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A B S T R A C T   

Cellulosic material is capable of permanently retaining nitrogen compounds (mostly having amino functions), 
which is reflected in a residual nitrogen content (in the low per mille range to the low percent range) of some 
pulps and certain lab samples. Merely adsorptively bound compounds can be removed by mild acidic washing, 
but part of the nitrogen seems to be resistant and very tightly bound, and thus not accessible for removal by 
washing. Tertiary and aromatic amines are not retained in this way, but only primary and secondary amines. 
There is only a weak correlation between the “firmly bound nitrogen” and the carbonyl content in cellulosics 
(because of oxidative damage), so that possible aminal, Schiff base and enamine structures can hardly be relevant 
as major nitrogen sources. However, there is a very good linear correlation between the ISO brightness (chro-
mophore content) in aged pulps and the residual nitrogen content. In particular the concentration of the 
cellulosic key chromophore 2,5-dihydroxy-[1,4]-benzoquinone (DHBQ) determines the permanent N-binding 
capacity of the pulp. DHBQ reacts very readily with primary and secondary amines under ambient conditions to 
2,5-diamino-substituted [1,4]-benzoquinones, which have very low solubility (because of zwitterionic resonance 
contributions) and thus remain on/in the pulp. Examples of nitrogen fixation in pulps are the binding of 
piperidine (a common amine catalyst in derivatization reactions), amine degradation products of the cellulose 
solvent NMMO, dimethylamine in materials processed from the cellulose solvent DMAc/LiCl, imidazole (a 
degradation product of 1-alkyl-3-methylimidazolium ionic liquids), and of amino groups in proteins after 
enzymatic treatment. The nature of the respective DHBQ-amine addition compound has been verified by com-
plete structure determination.   

1. Introduction 

It is evident that “real-world” cellulosic pulps do not represent the 
case of “ideal” cellulose. If at all, only very few examples of impeccably 
pure cellulose exist in nature: cotton linters, for instance, or bacterial 
and tunicate cellulose after careful removal of the accompanying protein 
parts. These materials, although important for structural studies and 
specialized applications, are rather outsiders. The overwhelming mass of 
cellulosic materials used are cellulosic pulps (mostly from wood as the 
most prominent source), which have undergone – sometimes extensive – 
preparatory steps (pulping, bleaching, derivatization) to be processed 
into paper, textile fibers or cellulose derivatives (Sixta, 2006; Ek, Gel-
lersted, & Henriksson, 2009; Suess, 2010). Such cellulosic pulps consist 

of “impure” cellulose in a double sense: for one, cellulose is accompa-
nied by other components, such as residual lignin, hemicelluloses or 
extractives, which originate from the natural (wood) source and might 
have been altered from their original structure during processing. Sec-
ondly, cellulose itself is changed chemically – it suffers chain shortening, 
oxidation and possibly derivatization to different extent – so that it 
differs more or less from the idealized formula which cellulose chemists 
are used to writing down. 

The purity of cellulosic pulps is a fundamental parameter because it 
critically determines their physical and chemical properties. As just 
discussed, it is not a singular property as it consists at least of two as-
pects: the presence/absence of other, admixed byproducts, and the 
presence/absence of “molecular impurities” along the cellulose chain, 

* Corresponding author at: Institute of Chemistry of Renewable Resources, Department of Chemistry, University of Natural Resources and Life Sciences Vienna 
(BOKU), Muthgasse 18, A-1190 Vienna, Austria. 

E-mail address: thomas.rosenau@boku.ac.at (T. Rosenau).  

Contents lists available at ScienceDirect 

Carbohydrate Polymers 

journal homepage: www.elsevier.com/locate/carbpol 

https://doi.org/10.1016/j.carbpol.2020.117235 
Received 25 August 2020; Received in revised form 10 October 2020; Accepted 11 October 2020   

mailto:thomas.rosenau@boku.ac.at
www.sciencedirect.com/science/journal/01448617
https://www.elsevier.com/locate/carbpol
https://doi.org/10.1016/j.carbpol.2020.117235
https://doi.org/10.1016/j.carbpol.2020.117235
https://doi.org/10.1016/j.carbpol.2020.117235
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2020.117235&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Carbohydrate Polymers 253 (2021) 117235

2

such as oxidized groups or introduced functionalities and substituents. A 
perfect cellulose chain of – for instance – a bacterial cellulose with, 
however, small amounts of protein residues would be considered impure 
according to convention, and so would be a dissolving pulp which is 
completely byproduct-free, but has a certain content of oxidized groups 
along the chain. This shows how important it is to define the type of 
impurities (“external” vs. “internal”) better than conventionally done 
today, and to learn more about them. 

One particular aspect of impurities in cellulosic pulps and materials 
is their nitrogen content. Nitrogen is so common in celluloses that 
literature frequently talks about the “natural N-content” of celluloses 
(see for instance: Chen et al., 2011 and Chen, Lou, & Ye, 2018; Arenales 
Rivera, Pérez López, Ramos Casado, & Sánchez Hervás, 2016). Of 
course, cellulose per se does not contain nitrogen, but natural cellulose 
sources do, such as wood, annual plants or proteinaceous matrices, and 
celluloses after contact with nitrogen-containing solvents or chemicals 
in the lab do as well. So it is generally assumed that the residual nitrogen 
content in natural cellulosic pulps, which is in the range between a few 
per mille up to one percent, originates from protein, glycan or processing 
residues (Sixta, 2006; Ek et al., 2009; Suess, 2010). In the research lab, 
N-contents in cellulosic materials can even be significantly higher. This 
is observed, for instance, in the case of enzymatically treated celluloses 
(or polysaccharides in general), celluloses in contact with amines or 
amino-derivatives and in particular celluloses, which were processed in 
N-containing media, such as under Lyocell conditions in N-methyl-
morpholine N-oxide monohydrate or in imidazolium-based ionic liquids 
or under Ioncell conditions in N-base solvents. In these cases, it is 
assumed that the nitrogen compounds – the processing media or their 
degradation products – are tightly adsorbed onto/into the cellulose 
structure, retained by strong hydrogen bonds and even trapped in the 
interior pore systems – in an attempt to explain why these compounds 
are so hard to remove by washing (since especially acidic washing 
should actually be able to remove amine-type compounds quite 
effectively). 

In this account we would like to add some facts about the nature of 
nitrogen bound to cellulosic materials, in particular by addressing the 
question whether certain chemical structures in cellulosic pulps are able 
to covalently bind and retain amine compounds (and if so, by which 
structures and reactions), and how the nitrogen fixation occurs in cases 
often encountered in our lab (Lyocell and ionic liquid chemistry, GPC 
analyses of celluloses). 

2. Materials and methods 

2.1. General 

Hexylamine, allylamine, benzylamine, aniline, piperidine, dime-
thylamine in water, diethanolamine, morpholine, N-methylaniline, 
DABCO, trimethylamine, N,N-dimethylaniline and pyridine (all p.a. 
grade) were from Sigma Aldrich (Schnelldorf, Germany). All solvents 
(ethanol, chloroform, ethyl acetate) were purchased in HPLC grade from 
Sigma-Aldrich (Schnelldorf, Germany) and were used as received. 
Preparations of aqueous solutions and washing treatments used distilled 
water. 

2.2. Starting celluloses 

Three pulp samples were used: 1) bleached beech sulfite pulp (kappa 
number 0.22, brightness 91.2 % ISO, viscosity [cuen] 565 mL/g, 
pentosan 0.93 %, DCM extract 0.18 %, ash 0.05 %); 2) bleached Euca-
lyptus pre-hydrolysis kraft pulp (kappa number 0.37, brightness 90.9 % 
ISO, viscosity [cuen] 530 mL/g, pentosan 1.73 %, DCM extract 0.13 %, 
ash 0.05 %); and 3) Whatman filter paper #1 (kappa number <0.1, ash 
< 0.01 %). 

2.3. Analytical techniques 

NMR spectra of dry samples were recorded on a Bruker Avance II 400 
instrument (Rheinstetten, Germany) with a resonance frequency of 
400.13 MHz for 1H and 100.62 MHz for 13C. The samples were dissolved 
in perdeuterated chloroform, DMSO or pyridine (99.8 %D, Euriso-top, 
Saint-Aubin, France). Raw data processing was carried out with ACD/ 
NMR Processor Academic Edition. Signal assignment was accomplished 
using attached proton test (APT) and 2D NMR techniques (COSY, HSQC 
and HMBC). The chemical shifts are given in δ ppm values relative to 
TMS, coupling constants are given in Hz. 

FTIR experiments were performed on a Perkin-Elmer Frontier IR 
Single-Range spectrometer (Waltham, Massachusetts, USA) in ATR 
mode (diamond/ZnSe crystal, LiTaO3 detector, KBr windows). 

Nitrogen analysis of pulp and fibers was done according to the 
Kjeldahl method on an automatic unit (KjelMaster K-375, Büchi). Given 
values are the average of determinations in triplicate. Deviations are 
below 0.005 %. Elemental analyses (C,H,N for low-molecular weight 
compounds) were done on a EURO EA 3000 CHNS-O instrument from 
HEKAtech (Wegberg, Germany) at the Microanalytical Laboratory of the 
University of Vienna. 

TLC was performed on Silica gel 60 F254 pre-coated glass plates 
(Merck). Flash column chromatography was performed on Silica gel 60 
from Merck (Darmstadt, Germany). 

Nephelometry was done on a Sensititre device (ThermoFischer) in a 
discontinuous titration mode. The titrant (0.1 M solution of the DHBQ- 
derivative in DMSO) was added to the water of preset pH (200 mL) 
under efficient stirring at 25 ◦C (temperature kept constant by a ther-
mostat). The volume of the added solution was below 1.5 mL in all cases 
and considered insignificant relative to the overall volume, thus 
assuming that the solution properties of the aqueous medium are not 
changed by the small amount of added DMSO. 

2.4. GPC measurements and related steps 

The gel permeation chromatography system, preactivation of the 
pulps and fiber samples for GPC measurements and the general pro-
cedure for the determination of carbonyls in pulp by heterogeneous 
fluorescence labeling (CCOA method) were as previously described (Ahn 
et al., 2019; Potthast et al., 2015). 

In short, the GPC system used combined multi-angle laser light 
scattering (MALLS), refractive index (RI) and fluorescence detection 
with automatic injection; four serial columns with DMAc/LiCl (0.9 %, 
m/V) as the eluant; refractive index increment of 0.136 mL/g for cel-
lulose in DMAc/LiCl (0.9 %, m/V). General GPC parameters: flow: 1.00 
mL/min; columns: PL gel, mixedA, ALS, 20 μm, 7.5 × 300 mm plus 
precolumn; fluorescence detection: excitation 286 nm, emission 330 nm 
(for CCOA); injection volume: 100 μL; run time: 45 min. Pulp samples 
were activated by solvent exchange (H2O to ethanol to DMAc) followed 
by agitating in DMAc overnight and filtration, which produces effi-
ciently activated samples, i.e., samples readily soluble in DMAc/LiCl 9% 
m/V. Details of the CCOA method (fluorescence labeling of carbonyl 
groups and carboxyl groups, respectively) are given in Röhrling et al. 
(2000a); Röhrling et al. (2000b) and Potthast et al. (2003). 

2.5. Pulp and fiber oxidation 

Oxidations of cellulosic pulps to introduce elevated contents of 
carbonyl and/or carboxyl groups have been performed with either so-
dium hypochlorite, hydrogen peroxide, TEMPO reagent or sodium 
periodate. The detailed protocols are given in Ahn et al. (2019). 

2.6. Handsheet preparation, aging and brightness measurements 

Handsheets were prepared from 2 g of pulp suspended in distilled 
water (500 mL) on a Büchner funnel, followed by pressing. If required, 
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the pH of the water was set with either sulfuric acid (1 mM) or sodium 
hydroxide (1 mM). The handsheets were dried at 92 ◦C for 5 min. 
Brightness was measured according to ISO 2470 (2009), following the 
remission of UV light at 457 nm. Aging was carried out continuously 
under dry conditions following the TAPPI method UM 200 (105 ◦C, 40 % 
RH), and under humid conditions according to Paptac E.4 P (100 ◦C, 100 
% RH). The progress was continuously followed by UV (brightness 
reversion) measurements to record the kinetics of chromophore forma-
tion. For resuspension of the pulp, handsheet were suspended in water 
(1 wt%), for 3 h, disintegrated in a kitchen blender for 10 s, further 
stirred in water (1 wt%) for 24 h, and filtered. 

3. Results and discussion 

Cellulosic pulps with different contents of carbonyl groups between 8 
and 76 μmol/g, representing materials with different degrees of oxida-
tive damage (Potthast, Rosenau, Kosma, Saariaho, & Vuorinen, 2005), 
have been prepared (see experimental section). The carbonyl content of 
a highly bleached pulp usually ranges between 10 and 40 μmol/g. None 
of the pulps contained any nitrogen detectable by the micro-Kjeldahl 
method (detection limit = 0.002 %). When these pulps were treated 
for 10 min with a 10 % aqueous solution of a primary or secondary 
amine followed by extensive washing, only in some cases residual ni-
trogen was measurable. In order to make sure that the detected nitrogen 
came from chemically (covalently) bound amines and was not due to 
adsorptive binding, efficient washing was needed, which was done 
consecutively with neutral water, acidic water at pH = 5, 50 % aqueous 
ethanol, and again neutral water for 1 h each. Amine residues were only 
seen in the case of pulps with relatively high degree of oxidation 
(carbonyl content above 50 μmol/g), but there was no clear correlation 
between nitrogen content and oxidation degree (Fig. 1). Several amines 
had been tested for their retention behavior (primary amines: hexyl-
amine, allylamine, benzylamine, aniline; secondary amines: piperidine, 
dimethylamine in water, diethanolamine, morpholine, N-methylani-
line), and the results were largely independent of their type. Tertiary 
amines (DABCO, trimethylamine, N,N-dimethylaniline) as well as aro-
matic amines (pyridine) were in all cases completely removed and no 
N-residues were detected at all. 

The situation was not very different when the pulps were soaked for 
10 min in the neat amine, followed once more by the above washing 
sequence. The retention of the amines, seen by the residual nitrogen 
content, was higher, but again no clear trend or correlation was visible 
(Fig. 1). Pulps with initial carbonyl contents below about 35 μmol/g 
remained free of nitrogen. 

When the amine-treated and washed pulp with the highest residual 

nitrogen content (0.014 % N, 1-hexylamine treatment, initial carbonyl 
content 62 μmol/g) was stirred for 24 h in water (pH = 5; adjusted with 
sulfuric acid), the fixated nitrogen was effectively removed and the N- 
content decreased to zero (or more correctly: to a level below the 
detection limit). On the other hand, a similar treatment, but in distilled 
water (pH = 7, instead of water at pH = 5), did not decrease the nitrogen 
content. Apparently, the amines were covalently bound, with bonds 
being rather labile and cleavable in mild acid. Although we have no 
direct structural evidence for our claim, we assume hemiaminal-type 
structures to cause the amine binding. Hemiaminals are in equilibrium 
with the starting aldehyde/ketone and the co-reacting amine, and they 
can be cleaved in mildly acidic media. They are formally the product of 
addition of the amine as N-nucleophile to the double bond of the alde-
hyde/ketone and at the same time the precursor for imines (Schiff bases, 
formed from primary amines) or enamines (formed from secondary 
amines), which require more drastic conditions for both their formation 
and cleavage. Imine/enamine formation under the very mild conditions 
used – merely suspending the pulp in 10 % aqueous amine or neat amine 
without applying catalysts or elevated temperature – was thus rather 
unlikely, leaving only hemiaminals as possible structural candidates for 
covalent amine binding. Additional support was provided by an exper-
iment using water pH = 9 (adjusted with NaOH) as the suspension 
medium. Similar to water pH = 7, the N-content was unchanged: hem-
iaminals are stable in (moderately) alkaline media. Carboxylic acids that 
would bind amines by ammonium salt formation could be ruled out as 
the source of N-binding: highly TEMPO-oxidized pulps with high 
carboxyl contents could be washed completely free of amines by the 
used washing sequence. Fig. 2 shows the likely structures of how amines 
can be covalently bound by the example of the secondary amine 
piperidine. 

Aging of pulps causes multiple effects, both chemically and 
morphologically. The term “aging” is not very well defined, but mostly 
describes long storage under different conditions. To simulate the effect 
of such natural processes and make them analytically accessible, “arti-
ficial aging” procedures are used, which employ more drastic condi-
tions, such as elevated temperatures, UV irradiation and/or elevated 
humidity, sometimes also applied in cycles, to compensate for much 
shorter storage times. The most evident effects of aging are brightness 
reversion (yellowing, chromophore formation), loss of mechanical 
properties up to a failure of structural integrity caused by chain cleav-
age, and increased oxidative damage. In our case, the pulps with 
different contents of oxidized groups were aged according to standard 
procedures (TAPPI and Paptac methods) and elevated storage temper-
ature at 90 ◦C in the dark and ambient atmosphere. Fig. 3 shows a typical 
example of a starting pulp, the pulp after oxidation and after additional 
aging, giving the molecular weight distributions and carbonyl contents. 
It is evident that oxidation and aging cause chain cleavage (= a decrease 
of the molecular weight) and higher contents of oxidized groups (= an 
increased carbonyl content). It should be noted that by aging under 
certain conditions (e.g. limited availability of air) the carbonyl content 
can also decrease, since many reactive groups, mainly carbonyl groups 
and less carboxyl groups, are converted into condensed chromophoric 
structures. For the example in Fig. 3, oxidation was done by hypochlo-
rite treatment, and aging proceeded in air under elevated temperatures 
so that the carbonyl content further increased. 

When the aged pulps were treated with amines in a way similar to the 
oxidized pulps, i.e. for 10 min in either 10 % aqueous solutions or neat 
amine with subsequent thorough washing, the residual N-content was 
significantly higher than in the cases of the oxidized (non-aged) pulps in 
the case of primary and secondary amines. Actually, the opposite 
outcome had been expected: since aging usually entails decreased 
accessibility and some “hornification” effects, we anticipated a lower 
reactivity of the pulp and less amine binding. This was obviously not 
true – however, there was again no clear correlation between carbonyl 
content and bound nitrogen. Aged pulps with significantly lower 
carbonyl content than oxidized (non-aged) pulps showed considerable 

Fig. 1. Residual nitrogen contents in bleached beech sulfite pulps with 
different carbonyl contents after treatment (10 min) with either 10 % aqueous 
solutions of amines or neat amines, followed by extensive washing. No clear 
trends or correlations are visible. 
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higher N-content. Evidently, factors other than the carbonyl content and 
hemiaminal formation governed the amine-binding. Tertiary and aro-
matic amines showed no reaction and were not retained by the pulps, so 
that all further experiments were only conducted with the primary and 
secondary amines mentioned above. 

Interestingly, the content of fixated nitrogen correlated quite well 
with the brightness of the pulp after aging, i.e., a decreased ISO 
brightness was reliably translated into an increased amine fixation, 

independent of the pulp type (Fig. 4a). The good correlation was even 
more surprising since brightness just reports the UV remission at 457 
nm, without making any further structural presumptions or assign-
ments. It is obvious that such a relationship was impossible to detect for 
the non-aged materials since they all were highly bleached pulps with 
ISO brightness values above 89. 

Decreased brightness, also called brightness reversion, means for-
mation of UV/VIS-active compounds, i.e. chromophores (literally “color 

Fig. 2. Putative structures of hemiaminals 
responsible for covalent amine fixation to 
oxidatively damaged (= carbonyl-containing) 
cellulosic pulps, presented by the example of 
an anhydroglucose unit (AGU) oxidized at C-6 
(left) or C-3 (middle) and a reducing end (right), 
each reacting with the secondary amine piperi-
dine. Note that the C-6 aldehyde as well as C-2 
and C-3 keto functions in cellulosics are present 
in part as the corresponding hydrates (Potthast 
et al., 2005; Röhrling et al., 2002a,b,c) and that 
the stable primary amine addition product to the 
reducing end of a glucopyranose is not an 
open-chain structure or even an enamine (as 
often seen in the literature), but an annular 
aminoglucopyranoside structure (Yokota et al., 
2008).   

Fig. 3. Left: Molecular weight distribution 
curves and carbonyl profiles of a reference pulp 
(Whatman filter paper #1), the oxidatively 
damaged pulp (H2O2-treated) and the oxida-
tively damaged pulp after aging (sealed bottles, 
80 ◦C, 65 % RH, 9 months). Right: Molecular 
weight data (Mw, bars and left axis) and 
carbonyl content (dots and lines, left axis) of 
the three pulps. Carbonyls along the cellulose 
backbone (COox) can be calculated from the 
total amount of carbonyl groups measured by 
GPC (COtot) by subtracting the amount of 
reducing end groups (REGs), which are calcu-
lated from the Mn statistical moment: COtot =

COox + REGs (all in μmol/g). The standard de-
viation for carbonyl groups is below 5%, for Mw 
about 5%, and for Mn around 10 %, based on 
long-term measurements (N > 500), see Pot-
thast et al. (2015).   

Fig. 4. a) Left: Linear correlation between re-
sidual nitrogen content and ISO brightness for 
three oxidized and aged pulps after treatment 
(10 min) with 10 % aqueous solutions of 
piperidine and neat piperidine, followed by 
extensive washing. BS: beech sulfite pulp, EK: 
eucalyptus kraft pulp, WF: Whatman filter 
paper. b) Right: Linear correlation between the 
DHBQ content of oxidized and aged pulps and 
their N-binding ability (graph: “DHBQ iso-
lated”) and between the DHBQ content of 
DHBQ-enriched beech sulfite pulp and its N- 
binding ability (graph “DHBQ, sprayed on BS”).   
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carriers”). Evidently some of those chromophores generated upon aging 
were well able to react with amines and bind them covalently. As it is 
known that the chromophores in lignin-free cellulosic materials belong 
to three compound classes (Korntner et al., 2015) with DHBQ (com-
pound 1 in Fig. 5) being the main contributor, it was reasonable to as-
sume that the N-fixation ability of the pulps was somehow linked to the 
presence of exactly this compound. We determined the DHBQ content of 
the six aged pulps (CRI method, see Rosenau, Potthast, Milacher, 
Hofinger, & Kosma, 2004; and 2011) with the lowest brightness values 
(= highest content of chromophores) and saw a nearly perfect linear 
relationship between the DHBQ content and the ability to bind (primary 
and secondary) amines (Fig. 4b, graph “DHBQ, isolated”). From this 
result, it was clear that DHBQ was mainly involved in amine binding. 

The same outcome was seen when DHBQ was not generated “inter-
nally” by aging, but was “externally” provided by spraying a DHBQ 
solution onto the pulp. The DHBQ contents set in this way were strictly 
linearly related to the content of covalently bound amines (Fig. 4b, 
graph “DHBQ, sprayed on BS”). This result was noteworthy also from 
another point of view: deposited by spraying, DHBQ would only be 
found on or near the surface of the pulp fibers, but would not deeply 
enter the pulp structure. The DHBQ-amine addition products would 
consequently also be located only on or near the pulp fiber surface and 
would thus be easily accessible to reagents or solvents. The fact that 
relatively high amounts of bound amines were found on the aged pulps 
indicated that the solubility of the DHBQ-amine reaction products was 
very low (at least in the media used in the washing sequence). This was 
also supported by the fact that the washing media were completely 
colorless, showing the absence of any DHBQ or DHBQ-amine adducts. 
Treatment of the DHBQ-amine pulps with either 10 mM NaOH (pH =

12) or 10 mM HCl (pH = 2) caused significant brightening of the pulp 
(>ISO 85) and, in turn, intensive yellowing of the washing medium. The 
DHBQ-amine reaction products were evidently well soluble at those 
more extreme pH conditions, i.e. in media being either strongly alkaline 
or strongly acidic. However, the solubility in water (neutral, pH = 5, pH 
= 9) and in water/ethanol mixtures was negligibly small – no UV- 
detectable matter was seen in the (concentrated) washings. 

Warm DMAc (40 ◦C) was able to dissolve the chromophoric residues 
from the aged pulps (remaining brightness > ISO 85). After removal of 
the solvent from the extracts by freeze-drying, the residues were 
amenable to standard chemical analyses. All extracts showed the 
absence of DHBQ itself, which thus must have been completely con-
verted into products. The only isolable compounds were the 2,5-bis 
(amino)-addition products of DHBQ (2), i.e. the compounds in which 
DHBQ́s two hydroxyl groups were replaced by two amino moieties. The 
underlying “ipso-substitution” of DHBQ by amines is well-known in 
DHBQ chemistry, it occurs very fast and easily (Hosoya, French, & 
Rosenau, 2013), and is a quantitative process for secondary amines. 
Primary amines also react quantitatively at ambient temperature. In 
concentrated form, as present in organic syntheses, but not under the 
diluted conditions found in pulps, they form polymeric products (3) 
when heated. This follow-up polymerization reaction is due to the fact 
that the initial addition products of primary amines and DHBQ are 
secondary amines which, in turn, can react with excess DHBQ under 
cross-linking and oligomerization/polymerization. Secondary amines, 
which form tertiary amino functions by addition to DHBQ, are incapable 
of such a secondary polymerization step. Fig. 5 gives the general reac-
tion scheme for the DHBQ reaction with primary and secondary amines 
and one specific example, the DHBQ-bis(diethylamino) addition product 

Fig. 5. General scheme of the reaction of DHBQ (1) with secondary amines to 2,5-diamino-substituted DHBQ (2) and with primary amines to polymeric products (3). 
DHBQ-bis(diethylamino) addition compound (4) with its 1H (bottom left) and 13C (bottom right) NMR spectra. 
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(4). 
Fig. 6 shows examples of DHBQ-amine addition compounds, which 

are quite relevant to cellulose chemistry: the bis(piperidine) adduct (5), 
the bis(morpholine) adduct (6) and the bis(dimethylamine) adduct (7). 
The piperidine addition compound 5 (Fig. 6, top left) is rather common 
in cellulose chemistry, because piperidine is such a widely used catalyst. 
Apart from that use in aldol-type reactions it is also a component of some 
aqueous buffer solutions at high pH, and is one of the standard reagents 
to convert ketones into enamines (see also see Fig. 2). The morpholine 
adduct is prominent when oxidatively stressed and subsequently aged – 
and thus DHBQ-containing – celluloses are dissolved or derivatized in 
the cellulose solvent N-methylmorpholine N-oxide monohydrate 
(NMMO), see Fig. 6, bottom left. Morpholine is one major degradation 
product of NMMO (Rosenau, Potthast, Kosma, Chen, & Gratzl, 1999). 
The reaction of DHBQ with morpholine traces will occur when the cel-
lulose is dissolved or processed in NMMO, or washed with water con-
taining NMMO (Öztürk et al., 2009). Indeed, the addition compound 6 
had been extracted from aged Lyocell fibers previously, and although its 
amount had been too small for direct structural confirmation at that 
time, its structure was now unambiguously identified by comparison 
with an authentic, independently synthesized sample. The same is true 
for the bis(dimethylamino) addition compound 7: it is formed as soon as 
aged pulp with DHBQ traces comes in contact with DMAc or DMAc/LiCl. 
These solvents are frequently used in cellulose modification and as the 
eluant of choice for gel permeation chromatography (GPC) of cellulose 
(Potthast et al., 2015). Due to unavoidable hydrolysis of DMAc 

(Chrapava, Touraud, Rosenau, Potthast, & Kunz, 2003; Sjöholm, Gus-
tafsson, Pettersson, & Colmsjö, 1997), readily recognizable by an 
“amine smell”, the solvent – unless very recently distilled and purified – 
contains some traces of dissolved N,N-dimethylamine, which will 
immediately react with DHBQ (Fig. 6, top right) to adduct 7. Also in the 
case of this compound, the supposed structure of an isolated sample was 
confirmed by identity with an authentic, synthesized sample. Similarly, 
cellulose used as filter material for amines in chromatographic setups 
(Rosenau, Hofinger, Potthast, & Kosma, 2004) or nanoparticle-bound 
celluloses prepared in amine N-oxide solutions (Yokota, Kitaoka, 
Opietnik, Rosenau, & Wariishi, 2008) contained relatively large 
amounts of 2,5-bis(amino) addition products of DHBQ (2), as well as 
celluloses processed in deep eutectic media with N-containing constit-
uents (Tenhunen et al., 2018), or celluloses after extraction of lignins in 
amine-containing media (Glas et al., 2015). In all these cases the con-
ditions for aging and DHBQ generation as well the presence of amines 
were given. 

Fig. 6 (bottom right) shows the bis-adduct of alanine methyl ester 
with DHBQ (8), as an arbitrarily chosen example to demonstrate that 
also amino functions in amino acids can readily react with DHBQ. This 
makes it likely that DHBQ-addition occurs also to amino functions in 
proteins or enzymes, and contributes to the well-known nitrogen 
retention effects in pulps, i.e., the fact that in frequent cases proteins and 
enzymes apparently tightly stick to the pulp and cannot be simply 
washed away. Although at present there is no structural evidence from 
isolated compounds or confirmed covalent linkages, it is not 

Fig. 6. Formulae and 13C NMR spectra of DHBQ-amino adducts in cellulosic pulps. Top left: 2,5-Bis(1-piperidino)-[1,4]-benzoquinone (DHBQ-piperidine adduct, 5), 
formed in contact of aged cellulose with reaction mixtures containing the catalyst piperidine. Bottom left: 2,5-bis(1-morpholino)-[1,4]-benzoquinone (DHBQ- 
morpholine adduct, 6), formed in aged pulps with morpholine as degradation product of NMMO. Top right: 2,5-Bis(dimetylamino)-[1,4]-benzoquinone (DHBQ- 
dimethylamine adduct, 7), formed in aged pulps with dimethylamine present as byproduct in the GPC standard solvent DMAc/LiCl. Bottom right: 2,5-bisadduct of 
DHBQ with L-alanine methyl ester (8), as an example of DHBQ binding to nitrogen motifs in proteins or enzymes. 
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unreasonable to propose that covalent binding of proteins/enzymes to 
DHBQ adds to general adsorption effects and favors the retention of such 
nitrogen-containing species to cellulosic pulp. 

Turbidimetric (nephelometric) titration of the DHBQ-bis 
(morpholino) adduct (6) and the DHBQ-bis(dimethylamino) adduct 
(7) showed a very low solubility of both compounds in neutral water and 
in alkaline aqueous solutions. The values (2.05 mg/L for 6 and 1.12 mg/ 
L for 7) in neutral water at 25 ◦C are, for instance, in the same range as, 
for example, those of silver chloride or silver bromide (1.88 mg/L and 
0.14 mg/L, respectively). In mildly acidic solutions (down to pH = 3), 
the solubility increased only insignificantly, while it fast became greater 
below pH = 3. This behavior can be explained with the structure of the 
compounds being vinylogous amides, having contributions of C––N 
double bond canonic forms, similar to the well-known stabilization of 
amide and peptide bonds. These resonance stabilization entails a high 
stability of the compounds, i.e. replacement (“saponification”) of the 
amino moiety becomes much harder. At the same time, protonation of 
the amino function in acidic media is rendered more difficult (note the 
resulting partial positive charge at the nitrogen atoms, see Fig. 7). The 
contribution of the zwitterionic resonance structure evidently had no 
positive effect on the solubility in water – the solubility minimum of 
amino acids at the isoelectric point, where the zwitterionic contributions 
are strongest, can be seen as a parallel. 

4. Conclusions 

Oxidatively damaged cellulosic material (pulp, fibers) show elevated 
contents of carbonyl groups, which might react with primary and sec-
ondary amines to form hemiaminals. These reaction products are rela-
tively stable so that the amines are retained by the cellulosic matrix and 
cannot be simply washed away. A release is possible, but requires acidic 
media, which – upon prolonged action – might also damage the cellulose 
by simple acidic hydrolysis. The N-retention capacity is a quasi-natural 
property of cellulosic pulps, the usual content of cellulosic pulps that 
have been in contact with amines during processing being in the per 
mille range up to one percent. There are many ways for cellulose coming 
in contact with N-containing substances: in the lab for instance by 
processing with ionic liquids, derivatization as carbanilates, treatment 
with enzymes, GPC in the solvent system DMAc/LiCl, or in industry in 
the Lyocell, carbamate or Ioncell processes and by enzymatic treat-
ments. The celluloses coming out of these processes will have a low 

permanent content of nitrogen that is not just adsorptively bound and 
thus cannot be washed away. But, on the other hand, it was not possible 
to find a clear correlation between oxidation degree and nitrogen 
content. 

Aging of cellulosic substrates is generally accepted to cause a closing 
of pores, reduced reactivity and “hornification”, also reflected by loss of 
mechanical strength and yellowing. So it was logical to assume that 
aging would also lower the reactivity of pulps towards amines, and thus 
the N-retention capacity of pulps. However, aging actually clearly 
increased the N-retention and in addition there was a clear correlation 
between the N-content and the chromophore content, i.e. the extent of 
yellowing that occurred during aging. In particular, nitrogen fixation 
and the content of DHBQ, a key chromophore in cellulosics, were 
directly (linearly) correlated. The nitrogen containing compounds were 
isolated from real-world pulps. Unambiguous identification and full 
structural analysis were successful through authentic samples from 
pulps enriched with DHBQ, which provided larger amounts of N-con-
taining compounds than the genuine pulps. 

Primary and secondary amines react with DHBQ to the respective 
2,5-bisamino-[1,4]-benzoquinones, with their conversion being fast and 
almost immediate at room temperature. The reaction seems to be very 
straightforward since no byproducts were formed. This, on the other 
hand, makes identification of the addition compounds less intricate 
since only one product compound is present. Of direct relevance to our 
work are the amino-addition compounds of DHBQ with piperidine – 
used as a common catalyst in aldol-type condensation reactions and 
derivatization reactions of cellulosic reducing ends, with morpholine – 
which is a common byproduct of cellulose processing under Lyocell 
conditions, and with N,N-dimethylamine – an ubiquitous impurity in the 
GPC eluant DMAc/LiCl. The model reaction with an amino acid showed, 
in addition, that DHBQ binds also to such nitrogen moieties as present in 
proteins. All amino-adduct have rather low solubility in water, which 
explains why they cannot be removed by simple washing with neutral or 
slightly acidic water. 

In summary, this study identified the molecular processes that un-
derlie nitrogen (amine) fixation in cellulosic materials, demonstrating 
that direct binding of amines by oxidized functionalities is much less 
important than their fixation by the key chromophore DHBQ in the form 
of hardly soluble 2,5-bisamino-[1,4]-benzoquinone derivatives. 

With regard to follow-up studies, it is of interest whether similar 
addition chemistry occurs also in the case of sulfur-derived species 
(which actually should be even better nucleophiles than the amines 
looked at in this study). This is of relevance for the byproduct chemistry 
and S-fixation in rayon/viscose production, and possibly also with re-
gard to the binding of cysteine moieties in proteins or enzymes to pulp 
and fibers via DHBQ. 
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Potthast, A., Röhrling, J., Rosenau, T., Borgards, A., Sixta, H., & Kosma, P. (2003). 
A novel method for the determination of carbonyl groups in cellulosics by 
fluorescence labeling. 3. Monitoring oxidative processes. Biomacromolecules, 4(3), 
743–749. 

Potthast, A., Rosenau, T., Kosma, P., Saariaho, A. M., & Vuorinen, T. (2005). On the 
nature of carbonyl groups in cellulosic pulps. Cellulose, 12(1), 43–50. 

Potthast, A., Radosta, S., Saake, B., Lebioda, S., Heinze, T., Henniges, U., et al. (2015). 
Comparison testing of methods for gel permeation chromatography of cellulose: 
Coming closer to a standard protocol. Cellulose, 22(3), 1591–1613. 
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