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C ommercial use of (bio)polymer-based materials in, e.g, MAS NMR spectroscopy combined with molecular modeling.
insulating and building applications requires a high degree In addition, we evaluated the combined effect of boric acid or
of flame retardancy.’ Flame retardant polymer-based materials borate together with sepiolite nanoclay on the thermal stability
are commonly produced by blending the polymer matrix with including combustion resistance of CNF-based composite
appropriate additives and fillers including nanofillers,” e.g., clays foams. Sepiolite is a needle-like magnesium silicate used in
or silica and alumina nanoparticles.}’4 Boric acid is one of the mechanical reinforcement of polymer nanocompositeslg and
most frequently used flame retardants for cellulosic materials shows good flame retardant properties.

including fabrics and wood™® and acts by providing a glass-like We have investigated the chemistry of CNF—BA—SEP and

coating on the fire exposed surface” and by promoting polymer CNF—B—SEP hybrids prepared at pH 7 and pH 10,
dehydration and char formation.”” respectively, by ''B MAS NMR. Figure la shows that the

Polymer degradation and char formation is a complex spectrum for a CNF—BA—SEP complex prepared at pH 7 is
process being influenced not only by the specific reactions and dominated by the signal at 18 ppm, which is attributed to
complexes that boric acid may have formed with the polymer unreacted trigonal boric acid B(OH)s, while the spectrum for
matrix during preparation but also by in situ reactions of boric the CNF—B—SEP complex prepared at pH 10 is dominated by
acid  with Zthe polymer during thermal exposure and the signals at 6 and at 2 ppm, corresponding to tetragonal
combustion.” Such reactions may lead to polymer cross-linking, (anionic) borate bis-chelate L—B—L (where L denote CNF as a
which is known to improve char formation by cyclization and ligand) and to unreacted borate anion B and monochelate L—

. 8 .
con.clensgtlon. Even though p revious work 9has shown Fhat B,”” respectively. Deconvolution of the "'B MAS NMR signals
boric acid can form ester bonds with polyols” and anhydrides . . .
suggests a consumption of boric acid at both pH values as it

. . . 10

with 'carboxyhc acid §roups, thg thermal_ aspects of these undergoes a complexation reaction with CNF (Table $1)."* We

reactions and how such in situ reactions may improve the flame . . .
find that the degree of cross-linking, ie., the relative

retardancy are poorly understood. . n RS
The complexation of boric acid and/or borate anions with a concgntratlon (f)f [L—B—L] versus [L—B], is pH depende}rllt
polymer is pH dependent'' since boric acid (BA) exists in and increases from 0.06 at pH 7 to 0.17 at pH 10. The
equilibrium with the borate (B) anion according to eq 1 enhanced cross-linking at alkaline pH is also corroborated by
d & 1% the formation of a viscoelastic CNF gel with a 6-fold higher
B(OH), + OH™ = B(OH), (1) storage modulus at pH 10 compared to pH 7 (Figure S1).
) b £ bori d 12 ) - The similarity of the B MAS NMR spectra of CNF—BA
Be ow the pK, of boric aci ~ (?'2)’ BA is mainfy p resent and CNF—BA—SEP (Figure S2) suggests that sepiolite (SEP)
while above pH 9, B(OH); ions, B, are dominant. The has no major influence on the CNF—BA complexation.

P rgdomm;ti}rll ce tOf etlther bgrlc ac1dt9r bc;ratel anlorlsbma); g/r;atlly However, IR and ?°Si CP/MAS NMR measurements (Figure
influence the Siructure and properties of polymer—borate/ bone S3) suggest that sepiolite may interact with boric acid and/or

. .1.9,13 . . .
acid h}fbnds' For instance, borate anions react with the borate via H-bonding and form covalent bonds at both pH 7
alcoholic groups of carbohydrates and form mono- or bis- 4102 H th lecular struct f CNE—BA—SEP
chelate esters through the complexation with diols,"* while 'an ! ) h el?c:l, CE Om_o Becu Zr Ss:uoc_u]gebo 4 d bl
boric acid preferably reacts with carboxyl and amine groups.'’ IMVOVES Chemic o and o ORas anc possiyy
These pH-dependent reaction paths are poorly understood for hybrid or.ganlc/. norganic hl?ks of _celliulose fibers and Sep iolite
cellulose, and little is known about how the pH-dependent nanoparticles via boron moiety bridging (C_OBO,_SI)'

The flame retardancy was assessed by cone calorimetry tests

complexations determine the flame retardancy. 5 . )
Here, we have studied the pH-dependent complexation of on 5 X 5 em” foam panels of CNF—-BA/B—SEP hybrids with a

boric acid (BA) and borate (B) with cellulose nanofibers comp0§ition o_f 54/11/35 wt % of CNF ’_BA or B, and SEP,
(CNF) and the effects on flame retardancy. Cellulose respectively. Figure 1b shows that the hybrid prepared at pH 10

15 . . N .
nanofibers > are an emerging nanomaterial with interest in

several areas of technological importance'®'” including Received: February 6, 2016
sustainable and renewable superinsulating materials."® The Revised:  March 21, 2016
boron—CNF interactions have been examined by solid-state ''B Published: March 21, 2016
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Figure 1. Complex formation and fire retardancy of cellulose nanofiber (CNF) and boric acid (BA)/borate (B) materials with added sepiolite (SEP).
(a) "B MAS NMR spectra of CNF—11%BA—35%SEP and CNF—11%B—35%SEP hybrids prepared at pH 7 and at pH 10, respectively.
Photographs taken during cone calorimetry tests and of the respective residues of (b) CNF—11%B—35%SEP hybrid prepared at pH 10 and (c)
CNF—11%BA—35%SEP hybrid prepared at pH 7. (d) Schematic representation of the molecular pathway of the BA complexation with the hydroxyl
and carboxylic functional groups on CNF at neutral and alkaline conditions.

does not ignite, undergoing only flameless pyrolysis, while the
hybrid prepared at pH 7 ignites but self-extinguishes after a few
seconds (Figure 1c). The peak of heat release rate (pkHRR) of
the hybrid prepared at pH 10 is below the instrumental
detection limit while the pkHRR of the hybrid prepared at pH
7 is only 20 + 1 kW m™. For comparison, commercially
available flame resistant phenolic foams have typically pkHRR
values in the range of 70—100 kW m~2>* Hence, the high
degree of CNF esterification at pH 10 has a remarkable effect
on the flame resistance behavior of the CNF—B—SEP hybrid.
Moreover, the pore and wall microstructure of the CNF—B—
SEP foam is maintained after the combustion test and shows no
signs of collapse (Figure S4). For comparison, pure CNF and
CNF—40 wt % SEP foam panels were also tested and both
samples ignited (Figure SS) with pkHRR values of 60 + 8 kW
m~? and 59 + 9 kW m™ respectively. The CNF foam was
completely combusted while the CNF—SEP foam panel was
partially preserved.

Figure 1 shows that the complexation of boric acid or borate
with the diols on CNF is strongly influenced by pH-dependent
speciation of the reactive B(OH)j anion and that the difference
in molecular architecture has a large effect on the flame
retardancy of the CNF—BA/B—SEP hybrid foam panels. The
molecular pathway shown in Figure 1d suggests that the
dominating cross-linking reaction at pH 10 involves the
formation of a bis-chelate L°"—B—L°" complex of the borate
anion with the C2,3-diol on the CNF. The specific pathways

1986

given in Figure 1d are supported by molecular modeling, where
the lowest potential energy for the L°"—B and L°"—B—L°"
configurations was calculated as —1175 au and —1709 au,
respectively (cf. Supporting Information discussion and Figure
S6).

Boric acid does not complex with diols at neutral pH but may
react with the carboxylate groups'**® that are present on the
surface of the TEMPO-mediatied oxidized cellulose nano-
fibers”* used in this work (cf. Figure 1d). Molecular modeling
suggests the formation of a carboxylate anhydride L“°°—B with
a potential energy about 30 kcal/mol lower than that of L°%~B
(Table S2). Indeed, the anhydride reaction is supported by the
appearance of the carbonyl IR band at 1725 cm™ and the
simultaneous decrease of the COO™ band intensity in the IR
spectra (Figure S7). However, ''B MAS NMR spectra show
that the relative number of carboxylate esters at pH 7 is smaller
than diol—borate complexes at pH 10 (cf. Figure la and Table
S1), which probably is related to the S-fold lower availability of
carboxylate groups compared to surface C2,3-diols. Therefore,
the formation of a diol—borate chelate L“°°—B—L°" with a
second fiber at pH 7 is not so probable given the relative
scarcity of reactive carboxylate esters.

CNF—BA hybrids have been investigated by a combination
of thermal analysis and solid state ''B and *C NMR of
thermally annealed samples to determine the chemical
transformations during combustion. The weight loss results in
nitrogen show a residual weight at 800 °C that is about 31 wt %

DOI: 10.1021/acs.chemmater.6b00564
Chem. Mater. 2016, 28, 1985—1989


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00564/suppl_file/cm6b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00564/suppl_file/cm6b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00564/suppl_file/cm6b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00564/suppl_file/cm6b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00564/suppl_file/cm6b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00564/suppl_file/cm6b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00564/suppl_file/cm6b00564_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b00564

Chemistry of Materials

Communication

higher for the 60/40 (w/w) CNF—BA hybrid prepared at pH 7
(Figure 2a), compared to the sum of the residues of the
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Figure 2. Thermogravimetric analysis in (a) nitrogen and (b) air of
neat CNF, neat BA, and a 60/40 (w/w) CNF—BA complex prepared
at pH 7. DH denotes dehydration and DP denotes depolymerization.
(c) Schematic representation of cellulose pyrolysis steps and cellulose
degradation to levoglucosan. (d) Transglycosidation of levoglucosan in
a “boat” conformation from cellulose in a “chair” conformation.

individual components (BA and CNF). The amount of organic
residue (i.e., char) produced from CNF—BA hybrids is
increased by 70 wt % as compared to pristine CNF, which
implies that as much as 50 wt % of CNF is transformed into
char when complexed with BA. The major weight loss (about
60 wt %, between 220 and 340 °C) of CNF involves two
partially overlapping processes with maximum rates at 256 and
315 °C, respectively (Figure 2a). The first process is related to
intra- and intermolecular water elimination resulting in
“anhydrocellulose”, while the second process involves depoly-
merization and formation of volatile levoglucosan (Figure
2¢).*° The thermal degradation of the CNF—BA hybrid
displays a dehydration step that is significantly smaller than the
subsequent depolymerization step. Additionally, the weight loss
from thermal degradation of CNF in the hybrid is shifted to a
temperature that is about 80 °C higher compared to pure CNF.
This temperature shift is probably due to a reduction of the
concentration and availability of reactive OH groups in the
CNF—BA hybrid. The TG results also show that the maximum
rate of depolymerization and volatilization of BA cross-linked
CNF is 50% lower compared with pure CNF, which suggests
that the formation of the volatile and combustible levoglucosan
is less abrupt in the CNF—BA hybrids. The intramolecular
transglycosidation reaction that leads to levoglucosan has been
linked to a chair to boat conformation change (Figure 2d),”
which may be hindered by boron cross-linking (see Figure 1d).
In air, comparison of the weight loss of pure CNF and CNF—
BA hybrid (Figure 2b) suggests that the presence of a boric
anhydride may slow down char oxidation and shifts it to higher
temperatures (464 to 550 °C).

1987

CNF—BA hybrids have also been thermally annealed in
nitrogen because anaerobic polymer thermal degradation
processes also are important in combustion.” With guidance
from the thermogravimetry data, thermal annealing a CNF—BA
hybrid at 180 and 450 °C should relate to a state before and
after char formation. The ''B MAS NMR data in Figure 3a

Intensity (a.u.)

900 1200 1500 1800
Raman shift (cm™)

Figure 3. (a) ''B MAS NMR, (b) *C CP/MAS NMR, and (c) Raman
spectra of CNF—2.4 wt % BA hybrids; (i) as prepared at pH 7 and
annealed under N, at (ii) 180 °C,and (iii) 450 °C, respectively. (d)
Photographs of the respective materials.

show that the borate signals of the monochelate, B—L, and bis-
chelate, L-B—L, at 1.5 and 7.5 ppm, respectively, increase
significantly, while the signal of unreacted boric acid (at 14
ppm) decreases with increasing temperature up to 450 °C.
Quantification of the signals suggests that unreacted BA is
consumed as it undergoes an esterification reaction with CNF
leading to an increase of the degree of esterification of CNF
from 2.5 to 12.2% when the temperature is increased from
room temperature to 450 °C (Table S1). The degree of
esterification refers to the ratio of accessible surface C2,3-diols
in a 6 X 6 cellulose I model of CNE*® that are complexed by
borate anions. Importantly, also the ratio of cross-linked [L—
B—L] complexes versus monochelate [L—B] complexes
increases with temperature by 23%, suggesting that CNF
undergoes a thermally induced esterification/cross-linking
process. Indeed, this is in agreement with the observed increase
of CNF charring in thermal degradation of cross-linked CNF—
BA hybrids as shown by TGA (cf. Figure 2). The '*C CP/MAS
NMR spectrum of the CNF—2.4 wt % BA hybrids during
annealing in Figure 3b indicates complete transformation of the
polysaccharide into a graphitized structure at 450 °C, where the
broad peak between 120 and 100 ppm is attributed to sp> C
atoms. This graphitization is also corroborated by the Raman
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spectra in Figure 3¢, where an intense G band around 1608
cm™" (sp® carbon) appears for the hybrid annealed at 450 °C,
while at the same time the typical cellulose bands at 900 and
1100 cm™', respectively, disappear. The aromatization of
annealed hybrids is also confirmed by IR (Figure S8). Figure
3d shows that CNF—BA hybrid foams become black but
maintain their porous structure during the annealing process.

In summary, we have investigated the chemistry of the pH-
dependent cross-linking of boric acid or borate anions with
nanocellulose with solid state NMR and shown that the
molecular pathway at neutral and alkaline conditions influences
strongly the flame retardancy and ignition resistance. The pH-
dependent speciation of boric acid into borate anions at high
pH and the different reactivity of boric acid and borate anion
toward the diol and carboxylic acid functional groups on the
nanocellulose backbone control the molecular cross-linking
pathways. Thermal analysis shows that char oxidation is slowed
down and shifted to higher temperatures and that the
formation of the volatile and combustible levoglucosan is less
abrupt in the CNF—borate hydrids compared to CNF that has
not been cross-linked. Analysis of the thermally annealed
residues by a combination of ''B MAS and “C CP/MAS
NMR, Raman, and infrared spectroscopy shows that the
formation of a CNF—borate hybrid promotes charring and
complete transformation of the polysaccharide at 450 °C into a
graphitized structure. Preparation of freeze-cast foams from
nanocellulose—borate hybrids with the addition of sepiolite clay
results in complete suppression of polymer ignition on radiant
heat exposure. The ability to strongly reduce the flammability
of nanocellulose hybrid foams is important for the development
of, e.g, sustainable and eco-friendly thermal insulation
materials.
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