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solvents, which converts the labile, alkali-sensitive 
carbonyl structures back to the respective alcohols. 
Using sodium borohydride  (NaBH4) on different 
types of cellulosic pulps, we demonstrate the benefi-
cial effects of such a reduction step on the determined 
degree of polymerization (DP) for all three common 
solvents: cuen, cuoxam and cadoxen. Molar mass 
distributions and profiles of carbonyl groups were 
determined by GPC and by carbonyl selective fluores-
cence labeling (“CCOA method”). Such a reductive 
treatment was especially valuable for hemicellulose-
containing pulps. While the decreased measurement 
error according to the new protocol is beyond doubt, 
an immediate acceptance in the pulp and paper indus-
tries is at least questionable, because the new, more 
correct data would not agree with the old – wrong, 
but consistent – numbers accumulated over years and 
decades. In the long run, however, the new, improved 
protocol will prevail here as well due to its lower 
error rate.

Keywords Aging · Beta-elimination reaction · 
Cellulose · Gel permeation chromatography · Molar 
mass distribution · Oxidative damage · Paper · Pulp · 
Reduction · Viscosity measurement

Introduction

In the pulp and paper industry, viscometry is a key 
approach to characterization of the pulps´ molar 

Abstract Correctness and reliability of molar mass 
data by viscometry in organometallic solvents (cuen, 
cuoxam, cadoxen) are compromised by the alkalinity 
of these solvents which causes immediate depolym-
erization especially in the case of pulps with higher 
carbonyl content (oxidative damage). The viscosity 
values thus correspond to the molar mass after the 
beta-elimination reactions that underly these degra-
dative processes, which is sometimes significantly 
smaller than the molar mass determined by gel per-
meation chromatography (GPC) in the non-degrading 
solvent system DMAc/LiCl. Despite this well-known 
drawback, viscosity measurements have become a 
standard approach for molar mass measurements 
due to their ease and fastness, especially in the pulp 
and paper industries. A potential way to reduce the 
inherent error of these molar mass determinations 
via viscosity measurements is a reductive treatment 
prior to dissolution of the pulp in the organometallic 
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mass. Alongside mechanical tests and ISO bright-
ness determination, viscometry is almost ubiquitously 
used among pulp producers for quality control dur-
ing manufacturing and to optimize production pro-
cesses. The method is a fast, not overly demanding, 
robust technique, it gives consistent results if carried 
out in the same lab under constant conditions, and the 
output is easy to evaluate and interpret (Zellchem-
ing 1957, 1960; ISO 1981 and 2010). The measured 
intrinsic viscosity value is easily transformed math-
ematically into the viscosity-derived degree of from 
the Ancient Greek roots of the word, hyphenation 
should be polymerization (but not polym - erization) 
 (DPV) which serves as a sum parameter to character-
ize the molar mass of the pulps.

When considering cellulose pulps for viscome-
try-determination of their degree of polymerization 
 (DPV), some aspects must be kept in mind. During 
pulping and bleaching, or even upon natural aging 
or storage, pulps inevitably undergo some oxida-
tive modification due to the harsh processing condi-
tions, oxidative chemicals involved or autoxidation/
aging processes (Potthast et  al. 2006, 2007). There-
fore, cellulose carries oxidized functionalities along 
its backbone, aldehydes or carboxyl groups at C-6, 
ketone functions at C-2 and C-3, which in the case 
of commercial pulps range around 20–30  µmol/g or 
even up to 100 µmol/g in oxidatively stressed mate-
rial (Potthast et  al. 2005, 2007). To determine the 
intrinsic viscosity, from which DPv is derived, cellu-
lose is required to be dissolved; for the use of DPv in 
polymer and cellulose science see Evans and Wallis 
(1989). Dissolution is usually achieved in one of three 
organometallic solvents, either the copper(II) com-
plex with ethylenediamine (“cuen”) or with ammonia 
(“cuoxam”, Schweizer’s reagent), or the cadmium(II) 
complex with ethylenediamine (“cadoxen”) (Ols-
son and Westman 2013; Saalwächter et  al. 2000). 
All these solvents are strongly alkaline (pH > 10) and 
immediately trigger β-alkoxy elimination reactions 
that cleave the glycosidic bonds adjacent to any car-
bonyl group along the cellulose polymer (Ahn et  al. 
2019a, 2019b; Zaccaron et  al. 2020). The elimina-
tions become detectable by a molar mass loss starting 
at pH values around 8.5 (Haskins and Hogsed 1950; 
Hosoya et  al. 2018); those starting from oxidized 
C-2 and C-3 are about 20 times faster at room tem-
perature than those from C-6 (Hosoya et  al. 2018), 
and are completed in less than a minute at pH 10 and 

room temperature. In principle, the rate of elimina-
tion is proportional to the concentration of hydroxyl 
ions (the catalyst) and strongly increasing with 
temperature.

Since the standard procedures for viscosity deter-
mination take 30  min (cuen) or 60  min (cuoxam, 
cadoxen), it is obvious that at the time of measure-
ment, the β-elimination reactions have completed, 
and the measurement result reflects the state of the 
pulp after those chain scissions and not the state 
before. The effects are comparable for all three vis-
cometry media. The viscosity of the shortened chain 
is determined, and the outcome is an underestimation 
of the DP, which gets more severe with increasing 
oxidative damage of the pulp, i.e., increasing content 
of carbonyl groups (Ahn et al. 2019a; Zaccaron et al. 
2020).

The consequences are as simple as severe: the 
higher the oxidative damage of a pulp, i.e., its con-
tent of carbonyl groups, the more incorrect the 
molar mass data determined with viscosity. Vis-
cometry reports the molar mass of the material after 
β-elimination and not that of the starting material 
before dissolution. The values obtained are thus inev-
itably underestimated to a greater or lesser extent. 
Nevertheless, the method became the standard in the 
paper industry. This was certainly supported by the 
fact that no equally simple and generally applicable 
alternative to molar mass determination was or is 
available. Molar mass determination by means of gel 
permeation chromatography in the standard solvent 
DMAc/LiCl, which is known to leave the celluloses 
molar mass unchanged also in the case of oxidatively 
pulps, (Potthast et al. 2015; Henniges et al. 2011a) is 
far more demanding in terms of equipment, mainte-
nance, measurement time and interpretation and thus 
no real alternative to a pulp-and-paper quality control 
method that first of all should be fast and easy.

A possible solution comes from reduction strate-
gies which would convert “harmful carbonyls” back 
to “innocuous hydroxyls”. Among several reduction 
agents described in the literature as possible options, 
metal/acid combinations (generating hydrogen in 
statu nascendi), amine-borane complexes and sodium 
borohydride  (NaBH4) are the ones having found 
applications. Metal/acid couples cause hydrolytic 
depolymerization of polysaccharides, which is advan-
tageously used in analytical cases where depolymeri-
zation is required, such as approaches to determine 
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the carbohydrate composition by acidic hydrolysis 
or methanolysis, but is otherwise unwanted. Amine-
borane complexes in polysaccharide reductions are 
limited to special cases, such as paper conservation 
(Sanna et al. 2009; Henniges and Potthast 2009), due 
to their more complicated handling, the danger of gly-
cosidic bond cleavage in the presence of Lewis acids 
(Gray et al. 1995; Hosoya et al. 2014) and sometimes 
toxicity issues. Sodium borohydride is the most prom-
inent reducing agent in general polysaccharide analy-
sis and chemistry because of its convenient handling 
in aqueous systems, its many applications in synthetic 
organic chemistry and – last but not least – its low 
price.  NaBH4 was used to quantify carbonyl groups 
in polysaccharides (Abdel-Akher et  al. 1952; Ströle 
1956; Tihlarik and Pašteka 1991), in routes towards 
functionalized celluloses and polysaccharides (Errokh 
et al. 2018; Larsson et al. 2014; Larsson and Wågberg 
2016; Leguy et al. 2018) and also in paper conserva-
tion contexts (Santucci and Zappal 2001), although in 
the latter field its application seems to be limited to a 
rather narrow window of reactions conditions (Henni-
ges et al. 2011b). Sodium borohydride has also been 
used quite commonly in alkaline extractions of poly-
saccharides to prevent alkaline peeling (Hartler and 
Svensson 1965; Finne et al. 1979; Wigell et al. 2007; 
Wang et al. 2015). It has also been used to decrease 
the tendency towards yellowing (brightness rever-
sion) and chromophore formation of highly bleached 
pulps (Rosenau et  al. 2004; Korntner et  al. 2015) 
by preventing the re-formation of chromophores in 
carbonyl-based, aldol-type condensation reactions 
(Rosenau et  al. 2007). From the viewpoint of reac-
tion mechanism, the reduction of an aldehyde or keto 
groups by sodium borohydride (and hydride reagents 
in general) involves nucleophilic hydride transfer to 
carbonyl-carbon, forming an alkoxide intermediate 
which is immediately protonated to give the corre-
sponding alcohol (primary alcohol from aldehydes, 
secondary alcohol from ketones). The overall reaction 
corresponds to a hydrogenation, formally an addition 
of hydrogen to the C = O double bond (Johnson and 
Rickborn 1970; Organikum 2001).

In the present paper we would like to point out 
how a simple and fast reduction step, which can be 
most comfortably integrated into current protocols as 
a heterogeneous treatment prior to dissolution, can 
significantly improve the quality of molar mass data 
obtained by conventional viscosity measurements in 

cuen, cuoxam or cadoxen. We also point out how the 
benefits of less error-prone results must be balanced 
with problems of data comparability regarding earlier 
measurements, especially in industrial practice and 
quality control.

Materials and methods

General. Chemicals from Sigma-Aldrich (Schnell-
dorf, Germany) were of the highest grade available 
and used without further purification. Distilled water 
was used for all aqueous solutions.

Pulps. Two main types of pulp were used for the 
optimization the experiments, cotton linters (CL) 
with following parameters: kappa number 0.11, 
brightness 82.0% ISO, viscosity [cuen] 407  mL/g, 
and a bleached hardwood (beech) sulfite pulp (HBSP) 
with a kappa number of 0.36, brightness 91.2% ISO, 
and viscosity [cuen] 565 mL/g.

Pulp oxidation. Oxidatively-modified cellulose 
pulps were prepared using either sodium hypochlo-
rite (NaOCl) or hydrogen peroxide  (H2O2) accord-
ing to the optimized procedure reported previously 
(Ahn et  al. 2019a) which builds on previous reports 
by Lewin and Epstein (1962) and Lewin and Ettinger 
(1969), respectively..

Table  1 shows the molar mass (weight-averaged 
molar mass,  Mw) and carbonyl data of the standard 
pulps used for the optimization of the reduction step. 
The values “after reduction” refer to the results of the 
standard reduction procedure given below.

Standard protocol for pulp reduction prior to 
viscosity measurement

Air-dried pulp (1  g) was suspended in water under 
vigorous stirring for 10 min and filtered off through 
a Buchner funnel. The fibers were suspended in an 
aqueous solution of sodium borohydride (0.1  M) in 
Sørensen buffer (pH = 8, 0.8  M, 100  mL) at room 
temperature and stirred for 30  min. Care should be 
taken that fresh, non-hydrolyzed reductant is used and 
that the solution is freshly prepared and used imme-
diately. The pulp was thoroughly washed with bidis-
tilled water on a Buchner funnel three times (100 mL 
each), filtered off under reduced pressure and imme-
diately used for dissolution in the viscometry solvent. 
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The pulps were stored in sealed Schott bottles at 
-18°C until GPC analysis.

The Sørensen buffer pH 8 is prepared from 2 
stock solutions: A: 118.76  g of disodium hydrogen-
phosphate dihydrate  (Na2HPO4*2H2O) filled up to 
1000 mL with distilled water, B: 90.78 g of potassium 
dihydrogenphosphate  (KH2PO4) filled up to 1000 mL 
with distilled water. 97.0 mL of solution A are mixed 
with 3  mL of solution B to give the buffer solution 
pH = 8 (0.667  M). Alternatively, ready-to-use buffer 
solution is commercially widely available.

Dissolution of the pulps in viscometry solvents 
and subsequent regeneration. Three different solvents 
commonly used for viscosity of cellulose were used 
according to standard protocols, namely copper eth-
ylenediamine (cuen, ISO 5351–1, 1981 and 2010), 
cupric ammonia hydroxide (cuoxam, Zellcheming 
1957), and cadmium ethylenediamine hydroxide 
(cadoxen, Zellcheming 1960). The detailed dissolu-
tion and regeneration procedures were reported pre-
viously (Ahn et  al. 2019a; Zaccaron et  al. 2020). In 
short, the concentration of pulps in the dissolution 
media was 5 mg/mL, 8 mg/mL and 5 mg/mL (rel. to 
air-dried pulp) for cuen, cuoxam and cadoxen, respec-
tively, and the dissolution times were 30 min, 30 min 
and 60  min, respectively. After that time, cellulose 
was regenerated in excess water containing acetic acid 
(2 vol%), using 10 mL per mL of viscometry solvent, 
by slow stirring for 15 min. It was washed with bidis-
tilled water until neutral, filtered off and immediately 
used for GPC measurements (solvent exchange water 
– ethanol – DMAc followed by dissolution in the elu-
ant) or stored in sealed Schott bottles at –18 °C.

GPC analysis. Carbazole-9-Carbonyl-Oxy-Amine 
(CCOA) labeling of the carbonyl groups was per-
formed as described earlier (Röhrling et al. 2002a and 

2002b, Potthast et  al. 2003). Gel permeation chro-
matography in the eluant N,N-dimethylacetamide/
LiCl (Chrapava et al. 2003, Henniges et al. 2011a and 
2013) with multi angle laser light scattering, refrac-
tive index and fluorescence detector analysis (GPC/
MALLS-RI-Fluo) was used for the molecular char-
acterization of the dissolved pulps. Details on sam-
ple preparation, analytical setup and GPC/MALLS-
RI-Fluo system and conditions were as previously 
described (Potthast et al. 2015, Ahn et al. 2019b). The 
measurements provided the molar mass distribution, 
from which the molar mass parameters like  Mw can 
be retrieved, in addition to the  Mw-related profiles of 
oxidized groups and the total carbonyl content. Sam-
ples to be compared were prepared and measured in 
the same batch. All data evaluation was performed 
with Chromeleon, Astra 4.73, and GRAMS/32 soft-
ware. The standard deviations for carbonyl group con-
tents and  Mw are below 5%, calculated from standard 
pulp measurements (N > 500).

Results and discussion

Reductive treatments and viscosity determination in 
cuen / cuoxam / cadoxen

In studies with aged papers as well as naturally and 
artificially aged (oxidized) cellulosic model pulps, 
reduction procedures with sodium borohydride have 
proven effective to preserve cellulose integrity and 
increase the stability of cellulose chains in alkaline 
media (Henniges and Potthast 2009; Tang 1986; 
Wang et  al. 2015). Such treatments of cellulose and 
polysaccharides with  NaBH4 are usually carried 
out in alkaline aqueous media in order to improve 

Table 1  Molar mass  (Mw) and total carbonyl group content of pulps before and after reduction, obtained by GPC/CCOA analysis

All data are averages from triplicate measurements. SD = 5% for both  Mw and C=O

Oxidant used 
before reduc-
tion

Cotton linters (CL) Hardwood bleached sulfite pulp (HBSP)

NaOCl H2O2 NaOCl H2O2

Mw (kg/mol) C=O 
(µmol/g)

Mw (kg/mol) C=O 
(µmol/g)

Mw (kg/mol) C=O 
(µmol/g)

Mw (kg/mol) C=O (µmol/g)

Without 
reduction

144.9 32.2 112.4 27.2 215.8 51.7 166.3 50.2

After reduc-
tion

133.9 0.2 103.9 3.2 203.7 13.9 160.9 12.4
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the stability of the reagent (Henniges et  al. 2011b). 
Increasing acidity (= decreasing pH) causes con-
sumption of the reagent by the disproportionation 
reaction with protons from the solvent  (H+  +  H–   H2) 
and evolution of hydrogen. At room temperature, 
the kinetic rate constant for the reduction is less 
than one order of magnitude smaller than those of 
β-elimination reactions so that the reduction can well 
compete with alkali-triggered β-elimination (Potthast 
et al. 2009; Hosoya et al. 2018) if the conditions (tem-
perature, alkalinity, concentration) are properly cho-
sen. In general, pronounced molar mass losses due to 
β-elimination upon  NaBH4 treatment occurs only in 
the case of highly oxidized celluloses (> 80 µmol/g), 
while it is tolerably low for conventional pulps with 
low degrees of oxidation (> 30 µmol/g).

In order to address the inherent error in the stand-
ard pulp viscosity protocols, we explored the efficacy 
of such reductive treatments before dissolving the 
pulp in the organometallic solvents. If the oxidized 
groups, namely aldehydes and ketones, were returned 
to their “hydroxyl state” before β-elimination sets 
in, the main error would be eliminated and the state 
of the pulp without chain shortening would be cor-
rectly reported. For optimization we used two cellu-
losic substrates, cotton linters and a bleached beached 
sulfite pulp, which had already been the test speci-
mens in previous viscosity measurement studies. 
Both the original pulps and their counterparts with 
different degree of oxidative modification were used 
(see Materials and Methods section). As also the oxi-
dant used in these modifications can influence the 
alkali-lability of the pulps, e.g., by introducing differ-
ent ratios of carbonyl vs. carboxyl groups (Ahn et al. 
2019b), we used either  H2O2 or HOCl as in previous 
studies.

To determine the molar mass distribution of the 
pulps, gel permeation chromatography in the solvent/
eluant DMAc/LiCl was employed which is known to 
be completely non-degrading if used according to the 
optimized protocol (Potthast et  al. 2002; Chrapava 
et  al. 2003; Potthast et  al. 2015). In addition, molar 
mass-related profiles of carbonyl groups according 
to the CCOA method (Röhrling et al. 2002a, 2002b; 
Potthast et  al. 2003) were used to directly monitor 
the dynamic changes in the carbonyl group contents. 
By dissolving the pulp directly in the GPC solvent, 
we can monitor the unchanged molar mass distribu-
tions of the pulps (black graphs in Figs.  1 and 2). 

Alternatively, the pulps were treated exactly as dur-
ing viscometry measurements, i.e., dissolved and 
kept in solution for 30 min (cuen) or 60 min (cuoxam, 
cadoxen), then precipitated in water and dissolved in 
DMAc/LiCl for GPC measurement. Now, GPC shows 
the state of the pulp after all processes that might 
have occurred in the viscometry solvents (colored 
graphs in Figs. 1 and 2).

Figures  1 and 2 present clear proof that a reduc-
tion step prior to dissolution in the viscosity solvents 
is beneficial with regard to molar mass preservation. 
The experiments underlying these figures employed 
a bleached hardwood sulfite pulp (HBSP), into which 
oxidized functionalities were introduced beforehand, 
with oxidation by NaOCl in Fig. 1 (starting carbonyl 
content 52 µmol/g) and with  H2O2 in Fig. 2 (starting 
carbonyl content 50  µmol/g). The reduction proce-
dure itself is innocuous with regard to the molar mass 
distribution. The curves before and after reduction 
are nearly congruent (Fig.  1, black graphs). Under 
special circumstances, the reduction even has a ben-
eficial effect on the direct dissolution in DMAC/LiCl 
which normally does not affect the molar mass distri-
bution at all: in the special case of an  H2O2-oxidized 
pulp, which contains many C-2/C-3 keto groups that 
are notoriously labile, the molar mass distribution is 
slightly shifted to higher values indicating the protec-
tive effect of the reduction (Fig. 2, black graph). Such 
minor degradative effects upon dissolution in DMAc/
LiCl – like the one seen here, which is eliminated by 
the reduction treatment – usually occur in pulps with 
significantly increased contents of oxidized groups 
and/or with eluants that have not been especially 
purified and contain some traces of water and alka-
line impurities (dissolved N,N-dimethylamine). This 
result suggests that for pulps with carbonyl contents 
greater than about 30  µmol/g, a reduction step can 
be considered even for direct GPC measurements in 
DMAc/LiCl. Besides the effect on the molar mass 
distribution, it was evident that the carbonyl groups 
were largely removed through the reduction, and the 
carbonyl contents were significantly reduced (from 52 
to 14 µmol/g in Fig. 1 and from 50 to 12 µmol/g in 
Fig. 2, see also Table1). It should be noted that these 
carbonyl contents can be further lowered by exces-
sively long reduction times, but these long times are 
not practical for standard protocols, and the very low 
contents that can be achieved are bought at the cost 
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of molar mass losses caused by extended contact with 
the alkaline reduction medium.

The colored subgraph in Figs. 1 and 2, each con-
taining three molar mass curves, refer to the viscos-
ity solvents. The solid, grey distributions show the 
molar mass distribution without dissolution in the 
viscosity solvent, after direct dissolution in the GPC 
solvent. The solid lines give the molar mass distri-
butions after dissolution in the viscosity solvent, 
and the dashed lines after reduction and subsequent 
dissolution in the viscosity solvent. As expected, 
the gray, colored distributions (no viscosity solvent) 
correspond to the highest molar mass and the solid 
lines (viscosity solvent, no reduction) to the lowest. 
The dashed lines lie between these two extremes, 
clearly showing that the molar mass loss caused by 
the viscosity solvents is diminished by the reduction 

treatment. The dashed curves are not congruent 
with the gray colored distributions (which would 
imply complete prevention of any degradation), but 
are reasonably close to them and lie at significantly 
higher molar mass values than the solid curves 
(without reduction treatment).

The changes in molar mass and carbonyl con-
tent of the HBSP pulp caused by the reduction pro-
cess are summarized in Fig. 3. In all cases, the total 
amount of carbonyl groups, i.e., the “predetermined 
breaking points” of the cellulose chain under alkaline 
conditions, decreased significantly, and the effect of 
the subsequent alkaline dissolution types of—loss of 
molarmass—was thus considerably attenuated. For 
cotton linters, a similar positive effect of the sodium 
borohydride reduction step was observed (Fig.  4). 
There was no clear difference between the viscosity 

Fig. 1  Effect of  NaBH4 reduction on the molar mass distribu-
tions (left y-axes) and carbonyl profiles  (DSCO, right y-axes) 
exemplified by a bleached (HOCl) hardwood sulfite pulp. Dis-
solution media: cuen (orange, CuEN), cadoxen (green, CdEN), 

cuoxam (purple, CuAM). Top left: sample directly dissolved in 
DMAc/LiCl (9%, w/v) and measured by GPC, without contact 
to the organometallic viscosity solvents
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Fig. 2  Effect of  NaBH4 reduction on the molar mass distribu-
tions (left y-axes) and carbonyl profiles  (DSCO, right y-axes) 
exemplified by a bleached  (H2O2) hardwood sulfite pulp. Dis-
solution media: cuen (orange, CuEN), cadoxen (green, CdEN), 

cuoxam (purple, CuAM). Top left: sample directly dissolved in 
DMAc/LiCl (9%, w/v) and measured by GPC, without contact 
to the organometallic viscosity solvents

Fig. 3  Reduction treatment 
 (NaBH4) prior to pulp 
dissolution in viscosity 
solvents. Decrease of alkali-
triggered molar weight loss 
(as differential weight-aver-
age molar mass, ∆Mw, left 
axis, columns) and carbonyl 
group content (C = O, right 
axis, dots) compared for 
two differently oxidized 
hardwood sulfite pulps and 
three viscosity solvents: 
cuen, cadoxen and cuoxam. 
Error bars: standard devia-
tion 5% for C = O and 10% 
for ∆Mw

0

20

40

60

80

100

120-120

-100

-80

-60

-40

-20

0
Cuen Cuoxam Cadoxen Cuen Cuoxam Cadoxen

Ca
rb

on
yl

 co
nt

en
t (

µm
ol

 g
-1

) 
w

ith
 a

nd
 w

ith
ou

t r
ed

uc
tio

n 
st

ep

M
w

 (k
g 

m
ol

-1
retfa

CPG.sv
CPGtcerid,)

tnevlos
yrte

mocsiv
ni

noitulossid

Sulfite pulp (HOCl) Sulfite pulp (H2O2)

Without reduction With reduction CO without red. CO with red.



3740 Cellulose (2022) 29:3733–3744

1 3
Vol:. (1234567890)

solvents, the  NaBH4 reduction step was similarly 
effective for all three.

At the same time, it became evident that both type 
of the pulp and nature of oxidative damage had an 
influence on the reduction, which is, after all, carried 
out as a heterogeneous process. The influence of the 
pulp type is simply explained by the different acces-
sibility and crystallinity of the pulps, as well as the 
influence of the pre-oxidation, since different oxi-
dants have different selectivity (C-2, C-3, C-6) and 
cause different ratios between oxidized groups (keto/
aldehyde vs. carboxylic acids). This is fully consistent 
with similar observations from preceding work on the 
effects of viscometry solvents on cellulose integrity 
(Ahn et al. 2019a, Zaccaron et al. 2020). The results 
also made clear that the reduction is not a panacea 
that can completely eliminate the negative effect of 
viscosity solvent alkalinity on cellulose integrity. 
The protective effect was obvious, but even with the 
additional reduction step, the molar masses measured 
in cuen/cuoxam/cadoxen were still lower than those 
determined directly (GPC in DMAc/LiCl). Thus, it is 
important to keep in mind that the reduction step is 
a significant improvement with respect error preven-
tion, although viscosity determination still cannot 
compete with GPC in terms of maintaining cellulose 
integrity.

Optimization of the standard reduction protocol

The reduction protocol to be used as a step in the 
DP-determination by viscometry must meet certain 

requirements. Of course, it should reduce the molar 
mass loss due to the solvent-induced (alkali-induced) 
β-elimination reactions as much as possible. How-
ever, this must be reconciled with operational require-
ments in daily lab practice. Viscometric DP determi-
nation is a standard procedure in the pulp and paper 
industries. Any change or addition to the established 
protocol must be as short, easy and economic as pos-
sible to find acceptance. No complicated procedures, 
lengthy work-ups or harmful chemicals should be 
involved.

We have optimized the reduction procedure with 
respect to temperature, reagent concentration and 
ratio, pH of the aqueous medium and reaction time 
(Fig. 5). In order to make the measurements of differ-
ent pulps comparable and allow consistent evaluation, 
the molar mass preservation without dissolution in 
the viscometry solvent (the minimum possible loss) 
was designated as 100% and the molar mass preserva-
tion in the viscometry solvent without reduction step 
was designated as 0% (the maximum “achievable” 
loss). The beneficial effect of the reduction then lies 
between 0 and 100% – the greater the number, the 
greater the molar mass-preserving effect of the reduc-
tive treatment. By taking these relative values, we 
could average the data over different pulps, similar to 
the later application of the procedure within viscosity 
measurements, which would also encompass all types 
of pulps samples.

The influence of the temperature (5  °C, 22  °C 
(r.t.), 40  °C) was very small. The results for 5  °C 
and 22  °C were the same, so that the additional 

Fig. 4  Reduction treatment 
 (NaBH4) prior to pulp 
dissolution in viscosity 
solvents. Decrease of alkali-
triggered molar weight loss 
(as differential weight-aver-
age molar mass, ∆Mw, left 
axis, columns) and carbonyl 
group content (C = O, right 
axis, dots) compared for 
two differently oxidized 
cotton linters samples and 
three viscosity solvents: 
cuen, cadoxen and cuoxam. 
Error bars: standard devia-
tion 5% for C = O and 10% 
for ∆Mw
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effort to cool the mixture below room tempera-
ture did not seem justified. The reduction effect 
(decrease of carbonyl content) was somewhat 
higher at 40  °C, while the molar-mass-preserving 
effect – the decisive factor – was slightly lower than 
at the other two temperatures. At the same time, 
degradation of the reductant through reaction with 
protons from the medium became considerable at 
40  °C so that this temperature was ruled out. The 
influence of the pH appeared to be large enough to 
justify the additional complication of using a pH 
buffer instead of water, in order to keep the alkali-
induced degradation at bay. At pH 6, considerable 
degradation of the reductant occurred, evident from 
hydrogen evolution, but at the same time a very 
good conservation of  Mw was achieved. At pH 7 
and 8, both effects were slightly weaker. Thus, pH 8 
was the best compromise. At pH 9 and above, very 
little degradation of  NaBH4 occurred, but  Mw loss 
increased greatly. The pH effects were tested with 
reductant concentrations up to 5 M (see below). In 
daily lab practice, pH can be adjusted very easily 

by a buffer system. Sørensen phosphate buffers are 
common, readily available (also as premixed solu-
tions with different ionic strength / buffer capac-
ity and easy to prepare even in labs not specially 
equipped for chemical work.

As for the borohydride concentration, the Mw was 
better preserved at lower concentrations than at higher 
concentrations, an effect that seemed paradoxical at 
first glance. However, it must be kept in mind that the 
reduction is a heterogeneous process. It is well-known 
from general cellulose chemistry that high concentra-
tions of ionic reagents can be counterproductive in 
heterogeneous cellulose reactions. Ions are adsorb-
tively enriched at the surface and further access of 
other ions into the matrix and the pore system is hin-
dered by electrostatic repulsion. Borohydride concen-
trations between 0.1 M and 1 M worked best, with the 
lower concentration of 0.1 M chosen to not overload 
the capacity of the buffer and to save chemicals. Stoi-
chiometrically, the amount of carbonyl groups to be 
reduced is minute compared to the amount of reagent 
introduced, but the heterogeneous reaction impedes 

Fig. 5  Optimization of the 
reduction protocol with 
respect to temperature T, 
reagent concentration c, pH 
of the aqueous medium and 
reaction time t. The differ-
ent parameters are indicated 
by different background 
shades
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the process. Very low concentrations would mean 
extended reaction times, increasing the importance of 
the slower β-elimination reactions. A ratio of 1 g pulp 
per 100  mL of solvent was maintained throughout, 
which is also the usual proportion used in viscometry 
measurements. The  Mw-preserving effect was nearly 
constant between reaction times of 30  min and 2  h. 
At longer times, the  Mw loss increased. Shorter reac-
tion times at higher reagent concentrations did not 
improve the outcome because the heterogeneous reac-
tion is determined by accessibility (reagent diffusion). 
Therefore, a reaction time of 30 min was set.

As a result of optimization, the general reduction 
procedure was carried out using 0.1 M sodium boro-
hydride in phosphate buffer pH = 8 for 30 min at r.t., 
which combines optimum  Mw retention with maxi-
mum robustness and ease of use.

Conclusions

This study demonstrated that a reduction step with 
sodium borohydride is able to improve the results of 
viscometry measurements in cuen/cuoxam/cadoxen, 
which are a standard analytical procedure in the 
pulp and paper industries and cellulose-related 
research labs. The alkalinity of the viscometry sol-
vents induces β-elimination reactions at carbonyl 
groups along the cellulose chain so that the deter-
mined molar lass values are underestimated. The 
higher the content of carbonyl groups, i.e., the oxi-
dative damage of the pulp, the more severe the error. 
This negative effect of the solvents is mitigated by a 
preceding reduction step, which cannot completely 
eliminate the triggered degradation, but at least 
significantly suppress it. The reduction step low-
ers the amount of the pulps´ carbonyl groups, and 
as a consequence the stability of cellulose in these 
organometallic media was significantly enhanced, 
for all three viscosity solvents (cuen, cuoxam, and 
cadoxen) and all types of pulps tested. The resulting 
molar mass  (DPV) values became much closer to 
those determined by direct GPC measurements, i.e., 
without the alkaline degradation effect. The param-
eters of the reduction were optimized, balancing 
the requirement of a fast and easy application with 
maximum preservation of the molecular integrity 

of the cellulose. The optimized reduction step can 
easily be implemented into the current viscometry 
protocols, as it has very little demands with regard 
to time requirements, costs, chemicals, complexity 
of the work flow and involvement of non-standard 
techniques, hazardous chemicals or safety-related 
issues.

Despite the undeniable advantages, it seems 
questionable, realistically speaking, whether the 
reduction step will quickly find widespread appli-
cation in the pulp and paper industry, where vis-
cometry has been used for years, following largely 
unchanged protocols. This means that the data col-
lected based on it, while all subject to the inherent 
“β-elimination error”, are readily comparable with 
each other. The improved protocol with the reduc-
tion step now provides values that are closer to the 
true molar mass of the pulps, but they are no longer 
comparable with the earlier values. The question 
for manufacturers is therefore what is more impor-
tant: the improved absolute values or maintaining 
the comparability with earlier measurement series. 
It is thus to be expected that the modified protocol 
will be adopted rather slowly in industrial practice, 
while a rapid introduction is to be anticipated in 
research labs.

Both in research laboratories as well as in the 
industrial practice a reduction treatment prior vis-
cosity-DP determination of pulps in any organo-
metallic solvent is generally advisable to improve 
the reliability of the molecular mass information 
gained.
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