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Abstract
In view of developing upcycling strategies for hardwood Kraft lignin, hydroxy-
methylation of Eucalyptus Kraft lignin under alkaline conditions (pH 9 and 11) at 
different temperatures (50 °C and 70 °C) was studied in the present effort with the 
double objective of optimizing the reaction conditions and understanding the func-
tionalization mechanism of C5 in either terminal or internal guaiacyl units during 
hydroxy-methylation. Formaldehyde consumption was estimated via titration of 
the oximated free formaldehyde; the hydroxy-methylation degree under the reac-
tion was estimated by calculating the ratio in Condensed hydroxyl/Guaiacyl (Con-
densed OH/G-OH) via a new difference UV-spectroscopy. The reliability of the dif-
ference UV-method results for the analyses of the hydroxy-methylated lignins was 
statistically analysed and compared with that of vacuum-dried and sonicated sam-
ples. Hydroxy-methylated samples were then fully characterised by NMR (31P and 
HSQC) and GPC. The reaction temperature of 50  °C, pH 11, and period time of 
one hour resulted as the optimal conditions for the hydroxy-methylation, preventing 
the side-reactions leading to the formation of dimethylene-glycol addition products. 
The 31P and 1H–13C HSQC NMR revealed the absence of undesirable formalde-
hyde Cannizzaro by-products and the lack of hydroxymethyl groups in the aliphatic 
side chain under the studied conditions. GPC analyses, comparing two methodol-
ogies, revealed increases in molar mass of the hydroxy-methylated samples upon 
the formaldehyde addition. The selective hydroxy-methylation at the C5 guaiacyl 
site demonstrates that Eucalyptus Kraft lignin is as a promising candidate for resol 
production.

Introduction

Despite its heterogeneity, low solubility, and low reactivity, the interest of both 
industry and academia in valorising Kraft lignin (KL), an underutilized resource, 
has increased in recent years (Argyropoulos et al. 2023). As of now, pulping indus-
try relies on either softwood or hardwood feedstock; in particular, the pulping of 
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Eucalyptus spp. species plays a vital role as the primary fibre source for the pulp and 
paper industry in South America (Vallejos et al. 2017). Softwood and hardwood KL 
differ in their chemical structure; while softwood KL consists almost exclusively of 
guaiacyl units, hardwood KL contains both guaiacyl and syringyl units. Of the two, 
softwood is the one which best fits for the preparation of phenolic resins, polyure-
thanes, and epoxy resins due to its higher reactivity (Kun & Pukánszky 2017). The 
presence of syringyl units in hardwood KL reduces its reactivity due to the reduced 
content in C5-position suitable for nucleophilic attack generating KL-derivatives.

Hydroxy-methylation, also known as methylolation, represents the most fre-
quently employed strategy for activating lignin; in fact, by treating lignin with for-
maldehyde (F, CH2O) under heat and alkaline conditions it is possible to introduce 
hydroxymethyl groups (–CH2OH) that can participate in future condensation reac-
tions suitable to produce adhesives, polyurethanes and resins (Chen et al. 2020; El 
Mansouri et al. 2018).

The hydroxy-methylation of lignins has been studied on many occasions at tem-
peratures between 40 °C (Olivares et al. 1988) and 150 °C (Paananen & Pakkanen 
2020) under alkaline conditions, with 50  °C (Peng et  al. 1993; Zhao et  al. 1994; 
Vázquez et al. 1997; Vázquez et al. 1999; Alonso et al. 2001; Malutan et al. 2008; 
El Mansouri et al. 2011, 2018; Taverna et al. 2015; Taverna et al. 2017) and 70 °C 
(Muller & Glasser 1984; Dilling, 1987; Kuo et al. 1991; Taverna et al. 2019) being 
the most studied conditions. Under alkaline conditions, F predominantly attacks the 
C5 position of the lignin aromatic ring via the Lederer – Manasse reaction, and to a 
lesser extent, the propanoic side chain, typically adjacent to a carbonyl group in Cβ 
or at the beta carbon of an CαCβ double bond. Harsh reaction conditions, as a strong 
alkalinity (pH > 10) or high temperature, lead to the undesirable Cannizzaro side 
reaction, where F undergoes deprotonation with generation of methanol and formic 
acid, resulting in the consumption of the reagent (Campbell & Walsh 1985; Malutan 
et al. 2008; Taverna et al. 2019).

In order to produce resols, pivotal in adhesives or composites production, the 
introduction of − CH2OH in the aromatic ring is the only desirable reaction. How-
ever, for the synthesis of polyols suitable to produce polyurethane, the addition 
of − CH2OH onto either aliphatic or aromatic domains is desirable.

Another reaction that can easily occur during lignin hydroxy-methylation involves 
the formation of methylene groups binding aromatic rings; in particular, by increasing 
the temperature, − CH2OH groups on an aromatic ring can react with other free vicinal 
C5 in guaiacyl units, generating the methylene bonds which result in a reduction of 
the hydroxy-methylated content, an increase in the condensation degree of KL, and an 
increase in the overall molecular weights (Aini et al. 2019; Malutan et al. 2008).The 
application of hydroxy-methylation on softwood KL to produce resols in wood binders 
and resins has been widely investigated, especially at strong alkalinity (Kuo et al. 1991; 
Zhao et al. 1994). It was demonstrated that the synthesis of resols for wood applica-
tions is efficiently performed at pH 12 to ensure the water solubility of the resulting 
resol as well as a high condensation degree. Differently, for impregnation applications 
such as  the production of high-pressure laminates, resol synthesis is commonly per-
formed under mildly alkaline conditions (pH = 9) until oligomers become immiscible 
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in water; then, water is removed under vacuum and alcohol is used as a diluent (Nico-
lau et al. 2013).

In view of that, the identification of the optimal hydroxy-methylation conditions is 
crucial for developing tailor-made formulations based on hardwood KL, a still under-
exploited resource, to conveniently choose between one- or two-stage processes. In a 
one stage process, lignin, phenol, and F are mixed from the beginning of the reaction, 
while in a two-stage process lignin is pre-hydroxy-methylated and then phenol is added 
in a second stage (El Mansouri et al. 2018; Taverna et al. 2019).

The structural features of hydroxy-methylated lignins and their derivates can be con-
veniently investigated via 13C and 31P nuclear magnetic resonance (NMR) techniques, 
which provide reliable results in an academic perspective; moreover, these approaches 
imply the utilization of expensive equipment, especially while monitoring reactions in 
the industry (Paananen et al. 2021). The fast and simple difference UV-spectroscopic 
method, based on the change in absorbance when phenolic hydroxyl groups (ph–OH) 
are ionized in an alkaline condition (Gärtner et  al. 1999; Ruwoldt et  al. 2022) is a 
much more convenient strategy for the on-line monitoring of a reaction mixture. The 
major drawback of the UV-method relies on the need of soluble lignin preparations 
at either pH = 6 or pH = 12–13 (Ruwoldt et al. 2022). However, as the incorporation 
of − CH2OH groups in lignin enhances its solubility in a wide range of pH, this limita-
tion is easily overcome for hydroxy-methylated samples.

In the present paper, the identification of the optimal conditions for promoting hard-
wood KL hydroxy-methylation is reported. Additionally, the reliability of the aque-
ous difference UV-spectroscopic method for following the progress of the Condensed 
OH/G-OH ratio along the hydroxy-methylation, as well as for characterising the result-
ing hydroxy-methylated KL has been investigated. Furthermore, the typical gel per-
meation chromatography (GPC) analyses in dimethyl-sulfoxide (DMSO) used for the 
characterization of lignins was compared to the typical GPC in dimethylformamide 
(DMF) widely employed in the separation and characterization of polar F resins and 
polyurethanes with varying degrees of branching, crosslinking, or functional groups. 
By using more than one method, results can be cross-verified, enhancing the accuracy 
and reliability of molecular weight determination.

The kinetic of hardwood KL hydroxy-methylation at different pH (9 and 11) and 
temperatures (50 °C and 70 °C) was monitored using a volumetric technique capa-
ble of estimating the F consumption, while the F up-take was estimated via differ-
ence UV-spectroscopy. The reliability of the difference UV-method was statistically 
analysed by comparing vacuum-drying, sonicated and untreated liquefied hydroxy-
methylated samples. The resulting hydroxy-methylated samples were fully charac-
terised via NMR and GPC methods.

Materials and methods

Lignin characterisation and hydroxy‑methylation reactions

Eucalyptus KL was supplied by Suzano S.A. (Brazil) with 3.58% humidity and 
2.37% ash content.
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Hydroxy-methylation experiments were performed at 50 °C and 70 °C at pH 9 
and 11 at constant weight ratio F/KL = 1. Reaction conditions are summarised in 
Table 1. Reactions were performed in triplicate, in a 500 mL three-neck round-bot-
tom flask equipped with mechanical stirring.

The flask was loaded with 37 wt. % F aqueous solution and the pH was adjusted 
by addition of 34 wt. % NaOH aqueous solution. Then, pulverized KL was added 
under vigorous stirring; the pH was re-adjusted. The temperature was gradually 
raised at 1.6 °C min−1 to the desired value (zero time), then the mixture was kept 
under heating and stirring for 4 h. To estimate the F consumption deriving from the 
Cannizzaro reaction or potential losses deriving from the lack of tightness of the 
equipment, all experiments were replicated in triplicate without the addition of KL 
(control reactions). During the hydroxy-methylation reaction and control tests the 
total free F was measured by the volumetric oximation method based on the reaction 
of F with hydroxylamine hydrochloride. Additionally, a difference UV-absorption 
spectroscopic method was fine-tuned for measuring the Condensed OH/G-OH ratio 
during hydroxy-methylation experiments. The KL and final hydroxy-methylated KL 
were dried under vacuum at 40 °C, and analysed via GPC, 31P NMR and HSQC. 
Two different GPC methodologies were compared.

Measurements

Oximation method (ISO 11402:2004)

For the estimation of free F about 1.5 g of the sample were dissolved in 50 mL of 
water and the pH was adjusted to 4 using 0.1 M and 1 M HCl. Then, 15 mL of 10 
wt. % hydroxylamine hydrochloride aqueous solution were added under mild stir-
ring for 10 min. The resulting solution was then titrated with 1 M NaOH solution up 
to pH 4.

Table 1   Hydroxy-methylation: Recipes and reaction conditions. F/KL = 1

Exp. 1 Exp. 2 Exp. 3 Exp. 4

Reaction conditions:
50 °C 70 °C 50 °C 70 °C
pH 9 ± 0.5 pH 9 ± 0.5 pH 11 ± 0.5 pH 11 ± 0.5

Hydroxy-methylation initial concentrations:
[F]°, mol L−1 9.43 ± 0.00 9.39 ± 0.01 9.06 ± 0.02 9.04 ± 0.02
KL°, g L−1 283 ± 0.01 283 ± 0.01 273 ± 0.01 271 ± 0.01
[NaOH]°, mol L−1 0.29 ± 0.00 0.33 ± 0.02 0.64 ± 0.03 0.67 ± 0.03
[H2O]°, mol L−1 28.02 ± 0.01 28.05 ± 0.05 28.49 ± 0.07 28.52 ± 0.04
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Difference UV

Total ph-OH was determined via Ultraviolet Ionization Difference Spectrophotom-
etry (Δε-method) using a double beam UV–Vis Perkin Elmer Spectrophotometer 
Model Lambda 360. 10  mg of KL sample, after thorough dried under vacuum at 
40 °C until, were dissolved in a 10 mL volumetric flask with 1,4-dioxane and the 
solution diluted to the mark with additional 1,4-dioxane. In the case of liquefied 
hydroxy-methylated KL, an aqueous solution of 10 mg (dry basis) was prepared in 
a 10 mL flask. Then, 1 mL of the resulting solution was transferred to three 25 mL 
volumetric flasks and each flask was filled to the mark with 0.2 N NaOH, pH 6 
buffer solution, and pH 12 buffer solution. Gärtner-Gellerstedt method was then 
adopted (Gärtner et al. 1999). The absorbance of the 0.2 N NaOH and pH 12 alka-
line solutions, recorder versus the pH 6 solution (ionization levels I and II, respec-
tively) was measured in quintuplicate at 290–300 nm ( ΔaI

300
, ΔaII

300
 ). Additionally, 

the absorbance of both solutions was recorded at 370 nm for KL, and 358–365 nm 
for hydroxy-methylated KL samples ( ΔaI

360
, ΔaII

360
 ). The amount of the total ph-OH, 

the weakly acid C5 substituted structures referred as “Condensed OH” phenolic 
structures, and the amount of free C5 structures named as “G-OH” structures were 
estimated as follows:

To discard a matrix interference due to the presence of unreacted reagents and 
potential undesirable products of Cannizzaro reaction the absorbance spectra of 0.1 
N NaOH, 1 M F, 1 M formic acid, and 99.8 wt. % methanol solutions were ana-
lysed in the spectral range between 200 and 400 nm. Figure A1 (in Supplementary 
Material) depicts the overlap of the spectra of the four components, confirming the 
absence of the matrix absorption interferences within the ph-OH absorption range 
(300 and 360 nm).

Hydroxy-methylation increases the polarity of KL, possibly favouring self-assem-
bly processes. To evaluate the impact of aggregation/disaggregation process on the 
reliability of the difference UV-method employing untreated liquefied samples (UL), 
the following sample pre-treatments were compared: vacuum-drying (VD), ultra-
sonication of the untreated liquefied samples (UL-US), and vacuum-drying followed 
by ultrasonication of the aqueous solution preparation (VD-US). Drying was per-
formed under vacuum at 40 °C; ultrasonication was performed at room temperature 
at 40 kHz for 10 min.

Analysis of variance (ANOVA) of the response ph-OH variable at 95% confi-
dence level was performed using a free version of the R software, 2023.06.1 Build 
524 for Windows.

(1)
[
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mmol g−1
)
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360
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Gel permeation chromatography (GPC)

Method 1: 1 mg mL-1 sample solution in HPLC-grade DMSO was prepared by 
overnight stirring followed by filtration on 0.45 µm PFTE membrane. The fil-
trate was analysed with a Shimadzu HPLC equipped with a PKLel 5µm Mini-
MIX-C, 250 × 4.6 mm; elution was performed with a 0.1 wt. % lithium chloride 
solution in HPLC-grade DMSO. The flow was set at 0.200 mL min-1 with an 
oven temperature of 70 °C. Molecular weights were determined by comparing 
the chromatograms with a calibration curve obtained with sulfonated polysty-
rene (246 – 2000000 g/mol) and low molecular weight lignin models.

Method 2: Molar mass distribution and averages were estimated using a 
Waters-Breeze Liquid Chromatograph. The chromatograph was equipped with 
a 1525 binary pump model with a Waters 717plus automatic injector. A set 
of (8×300mm) Shodex KD-802.5 columns was employed with a Waters 2414 
model 410 differential refractive index detector. Dry samples were dissolved in 
50 µL DMF with a final nominal concentration of 2 mg mL-1. Before the injec-
tion, solutions were filtered through 0.45 μm PTFE filters. DMF was used as 
eluent with a flow rate of 1 mL min-1; the oven of the chromatographer was 
set at 40 °C. Polyethylene glycol standards (PEG. Polymer Standards Service 
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Fig. 1   Variation of [F] during reaction time (corrected by control reaction, mol g−1) and the Condensed 
OH/G-OH ratio (mmol g−1). a Exp. 1: pH 9 and 50 °C, b Exp. 2: pH 9 and 70 °C, c Exp. 3: pH 11 and 
50 °C, and d Exp. 4: pH 11 and 70 °C
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GmbH (PSS). LOT: 10022015) were used for creating a calibration curve subse-
quently used for the analyses of the molecular weights.

Heteronuclear single quantum correlation (HSQC)

200 mg of sample were dissolved under stirring overnight at room temperature in 
600 µL of a 1:1 (v/v) d5-pyridine/ d6-dimethylsulfoxide mixture; the resulting solu-
tion was analysed on an Avance 400 MHz Bruker NMR spectrometer; 16 scans were 
acquired obtaining a matrix consisting of 2048 × 2048 points (Crestini et al. 2011). 
Phase adjustment of the resulting spectra was performed using MestReNova.

31P NMR analyses

31P NMR analyses were performed according to the standard protocol reported 
by Granata and subsequent modifications (Argyropoulos et  al. 2021; Granata & 
Argyropoulos 1995; Meng et  al. 2019). 30  mg of accurately weighted and dried 
(40 °C, under vacuum, overnight) sample were dissolved in 500 µL of a 1.6:1 (v/v) 
pyridine/d-chloroform mixture plus 100 µL of internal standard (cholesterol) and 
relaxation agent (chromium (III) acetylacetonate) solution (in 1.6:1 (v/v) pyridine/d-
chloroform mixture). After dissolution, the sample was phosphitylated with 100 µL 
of 1-chloro-4,4’,5,5’-tetramethyl-1,3,2-dioxaphospholane; suddenly after, the spec-
trum of the resulting clear solution was acquired using a 300  MHz Bruker NMR 
spectrometer. Phase adjustment of the resulting spectra as well as integrations were 
performed using MestReNova.

Results and discussion

Free F and difference UV‑analyses

The consumption of F at the end of the control reactions was between 1–2%. Fig-
ure  1 shows the variation in F concentration during the time, corrected by the F 
consumption of the control reactions, and the Condensed OH/G-OH ratio of the UL 
samples in KL hydroxy-methylation at different pH and temperature conditions.

The rate of consumption of F increased with the temperature and the pH. The 
consumption of F was respectively of 4.17%, 6.23%, 7.04%, and 10.35% at the end 
of hydroxy-methylations; the equilibrium concentrations were reached respectively 
after 180, 150, 60 and 150 min for Exp. 1–4. Further increase in reaction time did 
not result in an enhancement of F consumption, suggesting that the optimal time 
reactions were at the equilibrium. The Condensed OH/G-OH ratio remained almost 
constant for Exp. 1 at pH 9 and T = 50 °C, while a slight increase was observed only 
after 120  min when the hydroxy-methylation was performed at 70  °C. A marked 
incrementation of the Condensed OH/G-OH ratio was noticed when the reaction 
was performed at pH 11; a rapid increase in the consumption was achieved when 
the reaction was performed at 70 °C. Also, the final Condensed OH/G-OH ratio was 
higher for Exps. at pH 11 (≅ 0.6) than in the case of the reaction performed at pH 9 
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at the same temperature (≅ 0.4). These experimental findings suggested the forma-
tion of new condensed structures from uncondensed guaiacyl units (Aini et al. 2019; 
Malutan et al. 2008).

The difference UV measurements (G-OH and Condensed OH) obtained from 
the different samples pre-treatments (UL, UL-US, VD, and VD-US) are compared 
in Fig.  2, while statistical analysis was performed for final ph-OH measurements 
(Table 2).

Despite all the liquefied samples were completely dissolved in water, vacuum 
dried samples synthesised at pH 9 (Exp. 1 and Exp. 2) resulted insoluble under UV-
analyses conditions, consequently the method could not be applied in those cases. 
This result suggests that pH 9 is not alkaline enough to induce ph-OH ionization, 
repulsion, and dissolution of hydroxy-methylated KL molecules. This hypothesis is 
further supported by considering that the pKa values for guaiacyl and syringyl units 
are slightly higher than 9.45. Instead, the propensity for aggregation is increased 
due to strong Van der Waals forces, π,π stacking and hydrogen bonding (Mishra & 
Ekielski 2019). Alkalinization of the final UL prepared at pH 9 to pH 11 prior to the 
vacuum drying process allowed the complete dissolution of the corresponding sam-
ples, named HKL1’ and HKL2’, due to ph-OH deprotonation.

As reported in Fig. 2, ultrasonication promoted a depolymerisation effect induc-
ing an overestimation of G-OH (Gilca et al. 2015; Wells et al. 2013). This hypothesis 
was further supported by the higher values of UL-US and VD-US when compared 
to UL and VD, respectively. Additionally, an inversion in the consumption rate of 
the G-OH from Exp 1 to Exp. 4 occurred. The rate of G-OH consumption measured 
from UL [Fig. 2 a)] and VD [Fig. 2 c)] samples increased with temperature and pH 
(low rate for Exp. 1 and high rate for Exp. 4) in concordance with free F results 
(Fig. 1). Conversely, ultrasonicated samples showed the opposite effect, as the con-
sumption rate increased from Exp. 4 to Exp. 1 [Fig. 2 b) and Fig. 2 d)]. Similarly, 
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Fig. 2   Time evolution of G-OH and Condensed OH (mmol g−1) for Exps. 1–4. UL, UL-US, VD and 
VD-US samples
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an inversion in the formation rate of the Condensed OH was observed [Fig. 2 e) and 
Fig. 2 g) vs Fig. 2 f) and Fig. 2 h)].

The ph-OH variables were suitable for ANOVA model, as confirmed by assess-
ing the assumptions of homoscedasticity (variance of the residuals is constant) and 
residuals normality (independent residues normally distributed with mean zero and 
variance for all factor levels). To explore significant differences among the samples 
a Tukey Test was employed.

As expected, ultrasonication leads to an overestimation of the total ph-OH. 
Regarding the vacuum-drying pre-treatment, no statistically significant differences 
between VD and UL were observed in HKL3. However, VD showed lower values 
compared to UL for HKL4. These findings suggest that the drying process of highly 
condensed samples could induce aggregation, making samples recalcitrant to disin-
tegration leading to under-estimations (Agustin et al. 2019).

GPC analyses

Method 1

The GPC analyses revealed the molecular weight variations of KL deriving from 
the hydroxy-methylation under different conditions. The characterisation data are 
summarized in Table 3; the profile of the chromatograms is reported in Fig. 3.

The Mw of pristine KL was estimated as 1600  g  mol−1. In all cases, hydroxy-
methylation resulted in an increase of the molecular weight of the starting material; 
this is evident from the chromatograms profile of hydroxy-methylated KL (Fig. 3), 
which clearly reveals the polymerisation by the intensification of the peak appearing 
at 15.7 min; the latter appeared as a minor shoulder of the major peak in the chroma-
togram of KL (maximum 16.7 min, Fig. 3). In all the hydroxy-methylated samples, 
the major peak of KL at 16.7 min, decreased in intensity becoming more and more a 
shoulder; this trend was especially evident for the profiles of HKL3 and HKL4.

In order to quantitatively determine the polymerising effect of the hydroxy-meth-
ylation on Eucalyptus KL, chromatograms were analysed using a calibration curve 
made of sulfonated polystyrene standards and low molecular weight lignin model 
compounds. In the case of HKL1, the Mw was estimated as 2600 g  mol−1, corre-
sponding to almost the double of the starting material.

Table 3   Numeric (Mn) and 
ponderal (Mw) molecular 
weights with the corresponding 
dispersions (Ð = Mw/Mn) of 
KL and the hydroxy-methylated 
samples

Method 1 Method 2

Mn Mw Ð Mn Mw Ð

KL 700 1600 2.29 1865 22,925 12.29
HKL1 800 2600 3.25 2900 26,100 8.88
HKL2 900 2900 3.22 3000 27,400 9.19
HKL3 1000 3800 3.80 4900 33,000 6.73
HKL4 1000 4000 4.00 6000 34,700 5.83
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The variation of reaction parameters such as the temperature and the pH, 
affected to different extents the Mw of the hydroxy-methylated sample. From one 
side, the increase of the temperature, HKL2, resulted in an increase of the Mw, 
which became of 2900 g mol−1. From the other side, a more efficient effect on the 
Mw was achieved under stronger alkaline reaction conditions; in fact, the reaction 
performed at pH 11, HKL3, exhibited a more than two-folded increase in the Mw 
(3800 g mol−1).

The synergistic beneficial effect of both parameters on the Mw was revealed in the 
case of HKL4; in fact, by performing the reaction at 70 °C at pH 11, gave the high-
est Mw of the series, corresponding to 4000 g mol−1.

Method 2

Figure  4 shows the chromatograms of KL [Fig.  4a)] and hydroxy-methylated 
KL [Fig. 4b)-e)], meanwhile average data are in Table 3. The results align with the 
standard protocol. The profiles are much better resolved but showed a slightly higher 
molecular weight due to the different calibrations.

Differently from Method 1, Method 2 allowed to determine the percentage com-
position of the various fractions characterising hydroxy-methylated samples, after the 
deconvolution of chromatograms with a routine implemented in Matlab. This routine 
employed an exponentially modified Gaussian function to fit each peak individually 
(Clementi et al. 2015). The curve deriving from the sum of individual peaks closely 
replicates the chromatograms observed for the examined samples. The percentage pro-
portion of oligomers present in each sample was calculated based on the area of each 
distinct peak and the overall area of the corresponding chromatogram. Additionally, 
for every peak, the associated molar mass was estimated utilizing the direct calibration 
method. The results, summarized in Table 3, confirm the polymerisation of KL along 
hydroxy-methylation. Higher molecular weight fractions increased with temperature 

Fig. 3   Chromatograms for KL and the hydroxy-methylated samples
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and pH, at the expense of the lower molecular weight fractions. However, the impact of 
pH was higher at the same temperature. These results aligned with those obtained with 
Method 1. The application of the deconvolution routine permitted to discern the vari-
ous contributions of each polymeric fraction to the overall polymeric material, which 
was considered as a “whole” material by Method 1.

Considering the results for F time consumption (Fig. 1) the following mass-balance 
can be written:

(4)[F]0 = [F] +
[

−CH2OH
]

+
[

−CH2−
]

Fig. 4   Chromatograms deconvolution for: a KL, and final hydroxy-methylated lignins: b HKL1 (pH 9, 
50 °C), c HKL2 (pH 9, 70 °C), d HKL3 (pH 11, 50 °C), and e HKL4 (pH 11, 70 °C)
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where [F]0 is the total initial F (Table  1). In the absence of condensation, Eq.  4 
reduces to:[F]0 = [F] +

[

−CH2OH
]

 ; and equilibrium is reached due to the revers-
ibility of hydroxy-methyation reactions. In the presence of condensation, 

[

−CH2−
]

 
increases at the expense of 

[

−CH2OH
]

.
By assuming condensation processes as negligible, a gross and indirect estima-

tion of the average molar mass of hydroxy-methylated KL can be obtained accord-
ing to:

where KL0 is the initial concentration of KL in g L−1 (Table  1) and ( [F]0 − [F] ) 
represents the concentration of consumed F. MLK and MF (= 30  g  mol−1) repre-
sent the molar masses of the pristine KL and F, respectively. According to GPC 
results, MLk is 700 g  mol−1 for Method 1 and 1865 g  mol−1 for Method 2. Thus, 
the Mn for HKL1, the less condensed hydroxy-methylated KL, is 729 g mol−1 and 
1942  g  mol−1 from Eq.  5, respectively. Despite the gross assumption of the lack 
of condensation, the corresponding error for Method 1 and Method 2 is 8.9% and 
33%. We can conclude that Method 1 exhibits higher accuracy for lignin derivatives, 
whereas Method 2 may be more suitable for separating higher lignin-phenol adducts 
in resol synthesis.

HSQC analyses

In order to understand how KL is hydroxy-methylated, the HSQC spectra of KL 
and the hydroxy-methylated HKL1, HKL2, HKL3, and HKL4 were acquired in the 
d5-pyridine/d6-dimethylsulfoxide mixture described by Kim (Kim & Ralph 2010). 
The full spectra are reported in Fig. 5.

From Fig. 5a–e it is evident that in no case signals deriving from the degrada-
tion-products of F by Cannizzaro reaction were revealed (formic acid or its sodium 
salt, sodium formiate, signals around 170 ppm at 13C); this fact is in agreement with 
reported formic acid formation obtained only when high alkalinity is coupled with 
elevated temperatures (Yang et al. 2015).

The characteristic regions for the HSQC spectra of KL and hydroxy-methylated 
samples were compared to elucidate the sites as well as the degree of functionaliza-
tion of the starting materials. The signals appearing in the oxygenated and aromatic 
areas were, in this perspective, especially useful. Semi-quantitative analyses of the 
most relevant signals appearing in these ranges was performed according to standard 
procedures (Crestini et al. 2011; Sette et al. 2011). The data are reported in Table 4 
and Table 5.

Aliphatic region. The aliphatic region of the spectra displays various signals 
characterised by similar correlation peaks. In particular, not only the C/H cross-cor-
relation peaks of KL impurities (such as wood-extractives like fatty acids, turpen-
tine, and exudates), stylbene signals appeared (Crestini et al. 2017), but also those 

(5)Mn =
MLK

[

KL0 +MF

(

[F]0 − [F]
)]

KL0
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a) b)

c) d)

e)

aliphatic aliphatic

aliphatic aliphatic

aliphatic

oxygenated oxygenated

oxygenated oxygenated

oxygenated

aromatic aromatic

aromatic aromatic

aromatic

formic acid region formic acid region

formic acid region

formic acid region

Fig. 5   Total HSQC 2D spectra, δC/δH 0–185/0.0–9.5 ppm: a pristine KL, b HKL1, c HKL2, d HKL3, 
and e HKL4. The characteristic region for formic acids cross-signal is highlighted

Table 4   Content of the aliphatic carbons constituting the aliphatic domains in the most abundant bond-
ing-patterns of KL and the hydroxy-methylation products. Contents are expressed on the basis of 100 
phenyl-propanoic units

Aα Aβ Aγ Bα Bβ Bγ M1 M2 N Kα

KL 2.50 0.90 0.40 3.30 4.20 1.70 0.00 0.00 0.00 0.90
HKL1 0.90 0.90 0.90 1.80 6.30 3.60 0.90 1.80 2.70 0.00
HKL2 0 0.90 1.40 1.80 6.30 2.70 0.90 3.60 3.60 0.90
HKL3 0 1.00 1.00 3.80 8.680 3.80 4.30 4.80 4.30 1.00
HKL4 0 0.90 0.90 3.50 7.00 3.50 4.00 4.40 4.60 0.90
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pertaining to the methylene-bridges formed during hydroxy-methylation-induced 
ring-condensation (more details on them are reported in the upcoming paragraphs).

Oxygenated region. The oxygenated area of the HSQC spectrum of KL [Fig. 6a] 
reveals the typical cross-signals for the aliphatic C-H couplings of KL; meth-
oxy ((-OMe)55.8/3.80  ppm), aryl-glycerol-β-aryl ((A)72.3/5.29, 87.7/4.33, and 
58.7/3.44 ppm), and resinol ((B)85.4/4.84, 54.1/3.20, and 71.2/4.30–71.2/3.95 ppm) 
(Ibarra et al. 2007). These signals were also prominent in the hydroxy-methylated 
samples [Fig. 6b–e].

Comparing the oxygenated area of the HSQC spectrum of pristine KL and 
the hydroxy-methylated sample allowed speculations on the mechanism of KL 
hydroxy-methylation. In particular, it was concluded that under the reaction condi-
tions, hydroxy-methylation followed the Lederer—Manasse mechanism leading to 
the introduction of methylol groups onto the aromatic ring. This was supported by 
the appearance of two strong signals at 59.1/4.87 and 63.8/4.86 ppm [M in Fig. 6 
b)-e)], undetected on the starting KL, which were assigned to the methylol groups 
at the C5 position of guaiacyl units (—CH2OH) (Paananen & Pakkanen 2020; Zhao 
et al. 1994). The duplication of the signal was attributed to the hydroxy-methylation 
respectively of guaiacyl-glycerol-β-aryl ether (A) and resinol (B) patterns.

The presence of Cα carbonyls in KL in certain syringyl units (S2,6’) suggested the 
potential addition of methylols in β-position of the propanoidic chain, according to 
the Tollens mechanism. However, this hypothesis was excluded due to the absence 
of the corresponding signals around 70–72 ppm observed by Paananen (Paananen & 
Pakkanen 2020).

Not only the methylol groups were added to KL during hydroxy-methylation. In 
fact, the signal at 88.8/4.86 ppm was attributed to addition product of dimethylene-
glycol to lignin [—CH2-O-CH2-OH, N, which appears in Fig. 6 b)-e)] (Peng et al. 
1992).

The other cross-peaks at 82.5/4.90 and 86.6/5.10  ppm were assigned to by-
products deriving from the acetalization of F in alkaline conditions and its dimeri-
zation product (Rivlin et al. 2015), methylene-glycol and free di-methylene-glycol 
respectively.

Semi-quantitative HSQC analyses of the oxygnenated area (Table 4) allowed the 
quantification of the transformation previously described. Specifically, the content 
of methylol groups onto the guaiacyl units (M) increased from HKL1 to HKL4, sup-
porting the results obtained by estimating F consumption, which revealed the ben-
eficial effect of the pH and the temperature on the reaction. In fact, by performing 

Table 5   Syringyl (S2,6)/guaiacyl 
(G2) ratios (S/G) and content of 
G2, G5 and G6 units, based on 
100 phenyl-propanoidic units, 
of KL and hydroxy-methylated 
samples

S/G S2.6 G2 G5 G6

KL 3.30 86.70 13.30 15.00 13.30
HKL1 4.10 89.20 10.80 9.90 10.80
HKL2 4.20 89.30 10.70 6.30 10.70
HKL3 5.30 91.40 8.60 0.00 7.60
HKL4 5.20 91.20 8.80 0.00 7.90
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hydroxy-methylation at 50 °C it was noticed that an increase in pH (HKL1, pH 9 
and HKL3, pH 11) resulted in a relevant incrementation in the addition of hydroxy-
methyl groups onto the guaiacyl units; in fact, the amount of M was the highest 
of the series under these conditions. The simultaneous increase in N was attributed 
to the alkalinity effect on the dimerization of F; as the pH raises, the formation of 
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Fig. 6   Oxygenated area of the HSQC 2D spectra, δC/δH 50–95/2.5–5.6 ppm: a pristine KL, b HKL1, c 
HKL2, d HKL3, and e HKL4
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dimethylene-glycol is favoured leading to an increased degree of functionalization 
with this species.

A relatively beneficial effect of temperature on the degree of hydroxy-methyla-
tion was revealed by increasing the temperature to 70  °C, as reported in the case 
of HKL2; under these conditions, an increase in the amount of M was noticed, if 
compared to HKL1. Conversely, although the contemporary increase in pH and tem-
perature (HKL4, pH 11 and 70 °C) resulted in an enhancement in F consumption, it 
had a negative effect on hydroxy-methylation. HKL4 revealed a lower content in M 
and a higher content in N (the glycol-derivative side product) than HKL3; this fact 
was in line with the effect of alkalinity on the formation of F dimerization products.

In conjunction with the increase in hydroxy-methylation, a decrease in the con-
tent of Aα was observed, suggesting the participation of benzylic carbon of aryl-
glycerol-β-aryl on hydroxy-methylation. This phenomenon, previously observed 
and reported by Paananen (Paananen & Pakkanen 2020) will be envisaged in future 
investigations.

Aromatic region. The aromatic area of KL HSQC spectrum (Fig.  7) not only 
revealed the presence of syringyl (S2,6 104.7/6.91), and guaiacyl (G2 111.9/6.91, G5 
115.6/6.98, and G6 119.4/6.95  ppm) units, but also demonstrated the presence of 
syringyl units bearing a carbonyl in α-position on the propanoidic side chain, indi-
cated by the weak correlation peak at 106.2/7.38 ppm. The same type of signals was 
revealed also in the case of hydroxy-methylated samples [Fig. 7 b)—e)]. The com-
parison of the spectra demonstrated the selectivity of the methylol addition to the 
C5 position of guaiacyl-units as evidenced by the progressive disappearance of the 
correlation C/H signal going from Fig. 7 b) to Fig. 7 e). Semi-quantitation of these 
functional groups confirmed this hypothesis (Table 5). These findings align with the 
methylol signals in the oxygenated region.

Not only G5 signals varied in intensity; G2 and G6 content also decreased in 
hydroxy-methylated samples if compared to the starting pristine lignin. This vari-
ation was attributed to the generation of new condensed structures, where guaia-
cyl units were bond together via a methylene substituent on G5. Therefore, it was 
hypothesized that the condensation of guaiacyl units affected the chemical shifts of 
G2 and G6, shifting them to values like those of S2 and S6 due to their structural 
similarity. This hypothesis was confirmed by the evident incrementation in the S/G 
ratio observed (from 3.30 in KL to 5.20 in HKL4) deriving from the intensification 
of S2,6 signals.

The observed lack in reactivity of syringyl units was supported by early studies of 
Marton describing the higher reactivity of guaiacyl units (Marton et al. 1966).

31P NMR

31P NMR analyses allowed the quantification of hydroxylated moieties as well as 
their differentiation into aliphatic, terminal phenolic, and carboxylic. The com-
parison of the spectra of P-labelled KL with the hydroxy-methylation products 
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is reported in Fig.  8. The quantitation of the functional groups is summarized in 
Table 6.

An accurate quantification of aliphatic hydroxyl groups was not possible due to 
the residual traces of F acetalization and dimerization products; this was revealed 
by the presence of strong spikes in the range between 149–146 pp, which did not 
appear in KL. In particular, the methylene glycol and di-methylene glycol impurities 
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Fig. 7   Aromatic area of the HSQC 2D spectra, δC/δH 90–135/5.5–8.5 ppm: a pristine KL, b HKL1, c 
HKL2, d HKL3, and e HKL4
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already revealed in the HSQC spectra, exhibited strong signals around 149  ppm, 
when P-labelled, according to  Li et  al. (2018). In the same chemical shift range, 
also two intense peaks appeared at 148.2 and 147.8 ppm; the latest were attributed 
to the methylol and di-methylene-glycol-free bound to the C5 in guaiacyl units. 
Their content was not quantified to avoid over- or under-estimation due to the un-
negligible overlapping with other aliphatic hydroxyl-groups already present in KL.

If HSQC spectra revealed that the favoured products of KL hydroxy-methylation 
are those in charge of guaiacyl units according to the Lederer-Manasse mechanism, 
the 31P NMR quantitation of phenolic moieties permitted to unequivocally identify 
the optimum conditions for the complete hydroxy-methylation of terminal G5. With 
this respect, the content of condensed (syringyl, 4-O-5’, and 5,5’ units) and guaiacyl 
units played a fundamental role. The plot of their content in KL and hydroxy-meth-
ylation products obtained under different conditions is depicted in Fig. 9.

Fig. 8   31P NMR spectra and corresponding assignments for KL and hydroxy-methylated KLs after phos-
phitylation with 1-chloro-4,4’,5,5’-tetramethyl-1,3,2-dioxaphospholane. IS signal pertain to the deriva-
tised internal standard utilised for the quantitative analyses

Table 6   Content of the 
hydroxylated moieties involved 
in the hydroxy-methylation of 
KL estimated via 31P NMR

Aliphatic OH 
(mmol g−1)

Condensed OH 
(mmol g−1)

Guaiacyl OH 
(mmol g−1)

KL 0.89 0.48 0.33
HKL1 1.61 0.49 0.31
HKL2 1.21 0.59 0.09
HKL3 0.85 0.60 0.00
HKL4 1.00 0.62 0.00
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An evident decreasing trend in guaiacyl units was revealed going from HKL1 to 
HKL4, where they fully disappear in HKL3 and HKL4. On the opposite, the con-
tent of condensed units proportionally increases. These experimental findings were 
attributed to the formation of diaryl-methane (5-CH2-5’, Scheme 1) patterns; in fact, 
methylene-linked guaiacyl-units chemical shift coincides to condensed structures, 
which are characterised by a different chemical shift of unmodified terminal guaia-
cyl (140.2–138.8 ppm).

Spectral simulations permitted to calculate the chemical shifts of the correlation 
peak of the methylene bridge between aromatic rings; in fact, it should appear in the 
aliphatic region of the HSQC spectra (δC ~ 29.6 ppm and δH ~ 4.98 ppm). However, 
due to the complexity of this spectral region, it was not feasible to unequivocally 
assign the present signal in the spectra of HKL1, HKL2, HKL3, and HKL4.

These results obtained via 31P NMR confirmed those previously obtained via 
the difference-UV method, suggesting an increase in the degree of condensation of 

Fig. 9   Content of condensed (syringyl, 4-O-5’, and 5,5’) and guaiacyl units in KL and its hydroxy-meth-
ylation products
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Scheme 1   Formation of condensation product of terminal guaiacyl units via F addition and condensation
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lignin samples during hydroxy-methylation, especially while performing the reac-
tion at pH 11.

In fact, it was concluded that the full hydroxy-methylation of KL can be obtained 
at pH 11 either at 50 (HKL3) or 70  °C (HKL4). Due to the intrinsic error in 31P 
NMR analyses, estimated in the present analyses as around 8%, the different content 
in condensed units between HKL3 and HKL4 (0.02 mmol  g−1) can be considered 
negligeable. The coupling of HSQC data (demonstrating the complete disappear-
ance of G5 in HKL3 and HKL4 with the contemporary increase in M signal inten-
sity) with these quantitative data (revealing the complete disappearance of terminal 
guaiacyl units in HKL3 and HKL4) allowed to conclude that, if side-reactions yield-
ing the formation of dimethylene-glycol addition products are excluded, the opti-
mum reaction conditions for the hydroxy-methylation of KL are pH 11 and 50 °C 
(HKL3). These results align with the temperature  previously identified by Zhao 
for softwood KL (Zhao et al. 1994); moreover, the lower alkalinity (pH 11, present 
work; pH 12, Zhao et  al. 1994) and the shorter reaction time (1  h, present work; 
2 h, Zhao et al. 1994) identified in the present work as the optimal condition suggest 
a different reactivity. These differences were attributed to the presence of syringyl 
units, imparting a different behaviour  to the material. Additionally, the estimation 
of S/G ratio, according to the ratio of terminal phenolated moieties 31P NMR data, 
revealed an increase with the intensification of the reaction conditions, as already 
demonstrated in the HSQC analyses.

Finally, the analyses of spectral range of 136.0–134.0  ppm, corresponding to 
P-labelled carboxylic moieties revealed that no new acidic centres were formed dur-
ing hydroxy-methylation, as their content remains almost the same from KL and the 
hydroxy-methylated samples. Additionally, this finding supports the lack of residual 
traces of F by-products (formic acid), formed via Cannizzaro reaction, already pos-
tulated on evaluating the HSQC spectra.

On the Eucalyptus KL hydroxy‑methylation mechanism

Terminal phenolic moieties of KL behave in the same manner of phenol under alka-
line hydroxy-methylation (Scheme 2), generating either diaryl-methane or the M and 
N adducts depicted in Fig. 6. The only difference from phenol is represented by the 
locked p-position with respect to the hydroxyl group by the lignin aliphatic chain.

31P NMR analyses supported the UV–vis analyses results to identify the optimum 
conditions for the full functionalization of terminal phenolated moieties. Moreover, 
both techniques could not provide quantitative information on the transformations 
occurred on the internal aromatic moieties during hydroxy-methylation, as both 
rely on free-phenols measurements. On the contrary, HSQC analyses revealed the 
complete disappearance of G5 signals (either internal or terminal) as the reaction 
proceeded under different conditions. This fact, coupled with the observed incre-
ment in the S/G ration, suggested the participation of internal guaiacyl units in the 
hydroxy-methylation. Considering the activating nature of alkoxy- substituents onto 
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the internal guaiacyl units, which results in the supply of electrons via M + meso-
meric effect on the aromatic ring, Scheme 3 could be hypothesised..

The dislocation of valence electrons of ethereal oxygen forms an oxonium spe-
cie and a carbanion on G5. The latest can easily undergo F addition according to 
the mechanism depicted in Scheme  3. Once the condensation product is formed, 
the elimination of the G5 proton mediated by the alkaline environment repristinate 
a negative charge which displaces on the ring favouring the re-aromatisation of the 
system. At the same time, the double bond at the base of oxonium cation is neutral-
ized repristinating the single bond. According to this mechanism, it was possible 
to fully rationalize the transformations occurred under the different reaction condi-
tions. Further experimental work will be performed in order to confirm the present 
hypothesis.

Scheme 2   Eucalyptus KL hydroxy-methylation

Scheme 3   Activation of internal guaiacyl units during hydroxy-methylation
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Conclusion

In the present work the hydroxy-methylation of Eucalyptus KL was investigated 
under different temperature and pH conditions, demonstrating the complete 
hydroxy-methylation under pH condition of 11 and at 50  °C and 70  °C. Strong 
alkalinity promoted an increase of the average molecular weights, of the uptake 
of F and of the Condensed OH/G-OH ratio, which was attributed to the conden-
sation of C5 guaiacyl units via methylene bonds. Furthermore, the formation of 
dimethylene-glycol addition products was favoured under these conditions, espe-
cially at 70 °C.

The molecular weight profiles obtained by GPC using a Shodex KD 802.5 col-
umns with DMF as eluent exhibited a higher resolution if compared to those 
obtained using the PLGel MiniMIX-C column with DMSO. This strategy, coupled 
with a rigorous deconvolution approach, permitted to better identify the oligomeric 
species deriving from KL hydroxy-methylation. However, the role of the calibration 
was found to be crucial; in fact, the use of a calibration curve made of sulfonated 
polystyrene standards and lignin models provided a more accurate estimation of the 
average molecular weights for the hydroxy-methylated KL than PEG standards.

The increase in the Condensed OH/G-OH ratio was confirmed via difference UV-
spectroscopic method, as well as the 31P NMR and 1H–13C HSQC NMR techniques.

Of the three analytical techniques employed, the aqueous difference UV-spectro-
scopic method allowed an in-flow monitoring of the Condensed OH/G-OH ratio, 
permitting to study the kinetic of the reaction. This is especially pertinent as ultra-
sonication and vacuum-drying encourage depolymerisation and self-assembly of 
the KL samples, potentially resulting in over-estimations and under-estimations, 
respectively.

The optimal reaction conditions for the hydroxy-methylation of KL, excluding 
side-reactions leading to the formation of dimethylene-glycol addition products, are 
pH 11 and 50 °C for a period time of one hour, reaching equilibrium.

The selectivity of the Lederer-Manasse reaction, highlighted by the absence of 
undesirable Cannizzaro products and the lack of formation of hydroxymethyl groups 
in the aliphatic chain, makes Eucalyptus KL an encouraging source for the synthesis 
of resols.
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