

(Fig. 4b). Furthermore, the initial reaction rate and the

extent of overall reaction are higher for the SW pulp as

compared to the MCC. The MCC consists of almost

purely of cellulose while the SW pulp contains also

hemicelluloses. This affects the consumption of

4-AcNH-TEMPO? of the SW pulp as the hydrox-

ymethyl groups of glucomannan in addition to cellu-

lose may be oxidized by 4-AcNH-TEMPO?.

Moreover, the structure of the MCC is highly

crystalline while the SW pulp contains also non-

ordered domains. It has been shown that the carboxy-

late groups formed by TEMPO-mediated oxidation are

selectively present on cellulose crystallite surfaces

(Saito et al. 2009). Thus, it is not surprising that the

extent of the overall reaction of the SW pulp is found

to be higher than that of the MCC.

As discussed before, and as seen in Fig. 4, the

samples dissolved in the NaOH–ZnO system show
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significantly higher reactivities and initial reaction

rates as compared to the samples prior to their

dissolution. The fast oxidation of the hydroxymethyl

groups proceeds to the end almost instantly for the

MCC dissolved in NaOH–ZnO (Fig. 4c) and within

ca. 2.5 min for the SW pulp in NaOH–ZnO (Fig. 4d).

In our previous work, we have shown for 1-propanol

and maltose that mixing 4-AcNH-TEMPO? with

hydroxymethyl-containing species in dissolved state

leads immediately to complete oxidation of the

hydroxymethyl groups based on the stoichiometry of

the reactions (Khanjani et al. 2017). It can be assumed

that the same is true for the MCC dissolved in aqueous

NaOH–ZnO and the immediate reaction observed for

this sample consists solely of oxidation of hydrox-

ymethyl groups in dissolved form.

The computational fitting of the experimental data

in Fig. 4 makes it possible to quantify the extent of the

fast oxidation and thus the reactivities (contents of

carboxylate groups introduced by 4-AcNH-TEMPO?)

and the computational degree of oxidation of hexopy-

ranosyl units by 4-AcNH-TEMPO?. The reactivities

of the undissolved MCC and SW pulp are 0.58 mmol/

g for both of the samples corresponding to the

computational degree of oxidation of 9.5% for the

MCC and 10.4% for the SW pulp when the carbohy-

drate composition of the samples is taken into account.

The reactivities of the MCC and SW pulp dissolved in

the NaOH–ZnO system are 5.92 and 4.69 mmol/g,

respectively, corresponding to the degrees of oxida-

tion of 97.9% and 83.8%. Thus, it seems that

essentially all hydroxymethyl groups of the MCC in

NaOH–ZnO are oxidized by 4-AcNH-TEMPO?

immediately when the sample is mixed 4-AcNH-

TEMPO? indicating that cellulose has fully dissolved,

i.e. is in molecularly dispersed from, in the NaOH–

ZnO system. Moreover, the reactivity of the SW pulp

is increased by ca. 73%-points by the NaOH–ZnO

treatment.

Finally, it is important to note that cellulose

dissolved in the NaOH–ZnO system is expected to

start recrystallizing when the 4-AcNH-TEMPO?

aqueous solution is introduced to the system. The

high degree of oxidation of the hydroxymethyl groups

of the MCC in NaOH–ZnO clearly shows that the

rapid oxidation reaction proceeds to the end before

cellulose in the solution starts recrystallizing. We have

also studied MCC dissolved in two other systems,

Fig. 3 UV–Vis absorption spectra of 4-AcNH-TEMPO? and

MCC in NaOH–ZnO with a 0.5 g/l MCC, b 0.1 g/l MCC,

c 0.05 g/l MCC and the consumption of 4-AcNH-TEMPO?

during the oxidation of MCC in NaOH–ZnO with d 0.5 g/l

MCC, e 0.1 g/l MCC and f 0.05 g/l MCC
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namely LiCl/DMAc and 1-ethyl-3-methylimida-

zolium acetate ([Emim][Ac]), and the same was not

observed for these systems (figure S3 in the Supple-

mentary Material). In these solvents, the consumption

of 4-AcNH-TEMPO? stopped during the experiment

and the total consumption of 4-AcNH-TEMPO? was

markedly smaller than for the samples dissolved in the

NaOH–ZnO system showing that 4-AcNH-TEMPO?

was unable to oxidize all the hydroxymethyl groups of

cellulose dissolved in LiCl/DMAc and [Emim][Ac].

This is most probably due to rapid recrystallization of

cellulose when water was introduced to the system.

The concentration of cellulose at the point of precip-

itation in the solution-coagulant interface is very high,

thus favoring the formation of a dense cellulose

‘‘skin’’ (Medronho and Lindman 2015). Rapid regen-

eration of cellulose on the surface of the solution

markedly hinders the reaction between cellulose and

4-AcNH-TEMPO?. The fact that the same is not

observed for cellulose in the NaOH–ZnO solvent

system indicates that rapid recrystallization is not

happening in this system. Thus, there must be

something in the system that impedes rapid recrystal-

lization of cellulose when water is added and the

cellulose hydroxymethyl groups are able to react with

4-AcNH-TEMPO?. Let us elaborate this further in the

next section.

Raman spectroscopy

The state of cellulose in the NaOH–ZnO solvent

system and the solvent-cellulose interactions were

studied with Raman spectroscopy. Raman spec-

troscopy is a useful tool to study the composition

and structure of cellulosic materials as it provides

information at the molecular level. Changes in the

local molecular environments are reflected in changes

in the intensities, positions and shapes of the Raman

bands. In general, highly ordered and crystalline

materials produce sharp and intense bands while the

bands of unordered structures are broader and less

intense (Agarwal and Ralph 1997). As highly ordered

and crystalline polymer, the Raman bands of cellulose

are sharp and intense, and, due to numerous studies

Fig. 4 Consumption of 4-AcNH-TEMPO? during oxidation of 0.5 g/l MCC (a) and SW pulp (b), and 0.05 g/l MCC (c) and SW pulp

(d) in NaOH–ZnO. The fast and slow components of the fit (solid line) are represented by dotted and dashed lines, respectively
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over the years, they are well known (Agarwal 2014;

Agarwal and Ralph 1997; Blackwell et al. 1970;

Eronen et al. 2009; Schenzel and Fischer 2001; Wiley

and Atalla 1987). Most of the Raman features

characteristic of cellulose are found in the fingerprint

region between 250 and 1500 cm-1.

Figure 5 shows the Raman spectra in the region of

300–1500 cm-1 for the MCC (Fig. 5a) and the SW

pulp (Fig. 5b) prior to their dissolution in the NaOH–

ZnO system as well as after it. Two graphs are shown

for the SW pulp gel in NaOH–ZnO. One of the graphs

(turquoise) is taken from the swollen fiber part of the

sample and the other one (violet) from between the

swollen fibers. In addition, Fig. 5a shows the Raman

graph of the amorphous cellulose prepared from the

MCC. It should be noted that all of the graphs in Fig. 5

are normalized on the band at ca. 1096 cm-1 which is

assigned to the glycosidic COC stretching and the so-

called ‘‘ring breathing’’ of the cellulose chain (Schen-

zel and Fischer 2001; Wiley and Atalla 1987).

Interestingly, the graph of the MCC dissolved in the

NaOH–ZnO system (red) in Fig. 5a resembles closely

the one of the amorphous cellulose (black). Especially,

the band observed for the MCC at ca. 380 cm-1 is

missing from the graphs of the amorphous cellulose

and the MCC dissolved in NaOH–ZnO (the position

marked as a dashed line in the figure). This band is

closely related to the crystallinity of cellulose, and in

fact the ratio of the bands at 380 and 1096 cm-1 has

been used to quantify cellulose I crystallinity (Agar-

wal et al. 2010). Moreover, the shape of the Raman

graph of the MCC is typical to that of cellulose I while

the graphs of the amorphous cellulose and the MCC

dissolved in the NaOH–ZnO resemble those ones

reported earlier for amorphous cellulose and cellulose

dissolved in ZnCl2 ? 4H2O (Agarwal 2014; Fischer

et al. 2005; Schenzel and Fischer 2001). In the graph of

the MCC in NaOH–ZnO the bands typical of cellulose

in the regions 1000–1150 cm-1 and 1250–1500 cm-1

are broader than what is observed for cellulose I, the

shoulder at 1120 cm-1 is missing, bands at ca. 1260

and 1460 cm-1 are observed and the band at ca.

899 cm-1 is stronger. The intensity of the band at ca.

899 cm-1 has been shown to be indirectly related to

the crystallinity of cellulose (Li and Renneckar 2011)

and the band at ca. 1460 cm-1 has been assigned to the

scissor mode of the gg conformer of the CH2OH

group. The changes in the Raman profiles, especially

the missing band at ca. 380 cm-1, indicate that the

crystalline network of cellulose has been destroyed

when the MCC was dissolved in the NaOH–ZnO

system. Similar changes in Raman graphs are also

observed for cellohexaose dissolved in the NaOH–

ZnO system (Fig. S4a in the Supplementary Material).

However, a closer inspection of the graphs in Fig. 5a

shows that there are also some differences between the

graphs of the MCC in NaOH–ZnO and the amorphous

cellulose. The band observed for the amorphous

cellulose at 1260 cm-1 has shifted by almost

10 cm-1 to a higher wavenumber. This band is in a

so-called transition region in which the vibrational

modes involve significant amounts of skeletal stretch-

ing and methine bending vibrations whose frequency

distributions are sensitive to the orientation of the

glycosidic linkages (Schenzel and Fischer 2001). The

other clear difference between the Raman graphs of

Fig. 5 Normalized Raman spectra of a MCC (top/blue), MCC in NaOH–ZnO (middle/red) and amorphous cellulose (bottom/black)

and b SW pulp (top/pink), SW pulp in NaOH–ZnO (fiber) (middle/turquoise) and SW pulp in NaOH–ZnO (solution) (bottom/violet)
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the MCC in NaOH–ZnO and the amorphous cellulose

is found in the region 320–520 cm-1. The vibrational

modes in this region are to a large extent delocalized

and consist predominantly of skeletal bending vibra-

tions of CCC, COC, OCC and OCO with small

contribution of CCH, OCH methine bending as well as

skeletal CC and CO stretching vibrations (Schenzel

and Fischer 2001). The differences in this region

indicate that the local environments of the individual

cellulose chains are different in the NaOH–ZnO

solvent system as compared to the amorphous cellu-

lose. The bands in the graph of the MCC in NaOH–

ZnO at ca. 1062, 471 and 455 cm-1 originate from the

NaOH–ZnO solvent and are also visible in the Raman

graph of the pure solvent (Fig. S4b in the Supplemen-

tary Material).

The spectrum of the SW pulp (pink) in Fig. 5b is

typical for bleached SW kraft pulp (Agarwal and

Ralph 1997). In addition to cellulose, the Raman

spectrum of the SW pulp includes the bands of

hemicelluloses contained by the pulp. The Raman

bands of hemicelluloses are broader and less intense

than cellulose due to their less ordered structure, and,

due to the chemical similarity between hemicelluloses

and cellulose, their bands overlap with those ones of

cellulose (Agarwal and Ralph 1997). Figure 5b con-

tains also the normalized Raman spectrum of the

swollen SW pulp fiber in the NaOH–ZnO solvent

system (turquoise) as well as a spectrum taken of the

area in between the swollen fibers in the gel (violet).

The graph of the swollen fiber has a weak band at

381 cm-1 indicating that some amount of cellulose I

crystallinity is left in the fiber. However, the shape of

the spectrum in the 1000–1170 cm-1 region resem-

bles that of cellulose II (Agarwal 2014; Schenzel and

Fischer 2001) indicating that the sample has partly

turned into this polymorph. Moreover, the band

typical for amorphous cellulose at 1260 cm-1 has

shifted by ca. 10 cm-1 to 1273 cm-1 and a band at ca.

1460 cm-1 appeared in the graph, the same phenom-

ena that were observed for the MCC in NaOH–ZnO.

The graph of the area in between the swollen fibers

show bands originating from the solvent as well as

weak and broad cellulose bands in the regions between

1000–1150 cm-1 and 1250–1500 cm-1 indicating

that probably a small amount of cellulose has

dissolved into the system. It should be noted that this

graph had a low intensity overall which is shown by

the high signal-to-noise ratio of the normalized graph

(violet) in Fig. 5b.

Based on the Raman spectra, it seems that the

crystalline network of cellulose is destroyed when

MCC is dissolved in the NaOH–ZnO system. How-

ever, the molecules are not able to take in any position

in the solution but they are instead confined to certain

positions, indicated for example by the appearance of

the Raman bands in the region between 320 and

520 cm-1 which are missing from the spectrum of the

amorphous cellulose. Moreover, the appearance of the

band at ca. 1460 cm-1 indicates that the cellulose

chains are confined to the gg conformer of the CH2OH

group. We suggest that in the NaOH–ZnO system the

addition of ZnO aids the dissolution of cellulose and

delays self-aggregation by coordinatively binding to

the C2 and C3 OH groups of the cellulose chains

deliberated from the crystalline structure and forming

a metastable structure similar to the ring-structured

complex, zinc glycerolate, formed in the reaction of

ZnO and glycerol (Rémiás et al. 2009; Turney et al.

2013). The proposed structure is shown in Fig. 6. The

formation of such a structure would disturb the

conjugated electron system of the hydrogen bonded

network of cellulose and thus aid in keeping the

molecules apart from each other. However, the

complex is not stable and gelation of cellulose might

eventually happen. It has been shown for zinc

glycerolate that the complex is not stable in aqueous

environment and it is instead hydrolyzed over time at

room temperature (Yee et al. 2012). In contrast to the

MCC, the SW pulp did not dissolve well in the NaOH–

ZnO system. For this sample, it was shown that the

cellulose I crystalline structure of the swollen fiber

Fig. 6 Proposed structure for cellulose dissolved in the NaOH–

ZnO system
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was partly changed to cellulose II in NaOH–ZnO.

According to the Raman spectroscopy, it is possible

that some zinc oxide has bound to cellulose also in the

case of this sample possibly forming the ring-struc-

tured complex as described above.

Conclusions

The addition of ZnO to aqueous NaOH aids the

dissolution of cellulose and hinders its self-aggrega-

tion in solution. However, even with the addition of

ZnO, a temperature below 0 �C is required to dissolve

cellulose. Cellulose dissolution in aqueous NaOH at

low temperature is generally explained by the forma-

tion of NaOH hydrates that are able to permeate into

the cellulose network detaching individual chains

from each other and forming a new network with it. It

has been proposed that at the NaOH concentration

optimal for cellulose dissolution (7–10%), an unsta-

ble equilibrium exists between NaOH hydrates bonded

to each other and to cellulose. On the other hand,

cellulose is in a dissociated form in the strongly

alkaline environment which is also expected to

enhance its dissolution due to charging up the

polymer. We suggest that in this system, the addition

of ZnO aids the dissolution of cellulose and delays its

self-aggregation by coordinatively binding to the C2

and C3 OH groups of the cellulose chains deliberated

from the crystalline structure and thus forming a ring-

like structure similar to zinc glycerolate. The forma-

tion of this complex would disturb the conjugated

electron system of the hydrogen bonded network of

cellulose and thus aid in keeping the molecules apart

from each other. Based on the Raman spectroscopic

study as well as the TEMPO?-reactivity of the MCC in

NaOH–ZnO it is clear that cellulose has dissolved

completely in the NaOH–ZnO system. Moreover,

based on the Raman spectra it is possible that a Zn-

cellulose complex is formed when cellulose is dis-

solved in the NaOH–ZnO system and the formation of

such a structure can explain the observed difference

between the reactivities of MCC dissolved in aqueous

NaOH–ZnO as compared to MCC dissolved in

[Emim][Ac] and LiCl/DMAc. The formation of a

metastable structure between cellulose and ZnO

would slow down the recrystallization of cellulose

when aqueous 4-AcNH-TEMPO? is added into the

system which is observed as the consumption of

4-AcNH-TEMPO? over the whole reaction time as

compared to the [Emim][Ac] and LiCl/DMAc systems

in which the consumption of 4-AcNH-TEMPO?

levels off in the beginning of the reaction as cellulose

is recrystallizing. The SW pulp with a high DP

dissolved poorly in the NaOH–ZnO system and it was

partially swollen and turned into cellulose II. Based on

the Raman data, it is possible that a Zn-cellulose

complex has also formed in this sample.
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Rémiás R, Kukovecz Á, Darányi M, Kozma G, Varga S, Kónya

Z, Kiricsi I (2009) Synthesis of zinc glycerolate micro-

stacks from a ZnO nanorod sacrificial template. Eur J Inorg

Chem. https://doi.org/10.1002/ejic.200900308

Roy C, Budtova T, Navard P (2003) Rheological properties and

gelation of aqueous cellulose–NaOH solutions.

Biomacromol 4:259–264. https://doi.org/10.1021/

bm020100s

Saito T, Kimura S, Nishiyama Y, Isogai A (2007) Cellulose

nanofibers prepared by TEMPO-mediated oxidation of

native cellulose. Biomacromol 8:2485–2491. https://doi.

org/10.1021/bm0703970

Saito T, Hirota M, Tamura N, Kimura S, Fukuzumi H, Heux L,

Isogai A (2009) Individualization of nano-sized plant cel-

lulose fibrils by direct surface carboxylation using TEMPO

catalyst under neutral conditions. Biomacromol

10:1992–1996. https://doi.org/10.1021/bm900414t
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