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Many processes have been proposed to produce glucose as a substrate for bacterial fermentation to
obtain bioethanol. Among others, cellulose degradation appears as the most convenient way to achieve
reliable amounts of glucose units. In fact, cellulose is the most widespread biopolymer, and it is
considered also as a renewable resource. Due to extended intra- and interchain hydrogen bonds that
provide a very efficient packing structure, however, cellulose is also a very stable polymer, the
degradation of which is not easily achievable. In the past decade, researchers enhanced cellulose
reactivity by increasing its solubility in many solvents, among which concentrated phosphoric acid
(HsPO,) played the major role because of its low volatility and nontoxicity. In the present study, the
solubilization mechanism of crystalline cellulose in HsPO, has been elucidated by using high- and low-
field NMR spectroscopy. In particular, high-field NMR spectra showed formation of direct bonding
between phosphoric acid and dissolved cellulose. On the other hand, molecular dynamics studies by
low-field NMR with a fast field cycling (FFC) setup revealed two different HsPO, relaxing components.
The first component, described by the fastest longitudinal relaxation rate (R;), was assigned to the
Hs;PO,4 molecules bound to the biopolymer. Conversely, the second component, characterized by the
slowest R;, was attributed to the bulk solvent. The understanding of cellulose dissolution in HzPO4
represents a very important issue because comprehension of chemical mechanisms is fundamental for
process ameliorations to produce bioenergy from biomasses.
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INTRODUCTION

Cellulose is the most common worldwide distributed biopoly-
mer, and it is also considered as a renewable resource. In fact,
it is continuously replenished by the sunlight-catalyzed photo-
synthetic reduction of CO, at a velocity comparable to or even
faster than its consumption through human activities (/). For this
reason, it has attracted great attention for the possibility of its use
as an inexpensive source of glucose, which, in turn, can be used to
achieve bioethanol to be applied as fuel in transport industries (7).

Bioethanol can be obtained through fermentation of sugar
biomasses (2). However, the main criticisms against bioethanol
from natural biomasses are related to the reduction of agricultural
areas assigned to food crops and enhancement of food costs (3, 4).
The possible use of waste materials such as waste paper, cotton-
based waste textiles (9), flax shivers (6), and other lignocellulose
materials (7) appears to be very suitable. In particular, waste paper,
probably one of the most abundant waste materials (8, 9), is
considered to be the main resource for obtaining bioethanol not
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only from enzymatic degradations but also through chemical
decays, the mechanisms of which are still uncertain (10—20).

Asis widely known, waste papers are made mainly of cellulose,
which is a polysaccharide consisting of a linear chain of several
hundreds to over tens of thousands of b-(+)-glucose units linked
by B(1—4)-glycosidic bonds. Each p-(+)-glucose unit contains
three hydroxyl groups, which can form complex spatial networks
of inter- and intramolecular hydrogen bonds. In plant-derived
wastes, however, cellulose is also contaminated by lignins and
hemicellulose. Due to the complexity of such a biopolymeric
network, cellulose is not only resistant to degradation but is also
insoluble in all common solvents.

Reliable mechanisms for cellulose degradation should pass
through its solubilization. In fact, as for all chemical processes,
linkage breaking can be better achieved in single-phase reactions
rather than in polyphasic ones (27).

Many investigations have been carried out to find the proper
solvents for cellulose dissolution (22—30). Currently, it is known
that cellulose can be dissolved in several solvent mixtures, which
include heavy metal—amine complex solutions, concentrated
metal salts, thiocyanate/amine, lithium chloride/dimethylacetamide,
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N-methylmorphine-N-oxide/water, cold sodium hydroxide solu-
tions, and concentrated sulfuric and phosphoric acids. However,
in recent years, dissolution in H3PO,4 has been increasingly con-
sidered to be a simple and economic method of cellulose pretreat-
ment before its degradation to glucose units (37).

To the best of our knowledge, no papers in the literature deal
with the mechanisms of cellulose dissolution in phosphoric acid.
The aim of the present study was, hence, the recognition of such a
mechanism which can be used to optimize the industrial processes
involved in ethanol production (31, 32).

MATERIALS AND METHODS

Samples. Crystalline cellulose with 98% purity (CAS Registry No.
9004-34-6) was purchased from Sigma and used without further purifica-
tion. Its crystallinity degree was 58% as measured by cross-polarization
magic angle spinning (CPMAS) *C NMR spectroscopy (see the Support-
ing Information). Cellulose was dissolved (0.2 ¢ mL™") in 85% H;PO,
(CAS Registry No. 7664-38-2), also purchased from Sigma, by stirring at
80 °C for 5 min into an oil bain-marie. The cellulose—H3;PO4 solution was
used for all NMR analyses without any other treatment. All liquid samples
were not degassed.

High-Field NMR Measurements and Data Elaboration. 'H, °'P,
and "*C NMR spectra were acquired with a Bruker Avance II spectro-
meter equipped with a 5 mm standard bore broadband inverse (BBI) probe
operating at 400 MHz on 'H, 100 MHz on '*C, and 162 MHz on *'P. All of
the spectra were acquired with 16K points, a recycle delay of 5 s, a scan
number of 5000, an acquisition time of 25 ms, and 'H, 1°C, and *'P 90°
pulses. The "H 90° pulse was 5 us at an attenuation level of —0.4 dB.
The "*C 90° pulse length was 13 us with an attenuation level of —1 dB. The
3P 90° pulse length was 16 us with an attenuation level of 3.3 dB.

Bruker Topspin 2.0 software was used for spectra acquisition, whereas
Mestre-C software (version 4.9.9.9, Mestrelab Research, Santiago de
Compostela, Spain) was applied for spectra elaboration. All of the spectra
were FT transformed by applying a zero filling with 16K points and no line
broadening. Moreover, an automatic baseline correction with Bernstein
algorithm was also applied. Chemical shifts were referenced to the reso-
nance of deuterated chloroform at 7.26 ppm for "H NMR spectra and at
77.36 ppm for 1*C spectrum and to the signal of 85% orthophosphoric acid
at 0 ppm for the >'P NMR spectrum. Deuterated chloroform was used as
external standard for locking and shimming, thereby avoiding dilution of
the solutions with the organic solvent. All of the assignments were done by
comparison with literature data.

FFC-NMR Experiments. A summary on the theoretical background
of fast field cycling NMR relaxometry is reported in the Supporting
Information and in the references therein.

'"H NMRD profiles (i.c., relaxation rates R, or 1/} vs proton Larmor
frequencies) were acquired on a Stelar Spinmaster-FFC-2000 Fast-Field-
Cycling Relaxometer (Stelar s.r.l., Mede, PV, Italy) at a constant tempera-
ture of 298 K. The proton spins were polarized at a polarization field (Bpoy )
corresponding to a proton Larmor frequency (wy ) of 25 MHz for a period of
polarization (Tpor) of 1 s. The longitudinal magnetization evolution was
recorded at values of a relaxation magnetic field (Bryx) corresponding to
wy comprised in the range of 390—9110 kHz for a period of time (z) arrayed
with 128 values (see the Supporting Information), chosen in an exponential
progression from 2.3 to 233 ms. The exponential progression ensured the
covering of the entire relaxation curve of interest. Finally, a "H 90° pulse was
used at the starting of the acquisition period contemporarily to an acquisition
magnetic field (Bacq) corresponding to a wy, of 16.2 MHz. The observable
magnetization was revealed as free induction decay (FID) with a time
domain of 100 us sampled with 512 points. Two scans were accumulated.

The decay curves at each Bg; x value (i.e., 'H signal intensity vs 7) were
fitted by using either a first-order (eq 1) or a second-order (eq 2) exponential
decay function after exportation of the experimental data to OriginPro 7.5
SR6 (version 7.5885, OriginLab Corp., Northampton, MA):

I(t) = Iy + A4 exp(—7/Ty) (1)

I(t) = Iy + A4 exp(—=7/T1a) + 42 exp(—7/T1p) (2)
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Inegs 1 and 2, I() is the 'H signal intensity at the fixed By x. I is the 'H
signal intensity at the thermal equilibrium, 4, is the fitting constant related
to the amount of the i nucleus relaxing at T); and T7y; is the ith proton
spin—lattice relaxation time.

The NMRD profiles reporting the calculated R; values versus w; were
exported to OriginPro 7.5 SR6 and fitted with a Lorentzian function of the
type (33, 34)

Ry = A(wo/ (401’ +w0”)) 3)

In eq 3, R; is the longitudinal relaxation time, wy is the proton Larmor
frequency, and A is a constant containing the proton quantum-spin
number, the proton magnetogyric ratio, the Planck constant, and the
electron—nuclear hyperfine coupling constant describing interactions
between resonant protons and unpaired electrons. As a matter of fact,
the larger this constant, the faster is the longitudinal relaxation rate due to
stronger electron—nucleus interactions. w, provides the correlation time
(7¢) through eq 4.

7. = l/wym 4)

7. measures the time needed for molecular reorientation, and it is a typical
parameter for spectral density which, in turn, describes random molecular
motions (33). The 7. values of all the samples were corrected for the
paramagnetic contribution of unpaired electrons (such as those, e.g., in the
oxygen gas in the air at equilibrium with all of the liquid solutions) by
dividing their value by the u/u, ratio of 658.21 (35). u, is the magnetic
moment of the unpaired electrons, whereas u;, is that of the protons which
were the target nuclei of the present study.

RESULTS AND DISCUSSION

Dissolution of crystalline cellulose in concentrated H;PO4 was
proved by *C NMR spectroscopy. In fact, Figure 1 revealed a °C
NMR signal pattern similar to that reported in many studies where
cellulose dissolution was obtained in solvents or solvent mixtures
different from that used in the present study (24, 28, 36, 37). Five
major peaks at 102, 78, 74, 69, and 61 ppm were observed (Figure 1).
They were assigned to carbons C;, C4, C3 + Cs, C,, and Cg,
respectively. The other minor signals were attributed to the oc and
glucose anomers, which can be present as impurities in the bulk
cellulose used for the H;PO, dissolution.

3P NMR spectra of either concentrated phosphoric acid
(Figure 2A) or cellulose in H3;PO, (Figure 2B) revealed a very
intense signal at around 0 ppm assigned to the phosphorus in
the bulk orthophosphoric acid. The other signals at 11, 6, and
—12 ppm were imputable to free monohydrogen and dihydrogen
orthophosphates (11 and 6 ppm, respectively) and to polyphos-
phate chains (—12 ppm).

After cellulose dissolution, a new signal at —2 ppm appeared
in the spectrum of Figure 2B. This resonance was attributed to a
3P nucleus in the orthophosphoric acid directly interacting with
the cellulose biopolymer. In fact, it is reported that formation of
C—0—P bonds may result in a shielding of the *'P nucleus with a
consequent upfield peak shift (38).

The presence of C—O—P interactions, as evidenced from the
spectrum in Figure 2B, suggests that phosphoric acid penetrates
into the three-dimensional network of crystalline cellulose by
breaking the H-bonds of the polysaccharide. As a consequence, a
swelling of the biopolymeric chains is achieved, thereby causing
solubilization of the crystalline cellulose.

Figure 3A reports the NMRD profile of concentrated H;PO,.
The longitudinal relaxation rate values (R;) used to obtain the
profile were achieved by interpolating the 'H magnetization
decays ('H signal intensity vs 7) with the monoexponential eq 1.
In fact, this equation provided the best fitting with the highest
coefficients of correlation (R*> > 0.998) (see Figure SI in the
Supporting Information).
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Figure 1. "3C NMR spectrum of cellulose in phosphoric acid.
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Figure 2. 3'P NMR spectra of concentrated phosphoric acid (A) and
HsPO,4—cellulose solution (B).

The NMRD profiles are usually used to retrieve correlation
times (7.), which, in turn, measure the time needed for molecular
reorientation in solution (39). 7. values are correlated, to a good
approximation, either with the molecular weight of polymers or
with the aggregate sizes of supramolecular assemblies. As a
matter of fact, the shorter the 7. values, the smaller are the
molecular weights or the sizes of the molecular systems. For this
reason, because most of the solvents used in chemical experiments
have relatively low molecular weights, it is expected that they
provide short correlation times (40). In addition, the inverse value
of the correlation time (z. ') is also a linear combination of
different rates, each representing a time-dependent (TD) pro-
cess (34, 38). The TD processes affecting 7. ' are the electronic
relaxation rates, due to the presence of unpaired electrons, the
chemical exchange rates, due to solvent—solvent and solute—
solvent interactions, and the appropriate rotational rates. All of
these factors are also important for the concentrated H;PO,. For
this reason, after fitting the NMRD profile in Figure 3A with the
monotonic Lorentzian function reported in eq 3 and accounting
for the paramagnetic impurities, 7., for the pure phosphoric acid
was 1.08 x 107" s, typical for inorganic solvents (39, 40).

In contrast with the 'H signal intensity versus 7 curves obtained
for the concentrated H;PO,, the H;PO,—cellulose solution

- 200

A ~n 4 C i
m_ -y e =
[ R N C ol

100

Relaxation rate R, (s7). curves A and B
Relaxation rate R, (s), curve C

—T
1000

Proton Larmor frequency (kHz)

Figure 3. NMRD profiles of concentrated HsPO, (A), bulk phosphoric acid
(B), and bound H3PO, (C) in H3PO,—cellulose solution. The solid lines
are the best fittings obtained by applying Lorentzian function.

revealed decays that were well fitted (R > 0.998) by the
biexponential eq 2 (see Figure S2 in the Supporting Information).

The biexponentiality of the H;PO4—cellulose decays was
explained by the presence of two different H3PO,4 relaxing
components. In particular, according to the results from the
high-field NMR spectra, the component that revealed the slowest
relaxation rates in the whole 'H wy_interval chosen for the present
study was due to the bulk H;PO, (Figure 3B). Conversely,
phosphoric acid bound to cellulose yielded the fastest long-
itudinal relaxations (Figure 3C).

The differentiation between the two forms of phosphoric acid
was explained by the intensity of the "H—"H dipolar interactions.
Bulk solvents are not only more mobile than bound ones, but
their chemical exchange rates are also more effective. For this
reason, the dipolar interactions are weaker in bulk rather than in
bound phosphoric acid, thereby enabling slower relaxation
mechanisms.

The necessity to assign the two relaxing components to the
protons of phosphoric acid in different spatial positions was due
to the inability of FFC-NMR spectroscopy to reveal the presence
of minor components such as the protons of cellulose. This figure
was confirmed by the monodimensional high-field '"H NMR
spectrum (Figure 4), which showed that the most abundant 'H
NMR signal belonged to the phosphoric acid. Signals of cellulose
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Figure 4. "H NMR spectrum of the HsPO,—cellulose solution. The signal
intensity of the H nuclei in phosphoric acid is 200 times greater than that of
cellulose signals evidenced in the square.

were visible only after a x200 magnification of the 'H NMR
spectrum baseline (Figure 4).

Figure 3 also shows that all of the longitudinal relaxation rates
of the bulk and bound components in H;PO4—cellulose solution
(Figures 3B,C) were larger than the R; values measured for
the concentrated H3PO, (Figure 3A). Namely, the R, values of
the bulk H3PO4 were around 1.7 times larger than those of the
pure solvent (compare curves A and B of Figure 3), whereas the
longitudinal relaxation rate values appeared to be even larger
(from 15 to 100 times more) when the phosphoric acid was bound
to the dissolved cellulose (compare curves A and C of Figure 3).

Kimmich and Anoardo (33), Lauffer (34), and Bakhmutov (40)
reported that enhancement of relaxation rates can be achieved
when interactions between resonating nuclei and unpaired elec-
trons are present in the system. In fact, constant 4 in eq 3
contains, among others, the electron—nuclear hyperfine coupling
constant (see Materials and Methods). The larger this constant,
the faster is the longitudinal relaxation rate because of the effect
of the coupling between the observed nuclei and the valence-shell
electrons. In the present study, it was found that Apound H,po, >
Apu 1,20, > Apure H,p0,» thereby supporting the hypothesis that
a larger electronic contribution to the nuclear relaxation arises in
H3PO, in the order bound > bulk > pure phosphoric acid.

Paramagnetism in H3PO,—cellulose solution could be gener-
ated by the homolytic dissociation of covalent bonds in the rings
of the monomer units of cellulose as a consequence of the strong
acidic conditions of the solution (pH <0). According to this
working hypothesis, which still needs to be further verified, the
protons of the bound H;PO, may experience a stronger effect due
to their closest proximity to the paramagnetic centers. Conver-
sely, the bulk phosphoric acid was less affected by the unpaired
electrons because of its longer distance from cellulose. However,
as stated above, further data must be collected to confirm the
paramagnetism of H3POy, solutions and the possible effect of
negative pH values on the reactivity of dissolved cellulose.

The bound and bulk natures of phosphoric acid in the
H3PO,—cellulose solution were further confirmed by the shapes
of the two NMRD profiles (Figures 3B,C) and by 7. evaluations.
In particular, it is reported (40 —42) that dispersive-less Rf NMRD
profiles of liquid samples (i.e., no or little changes of R; values
with 'H w ) are associated to non-interacting molecular systems.
Conversely, R dispersive profiles (i.e., large changes of R; values
with the proton Larmor frequency) are observed when a molecule
interacts with other molecular systems in liquids. In this paper,
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just a little Ry change was observed in the NMRD profile of the
relaxing component associated with the bulk H;PO, (Figure 3B),
whereas a R, variation from a maximum of around 400 s~ down
to 50 s was observed in the NMRD profile of the component
associated with the cellulose-bound phosphoric acid (Figure 3C).

Calculation of 7. values revealed that the correlation time of the
bulk phosphoric acid (1.03 x 10~'%s) was very similar to that of
the pure concentrated HsPO, (1.08 x 1077 s), thereby showing
that the rotational motions of both systems were similar. On the
other hand, the correlation time of the bound phosphoric acid in
H;PO,—cellulose solution was 3 times larger (3.25 x 10~ '°s) than
that of the bulk component. Because 7. is a measure of the time
needed for molecular reorientation in solution, it can be con-
cluded that the rate of the rotational motions of the bound
phosphoric acid is shortened by the interactions with cellulose.

On the basis of the high- and low-field NMR analyses, a
possible dissolution mechanism in concentrated phosphoric acid
can be, finally, suggested. Namely, an alteration of the three-
dimensional structure of the liquid phosphoric acid in concomi-
tance with the disruption of the microfibrillar structure of
cellulose is achieved as a consequence of a solute—solvent reac-
tion. This reaction involves formation of C—O—P bridges be-
tween H3PO, and cellulose. Therefore, a swelling-like process
with a separation of the cellulosic fibrils is obtained. Concomi-
tantly, it is probable that very acidic pH values may favor
homolytic resolution of some covalent bonds with a possible
increase of the solution paramagnetic properties.

This paper reveals that the combination of high- and low-field
NMR spectroscopy can be a powerful tool to retrieve information
on reaction mechanisms that are particularly useful for process
optimization in biofuel production.
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