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assessment of the average degree of polymerization 
by viscosity measurements. In this work, we applied 
and optimized more advanced methods for the char-
acterization of cellulosic materials based on gel 
permeation chromatography for the special case of 
thermally stressed unbleached Kraft paper samples. 
This allowed studying the molar mass distributions 
of paper polymers upon exposure to heat, as well as 
the investigation of changes in their conformation in 
solution and the observation of thermally induced 
cross-linking. In combination with group-selective 
fluorescence labeling, it was possible to track over 
time the changes in molar mass-dependent profiles 
of carbonyl and carboxyl groups of authentic Kraft 
insulator paper samples under thermal stress. In addi-
tion, changes of the hemicellulose composition were 
quantified. We hope that this analytical approach to 
the in-depth characterization of thermally stressed 
insulator paper will prove useful for future studies of 
this important cellulose product, and that our findings 
will contribute to a better understanding of the ther-
mal decomposition of paper in general.

Abstract Oil-immersed paper insulation and paper 
pressboards for structural support are widely used in 
electrical power transformers. Cellulose thus fulfills 
an essential task for the smooth power supply of our 
societies. However, the prevailing temperatures in 
such equipment, combined with a targeted service 
life of several decades, pose a serious challenge to 
the long-term integrity of cellulosic paper insulation. 
Therefore, numerous studies have been conducted 
to obtain kinetic data on the degradation processes 
that contribute to the thermally induced decomposi-
tion of cellulose. These studies usually rely on the 
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Introduction

Cellulosic materials have been employed as electrical 
insulators in cables and all kind of electrical devices 
since the earliest days of electrical engineering. Oil-
immersed paper insulators are still widely used in 
electrical power transformers and high voltage power 
cables (Prevost and Oommen 2006), essentially 
because cellulosic materials feature excellent electri-
cal insulation properties in dry state combined with 
high availability and a relatively low price. Due to 
good mechanical properties at elevated temperatures 
compared to synthetic and more expensive polymer 
alternatives, paper pressboards additionally serve as 
mechanical support in oil-filled power transformers. 
For such purposes, unbleached Kraft pulp derived 
from softwood species is primarily used as the raw 
material (Krause 2012). Apart from exclusion of 
water and oxygen from the system, the temperatures 
in such transformers must be kept as low as possible 
to guarantee the paper insulators´ integrity throughout 
the targeted lifespans of several decades. Typically, 
the average operating temperatures stay in the range 
of 65 to 95 °C (Emsley and Stevens 1994b). Nonethe-
less, long-term exposure of certain parts of the paper 
insulation to 100  °C and more is not uncommon 

(Krause et  al. 2014). If the cooling system fails or 
an electrical fault or short-circuit occurs, these tem-
peratures are easily surpassed. In case of partial dis-
charges, the local temperature peak to which the insu-
lators are subjected may momentarily even surpass 
1000 °C (Li et al. 2020). Such conditions inevitably 
lead to a slow but steady degradation of cellulosic 
papers. Nonetheless, with good maintenance and if no 
severe faults occur, cellulosic insulators usually serve 
their purpose for up to 40 years without the need for 
replacement (Jalbert et al. 2014).

If the degree of polymerization of cellulose falls 
below a certain level, mechanical properties of paper 
insulators are lost and a fatal short circuit is likely 
to happen. The commonly accepted end of a paper 
insulator´s life is reached when the average degree 
of polymerization (DP) drops below a value of 200 
glucose monomers (Lundgaard et al. 2004). In experi-
ments conducted with authentic softwood Kraft paper 
samples, commonly used for insulator papers, the DP 
has usually been determined by means of viscosity 
measurements after dissolving the samples in orga-
nometallic solvents (Soares et  al. 2001; Lundgaard 
et  al. 2004; Jalbert et  al. 2014; Arroyo-Fernandez 
et al. 2017), despite the fact that these solvents afford 
only a sum parameter and afford incorrect values 
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especially for oxidized pulps (Ahn et al. 2019a; Zac-
caron et al. 2020). In those cases, the “real” average 
DP is certainly underestimated because the alkaline 
organometallic solvents trigger chain cleavage of 
the cellulose polymers by β-alkoxy elimination pro-
cesses. Alternatively, attempts have been made to 
study thermally stressed Kraft paper samples after 
dissolution in a saturated N,N-dimethylacetamide/
lithium chloride solution (DMAc/LiCl) by means 
of gel permeation chromatography (GPC) (Chra-
pava et al 2003; Potthast et al. 2015), but the authors 
mentioned that complete sample dissolution was not 
achieved (Kes and Christensen 2013). Rising the tem-
perature during sample dissolution may be effective, 
but only because of severe cellulose degradation due 
to thermal formation of keteneiminium ions which 
are reagents that particularly target glycosidic bonds 
(Potthast et  al. 2002a, b). So far, more sophisticated 
studies of thermally stressed, oil-immersed paper 
including the analysis of molar mass distributions 
(MMDs) obtained via GPC employing a DMAc/LiCl 
solvent system were limited to model experiments 
with paper from cotton linters (Emsley et al. 2000) or 
to cellulose tricarbanilate derivatives of Kraft paper 
samples employing tetrahydrofuran as solvent (Hill 
et  al. 1995). However, the latter approach is incom-
patible with fluorescence labeling techniques of oxi-
dized functionalities. Most studies were conducted to 
derive decomposition kinetics of paper insulators and 
thus, to predict the life expectancy under certain con-
ditions in real power transformers (Emsley and Ste-
vens 1994a), with a reliable prediction of the current 
DP based on paper degradation products in the trans-
former oil samples as the ideal outcome.

The aim of this work was to extend the analyti-
cal toolbox for the hard-to-analyze insulation paper 
samples by developing a reliable protocol for dissolv-
ing thermally stressed unbleached Kraft paper in the 
non-degrading cellulose solvent DMAc/LiCl for GPC 
analysis (Henniges et  al. 2011, 2014; Potthast et  al. 
2015). This was key to studying molecular weight 
distributions and carbonyl/carboxyl group profiles 
of authentic insulation paper samples and to signifi-
cantly increasing the information potential of such 
ageing studies compared to previous approaches.

Materials and methods

Materials Handsheets were prepared from unbleached 
Kraft pulp (UKP) by using a Rapid Köthen sheet for-
mer without extensive beating prior to sheet forma-
tion (15°SR). The wet sheets were pressed for 10 min 
at 92 °C and −1 bar. The pulp sample was kindly sup-
plied by Mondi Frantschach GmbH, Austria. What-
man paper No. 1 (pure cotton cellulose; WP) was 
used for comparison as received. Both UKP and WP 
had a grammage of 87  g/m2. UKP had an average 
lignin content of 4.9 wt% (determined with the acetyl 
bromide method according to Dence (1992), n = 3) 
and an average hemicellulose content of 93.6 µg/mg 
(determined with acidic methanolysis and subsequent 
monosaccharide quantification according to Sundberg 
et  al. 1996 and Becker et  al. 2021, n = 2). All sol-
vents used for this work were purchased from Sigma-
Aldrich (Merck KGaA, Germany) and of the highest 
purity available.  H2O was deionized prior to utiliza-
tion for sample preparation.

Ageing procedure The aged sample sets char-
acterized in this study have also been used in pre-
vious work (Jusner et  al. 2021a). UKP and WP 
samples were cut into stripes (width = 5  mm, maxi-
mum length = 2.5  cm, with ceramic scissors) and 
transferred into 20  mL borosilicate glass ampoules 
(0.125  g per sample). Before closing the ampoules, 
the samples were dried for 72 h at 40 °C in a vacuum 
oven and subsequently stored at room temperature 
(RT) in a desiccator for 48 h over  P4O10 with vacuum 
applied. Then, the desiccator was flushed with argon 
for 5 min and 10 g of dry Nynas Nytro 4000X trans-
former oil (Nynas AB, Sweden) was added to each 
sample. The desiccator was evacuated until bubbles 
formation in the oil subsided and was flushed again 
with Ar. The ampoules were sealed and the samples 
were aged at 170 °C for up to 14 days (sampling of 
UKP after 0, 0.33, 1, 2, 3, 4, 7, 10, and 14 days; sam-
pling of WP after 0, 0.33, 1, 2, 3, 7, and 14  days). 
Subsequently, the transformer oil was removed by 
accelerated solvent extraction (ASE) with n-heptane 
at around 115 bar and 40 °C for 2 h.

NaClO2 treatment The heptane extracted UKP 
samples were subjected to a  NaClO2 treatment for 
lignin removal. Each sample (0.125  g) was swollen 
in  H2O overnight, rinsed with acetone over a Büch-
ner funnel and treated with 3 portions of 0.042 g of 
 NaClO2 dissolved in acetate buffer (pH 5; 1st portion 
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dissolved in 12.5 mL, 2nd and 3rd portion dissolved 
in 6.25 mL). The 1st portion was added to the sample 
and the suspension was left stirring in a water bath 
at 40  °C. The 2nd addition of  NaClO2 solution was 
after 2 h and the 3rd addition after 4 h. The sample 
was removed from the water bath after 6 h by filtra-
tion and rinsed with  H2O until the filtrate reached a 
neutral pH value.

Fluorescence labelling 20  mg of air-dried 
(moisture content < 10wt%) sample material 
 (NaClO2-treated UKP and non-treated WP) were dis-
integrated for 20 s in 0.25 L of  H2O (for CCOA label-
ling) or in 0.25 L of aqueous 0.1 M HCl solution (for 
FDAM-labelling) using a kitchen blender. The sam-
ples were filtered and subjected to fluorescence-label-
ling with carbazole-9-carbonyl-oxy-amine (“CCOA”) 
and 9H-fluoren-2-yl-diazomethane (“FDAM”) 
according to the standard protocols (Röhrling et  al. 
2002a and 2002b, Potthast et  al. 2003, Bohrn et  al. 
2006). All samples were prepared in duplicate.

The CCOA method (carbonyl group labeling) in 
brief: after disintegration, the samples were trans-
ferred into a 4 mL vial and 4 mL zinc acetate buffer 
(pH 4) containing 5 mg of CCOA were added to each 
sample. The samples immersed in the labelling solu-
tion were vortexed and left shaking in a water bath at 
40 °C for 7 days.

The FDAM method (carboxyl group labeling) 
in brief: after disintegration and protonation, the 
samples were solvent-exchanged to N,N-dimethy-
lacetamide (DMAc) via ethanol, transferred into a 
4 mL vial and left shaking in 3 mL of DMAc over-
night. Subsequently, 1  mL of DMAc containing ca. 
0.125  mmol FDAM was added. The samples in the 
labelling solution were vortexed and left shaking in a 
water bath at 40 °C for 7 days.

Sample dissolution Samples were dissolved 
by means of an adjusted procedure introduced by 
Berthold et  al. (2004). CCOA-labelled samples and 
non-labelled samples (20  mg, air-dry, disintegrated 
in 0.25 L  H2O; MMDs of non-labelled samples in 
Figure S3 and Figure S4) were solvent exchanged to 
DMAc via ethanol, transferred into a 4 mL vial, and 
left shaking in 3 mL of DMAc overnight. As FDAM-
labelling takes place in DMAc, only a washing step 
with DMAc, but no solvent exchange, was necessary 
prior to sample dissolution. The DMAc-wet samples 
were transferred into 12  mL vials and dissolved by 
adding 2  mL of freshly prepared DMAc/LiCl (9%, 

w/v) to each sample followed by shaking for a total 
of 7 days at RT. 24 h after addition of DMAc/LiCl, 
0.15 mL of ethyl isocyanate (EIC) was added to each 
sample vial. Immediately after the EIC addition, the 
vial was closed and vortexed for 30  s. After 7 days, 
6 mL of DMAc was added to each vial followed by 
0.3 mL of methanol. The vial was vortexed for 30 s 
and left to rest for 1 h. For GPC analysis, a 1 mL ali-
quot of each sample was filtered through a 0.45 µm 
syringe filter into a 1.5 mL vial.

GPC analysis The components of the GPC system 
were: a multi-angle laser light scattering (MALLS) 
detector (Wyatt Dawn DSP, Wyatt Inc., Santa Bar-
bara, CA, USA) with an argon ion laser (λ = 488 nm), 
a refractive index (RI) detector (Shodex RI-71, Showa 
Denko K.K., Tokyo, Japan), fluorescence detectors 
(for CCOA-labelled samples: TSP FL3000, Spectra 
System, Thermo Fisher Scientific, Waltham, MA, 
USA, λex = 290, λem = 340  nm; for FDAM-labelled 
samples: RF-553 Fluorescence HPLC detector, Shi-
madzu Corporation K.K., Kyoto, Japan, λex = 280 nm, 
λem = 312  nm), a Bio-Inert 1260 Infinity II pump 
(Agilent, Waldbronn, Germany), a HP Series 1100 
autosampler (Agilent, Waldbronn, Germany), and 
4 serial GPC columns (PLgel-mixed ALS, 20  µm, 
7.5 × 300  mm, Agilent, Waldbronn, Germany). 
DMAc/LiCl (0.9%, w/v), filtered through a 0.02 µm 
filter, was used as eluent, the flow rate was 1 mL/min, 
the injection volume 100 µL, and the measurement 
time per sample 45  min. The square-shaped aper-
ture was chosen for the fluorescence detector (TSP 
FL3000) instead of the slit-shaped aperture. The raw 
data was processed with Astra 4.7 (Wyatt Technolo-
gies), GRAMS/AI 7.0 software (Thermo Fisher Sci-
entific), and Chromeleon software (Thermo Fisher 
Scientific), affording the molar mass parameters  Mn, 
 Mw,  Mz, and ĐM. The molar mass parameters were 
obtained by linear fitting of the raw data in GRAMS/
AI 7.0 (see Figure S2 for examples).

Acidic methanolysis and monosaccharide quanti-
fication Low-molecular weight carbohydrates were 
quantified according to Sundberg et  al. (1996) and 
Becker et al. (2021). Freeze-dried sample material (8 
to 9 mg) was weighed into a 10 mL test tube. Each 
analysis was performed in duplicate. 2 M HCl solu-
tion in anhydrous methanol (2  mL) was added, vor-
texed for 2 min at RT, and heated to 100 °C for 5 h. 
Samples were vortexed every 15 min. After the sam-
ples had cooled to RT, 0.4 mL of anhydrous pyridine 
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was added, followed by another short vortex treat-
ment. 0.2  mL of a D-sorbitol solution in anhydrous 
methanol (c = 5 mg/mL, purity ≥ 98%, Sigma Aldrich, 
Germany) were added as the internal standard. The 
solvents were evaporated overnight under a constant 
 N2 stream. Afterwards, 0.2  mL of anhydrous pyri-
dine was added, the samples were vortexed, and left 
for equilibration for 1 h. 0.2 mL of anhydrous pyri-
dine containing 1.5  mg of 4-(dimethylamino)pyri-
dine (purity ≥ 99%, Sigma Aldrich, Germany) per 
mL of pyridine was added as well as 0.4 mL of N,O-
bis(trimethylsilyl)-trifluoroacetamide (purity ≥ 99%, 
Sigma Aldrich, Germany) containing 10% trimethyl-
chlorosilane (purity ≥ 99%, Sigma Aldrich, Ger-
many). The samples were vortexed at RT, heated to 
70 °C for 2 h and stored at −20 °C for 15 min. The 
sample mixtures were diluted with 0.8  mL of ethyl 
acetate, vortexed at RT, and centrifuged. Three xylan 
samples were treated analogously to determine the 
recovery rate (114.99%), which was considered for 
calculation of the results.

The samples were transferred into 1.5 mL GC vials 
and 1 μL was injected (injector temperature: 260 °C, 
split ratio of 10:1) into the GC-FID system (Agilent 
7890B, Agilent Technologies Inc., Mississauga, ON, 
Canada). For the analysis, a HP1 methyl siloxane col-
umn (Agilent 19091Z-413: 30 m * 320 µm * 0.25 µm, 
Agilent Technologies Inc., Santa Clara, CA, USA) 
was used, with  H2 as the carrier gas at a flow rate of 
2 mL/min. Initially, the oven temperature was kept at 
140 °C for 1 min, increased to 210 °C at a rate of 4 K/
min, and then further increased to 260  °C at a rate 
of 30 K/min with a hold time of 5 min. The detector 
temperature was kept at 280 °C. The FID temperature 

was maintained at 320 °C with a  H2 flow of 30 mL/
min. The retention time of the individual methyl gly-
cosides was calibrated by means of commercially 
available standards of highest purity. The FID signal 
was evaluated utilizing Agilent ChemStation software 
(Agilent Technologies Inc., Santa Clara, CA, USA).

Results and discussion

In this work, oil-immersed Kraft paper (UKP) and 
Whatman paper (WP) samples were subjected to 
accelerated aging at 170 °C for up to 14 days. Under 
standard operating conditions, 170  °C is well above 
temperatures expected in power transformers, yet 
170  °C is not far from hot-spot temperatures and 
temperatures that occur if overloads are applied or 
problems with the cooling system occur. Thus, this 
temperature seemed to be the perfect compromise 
between overly drastic conditions causing cellulose 
degradation within less than days and too mild condi-
tions that would require extensive observation times. 
Moreover, samples prepared in this way seemed to be 
rewarding challenges to train the analytical methods 
and explore its limits. While the Kraft pulp was the 
same that is used in technical power transformers, the 
Whatman counterpart served as a “blank” consist-
ing of pure cellulose so that effects of hemicelluloses 
could be sorted out.

Sample dissolution

The protocol for the dissolution of the thermally 
stressed UKP prior to GPC analysis is schematically 

Fig. 1  Overview of sample 
preparation protocol for 
GPC analysis. Fluorescence 
labelling (4A) is an optional 
step, as is  DPv determina-
tion by viscosity measure-
ments (4B)
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depicted in Fig.  1. To study whether the MMD, 
the conformation of carbohydrates in solution, and 
the distribution of oxidized functionalities along 
their backbone change independently of the sample 
composition or not, the pure-cellulose Whatman 
paper was analyzed in parallel. The first step was to 
remove transformer oil residues from the samples 
with n-heptane by accelerated solvent extraction 
(ASE) (step 1 in Fig. 1). Afterwards the UKP sam-
ples were treated with a  NaClO2/acetate buffer solu-
tion (pH 5) to remove the lignin. Otherwise, disso-
lution of softwood Kraft pulp samples in the GPC 
eluant would be impossible (Sjöholm et  al. 1997; 
Berthold et  al. 2004; Henniges et  al. 2011, 2014). 
This treatment neither reduces the molar mass of 
unaged UKP reference samples, nor does it affect 
the polymer conformation in solution (cf. Figure 
S3). However, it slightly decreases the xylose frac-
tion and increases the glucose fraction susceptible 
to acidic methanolysis (cf. Table S1 and Table S2). 
Furthermore, it slightly reduces the crystallinity 
of UKP samples (cf. Table S1 and Table S2). This 
pre-treatment (step 2 in Fig.  1) effected complete 
dissolution of thermally stressed UKP samples by 
means of the DMAc/LiCl/EIC system. Although 
the detailed action mechanism of the EIC auxiliary 
is still not fully clarified, its beneficial effect on the 
dissolution of cellulosic pulps has been well estab-
lished (Berthold et al. 2004; Henniges et al. 2010). 
Laboratory-aged transformer board samples, manu-
factured of UKP and aged in the same type of oil 

that we used for our model experiment, became sol-
uble by this treatment (cf. Figure S4). Complete dis-
solution of aged samples was not achieved without 
 NaClO2 treatment.

Prior to fluorescence labeling of oxidized func-
tionalities and dissolution for GPC measurement, the 
samples were disintegrated in  H2O (step 3 in Fig. 1). 
In the case of FDAM-labeling 0.1  M aqueous HCl 
solution was used instead to convert carboxylates 
into free carboxylic acid functionalities beforehand, a 
prerequisite for the subsequent labeling with the fluo-
rescent diazomethane derivative (Bohrn et  al. 2006; 
Potthast et  al. 2006). If the samples are not fluores-
cence labelled prior to GPC analysis, the disintegra-
tion is directly followed by a solvent-exchange step to 
DMAc (overnight).

The fluorescence labelling (step 4A in Fig. 1) was 
done either by immersion of disintegrated samples in 
a CCOA/zinc acetate buffer solution (pH 4), or in a 
FDAM/DMAc solution. For complete labelling, the 
samples were agitated for 7  days in a water bath at 
40 °C according to the standard protocol (see “Mate-
rials and methods” section), followed by solvent 
exchange to DMAc. Note that fluorescence labeling 
is of course not necessary for successful sample dis-
solution, it is just added when additional information 
about the oxidized-group profiles is required.

Each sample was initially swollen and partially 
dissolved for 24 h in a saturated solution of DMAc/
LiCl (9% LiCl, w/v) before a small amount of 
ethyl isocyanate (EIC) was added to each sample, 

Fig. 2  MMDs (solid lines) and molar mass-dependent profiles of oxidized functionalities (scattered plots) of aged WP samples fluo-
rescence-labelled with CCOA (a) and FDAM (b). Indices indicated the duration of the thermal aging at 170 °C



2247Cellulose (2022) 29:2241–2256 

1 3
Vol.: (0123456789)

which significantly improved dissolution. Com-
plete dissolution was reliably achieved after 7  days 
in total (see “Materials and methods” section, step 
5 in Fig.  1) For the entire duration of sample dis-
solution, the vials were kept shaking. UKP samples 
subjected to 170  °C for 10  days and longer did not 
dissolve completely anymore, neither did the WP 
samples subjected to 170  °C for 14 days and longer 
(cf. Figure S5). These—heavily cross-linked– sam-
ples (see below) were excluded from the discussion 
since results obtained from the analysis of only par-
tially dissolved samples can obviously not describe 
the sample as a whole (Sjöholm et  al. 1997). Thus, 
the protocol in Fig. 1 is limited to oil-immersed soft-
wood Kraft paper samples aged at 170 °C for a maxi-
mum of 7 days. This maximum ageing duration may 
be exceeded if the accelerated ageing is conducted 
at lower temperatures. After dilution and filtration, 
the samples were ready for GPC analysis (step 6 in 
Fig. 1).

Molar mass distribution & carbohydrate composition

Figures 2 and 3 show how the MMDs (solid lines, left 
ordinates) of WP and UKP, respectively, are affected 
by thermal stress for up to 7  days. Molar mass-
dependent profiles of oxidized functionalities are 
depicted as well (scattered lines, right ordinates). The 
WP reference featured a narrow monomodal MMD 
(cf. Fig. 2), whereas the UKP reference showed a typ-
ical bimodal distribution (cf. Fig. 3). It was obvious 

that with increasing aging times the center of the 
MMDs of both sample sets gradually shifted towards 
lower molar masses and that the MMDs became 
broader at the same time. This is a typical phenom-
enon accompanying hydrolytic degradation of cellu-
lose (Potthast et al. 2006; Ahn et al. 2018). Interest-
ingly, a fraction of the WP aged for 7  days  (WP7d) 
significantly exceeded the maximum molecular mass 
found in the native reference  (WPREF). This indicates 
that upon thermal stress the obvious process of chain 
cleavage (= decreased molar mass) is accompanied by 
a less expectable thermally induced cross-linking of 
cellulose, which has an opposite effect and increases 
molar mass. Theoretically, agglomeration in solution 
may contribute to this observation as well, which is 
discussed in more detail below.

Upon thermal aging, the characteristic bimodal 
MMD of softwood Kraft pulps—with the low-molar 
mass peak attributable to hemicelluloses and short 
cellulose chains (Sjöholm et al. 2000; Berthold et al. 
2004) changed towards a more complex shape with a 
more or less pronounced shoulder on the low-molec-
ular mass side. This transformation occurred already 
after 8  h  (UKP0.33d) of thermal aging. In agreement 
with the behavior of the WP samples, the entire 
MMDs shifted towards lower molar mass ranges and 
became broader, i.e., more dispersed. The high-molar 
mass fraction of the UKP sample thermally stressed 
for 7 days  (UKP7d) only slightly surpassed the molec-
ular weight of the highest molar mass fraction of the 
native reference  (UKPREF), the thermal cross-linking 

Fig. 3  MMDs (solid lines) and molar mass-dependent profiles of oxidized functionalities (scattered plots) of aged UKP samples 
fluorescence-labelled with CCOA (a) and FDAM (b). Indices indicated the duration of the thermal aging at 170 °C
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effect thus being less pronounced than in the WP 
case.

The weakening of the low-molar mass peak of the 
UKP upon aging does not imply a complete degrada-
tion of hemicelluloses during the thermal treatment, 
it rather shows an increasing superposition with 
shorter cellulose and hemicellulose chains. Based 
on the quantification of the carbohydrate composi-
tion of thermally stressed samples by methanolysis, 
it was evident that partial decomposition of hemicel-
luloses took place (cf. Fig. 4). However, a significant 
hemicellulose amount remained even after 7 days of 
thermal aging. After that time, 50.2% of the backbone 
constituent of xylan, xylose, and 76.4% of the major 
backbone constituent of galactoglucomannan, man-
nose, remained (cf. Table  S3). Note that arabinose 
and galactose substituents are typical for softwood 

hemicelluloses (Fengel and Wegener 2003) and are 
not to be expected in pulps from hardwood species.

Thus, a mixture of partially degraded cellulose, 
partially degraded hemicelluloses, and cross-linked 
structures co-elute over a wide range and contribute 
to the MMDs depicted in Fig.  3 with the levelled-
off hemicellulose peak. For samples featuring such 
wide, polydisperse MMDs, viscosity measurements 
may give misleading results and great care must be 
taken to evaluate the data correctly (Evans and Wal-
lis 1989). Besides this general issue, in our case the 
presence of hemicelluloses and of cross-linked cel-
luloses must actually be considered for interpreta-
tion of viscosity-average  DPv values of aged Kraft 
paper samples, which normally assumes the presence 
of cellulose chains only. This is another argument 
against the usage of viscometry data when deriving 
decomposition kinetics for cellulosic paper insulators. 
Furthermore, the carbohydrate composition of insula-
tion papers and its changes over time must be taken 
into account as well for the interpretation of decom-
position products accumulated in the transformer oil.

The course of molar mass parameters  Mn,  Mw, and 
 Mz in Fig. 5 was calculated from the samples’ MMDs 
(see Figs. 2, 3).  Mn is the number-averaged molecular 
weight which emphasizes the low-molar mass mate-
rial,  Mw is the weight-averaged molecular weight 
which reflects the high molar mass material, and  Mz 
is sensitive to the highest molar mass fraction of a 
sample (Potthast et  al. 2015). This allowed a better 
monitoring of the thermal-stress effects with regard to 
the respective molar mass fractions.

WP samples exhibited a strong initial drop of 
molar mass within the first 2 days of thermal aging, 
across all molar mass fractions (cf. Fig.  5a and 
Table  S4), but most pronounced for  Mn. This chain 

Fig. 4  Impact of accelerated ageing at 170 °C on the composi-
tion of the accessible low-molar mass carbohydrates in UKP 
samples, obtained by acidic methanolysis followed by gas 
chromatographic quantification (n = 2)

Fig. 5  Course of  Mn,  Mw, 
and  Mz during accelerated 
ageing at 170 °C (n = 4), a 
WP, b UKP
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shortening is hydrolytic, catalyzed by small amounts 
of endogenously formed acids (from either lignocel-
lulose or transformer oil degradation) which cannot 
leave the closed system of a transformer (or a reactor 
simulating it). The aging behavior of the “other side” 
of the system, the transformer oil, will be covered 
later in another paper. After 2  days, the parameters 
increased again (!), a relatively astonishing result, 
considering that thermal aging is normally regarded 
as strongly chain-degrading. The increasing molar 
mass was best seen by the development of  Mw and  Mz 
between 2 and 7 days:  Mw-7d almost reached the ini-
tial level  (Mw-REF) again and  Mz-7d even exceeded the 
initial value  Mz-REF by a factor of 3. This corresponds 
to the MMD plots shown in Fig. 2 which for the aged 
samples showed a fraction with higher molar mass 
than the starting material.

Less drastic trends were observed for the UKP 
samples (cf. Fig.  5b and Table  S5). The parameters 
dropped to a minimum within the first day of aging, 
the extent of the decrease being less pronounced than 
in the WP case. In contrast to WP, the  Mn and  Mw 
values remained rather constant upon longer aging 
times and only  Mz increased slightly after the mini-
mum at 1 day of aging. From 2 days on, the value of 
 Mz remained rather constant, slightly above the value 
of the starting material,  Mz-REF. This is in correspond-
ence with the graphic representation of the MMD 
in Fig. 3 (this agreement is logical as the molecular 
weight parameters  Mn,  Mw and  Mz are mathemati-
cally derived from the MMD curves).

Sample conformation in solution

Apart from determining the absolute molar mass of 
a polymer of interest, it is possible to retrieve the 

polymer conformation in solution by employing a 
multi-angle laser light scattering (MALLS) detector. 
The overall scattering intensity allows calculating the 
molar mass of a particle and the angular dependence 
of the scattered laser light allows conclusions regard-
ing the root mean square (R.M.S.) radii, or in simpler 
words: the “size”, of the molecules in solution (Ober-
lerchner et al. 2015). In Fig. 6, this size measurement, 
as R.M.S. radius, is plotted against the molar mass of 
the thermally stressed paper samples. For both sam-
ple series, at a given molar mass the R.M.S. radii 
clearly decreased upon thermal aging or, in different 
words, the molar mass increased at a given radius. 
This means a compacting of the molecules which can 
be explained by the formation of intramolecular and/
or intermolecular linkages in the polymer chains, or 
alternatively by aggregation. Distinguishing cross-
linking from aggregation is an old and well-known 
general problem in GPC and light scattering studies 
of cellulose and polysaccharides. An increased molar 
mass just concluded from the GPC chromatogram 
could, in theory, be also interpreted as aggregation of 
chains and as a result of a not molecularly dispersed 
solute. In that theoretical case, the conformation plot 
would not show any changes in the slopes. However, 
the flattening of the slopes with increasing aging time 
clearly supported the view that the observed molar 
mass gain is not the consequence of aggregation, but 
of true crosslinking and compacting of the molecules. 
Another indication in favor of crosslinking vs. aggre-
gation is the straightness of the conformation plots. 
If aggregation occurs it is more pronounced for mol-
ecules with higher molecular weight than for smaller 
molecules. With the high-molecular weight part being 
more strongly affected, the conformation plots would 
not be straight lines, but have a “curve” or “kink”. In 

Fig. 6  Conformation 
plots (MALLS data from 
the GPC measurements) 
of aged WP (a) and UKP 
samples (b). The values in 
parentheses correspond to 
the slope of the linear fits. 
Indices indicated the dura-
tion of the thermal aging at 
170 °C
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the case of crosslinking, which occurs unselectively 
and independently of molecular weight, i.e. between 
molecules of all sizes and not preferentially the high-
molecular weight ones, the plots are rather straight 
lines, as experimentally observed.

A fit through the linear part of the double logarith-
mic data depiction (solid black lines in Fig.  6) can 
provide additional information about the molecular 
conformation in solution (Podzimek 2011): a slope 
of around 0.6 is typical for a linear, randomly coiled 
polymer in solution, whereas a slope of 0.5 to 0.4 
indicates branching. Based on the obtained values, it 
was obvious that with increasing aging times the car-
bohydrate polymers (cellulose and hemicelluloses) 
in solution exhibited an increasingly branched, i.e., 
crosslinked, structure (cf. Fig. 6 and Table 1). These 
results are consistent with analytical data from burned 
paper samples (Ahn et  al. 2018), which showed the 
same crosslinking/compacting effect.

The results shown in Figs.  2, 3, 5, and 6 clearly 
demonstrated that under the given conditions of 
thermal aging, chain scission and covalent cross-
linking occurred simultaneously. If the samples were 

subjected to 170  °C for several days, an increasing 
number of crosslinks or side chains (branches) was 
introduced into the polymer structure. Both phenom-
ena occurred independently of the paper type and 
independent on molar mass ranges, i.e., through the 
entire molar mass range. Only in the plots of molar 
mass versus retention volume of the samples  WP7d 
and  UKP7d, a slight deviation from the linear rela-
tion was visible in the high molar mass range in 
some cases (cf. Figure S2). The other samples did 
not exhibit this behavior. Thus, in case of  WP7d and 
 UKP7d, also aggregation of polymers in solution may 
have occurred. As mentioned above, this phenom-
enon would not change the slope over the entire molar 
mass range.

Carbonyl and carboxyl functionalities

The fluorescence signal intensity of labeled samples 
provides the absolute number of oxidized groups—
carbonyl groups in the case of CCOA labeling and 
carboxyl groups with FDAM labeling and due to 
the combination with a GPC/MALLS system, also 
the molar mass-dependent profiles of oxidized func-
tionalities (cf. Figs.  2, 3). The absolute contents of 
CO and COOH and their time courses are shown in 
Fig. 7.

CCOA is a selective fluorescence label for alde-
hyde and keto functionalities (Röhrling et al. 2002a, 
b; Potthast et al. 2005, 2006), which also covers the 
reducing end groups (REG) of carbohydrates. The 
carbonyl group content of UKP before ageing was 
19.5 mmol/kg and increased up to 46.9 mmol/kg after 
7 days of aging. The initial carbonyl group content of 

Table 1  Slopes of the linear fits of conformation plot data

1 = stiff rod, 0.6 = linear, random coil, 0.5 to 0.4 = branched 
polymer, 0.33 = sphere (Podzimek, 2011)

Aging at 
170 °C (d)

WP (n = 4) UKP (n = 4)

Slope SD Slope SD

0 0.63 0.02 0.68 0.01
0.33 0.58 0.03 0.56 0.01
3 0.52 0.03 0.48 0.00
7 0.49 0.05 0.48 0.02

Fig. 7  Courses of the car-
bonyl group content (a) and 
carboxyl group content (b) 
in the samples upon accel-
erated ageing at 170 °C
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WP samples was 2.6 mmol/kg before and 46.7 mmol/
kg after heat exposure, the two celluloses thus exhib-
iting almost the same final carbonyl values. This 
increase of carbonyl functionalities can be explained 
by the thermal elimination of water molecules from 
the carbohydrate backbone resulting in an unsaturated 
pyranose ring and, by immediate keto-enol tautom-
erism, in an anhydro-ketosugar (Scheirs et  al. 2001; 
Hosoya et al. 2018). This thermally induced elimina-
tion mechanism starts at around 150 °C (Klemm et al. 
1998).

Figure  7b shows the course of the overall con-
tent of carboxyl groups in the two studied paper 
types upon thermal aging. The FDAM label selec-
tively marks carboxyl groups of uronic acid moie-
ties (Bohrn et  al. 2006; Potthast et  al. 2006), while 
carboxylates (salt forms), lactones (oxidized REGs) 
and esters are not labeled. Obviously, either decar-
boxylation processes or esterifications took place 
in UKP within the first 2 days of thermal stress: the 
initial carboxyl content of 43.0  mmol/kg decreased 

to 28.2  mmol/kg. The conversion of carboxyl-bear-
ing side chains (4-O-methyl-glucuronic acid moie-
ties) in xylan to unstable hexeneuronic acid moieties 
and then further to low-molecular weight degrada-
tion products (Rosenau et  al. 2017b) might contrib-
ute to this COOH-decrease. Formation of lactones 
of carboxylic acid groups and neighboring hydroxyl 
groups could add to this effect as well, since lactone 
formation would be favored by acidic environments 
and elevated temperatures (Potthast et al. 2006). Pro-
longed thermal stress slightly increased the carboxyl 
content, which reached 33.3  mmol/kg after 7  days. 
A comparable absolute increase was also seen for 
the WP sample series  (WPREF: 4.6  mmol/kg,  WP7d: 
8.0  mmol/kg), just starting from a rather low initial 
level. The rather small COOH increase will be due 
to autoxidation processes arising from oxygen traces 
(Kolar 1997) or rearrangement of diketo structures, 
for instance. Both would be direct consequence of the 
thermal stress.

Fig. 8  Development of 
the carbonyl group content 
(a) and carboxyl group 
content (b) upon acceler-
ated thermal aging of WP 
samples within three molar-
mass ranges, < 32.4 kg/
mol, 32.4 to 324.3 kg/mol 
and > 324.3 kg/mol

Fig. 9  Development of 
the carbonyl group content 
(a) and carboxyl group 
content (b) upon acceler-
ated thermal aging of UKP 
samples within three molar 
mass ranges, < 32.4 kg/
mol, 32.4 to 324.3 kg/mol 
and > 324.3 kg/mol
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One of the advantages of combining fluorescence 
labelling of oxidized functionalities with a GPC/
MALLS system is the possibility of analyzing the 
molar mass dependency of carbonyl and carboxyl 
changes in more detail (for examples see: Henni-
ges et  al. 2013, Ahn et  al. 2019b). Figures  8 and 9 
show the development of the carbonyl and the car-
boxyl group content (Ahn et  al. 2019a) in WP and 
UKP samples, respectively, for the low-molar mass 
fraction < 32.4  kg/mol, the medium-molar mass 
range 32.4–324.3  kg/mol and the high-molar mass 
region > 324.3 kg/mol.

For WP, a nearly linear increase of carbonyl groups 
was observed from 8 h to 7 days in the main molar 
mass fraction from 32.4 to 324.3  kg/mol (Fig.  8a). 
The carbonyls in the low-molar mass region increased 
more strongly up to two days and remained constant 
afterwards, while high-molar mass region was largely 
inert and showed only a slight carbonyl increase at 
extended aging times (7 days). This behavior reflects 
the higher mobility and thus reactivity of the shorter 
cellulose chains. In principle the same courses were 
seen for the carboxyl groups (Fig.  8b); an initial 
COOH loss (< 1 d) was compensated by a constant 
slight increase in the medium and high molar mass 
ranges from day 2 on. While the initial, faster COOH-
consuming processes are likely to be decarboxyla-
tions and esterification/lactone formations, the later 
slow COOH increase is supposed to be caused by 
autoxidation and thermal rearrangements (see above). 
The initial, faster increase in the carboxyl content in 
the low-molar mass fraction (< 32.4  kg/mol) coun-
teracted the decrease in the medium- and high-molar 
mass ranges and coincided with the phase of decreas-
ing average molecular weight  (Mn,  Mw, and  Mz) of 
the WP samples, which thus might simply be a con-
sequence of hydrolytic, acid-catalyzed chain cleavage 
of the cellulose polymers. With thermally induced 
cross-linking becoming more and more dominant, the 
hydrolytic cleavage is increasingly compensated and 
even overcompensated.

Since UKP samples were treated with  NaClO2 
prior to dissolution, they do not contain reducing end 
groups (aldehydes masked as hemiacetal) and along-
chain aldehyde groups (C-6), but merely along-chain 
keto functionalities (C-2, C-3). Free and masked 
aldehydes are oxidized to the COOH stage by the 
reagent. A uniform, slow, almost linear increase of 
carbonyl groups was detected across all molar mass 

fractions for the whole aging time (Fig.  9a), which 
corresponds to the generation of new reducing ends 
by chain cleavage. The strong decrease of the over-
all carboxyl group content upon aging (Fig. 7b) could 
be traced back to the medium-molar mass fraction 
(Fig. 9b). This molar mass fraction also featured the 
hemicellulose peak of the initial bimodal MMD of 
the UKP reference (cf. Fig. 3). Considering this and 
the fact that the thermal degradation of oil immersed 
paper proceeds through processes acidifying the sys-
tem under accumulation of acidic byproducts (Jusner 
et al. 2021b), it seemed plausible that under such con-
ditions the initial drop of the carboxyl group content 
of UKP samples would mostly reflect the decomposi-
tion of hexeneuronic moieties from xylan which are 
known to be unstable already under mildly acidic 
conditions (Rosenau et al. 2017b). Note that the con-
centration of COOH in cellulose might well decrease, 
while the acidity in the reaction system as a whole 
can strongly increase through low-molecular weight 
acids which cannot leave the sealed ampoule—as 
they cannot leave the power transformer in reality.

In the literature, the phenomenon of thermal cross-
linking of cellulose and paper has been discussed and 
mechanisms have been suggested (Klemm et al. 1998; 
Kato and Cameron 1999; Fernandes Diniz et al. 2004; 
Pönni et  al. 2012). These include intermolecular 
hemiacetal or hemiketal bridges, similar to the chem-
istry of “dialdehyde cellulose” (DAC) (Amer et  al. 
2016) obtained by periodate oxidation of cellulose, 
where this extensive crosslinking is largely respon-
sible for the observed material properties (Plappert 
et  al. 2018). Also, intermolecular esterification and 
ether formation contribute to crosslinking, the latter 
reaction type becoming increasingly favored at tem-
peratures above 150 °C.

Recently, another potential mechanism for ther-
mally induced simultaneous cross-linking and scis-
sion of cellulose chains has been discussed. It was 
demonstrated that two adjacent, oxidized glucopyra-
nose units of cellulose, each having a 3-keto moiety, 
form a 2,4’:2’,4- dianhydride, a “diketo dimer”, which 
results in the cleavage of two β-1,4-gycosidic bonds 
(intramolecular bonds) and simultaneous formation 
of two new intermolecular linkages between C2 and 
C4 of the respective monomers (Yoneda et al. 2008; 
Rosenau et al. 2017a). This structure has been isolated 
from artificially aged, oxidized beech sulfite pulp and 
the formation is favored by acid environments as 
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well as by heat. This mechanism would not cause a 
net consumption of carbonyl groups since the result-
ing diketo dimer features 2 keto groups as do the two 
individual oxidized starting units.

While our results clearly demonstrate that thermal 
aging under conditions simulating long-term service 
in power transformers causes crosslinking, we are at 
present not able to confirm the presence of any par-
ticular crosslinking mechanism or rule out another 
based on the available data. There are several possible 
mechanisms that could be responsible. A proof of the 
chemical nature of the interchain links would require 
isotopically (13C) labelled cellulose in combination 
with special NMR techniques.

Conclusions

Papers made of Kraft pulp, which are used as insu-
lation material in transformers, could not be inves-
tigated by GPC/MALLS so far because they were 
insoluble in the standard eluent (DMAc/LiCl). A 
combination of three special pretreatments, extrac-
tion of the transformer oils, chlorite oxidation for 
lignin removal, and addition of catalytic amounts of 
EIC during the dissolution process, solved this prob-
lem. Thus, for the first time, the aging processes in 
such cellulosic insulation materials can be studied not 
only indirectly by observing the degradation products 
in the oil or by means of a molar mass sum param-
eter from viscosity measurements, but directly by 
means of the molar mass distribution and the profiles 
of oxidized groups. It is known from the literature 
that all three pretreatment methods do not change the 
molecular weight distribution of the pulps, therefore 
it can be assumed that the obtained distributions are 
largely free of artifacts and reflect the "true" state of 
the pulps sufficiently well.

As previously assumed, thermal stress leads to 
an increasing reduction in molecular weight. What 
is new, however, is that crosslinking reactions were 
observed to occur concurrently with degradation. The 
evaluation of the GPC data of the pulps thermally 
aged over a longer period of time shows a fraction 
with significantly increased molecular weight and 
more compact—because crosslinked—molecules 
with lower R.M.S. radii than the starting pulps. This 
thermal crosslinking appears to be a general effect 
of thermal stressing of pulps. Also in this study, the 

effects were observed for both sample types, WP and 
UKP.

The analysis of the carbohydrate composition 
revealed that a significant amount of hemicelluloses 
withstood the relatively drastic ageing conditions and 
remained within the insulator paper. Previous theories 
rather proposed a far-reaching hemicellulose degra-
dation with rather little cellulose degradation. The 
current results, by contrast, show that both hemicellu-
loses and cellulose are degraded, seen from a dimin-
ished hemicellulose peak and an overall shift of the 
molar mass distribution towards smaller values. Thus, 
the paper contains a mixture of partially degraded cel-
lulose, partially degraded hemicelluloses, and cross-
linked structures that all contribute to the observed 
molar mass distributions.

The determination of the  DPV sum parameter from 
viscosity measurements is not recommended for the 
case of aged transformer papers for two reasons. First, 
especially at high dispersity of the MMDs, an averag-
ing  DPV value obtained from viscosity measurements 
cannot reflect the dynamic changes during thermal 
aging (degradation and crosslinking). Second, the 
alkalinity of the organometallic solvents causes deg-
radation of oxidized pulps by beta-elimination: the 
more carbonyl groups contained along the chain, 
the greater the degradation and the error introduced. 
However, an argument in favor of viscosity measure-
ments are the lower costs and the faster and easier 
sample preparation. A GPC/MALLS system is quite 
expensive and the approach more complex. It is not 
a means of quick screening or quality control, but 
can provide an abundance of additional information 
which is not accessible by viscosity measurements.

The introduced protocol proved its suitability 
for the GPC/MALLS characterization of thermally 
stressed, oil-immersed paper samples and was able 
to provide insights into the thermal decomposition of 
insulator paper in unprecedented detail. The method 
seems to be a good basis for studying thermally 
loaded papers in general, both in terms of their final 
state and in terms of kinetics of accelerated aging. 
Thus, we hope that the present work can contribute to 
a better overall understanding of thermal aging pro-
cesses of celluloses and papers.
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