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ABSTRACT: The need for thermosets from renewable
resources is continuously increasing to nd eco-friendly alter-
natives to petroleum-derived materials. Products obtained
from biomass have shown to play an important role in this
challenge. Here, we present the structural characterization of
new biobased thermosets made of humins, a byproduct of ligno-
cellulosic biore nery, and glycidylated phloroglucinol com-
ing from the biomass phenolic fraction. By employing attenuated
total re ection-Fourier transform infrared and NMR spectros-
copies, we elucidated the connections between these two
systems, contributing to clarify their molecular structures and

their reactivities. We demonstrated that the resin curing takes place through ether bond formation between humin hydroxyl
functions and phloroglucinol epoxides. Besides cross-linking, humins show a complex rearrangement of their furanic structure
through di erent concomitant chemical pathways depending on the reaction conditions.

INTRODUCTION

The production of novel ecocompatible materials from natural
sources that can replace harmful petroleum-based materials is
becoming an urgent issue. By developing materials using biode-
gradable and renewable components, it will be possible to reduce
the human impact on the environment and the dependence on
nonrenewable fossil resources.” Lignocellulosic biomass dem-
onstrated to be an ideal candidate for this purpose.” * In parti-
cular, humins are emerging as promising starting materials for
polymeric material preparation.” ® Humins are the insoluble
viscous polymeric fraction that is formed during the acid-
catalyzed dehydration (ACD) of sugars obtained from lignocel-
lulosic biomass. This process leads to the production of high-
value chemicals like 5-hydroxymethylfurfural (HMF) and
levulinic acid. However, uncontrollable condensation cannot
be avoided and leads to humin formation.” ** Instead of con-
sidering humins as a waste, a new approach aimed at their
valorization encouraged by the rst results showing their great
potential in materials chemistry is attracting increasing
attention. One of the main critical issues regarding the humins
is their molecular structure. Many di erent formation routes and
structures have been proposed (Figure 1), butade nitive model
has not yet been established.

A pathway that assumes a HMF polycondensation through
electrophilic substitution entailing the formation of ether and
acetal bonds between furanic rings was proposed by Sumerskii et
al.** They found that humins are made up by 60% furan rings
and 20% aliphatic chains. Another group suggested that the
product of HMF rehydration, i.e., 2,5-dioxo-6-hydroxyhexanal
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(DHH), is a key intermediate in humin formation. In this
perspective, DHH and HMF carbonyls undergo aldol conden-
sation leading to humins.*>*’

Moreover, the presence of carbonyl groups was ascertained
and quanti ed as 6.6 wt %."® Humins can be produced also by
hydrothermal carbonization (HTC) processes, which do not
involve acidic conditions.**?° The humins produced by HTC
have a di erent structure, but they can be isolated and puri ed
easily; therefore, much more e orts were focused on their
structural characterization.”> ?* HTC humins were found to
contain furan fragments linked through aliphatic groups at the
and  positions and oxygenated functional groups (alcohols,
ketones, aldehydes, and acids).'®*® 2’ In particular, van
Zandvoort et al.*® showed by carbon solid-state NMR the
linkages between furanic C and aliphatic carbons and between
C C . The authors found that furanic C contributes only in
minimal parts to the humin network formation. In addition, in
their study, the content of oxygenated groups was found to be
very low and no clear evidence for aldehyde presence was found.
However, industrial humins are more complex and heteroge-
neous materials. A new approach for the valorization of humins
is to use them for new biobased thermosets and composite
materials. Humins have shown to enhance the modulus and the
tensile strength of pure polyfurfuryl alcohol, giving stronger
resins.” In addition to the technological improvement of the
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Figure 1. (a) Labeling scheme for the furan fragment. Humin structures proposed by (b) Sumerskii et al.,** (c) by Patil and Lund,*® and (d) by van

Zandvoort et al.*®
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Figure 2. Structures of (a) TGPh, (b) BDMA, and (c) accelerator.

resulting materials, the lower cost of humins and their renewable
character are not negligible advantages. However, insights into
the changes that occur in the structure of humins upon their
valorization are still poor, mainly because of the complexity of
their structure. Understanding their complex modi cations and
their reactivity would greatly improve their valorization.

In this work, humins derived from biore nery acid-catalyzed
dehydration processes were combined with triglycidyl ether of
phloroglucinol (TGPh) in the presence of (N,N-benzyldime-
thylamine) (BDMA) as the basic catalyst and/or 2,4,6-tris(dimethy-
laminomethyl)phenol (referred to as the accelerator) as the curing
accelerator (Figure 2).

The product of the copolymerization reaction was charac-
terized from a structural point of view with attenuated total
re ection (ATR)-Fourier transform infrared (FTIR) and NMR
spectroscopies. TGPh is a bhiobased aromatic epoxy monomer
obtained from phloroglucinol, which is extracted from algae.”®
Epoxy polymers are widely employed thermosetting materials
characterized by good adhesion properties, good chemical resis-
tance, and excellent thermal and mechanical properties. Many
epoxies employed for material purposes are slightly modi ed by
the addition of a carbon to the oxirane ring, giving the so-called
glycidyl group. In addition, aromatic compounds confer more
toughness, sti ness, and temperature stability to the nal mate-
rial thanks to -stackings. Nowadays, most of the epoxy resins
are obtained from diglycidyl ether of bisphenol A (DGEBA),
which is a petrol-based molecule. Bisphenol A (BPA) has been
classi ed as a carcinogen, mutagen, and reprotoxic substance,
and it is recognized as an endocrine disruptor.?® ** Since it can
be released from epoxy thermosets through hydrolysis, the
necessity to replace it in material preparation is becoming a
compelling goal. The use of biobased epoxy polymers in place of
DGEBA brings the double advantage of BPA replacement and of
using renewable resources. For these reasons, a biosourcing
epoxy polymer like TGPh was chosen for humin-based
thermoset preparation. The most common curing agents for
epoxy resins are amines and especially tertiary amines.®® *°
Tertiary amines are Lewis bases that are added to epoxy mono-
mers in small nonstoichiometric amounts acting as true catalysts
by initiating a self-propagating anionic polymerization through
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the opening of the oxirane ring (Scheme 1). The resulting poly-
mer is a polyether whose ether bonds are thermally stable and
are stable also toward most acids and alkalies. The mechanism of
the ring opening can proceed by either bimolecular nucleophilic
substitution (Sy2) or unimolecular nucleophilic substitution
(S\1), depending on the nature of the epoxide and on the
reaction conditions. When the epoxide is asymmetric, two di er-
ent regioisomers can be formed. Under basic conditions, ring
opening occurs mainly by an Sy2 mechanism, and the less sub-
stituted carbon is the site of nucleophilic attack. In acidic con-
ditions, the mechanism is substantially an Sy1 and the nucle-
ophile attacks the more substituted carbon because it can better
accommodate the positive charge (more stable carbocation).

To improve the reactivity of epoxy resins with tertiary amine
curing agents, often a hydroxyl-containing, especially phenalic,
species is added.***" Under basic conditions, the phenolic group
can be deprotonated and open the epoxide, favoring the poly-
merization propagation. In the attempt to promote the cross-
linking reaction between humins and TGPh, 2,4,6-tris(dimethy-
laminomethyl)phenol was added to the mixture as the curing
accelerator.

EXPERIMENTAL SECTION

Materials. Triglycidyl ether of phloroglucinol with a repeating unit
number (n) between 0.5 and 1.2 was provided by Speci ¢ Polymers
(Castriers, France). BDMA and the accelerator were purchased from
Sigma-Aldrich (St. Louis, Missouri). Humins were provided by
Avantium Chemicals as produced at the Avantium pilot plant in
Geleen (Netherlands).

Sample Preparation. Humins were transferred into glass vials,
weighed, and heated at 50 °C to reduce their viscosity. Then, BDMA
(5% w/w) or the accelerator (5% w/w) or both (2.5% w/w each) were
added and the mixture was vigorously mixed with a spatula and cured by
increasing the temperature. When the copolymerization with TGPh
(40% w/w) was performed, TGPh was added rst to heated humins
and another heating step at 50 °C was accomplished before the addition
of BDMA and/or the catalyst (same percentages as for humins). After
vigorous mixing, the samples were cured.

Di erential Scanning Calorimetry (DSC) Studies. DSC
measurements were conducted on a Mettler Toledo DSC 3 apparatus
employing STARe software developed by Mettler Toledo. The
instrument heat ow and temperature were calibrated in three points
using water, indium, and zinc standards. Humins (55%), TGPh (40%),
and the catalyst (BDMA 5%, accelerator 5%, and both 2.5% each)
mixtures (10 12 mg) were directly put in 100 L aluminum DSC
crucibles and heated. A temperature ramp of 10 °C/min was used under
air (100 mL/min) over a temperature range of 25 250 °C.

In Situ ATR-FTIR Analysis. FTIR analysis was performed with a
Nicolet iS50 FTIR spectrometer using attenuated total re ection mode
with GladiATR equipment from PIKE Technologies. The spectra were
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Scheme 1. Schematic Representation of Epoxide Polymerization Catalyzed by a Tertiary Amine
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Figure 3. Comparison between humin and TGPh copolymerization

reactions in the presence of BDMA (black line), the accelerator (red line),
and BDMA + accelerator (blue line) by dynamic DSC at 10 °C/min.

recorded between 4000 and 600 cm 2, with 32 scans and a resolution of
4 cm 1. Automatic background subtraction was applied. The spectra of
BDMA, the accelerator, humins, and TGPh were recorded at 30 °C.
Humins were heated at 50 °C until the viscosity decreased and were
mixed with 5% w/w BDMA and 5% w/w accelerator, separately, and
with the mixture of both (2.5% w/w each). The samples were then
heated on the ATR crystal from 30 to 150 °C with a temperature ramp
of 10 °C/min. The same procedure was followed for TGPh and for
humin TGPh (55 40% w/w) mixtures. The spectra of humins were
normalized with respect to the peak at 1667 cm 1, and the spectra of
TGPh and the mixture were normalized with respect to TGPh aromatic
C C (the peak at 1592 cm 1).

NMR Analysis. To perform NMR analysis, humins (55% w/w) and
TGPh (40% w/w) were heated to decrease the viscosity and were
mixed with BDMA (5% w/w), the accelerator (5% w/w), or both (2.5%
w/w each). The samples were heated at 60, 70, 80, and 90 °C for
15 min, collecting a sample to record NMR spectra at each temperature
point. The samples were dissolved in dimethyl sulfoxide (DMSO)-d;
for the mixture of both BDMA and the accelerator, the sample heated at
90 °C was not soluble. An Ultra Shield Bruker spectrometer operating
at 400 MHz H (100 MHz *C) was used to record the spectra.

RESULTS AND DISCUSSION

DSC Preliminary Studies. DSC investigations were con-
ducted to study the thermally induced copolymerization
between humins and TGPh. Figure 3 shows the DSC curves
comparing the reactivity as a function of the used catalyst. Each

Table 1. Humin FTIR Spectrum Assignments

wavenumber
(cm ) assignment

3350 (OH)

3117 (CH sp?

2930, 2837 (CH sp®)

1708 (C 0) aliphatic acids, esters, and saturated ketones

1667 (C 0) aldehydes; conjugated ketones, i.e., -diketones,
unsaturated ketones, and aromatic ketones; conjugated acids;

-keto acids/esters

1612, 1517 (C C) conjugated with aromatics, double bonds, and
carbonyls

1449, 1398 (C C) furan rings

1362 (CO OC) esters

1277, 1190 (CO) ethers, hemiacetals, acetals, and furans

1073 (CO) esters (COO C), ethers, hemiacetals, acetals, and
furans

1019 (CO) hydroxymethyl group

966, 946 (C C C)and (CO) ofdi erently substituted furan rings

805, 768 (CH) of di erently substituted furan rings
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Figure 4. FTIR spectrum of humins.
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STEAB stands for benzyltriethyl ammonium chloride

humin TGPh formulation contains a ratio of 5% by the weight
of the catalyst: BDMA, the accelerator, and (BDMA + accel-
erator). In the presence of the accelerator as the catalyst, a
complex reactivity was observed since two exothermic peaks can
be distinguished in the dynamic DSC curve, one major at a lower
temperature of around 100 °C and a second one at 125 °C
approximately. The shape of the curve suggests that the reaction
is fast, with the heat ow curve rising very fast with an abrupt
slope. In the case of BDMA, the reaction starts at a higher tem-
perature compared with the accelerator, with the reaction being
less rapid this time. Finally, the combination of the two catalysts
produces a reaction that is the additional contribution of the
individual catalyst to the humin TGPh reactivity, with both
BDMA and accelerator system reaction peaks being identi ed in
this formulation.

ATR-FTIR Spectroscopy. Characterization of Humins
and Triglycidyl Ether of Phloroglucinol. The IR spectrum of
humins (Figure 4) shows the typical features reported before.” *
The main functional groups that can be found are the hydroxyl
group involved in hydrogen bonds (the broad peak at 3350 cm 1),
the carbonyl group belonging to aldehydes, ketones, acids, and
esters (1708 and 1667 cm 1), the aromatic furan ring (several
signals between 1667 and 768 cm 1), and the carbinol (from
1362 to 1019 cm 1). The presence of both sp? C H and sp®
C H is evidenced by the peaks before and after 3000 cm !
(3117, 2930, and 2837 cm 1), respectively. More detailed assign-
ments are reported in Table 1.

The triglycidyl ether of the phloroglucinol IR spectrum is
reported in Figure 5. The stretching of aromatic CH gives rise to
a peak at 3059 cm *!; aliphatic CH is instead responsible for
the peaks at 2998, 2926, and 2874 cm *. The strong peak at
1592 cm ! corresponds to aromatic C ~ C bonds, and the one at
1450 cm ! re ects the alkane CH bending. From 1214 to
1059 cm ! are located the bands of CO stretching (epoxides,
ethers, and alcohols). In the last part of the spectrum, the
most important peaks are those at 906 and 760 cm *, which refer
to C C stretching and bending of the epoxy moieties,
respectively.
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At 3450 cm 1, a broad peak can clearly be seen. This band
corresponds to the hydroxyl functionality whose bending peaks
areat 1343 and 1252 cm . The presence of OH groups comes
from epoxide ring opening that is reported to occur during
phloroglucinol glycidylation, as described in Scheme 2.3 All
of the assignments are reported in Table 2.

Table 2. TGPh FTIR Spectrum Assignment

wavenumber (cm 1) assignment
3450 (OH)
3059 (CH sp?
2998, 2926, 2874 (CH sp®)
1592 (C ©
1450 (CH sp®
1343, 1252 (OH)
1180 (CO) epoxides
1151, 1127 (CO) ethers
1059 (CO) alcohols
906, 766 (CC) and (CC) epoxide
821 (C ©
680 (CH)

Auto-Cross-Linking of Humins and Triglycidyl Ether of
Phloroglucinol. To evaluate the onset of auto-cross-linking of
humins and triglycidyl ether of phloroglucinol, the two
macromonomers were tested separately with BDMA and the
accelerator at increasing temperatures (30 150 °C). The in situ
FTIR experiments of humins in the presence of BDMA, the
accelerator, and both (Figure 6) show a progressive narrowing
and shift toward higher wavenumbers of the band at 3350 cm *,
indicating a reduced extent of hydrogen bonds for the hydroxyl
groups. In addition, a decrease in the band intensity was
observed. It should be noted that the presence of the accelerator,
which bears itself a hydroxyl group, broadens a lot the band in
the rst points of the temperature ramp because of the
intermolecular hydrogen bonding between the accelerator and
the humins. Furthermore, signals coming from BDMA and the
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accelerator were observed in di erent parts of the spectrum
(indicated by arrows in the gures) but only in the rst
temperature reaction range. Peaks coming from sp? and sp®
C H bonds of humins remain constant. In general, the last part
of the spectra (from 1500 to 600 cm *, approximately) becomes
much broader. The peaks that correspond to carbonyls and to
conjugated double bonds increase their intensity upon raising
the temperature. The CH wagging of the furan ring proved to be
perturbed by the presence of both BDMA and the accelerator.
Particularly, the furan peak at 805 cm * undergoes a shift toward
lower frequencies. Spectral changes appear with a di erent
extent and at di erent temperatures considering the presence of
BDMA, the accelerator, and both. The combination of BDMA
and the accelerator proved to a ect more the molecular struc-
ture of humins. All of these features suggest a rearrangement of
the furanic structure involving mainly the carbonyl functional
groups. The hardening of the material, furthermore, worsens the
contact between the material and the ATR crystal, leading to
considerable IR spectrum broadening.

Possible routes to the structural rearrangement of humins can
be due to auto-cross-linking by condensation through the nucle-
ophilic attack and/or by additional aromatization. However, the
addition of the hydroxyl to ketones and aldehydes would lead to
a carbonyl content decrease and does not explain the hydroxyl
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decrease because the hydroxyl that is consumed is replaced by
the OH of the hemiacetal product (Scheme 3ab). However,
hemiacetals are unstable species that can easily undergo
decomposition into the carbonyl and the alcohol under basic
conditions. Deprotonation of the hydroxyl by the tertiary amine
starts the mechanism, and the resulting anionic oxygen can
dismiss an alkoxide as a leaving group to give the carbonyl
compound. Last, the alkoxide is converted into a hydroxyl by the
protonated tertiary amine (Scheme 4). The formation of acetals
under basic conditions is not possible because to add another
alkoxide, the hydroxyl must be removed, and if not protonated,
OH is a bad leaving group. The alcoholic function can
moreover be responsible for the esteri cation of carboxylic acids
(Scheme 3c), but in this scenario, the carbonyl function is
preserved. The hydroxyl group can also add to , -unsaturated
ketones. Usually, the addition takes place at the carbon,
leading to the formation of a new ether bond (Scheme 3d). This
reaction would lead to a decrease in the hydroxyl content, but it
also implies a decrease in the conjugation that was not observed
and does not explain the change in the carbonyl bands.
Polyaromatization, beyond leading to additional changes in
the spectra that were not found, was reported to start only from
170 °C” or to be acid-catalyzed.” Hydrolytic rupture of the furan
ring could explain the increase in the carbonyl content, but it

DOI: 10.1021/acs.biomac.9b01248
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Scheme 3. Nucleophilic Attack of the Deprotonated Hydroxyl of Humins to the Carbonylic and
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occurs only under strong acidic conditions.® The increase in the
carbonyl content and the decrease in the hydroxyl one can be
related to a retro-aldol reaction, which was reported to be a
common route in carbohydrate and biomass degradation.**°
Actually, -hydroxy ketone retro-aldol reactions were found to
contribute to sugar-degradation pathways at high temperature
and under basic catalysis.***> The mechanism is started by the
hydroxyl deprotonation by the tertiary amine and the rupture of
the bond between and carbons, giving a deprotonated enol
and an aldehyde. After the enol protonation and its tauto-
merization, the ketone is formed (Scheme 5).

Scheme 5. -Hydroxy Ketone Retro-Aldol Reaction

N BDMA/accelerator @ \

N
—NH__BDMA/accelerator
(O (OH 0 Ao
HuminsK)J\/K Huminsh/& + ‘K
/ ‘
OH o

Humins‘%)J\

HuminsHA

Another interesting reversible reaction that can take place is
the -keto acid cyclization. The presence of -keto acid groups
bound covalently to the humin structure has already been
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reported by van Zandvoort et al.*® The respective positions of

these two functional groups allow mainly two di erent
cyclization routes. In the rst, the acid can be deprotonated by
the tertiary amine and attack the electrophilic ketone carbonyl.
Then, the protonated tertiary amine transfers a hydrogen to the
alkoxide (Scheme 6a). In addition, the ketone in its enol form,
after being deprotonated by the tertiary amine, can add to the
carbonyl of the acid, leadingtoa , -unsaturated lactone that can
tautomerize in an , -unsaturated lactone (Scheme 6b). These
pathways can explain the increase in the conjugation system, but
they involve a decrease in the carbonyl content.

There is not a unique mechanism that can explain all of the IR
spectral modi cations but, considering the abundance of
reactive functional groups in humins, di erent reaction mecha-
nisms are expected to take place at di erent extents depending
on the conditions inducing complex molecular changes.

Concerning TGPh, when it was mixed with BDMA, the accel-
erator, or both, as the temperature increases, the OH band rises
and broadens and a new band appears at a lower frequency,
indicating intramolecular hydrogen bonding. Furthermore, the
linear sp® CH, the ether, and the alcoholic CO peaks increase in
intensity. Meanwhile, the intensities of epoxide CO and the two
epoxy CC peaks are reduced (Figure 7). All of these features are
consistent with epoxide ring opening and additional homopoly-
merization. As can be seen in Figure 8, the spectra of BDMA and
the accelerator could not be responsible for the changes observed.

DOI: 10.1021/acs.biomac.9b01248
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Scheme 6. Possible Routes of the Cyclization of -Keto Acids: (a) Intramolecular Nucleophilic Attack and (b) Intramolecular
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Figure 7. IR spectra of TGPh with (a) BDMA, (b) accelerator, and (c) both at increasing temperatures: 30 °C in black, 60 °C inred, 90 °C in blue, 120 °C
in green, and 150 °C in magenta. The TGPh blank spectrum is colored in ocher.

The reaction is initiated by the nucleophilic attack of the ter-
tiary amine at the epoxy group followed by a proton transfer from
the TGPh hydroxyl function to the opened epoxy ring. Then, the
alkoxide group reacts with another epoxide and the adduct formed
again exchanges one proton with another hydroxyl group, prop-
agating the polymerization. The tertiary amine can be regenerated
by the nucleophilic exchange with the alkoxide (Scheme 7).
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The combination of both BDMA and the accelerator induced
the auto-cross-linking reaction to a higher extent as can be infer-
red from the much larger e ects on the IR spectra (Figure 7c),
suggesting a reactivity increase due to the accelerator presence.

Copolymerization of Humins and Triglycidyl Ether of
Phloroglucinol. When humins and TGPh are reacted in the
presence of BDMA (Figure 9a) or the accelerator (Figure 9b),
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Figure 8. Overlapped FTIR spectra recorded at 30 °C of the accelerator

(black), BDMA (red), and the mixture of TGPh, BDMA, and the
accelerator at 60 °C (blue).

the hydroxyl band remains quite constant in the rst points of
the temperature ramp and then slightly increases. The linear sp®
CH signals increase as the temperature rises. In the spectrum
with BDMA, there is a problem in the background subtraction,
but the intensity increase of the peaks below 3000 cm ! can still
be ascertained. Again, the spectrum region going from 1800 to
600 cm tis a ected by a remarkable broadening of the bands.
The humin carbonyl at 1708 cm * and the conjugated carbon
double bond peaks present a very low intensity from the beginn-
ing, which remains rather constant. The humin C O peak at
1667 cm ! decreases while increasing the temperature until it

vanishes. An increase in the intensity is observed for the CO
region; on the contrary, the TGPh epoxy carbon carbon bond
peaks progressively decrease. As for humins alone, there is a red
shift at 805 cm ..

The most evident di erence when both BDMA and the
accelerator are present (Figure 9c¢) is the increase of humin
carbonyl (the C O signal at 1667 cm ! after increasing slightly
decreases at 150 °C) and conjugated C C peaks. The other
regions of the spectra show the same changes as with BDMA and
the accelerator alone. The variations in TGPh signals indicate
the opening of the epoxy functionalities. Humin signals change
inadi erent way with respect to humins alone when BDMA and
the accelerator are separately mixed with the two polymers;
instead, when they are both in the mixture, the changes are
similar to those observed for humins. To better clarify the molec-
ular features that are responsible for these spectral changes, NMR
analysis was performed.

NMR Spectroscopy. Characterization of Humins and
Triglycidyl Ether of Phloroglucinol. The complex structure of
humins is re ected in the challenging assignment of the NMR
spectra. Few assignments were reported and usually refer to
laboratory-prepared humins using **C solid-state NMR aimed at
identifying the linkages between furan rings.® In the proton
spectrum (Figure 10a), it is possible to distinguish clearly some
distinctive moieties of humins: the aldehydes (singlets at 9.57
and 9.54 ppm), the aromatic protons of furan rings (doublets at
7.50, 7.48, 6.75, 6.72, and 6.60 ppm), and the protons attached
to carbons directly bound to furans (singlets at 4.62, 4.50, and
4.46 ppm). The region going approximately from 4 to 3 ppm is

Scheme 7. Proposed TGPh Homopolymerization Mechanism in the Presence of BDMA
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