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Abstract: The combination of eco-respectful epoxy compounds with the humins, a by-product of 

biomass chemical conversion technologies, allow the obtention of materials with high added value. 

In this work, we propose the chemical connection study of humins with two aliphatic diepoxides 

through the copolymerization reactions to synthesize sustainable bio-based thermosets. The 

mechanism insights for the crosslinking between the epoxides and humins was proposed 

considering the different functionalities of the humins structure. FT-IR spectroscopy, 1 D and 2 D 

NMR spectroscopy techniques were used to build the proposed mechanism. By these techniques, 

the principal chain connections and the reactivity of all the components were highlighted in the 

synthesized networks. 
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1. Introduction 

Nowadays, there is an increasing demand to produce renewable resource-based materials due 

to the rapid exhaustion of fossil fuels [1-4]. The design and synthesis of polymeric materials 

developed from renewable resources like vegetable oils or lignocellulosic biomass have successfully 

shown their potential as alternatives to the petroleum-based polymers [5,6]. A class of polymers that 

are widely used due to their variety of excellent properties including adhesion, mechanical 

performance, thermal resistance and chemical environmental stability are the epoxy resins. 

Nowadays, epoxy monomers can be obtained from plant oils or from other bio-based raw materials 

[7-9]. One of these examples is the glycerol diglycidyl ether (GDE), which is obtained from glycerol. 

Glycerol is a triol component of triglyceride vegetable oils. Moreover, glycerol can be obtained as a 

by-product in the synthesis of biodiesel via the transesterification of vegetable oils [10]. Poly(ethylene 

glycol) diglycidyl ether (PEGDE) is a further diepoxide that is used in a wide variety of applications, 

from industrial applications to medicine. PEGDE is obtained from ethylene glycol, a green raw 

material that can be obtained from starch [5].  

On the other hand, the valorization of industrial waste has started to receive more attention 

owing to the required transition from a linear economy to a circular one. This transition is nowadays 

attracting a great deal of interest due to the high price and future depletion of fossil fuel stocks. One 

of the industrial wastes that has been used for the synthesis of polymers are the humins [11,12]. 

Humins are carbonaceous, heterogeneous and polydisperse by-products obtained during the acid-

catalyzed dehydration of sugars (ACD). In these processes, the formation of humins is still 

unavoidable. Humins chemical structure is based on a network of furanic rings linked via aliphatic 

chains bearing reactive oxygen-based functional groups (hydroxyls, acids, ketones, aldehydes, 

esters, …) [13-15]. The study of the formation and characterization of these side products have a great 

interest. In fact, different routes have been proposed for humins formation [16-20].  
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Humins demonstrate a high potential in different applications during the recent years. They can 

be used as a source of sustainable H2 and as a model feedstock for gasification [21]. Besides, they can 

be used in the preparation of nanocomposites, sorbents and electrode materials [22-24]. Likewise, 

other polymeric materials were synthesized by using humins as raw materials. As an example, our 

group reported also the synthesis of humins-derived porous materials [25,26].  

The combination of eco-respectful epoxy monomers with humins let us the development of 

materials with high added value: the introduction of furanic structures into the polymeric networks 

will provide an improvement of the rigidity and give a high thermal stability to the resulting epoxy 

thermosets.  

In this work, we propose the investigation of chemical connection of the humins as 

macromonomers with epoxide structures through copolymerization reactions to synthesize fully 

sustainable thermosets. Humins were combined with two epoxy monomers using different weight 

ratios. To promote their covalent interactions, a tertiary amine (N,N-Benzyldimethylamine, BDMA) 

was used as catalyst. For the synthesis of the thermosets, neither chemical modifications nor solvent 

were needed, which agrees with the green chemistry principles. The mechanism insights for the 

crosslinking between the epoxy molecules and the humins was proposed considering the different 

functionalities of the compounds. The main starting hypothesis of this work is that the carboxylic 

acid groups and the hydroxyl groups of humins could open the epoxy rings of both glycerol 

digylcidyl ether (GDE) and poly(ethylene glycol) diglycidyl ether (PEGDE) [27-30]. However, 

different secondary reactions could theoretically occur: the catalyzed homopolymerization of 

epoxides, the formation of Diels-Alder adducts between different furan rings of humins, the 

nucleophilic attack of alkoxide anions to the carbonyl groups in humins or the autopolycondensation 

of humins.  

Recently, we reported on the thermomechanical properties of the humins/PEGDE, humins/GDE 

and humins/PEGDE/GDE copolymers [31]. The prepared humins copolymers have a ductile and 

elastomeric character, with a tensile strain at break reaching ≈ 60 % that is an excellent result for a 

polyfuranic network. Continuing the interesting results of our precedent study, this work focusses 

on the elucidation of the chemical pathway and reaction scenarios conducting at the synthesis of these 

new copolymers. The purpose is to determine the functionalities that lead to the chemical connections 

between humins and the epoxides and to highlight the principal reactivities by in situ FT-IR 

spectroscopy, 1 D and 2 D NMR spectroscopy.  

2. Results 

This section may be divided by subheadings. It should provide a concise and precise description 

of the experimental results, their interpretation as well as the experimental conclusions that can be 

drawn. 
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2.1. Synthesis of copolymers 

 Three different formulations were prepared. The composition of each formulation is 

summarized in Table 1. The composition of the three different formulations were studied to evaluate 

the effect of the two aliphatic epoxy monomers: GDE and PEGDE, when they were mixed with 

humins. The three proposed formulations contain a high amount of humins, the main objective being 

the valorization of this by-product. The reactivity of each diepoxide and the crosslinking reactions 

were studied. In addition, a third formulation that contains the same ratio of both diepoxides was 

prepared and analyzed. 

 

Table 1. Composition of the formulations and conditions of the two-steps curing. 

Formulation 
Initial w/w ratios:              

Humins/Diepoxy monomer/Catalyst 

HG40B5 Humins (55)/GDE (40)/BDMA (5) 

HP40B5 Humins (55)/PEGDE (40)/BDMA (5) 

HP20G20B5 Humins (55)/PEGDE (20)/GDE (20)/BDMA (5) 

3. Discussion 

3.1. Plausible polymerization mechanism  

The complexity of humins was studied by different authors. In fact, the combination of different 

techniques such FT-IR, pyrolysis GC-MS and liquid and solid-state NMR suggested a furan-rich 

structure containing several oxygen functionalities (carboxylic acids, aldehydes, ketones, hydroxyl 

groups, etc.), in which the furan rings are connected directly or via aliphatic linkages [18].  

The presence of different functionalities in humins could lead to different reactivities in presence 

of diepoxide comonomers. Nevertheless, one could expect that the predominant reaction in these 

systems is the ring-opening polymerization of diepoxy monomers. The initiation of the ring-opening 

polymerization of an epoxy compound using a tertiary amine as catalyst (like is the case of BDMA in 

our study) requires the presence of a proton donor or electrophilic agent such as a carboxylic acid or 

hydroxyl groups [32]. 

The large number of hydroxyl groups that are present in humins combined with the carboxylic 

acid groups could initiate the epoxy ring polymerization through a nucleophilic attack to the less 

hindered carbon, as shown in Scheme 1. In the case of humins, the tertiary amine catalyst helps to 

transfer the carboxylic acid and the hydroxyl to carboxylate and alkoxide anions respectively, which 

are the true nucleophiles that opens the epoxy rings (initiation step a). Furthermore, the hydroxyl 

and carboxylic acid groups can form a complex with the oxygen in the epoxy ring and the tertiary 

amine. This interaction increases the positive charge in the oxirane ring methylene carbons, which 

then undergoes via nucleophilic attack by the lone pair of electrons of the tertiary amine. In this 

manner, a carboxylate, an alkoxide and a mobile quaternary ammonium ion are formed between the 

oxirane and the amine (initiation step b). Then, the alkoxide formed is active to opening another 

epoxy ring and the reaction further proceeds until completion (propagation step) [33]. In the 

terpolymerization (formulation HP20G20B5), a mixture of poly(ethylene glycol) diglycidyl ether and 

glycerol diglycidyl ether in the same weight ratio were mixed with humins. Due to the presence of 

both epoxide structures, a random combination between both PEGDE and GDE epoxy monomers in 

the growing polymer chains are expected. 
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Scheme 1. Proposed mechanism for the initiation and propagation of the ring-opening 

polymerization of the diepoxy monomers with humins using BDMA as catalyst. 

Furthermore, humins present other functionalities that can proceed via other kind of reactions during the 

thermocuring process. Indeed, the carbonyl functionalities of humins can undergo via aldol 

addition/condensation with other aldehydes or ketones from humins [34]. Patil et al. proposed the formation of 

humins via aldol addition and condensation during the acid-catalyzed conversion of 5-

Hydroxymethylfurfural (HMF) [35]. In fact, the possible intramolecular aldol addition/condensation or 

between different molecules of humins can be considered an auto-crosslinking of the preformed humins 

molecules, apart from the reaction that induces humins formation. This reaction can take place between carbonyl 

groups located in the same molecule of humins (intramolecular reaction) or between carbonyl groups from 

different molecules (intermolecular reaction). The proposed mechanism is shown in Scheme 2. In humins 

systems, the relatively acidic hydrogen in the α-position to aldehydes or ketones allow the formation of an 

enolate in a basic media generated by BDMA. After that, the enolate reacts as a carbon nucleophile and attacks 

a carbonyl carbon of another aldehyde or ketone function. If possible, this reaction continues via dehydration to 

give α,β-unsaturated aldehyde or ketone. The overall process is then referred as an aldol condensation. This 

reaction has also been described at room temperature between small molecules that contains aldehyde groups 

and ketones using tertiary amines like DBU or diisopropylethylamine (DIPEA) as catalysts [36,37]. So, one can 

anticipate that the aldol addition/condensation could occur in our systems between aldehydes and ketones from 

the humins simultaneously with the ring-opening copolymerization of the epoxides. 
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Scheme 2. Proposed mechanism of the aldol addition between carbonyl groups of humins and their 

subsequent dehydration (condensation). 

3.2. FT-IR spectroscopy  

3.2.1. Raw materials 

The FT-IR spectra of the raw humins, PEGDE, GDE and BDMA are shown in Figure S1. These 

spectra were used as a reference to elucidate the changes occurred on the functional groups present 

in humins and in the epoxy compounds during the copolymerization. The assignment of the major 

bands of humins, in agreement with literature is also summarized in Table S1. The complexity of 

humins is evidenced by the presence of different functional groups in its structure: hydroxyl groups, 

ethers, aldehydes, ketones, carboxylic acids, esters and other carbonyl derivatives linked to furan 

rings.  

The characteristic bands associated to both diepoxy monomers used and to BDMA are assigned 

in Table S2. The spectrum of GDE contains the characteristic bands associated to the epoxy groups: 

the C-H stretching vibrations in the oxirane rings appear at 3056 cm-1 and 3000 cm-1, while the C-O-C 

stretching vibration is observed at 1253 cm-1, the C-O-C asymmetric stretching vibration appears at 

906 cm-1 and the bending deformation of the epoxy group at 837 cm-1 (Figure S1). Furthermore, a band 

at 3482 cm-1 associated to the O-H stretching vibration is attributed to the hydroxyl group. In the case 

of PEGDE, the same bands associated to the oxirane rings commented for GDE were observed except 

the O-H stretching vibration. 

In the IR spectrum of BDMA, we observe the characteristic C-N stretching vibration related to a 

tertiary amine present at 1024 cm-1. Furthermore, the bands related to the C-H stretching vibrations 

in the aromatic ring are observed between 3100 and 3000 cm-1 whereas the C-H stretching vibrations 

between 3000 and 2700 cm-1 correspond to the C-H stretching vibration of the aliphatic methylene 

and methyl groups of the amine. 

3.2.2. Copolymers based on humins-epoxides thermosets 

The evolution of IR bands during the polymerization of the system HG40B5 is shown in Figure 

1 and Figure S2. When the humins were copolymerized with the GDE using BDMA as catalyst, the 

intensity of the bands associated to the epoxide groups decreases progressively until their total 

disappearance at a temperature of reaction ~ 130 °C. This observation supports our assumption that 

the ring-opening of the epoxy groups is the predominant reaction in the humins-epoxy reaction 

mixtures. Nevertheless, other changes in the spectra are also observed. On the one hand, only one 

band between 3600 and 3300 cm-1 is observed during the curing. This band, that appears at the same 

wavenumber for the three systems, could be related to the O-H stretching vibration of the hydrogen 

bonds. Compared with the other two systems, the intensity of this band increases due to the presence 

of more reactive alkoxide anions generated from GDE during the propagation of the ring-opening 

polymerization. 
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Figure 1. FT-IR spectra evolution during the polymerization of HG40B5.  

In the region between 1800 and 1400 cm-1, four main bands are observed: one at 1673 cm-1, related 

to the C=O stretching vibration of the aldehyde groups from humins structure [25,38]. During the 

curing process, the intensity of this band gradually decreases until their complete disappearance. 

This observation reinforces the proposed hypothesis that the aldehyde groups of humins would react 

via aldol additions. In fact, some studies demonstrate that the humins itself are obtained via the aldol 

addition/condensation reactions between 5-Hydroxymethylfurfural, 5-Methyoxymetylfurfural, 

levulinic acid and other small organic compounds [17,39]. Another band that supports this 

hypothesis appears at 1603 cm-1. This broad signal is related to the C=C stretching vibration of double 

bonds conjugated with carbonyl groups. As commented before, the obtained product of an aldol 

condensation is an α, β-conjugated system. Finally, a band at 1518 cm-1 is assigned to the C=C 

stretching vibration in the furan rings of humins linked to aldehyde groups. The decrease of the 

intensity of this band during the polymerization reaction means that the chemical environment of 

these furan moieties of humins is modified. On the other hand, a band at 1508 cm-1 associated to the 

same C=C stretching vibration in other furan rings not linked to aldehydes keeps constant during the 

polymerization. In fact, this band is clearly observable in the final FT-IR spectra of each system. 

Finally, in the region between 1300 and 700 cm-1, different bands associated to the humins, the 

epoxy monomers and the resulting copolymers are detected. Three bands at 768, 804 and 1190 cm-1 

are assigned to humins (Table S1). While the intensity of the bands at 768 and 1190 cm-1 gradually 

decreases, the band at 804 cm-1 associated to the C-H out-of-plane deformation in the furan rings 

moves to 798 cm-1. This variation to a small wavenumber is consistent with the furan substitution in 

the C5 position. Other two bands at 1073 and 1019 cm-1 were noted, which were assigned to the C-O-

C asymmetric stretching vibration of aliphatic ethers and to the C-O stretching vibration of the furan 

rings, respectively. As observed in Figure S2, at the end of copolymerization the contribution of the 

band assigned to the C-O stretching in the furan rings is higher than the contribution of the band 

attributed to the C-O stretching of the aliphatic ethers, in contrast with the proportion of these peaks 

at the beginning of reaction. The presence of the hydroxyl groups in GDE (AB2 monomer) increments 

the number of reactive positions during the propagation of the ring-opening polymerization in the 

HG40B5 system. Hence, the formation of more alkoxide anions increases the degree of branching of 

the final polymer leading to structures with shorter chains between the crosslinks in which the 

contribution of humins is higher compared with the epoxide polyether chain [40]. Consequently, once 

the alkoxides cannot continue the ring-opening propagation due to steric impediments and 

topological restrictions, the aldol addition/condensation could be favoured. The faster decrease of the 

band attributed to the aldehyde’s functionalities in humins (1673 cm-1) in HG40B5 system confirms 

this hypothesis. Besides, the band associated to the C=C stretching vibration at around 1600 cm-1 
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shows a higher contribution in the formulation HG40B5. On the other hand, the contribution of the 

band at~ 1079 cm-1 is higher than the band associated to the C-O stretching vibration of the furan 

rings when more PEGDE was added (Figure 2). PEGDE contains only the oxirane functionalities and 

the concentration of the propagation species is smaller than in the systems containing the GDE. So, 

the ring-opening polymerization is slower when increasing the amount of PEGDE and at the same 

time, the aldol additions are less favoured. Moreover, less hyperbranched polymeric structures are 

obtained, which results in a higher contribution of the polyether chain in the final polymeric networks.  

Two well-defined peaks appear at 1714 and 1732 cm-1 when PEGDE is a comonomer (Figure S3). 

As described in literature [41], these two peaks are associated to the carbonyl groups present in the 

aliphatic regions of humins, the chemical environment of which has been modified during the curing.  

The formation of these two peaks at 1715 and 1733 cm-1 are also clearly observed for the formulation 

HP20G20B5, in which a mixture of GDE and PEGDE was used (Figure S4). The observation of these 

two bands supports the ester formation during the curing process from the carboxylic acid groups of 

the starting humins.  

For the formulation HP20G20B5, the evolution of the IR spectra during the curing is very similar 

with that of the system HP40B5. Surprisingly, all the peaks that appear in the region between 1650 

and 1400 cm-1 (assigned to the C-C stretching in aromatic rings, furan rings, C-H asymmetric and 

symmetric bending in methyl and methylene groups) became thin and well defined during the 

copolymerization. This observation is related to the different contribution of each monomer in the 

final composition and proves that all of them are chemically grafted. In other words, different 

chemical environments were detected by FT-IR during the curing of this formulation [42].  

When the FT-IR spectra of the three final thermoset copolymers were compared, the O-H 

stretching band shows a different value for the formulation HG40B5 (3325 cm-1) in contrast with the 

other two formulations that contains PEGDE (3393 cm-1). The higher reactivity expected of GDE vs 

PEGDE could help to explain this difference. When both comonomers were combined, the observable 

O-H stretching vibration is the one attributed to PEGDE contribution. This fact means that PEGDE 

units are mainly in the external part of the resulting polymers.  

 

Figure 2. FT-IR spectra of the three thermoset copolymers at the end of the reaction.  

One possible side reaction that we proposed was the Diels-Alder between different furan rings 

in humins. Nevertheless, the typical bands associated to the Diels-Alder adducts at around 1720, 1690 

and 868 cm-1 are not observed during the reaction evolution neither in the final thermosets. The 

absence of a clear molecule that can act as a dienophile and the prove that the Diels-Alder 

cycloaddition between furan rings is not energetically favoured was reported in literature [43].  

3.3. NMR spectroscopy  
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The NMR investigations are presented in two parts. In the first part, we tackle the 

characterization of humins, the epoxy monomers, BDMA and the initial mixtures. The aim of the 

second part is to illustrate the covalent linkages that are developed between the epoxides and the 

humins network. For this purpose, comparative studies between each prepared formulation at t = 0 

and at the end of the curing process (t = 6 h) have been performed. 

3.3.1. Raw materials and initial mixtures 

The 1H and 13C NMR spectra of GDE, BDMA, humins and the formulation HG40B5 at t = 0 are 

shown in Figure 3 (a) and Figure 3 (b), respectively. The assignment of the peaks in 1H and 13C NMR 

spectra of humins is in agreement with the one described in literature by van Zandvoort et al.18 

Different methylene and methyne units that are linked to the furan rings appear in the region between 

2.5 and 4.0 ppm. The signal assigned as F (1H δ = 3.30 ppm) is attributed to the end methyl groups of 

methoxy units linked to the furan rings by a methylene unit (furan-CH2-O-CH3). A broad peak 

centred at 3.40 ppm is assigned to the hydroxyl protons. Other broad peaks with smaller intensity 

can be seen between 4.5 and 5.6 ppm, which demonstrate the complexity of humins structure. Two 

singlet signals at 4.45 (HE) and 4.50 ppm (HD) are associated with the methylene groups that link the 

furan rings with a methoxy and hydroxyl units. The carbon signals for this methylene groups appear 

between 13C δ = 54 and 58 ppm respectively. In the aromatic region, the protons linked to the C3 and 

C4 position of the furan rings appears at 6.60 and 7.50 ppm. The carbon signals attributed to these C3 

and C4 in the furan rings appear in the region between 109 and 125 ppm. The free C2 or C5 in furan 

rings, which are expected around 142 ppm are not observed. 18  Furthermore, we can confirm that 

humins have three aldehyde groups with a different chemical environment, i.e. three different signals 

between 9.50 – 9.60 ppm in the 1H NMR spectrum correlated with three signals between 178 and 179 

ppm in the 13C NMR spectrum. In the 13C NMR spectrum, a peak at 174 ppm corresponds to the 

carboxylic acid functionalities present in humins (Signal 3* in Figure 3 b and Figure S6).  
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Figure 3. a) 1H NMR spectra and b) 13C NMR spectra of GDE, BDMA, humins and HG40B5 at t = 0. 
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The assignment of the signals of GDE and BDMA are shown in the same figures. For GDE, the 

methylene group of the epoxy ring gives rise two different proton signals centred at 1H δ = 2.55 (Ha) 

and 2.70 ppm (Hb), while the methyne group gives a signal centred at 3.10 ppm (Hc). The methylene 

protons in the α-position of the oxirane ring give two signals at 1H δ = 3.30 (Hd) and 3.70 ppm (He) 

respectively. The methyne linked to the hydroxyl group appears at 3.70 ppm (Hh). The resonances of 

the carbon atoms from the oxirane rings are found at 43 ppm (C1) and 50 ppm (C2), whilst the other 

carbon signals in the ether chain appear between 70 and 78 ppm. In the case of PEGDE, the methylene 

protons in the α-position of the oxirane ring give two signals at 1H δ = 3.25 (Hd) and 3.70 ppm (He) 

while this carbon appear at 72 ppm. The polyether chain of PEGDE shows a broad peak between 3.50 

and 3.60 ppm in the 1H NMR spectrum and two signals in the 13C NMR spectrum around 70 ppm 

(Figure S5 and S6). Related to BDMA, two singlet signals at 1H δ = 2.10 ppm and 1H δ = 3.35 ppm are 

assigned to the methyl and methylene units respectively in its 1H NMR spectrum. The protons of the 

aromatic ring appear between 7.20 and 7.35 ppm. In the 13C NMR spectrum, the methyl groups appear 

at 45 ppm, the methyne group at 63 ppm and the carbons of the aromatic ring are seen between 127 

and 139 ppm. 

3.3.2. Humins epoxy thermosets 

The chemical structures that result from the reaction of humins with diepoxy monomers were 

investigated by 1 D and 2 D NMR spectroscopy.  

As observed in 1H NMR spectra acquired at t = 0 of the three formulations prepared (Figure 3a), 

S5 and S16), new peaks between 7.50 and 7.60 ppm appeared in the spectra, which are accompanied 

by a decrease of the aromatic signals of the starting BDMA between 7.20 and 7.35 ppm. Moreover, 

these new peaks are broader than the ones of BDMA. These quick changes in the chemical shifts of 

the aromatic protons assigned to BDMA support that this one is covalently attached onto the polymer 

as a quaternary ammonium salt. Moreover, this fact confirms that the hydroxyl groups from humins 

act as a proton donor. This observation proves the effectiveness of the selected catalyst. Furthermore, 

the higher intensity of these new peaks in the HG40B5 system suggests that also the hydroxyl groups 

from GDE can act as a proton donor and start the ring-opening polymerization of the epoxide groups. 

Moreover, these hydroxyl groups can lead to intra- as well as intermolecular transfer reactions during 

the propagation, generating new alkoxide anions that further propagates, resulting in structures with 

a higher degree of cross-linking [44,45].  

For the formulation HG40B5, the comparison of the 1H and 13C NMR spectra of the starting and 

the final mixture is shown in Figure 4. A clear broadening of the peaks at the end of the curing in 

both 1H NMR and 13C NMR spectra was observed, correlated with the increase of the molecular 

weight during the crosslinking. The peaks observed between 7.50 and 7.60 ppm, which corresponds 

to the aromatic ring of the tertiary amine confirms that the BDMA is embedded into the final 

polymeric structure, so it acts as an initiator. The presence of the peaks related to the oxirane rings at 

the end of the reaction means that not all the epoxy groups were consumed in the used conditions 

for samples preparation (DMSO solvent, temperature, time). Though, the decrease of the intensity of 

the signal at 56.1 ppm related to the methylene units between the furan rings and the hydroxyl groups 

in humins is also noted in the 13C NMR spectra, which corroborates the hypothesis of the initiation 

step of the ring-opening polymerization by the humins. 
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Figure 4. a) 1H NMR and b) 13C NMR spectra of HG40B5 at t = 0 and at t = 6 h. 

Different multidimensional NMR experiments were used to confirm the crosslinking between 

humins and diepoxy monomers. First of all, 1JCH correlations were investigated by HSQC NMR 

spectroscopy. The HSQC spectra of the formulation HG40B5 at t = 0 and t = 6 h are shown in Figures 

S7 and 5, respectively. A cross-peak centred at ~ 1H δ=4.40 ppm and at 13C δ=65.3 ppm that appears 

after the curing process corresponds to the methylene group linked to the furan rings in humins 

chemically bonded to an opened epoxy ring of glycerol diglycidyl ether by an ether linkage: furan-

CH2-O-CH2-CH(R’)-O--GDE (Signal a, Figure 5). 
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Figure 5. HSQC NMR spectra of HG40B5 at t = 6 h, which shows the cross-peaks attributed to the 

humins-GDE covalent linkages (green boxes). In the spectra, the blue signals correspond to -CH- and 

-CH3 signals, while the red ones correspond to -CH2- signals.  

New cross-peaks that confirms the covalent connections between the humins and the GDE by 

an ether linkage appear in the HMBC spectrum at t = 6 h (Figure 6) compared with the spectrum of 

HG40B5 at t = 0 (Figure S8). In the new ether linkage between humins and the epoxy monomer, a 2J 

connection between the methylene next to the furan rings at 1H δ = 4.40 ppm and 13C δ = 155.5 ppm 

(C5 in furan rings) appears at the end of the curing. Another cross-peak attributed to a 3J connection 

at 1H δ = 4.40 ppm and 13C δ = 107.5 ppm (C4 in the furan rings) confirms the chemical modification 

of the hydroxyl groups of humins. In the same time, the observation of a weak 3J connection at 1H δ = 

4.40 ppm and 13C δ = 70.3 ppm could be related due to the ring-opening of the epoxy by the primary 

hydroxyl groups of the humins. This 13C carbon signal is related to the methylene group of the opened 

oxirane ring (Signal b, Figure 5). In the final 13C NMR spectrum, this peak appears overlapped with 

the signal assigned as 4 in the 13C NMR spectra of GDE (Figure 3b). Nevertheless, the appearance of 

a small broad peak in the 13C NMR spectrum of the cured HP40B5 confirms the chemical shift of the 

expected methylene group of the opened epoxide linked to the humins (Figure S9). Besides, the 

displacement of 2 cross-peaks from 1H δ = 2.35 ppm and 13C δ = 174.0 ppm (2J) and 1H δ = 2.65 ppm 

and 13C δ = 174.0 ppm (3J) to 1H δ = 2.50 ppm and 13C δ = 172.4 ppm (2J) and 1H δ = 2.70 ppm and 13C δ 

= 172.4 ppm (3J) could be linked by the interaction of the epoxy with the carboxylic acid groups of 

humins through the formation of an ester linkage. In this case, the new alkoxide proceed through the 

propagation of the copolymerization. 
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Figure 6. HMBC NMR spectra of HG40B5 at t = 6 h, which shows the additional cross-peaks attributed 

to the new covalent linkages between humins and epoxides (green boxes). 

Regarding the occurrence of GDE homopolymerization, 1H NMR spectra of GDE monomer and 

of GDE homopolymer are shown in Figure S10. Both spectra are practically identical. The main 

difference between them is that the signals of GDE homopolymer are broader than in the GDE 

monomer related to the increase of the molecular weight during the formation of GDE homopolymer. 

Furthermore, the correlations observed in the HSQC spectrum of GDE homopolymer after the curing 

(t = 6 h, Figure S12) are the same with ones observed in the spectrum at t = 0 (Figure S11). So, the main 

cross-peaks at 1H δ = 3.50 ppm and 13C δ = 70.5 ppm and at 1H δ = 3.85 ppm and 13C δ = 70.5 ppm 

suggested that the protons of the methylene signal attributed to the C2 in the cross-linked structure 

between humins and GDE appear overlapped with the methylene signals of the polyether chain. 

Again, the observation of the cross-peaks at 1H δ = 2.55 and 2.70 ppm and 13C δ = 43 ppm and 1H δ = 

3.10 ppm and 13C δ = 50 ppm at the end of the polymerization confirms that not all the epoxy groups 

were consumed in the conditions of samples preparation for the NMR experiments. This evidence 

helped us to identify the possible structure of our systems. Hence, the formation of hyperbranched 

polymers in which humins act as a core from which polyether chains grow is awaited as the most 

probable structure [46-48]. 

The homopolymerization of humins with BDMA using the same conditions was also studied. In 

this case, only the two peaks from the methylene and methyl groups of BDMA changes their chemical 

displacement (from 2.25 to 2.35 ppm in the case of the methyl groups and from 3.58 to 3.72 ppm in 

the case of the methylene group, as shown in Figure S13), which corroborates the protonation of the 

tertiary amine. Apart from this evidence, no other changes were detected by NMR for this system. 

Moreover, no evidences of the aldol/addition condensation reaction of humins were found for the 3 

systems studied (HG40B5, HP40B5 and HP20G20B5) when their evolution was studied in a solution 

of DMSO-d6. The use of DMSO-d6 can influence this reaction because a gradually decrease of the 

aldehyde band (1673 cm-1) combined with the increase of the broad signal at 1603 cm-1 (related to the 

C=C bond formed in the aldol addition) clearly distinguishable by FT-IR for the system HG40B5 

[49,50]. 

Returning to the area of interest in the HSQC spectra (Figure 5), the methylene signal at 70.3 

ppm (Signal b, Figure 5) is correlated to a signal at 3.60 ppm. On the other hand, a correlation between 

this proton signal and a signal at 3.40 ppm in the COSY NMR spectra of the system at t = 6 h (Figure 

7) was found. This new correlation, which was not observed at t = 0 h (Figure S14), confirms that these 

two signals are close in the chemical environment of the molecule.  
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Figure 7. COSY NMR spectra of HG40B5 at t = 6 h, which shows the additional cross-peak attributed 

to the new covalent linkages between humins and epoxides (green). 

In the HMBC spectra of the final formulation (Figure 6), the presence of two cross-peaks at 1H δ 

= 3.40 ppm and 13C δ = 79.8 ppm and at 1H δ = 3.60 ppm and 13C δ = 79.8 ppm suggest that this carbon 

signal could be attributed to the methyne group of the opened oxirane ring linked to the humins. 

This chemical shift is in agreement with the assignment presented by Vandenberg et al., in which they 

study the obtention of polyethers from glycidol. 44 Again, the observation of a cross-peak at 1H δ = 

3.45 ppm and 13C δ = 79.8 ppm in the HSQC spectra confirms the presence of this methyne signal in 

the final structure. These predictions are in agreement with an article published by Fréchet group, in 

which they explore the preparation of hyperbranched polyether from epoxy monomers [51]. To sum 

up, the assignment of the 1H NMR and 13C NMR peaks involved in the ether linkage between humins 

and GDE is shown in Table 2. 

Table 2. Assignment of the protons and carbons involved in the resulting covalent ether linkage 

between humins and GDE in the formulation HG40B5. 

Signals 
1H NMR chemical shift 

(ppm) 

13C NMR chemical shift 

(ppm) 

a, 1 4.40 65.3 

b, 2 3.40 – 3.60 70.3 

c, 3 3.45 79.8 

 

The presence of a very similar chemical shifts in NMR suggest that the other two formulations 

follow the same mechanism previously proposed. The evolution of the 1H NMR during the curing 

for the system HP20G20B5 is shown in Figure S16. When both diepoxy where mixed with humins, it 

seems that the alkoxides have preference to open the epoxy rings of GDE monomer first. In this case, 

PEGDE act as a reactive diluent to GDE. A reactive diluent is a compound that improves the final 

conversion by enhancing the kinetics of the propagation reaction [52]. In fact, it will be expected that 

the addition of the linear flexible PEGDE to a GDE formulation reduces the steric and topological 

restrictions in the network formation improving the conversion of GDE. The appearance of different 

broad peaks in the region between 66 and 76 ppm in the 13C NMR spectrum of the final formulation, 

confirms that both epoxy monomers were combined in the resulting polymeric chains (Figure S17). 

In the same way as in the other two systems, a final conversion of the epoxy groups was not achieved 

with the conditions described in the experimental section.  

With all the information deduced from FT-IR and NMR studies, the probable structures obtained 

are depicted in Figure 8. In the proposed structures, humins are the core of hyperbranched polymers, 
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which in turn are surrounded by a polyether with hydroxyl and epoxy groups as chain-end. For the 

formulations HP40G5 and HP20G20B5, the hydroxyl and epoxy end groups are attributed to PEGDE, 

while in the case of HG40B5, the chain-end groups are attributed to GDE. 

 

 
 

Figure 8. Proposed structure of the obtained polymer networks. 

4. Materials and Methods  

4.1. Materials  

Glycerol diglycidyl ether (GDE, purity: technical grade), with and epoxy equivalent weight 

(EEW) of 142 g·equivalent-1,and poly(ethylene glycol) diglycidyl ether (PEGDE, average Mn = 500), 

with an EEW of 275 g·equivalent-1, were used as monomers (The epoxy content was calculated by 1H 

NMR). N,N-Dimethylbenzylamine (BDMA, purity: ≥ 99 %) was used as polymerization catalyst. Both 

monomers and the catalyst were purchased from Sigma-Aldrich and were used as received. Humins 

are directly produced by Avantium Chemicals at their Pilot Plant in Geleen (The Netherlands) by 

ACD process of carbohydrates into MMF. Humins have the appearance of a very viscous, shiny, black 

bitumen.  

4.2. Bulk preparation of resins 

Thermoset bulk preparation was performed following the procedure described below. The 

components were mixed in the following order: humins, epoxy monomers and finally BDMA was 

added. The w/w ratio material was chosen for the preparation of the mixtures. The complete 

homogeneity of the mixture was confirmed before the addition of each component. Once all the 

components were added, the formulations were heated in an oven at 80 °C for 4 h and then at 130 °C 

for 1.5 h more to ensure the completion of the cure. Selected times and temperatures for the curing 

reaction were selected according to the data presented in a previous work recently published, in 

which we reported on the thermomechanical properties of the humins/PEB, humins/GDE and 

humins/PEGDE/GDE copolymers. 31 

4.3. FT-IR spectroscopy  

The same procedure described for the preparation of bulk resins was applied. Thus, the 

formulations were heated at 80 °C for 4 h and then at 130 °C for 2 h more. Samples were taken every 

30 min and directly analyzed by FT-IR. A NICOLET iS50 FT-IR spectrophotometer with GladiATR 
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single diamond was used. A spectrum of air was recorded as the background. A total of 32 scans with 

a resolution of 4 cm-1 were accumulated for the background as well as for each sample in the range 

4000 – 500 cm-1. 

4.4. NMR spectroscopy 

1 D and 2 D NMR spectra (1H, 13C, COSY, HSQC, HMBC) were recorded on a Bruker AVANCE 

III HD spectrometer with a direct probe that operated at 400.0 MHz for 1H and 100.6 MHz for 13C, 

respectively. The experiments were done at a temperature of 300 K using DMSO-d6 as deuterated 

solvent. The solvent signal of DMSO-d6 at 2.50 ppm was used as a standard reference. Samples were 

prepared using the same methodology described for the preparation of bulk resins. Nevertheless, the 

mixtures were dissolved in a small amount of DMSO-d6 (1 mL of DMSO-d6 for 1 g of mixture) to 

allow a good homogeneity. The use of a solvent also helps us to following the mechanism by in 

solution NMR at 130 ˚C, because the bulk mixture was not completely soluble at this temperature 

due to the formation of thermosets (confirmed in a previous work using the same compositions). 

After that, the same thermal treatment described before was performed for each sample. During the 

polymerization reaction, an increase of the viscosity of the mixture was clearly observed, sign of 

copolymerization of the mixture, even in DMSO-d6 media.  

5. Conclusions 

The synthesis of completely bio-based thermosets derived from diepoxy monomers and humins 

were achieved. By means of FT-IR and NMR spectroscopy, the covalent connections between the 

hydroxyl and the carboxylic acid groups of humins and the oxirane rings of diepoxy monomers were 

found. We determine that the hydroxyl and the carboxylic acid groups of humins play a key role in 

the initiation step of the ring-opening polymerization of the diepoxy monomers. It was proved that 

the presence of BDMA promote the generation of the alkoxide and carboxylate anions from these 

hydroxyl and carboxylic acid groups, that subsequently attack the epoxy ring by a nucleophilic 

addition. Furthermore, we demonstrate that the hydroxyl groups of GDE can act as a proton donor 

during the propagation of the ring-opening polymerization. On the other hand, the aldol 

addition/condensation take place between the carbonyl functionalities of humins once the epoxy 

ring-opening polymerization cannot continue due to steric impediments. The obtention of 

hyperbranched polymeric networks consisting on a core of humins surrounded by an aliphatic 

polyether in the periphery is envisaged.  

Supplementary Materials: FT-IR and NMR spectra of the raw materials used, the formulations HG40B5, 

HP40B5, HG20G20B5, GDE and humins homopolymerisation contain the supplementary data for this paper. 

Supplementary materials can be accessed at: http://www.mdpi.com... 
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