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ABSTRACT: Cellulose nanomaterials, namely cellulose nano-
crystals (CNCs) and cellulose nanofibrils (CNFs), present a class
of multipurpose, renewable, biodegradable, and nontoxic materials,
paving the way into the future of biobased materials. The
abundance of hydroxyl groups on the surface allows modification
of the materials properties according to application; however, to
fully exploit their potential, better compatibility on the molecular
level with the hydrophobic matrixes has to be explored beyond lab
scale. One of the main missing pieces in functionalization of
nanomaterials is a lack of studies focusing on mechanisms and
kinetics, which are prerequisite for further optimization of
conditions leading to optimal process in terms of both sustainable
processing and optimal performance. In this study, the “by design”
based approach to tailor biomaterial properties has been simulated
multiscale-wise, thus providing a greatly needed input for commercialization. The microkinetic parameters of the elementary
reaction steps for acetylation of two distinct types of cellulose nanomaterials were determined and refined by regression analysis. Ab
initio part utilizes the density functional theory (DFT) for cellotriose as a model, which suggested that products were obtained
through a mechanism consisting of active intermediate formation/subsequent competing one- or two-step (through binding/
decomposition of complex) reactions. Quantum chemical simulations were used to pinpoint the most probable sequence through
calculated activation barriers that served as a foundation for the development of a thorough regression analysis on experimental data
sets. The yield of reaction, through formed acetyl groups was determined through Fourier transform infrared spectroscopy, leading
to acquisition of critical elementary characteristics.
KEYWORDS: cellulose, esterification, hydrophobicity, chemical reaction mechanism, density functional theory,
multiscale microkinetic modeling

■ INTRODUCTION
Produced by plants through the process of photosynthesis,
cellulose takes the place as the most abundant polymer in
nature, and is as such readily available worldwide to be used in
various applications. Besides economic feasibility, its further
advantages are biodegradability, nontoxicity, biocompatibility,
and the possibility to extract particles of nanoscale.1 Cellulose
nanocrystals (CNCs) are, as defined by The American Paper &
Pulp Association (TAPPI WI 3021), nanoparticles with pure
crystalline structure measuring up to 3−10 nm in width and
with an aspect ratio larger than 5, however usually less than
50.2 2,2,6,6-Tetramethylpiperidine-1-oxyl radical(TEMPO)-
mediated oxidation of cellulose biomass coupled with
mechanical treatment yields cellulose nanofibrils (CNFs),
which are in the form of long fibrilous networks with a
diameter of individual fibril up to 100 nm and length up to a
few micrometers.3 The backbone of cellulose nanomaterials
consists of anhydroglucose units (AGUs) alternately rotated

around their axis for 180° and linked by β-glycosidic bonds
which are, along with hydrogen bonds, the reason behind
cellulose’s rigidity, stiffness, high mechanical strength, and
crystalline character.4 There are two proposed models defining
the distribution of ordered (crystalline) and disordered
(amorphous) regions in cellulose: (a) it can be described as
an alternation of the crystalline and amorphous domains along
the biopolymer fiber, where the amorphous domains are placed
between the crystalline regions as a result of internal strain
causing the fiber to tilt and twist,5 or (b) such defects are not
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fully amorphous; however, at the twists and sharp bends of the
fiber, its core remains crystalline and the disordered regions are
present only on the surface.6,7

Along with other nanofibers, cellulose nanomaterials are
heavily investigated as a filler for polymers or biopolymers,
especially by researchers in the wood and paper industry as
well as groups dealing with biomaterials.8 Potential applica-
tions of cellulose/polymer nanocomposite are rising due to its
truly sustainable character and abundance, and it has achieved
a status of a “new” class of materials for use in various fields
including thermosets used for packaging, automobile,
electronics, textile, construction, medical devices, and many
more. In terms of processing cellulose nanocomposites, almost
half of the published research reports the use of solvent casting
method, which is not easily industrially scalable.9 In a
conventional industrial setting, fibers and thermoplastics are
melt mixed to generate compounds, followed by profile
extrusion, compression molding, or injection molding
processes to yield composite products at high production
rates. There are several processing challenges and sustainability
issues involved in applying cellulose nanomaterials into
conventional and biobased thermoplastic processing systems.10

The latter is related to the greener chemistry of cellulose
functionalization and diminishing the environmental footprint
of the chemicals but also to improving the economic
feasibility.11 To overcome the dispersion of cellulose nanoma-
terials in thermoplastic (bio)polymers solution, both a
nanocellulose treatment chemically or physical surface treat-
ments have been demonstrated as an efficient option, thus
potentially boosting the industrial applications.12 Hydroxyl
groups on the surface allow a vast range of surface
modifications13 that can overcome the weakness posed by
hydrogen bonding causing limited compatibility with polymer
matrices,14 but it has to be taken into account that among the
three hydroxyl groups on the surface of a monomeric unit, not
all of them are equally reactive and susceptible to
functionalization. The hydroxyl group on the C6 position
(using conventional numbering with C1 being the anomeric
carbon) is much more reactive than C2- or C3-bound hydroxyl
groups. Additionally, modification of only the C6-bound group
does not interfere with the mechanical strength of cellulose
fibers, leading to recent efforts of regioselective acetylation.15,16

An overview of hydrophobization methods on cellulose
nanomaterials shows esterification is the favored way of
minimizing the hydrophilic effect,15,17 with acetylation being
one of the most widely used cellulose modifications that has
also been commercially utilized in a number of applications
and can be translated to the nanoscale, as well. Commercial
cellulose acetylation is carried out with sulfuric acid as a
catalyst, but the process is environmentally problematic and
presents a health hazard, prompting research in better
substitutes. Alternatively, acetylation of CNCs using acetic
anhydride in various media, such as citric acid and pyridine,
has been described by several authors.17,18 Acetylation of
cellulose nanomaterials was shown to improve dispersibility in
common solvents as well as polymer matrices. In practical
applications, the result of modification was an increase in
mechanical strength of PLA-based polymers with integrated
acetylated cellulose nanomaterials, due to better compatibility
as a result of surface hydrophobicity.18,19 Furthermore,
acetylated CNCs were demonstrated to improve the toughness
of a vitrimer upon their incorporation.20 Due to their fibrilous
structure, acetylated CNFs were successfully (as opposed to

pristine CNFs) utilized as Pickering emulsion stabilizers.21

Despite their huge potential, cellulose nanomaterials are not
utilized on the industrial scale yet, due to several limitations
that are well described by Wang et al.12 The industrialization of
these materials depends on solving problems regarding both
processing techniques and surface modification.
While a number of studies inspected possible routes to

esterification of cellulose nanomaterials and their practical
applications, only a limited number of them focused on the
reaction mechanisms and kinetics.22 Several authors have
investigated the kinetic of wood acetylation with acetic
anhydride, assuming either a one-step (direct acetylation of
hydroxyl groups) or a two-step mechanism (including
dissolution of sulfated chains), with reaction kinetics following
a pseudo-first-order expression.23−26 To be able to evaluate the
economic feasibility and sustainability of acetylated nanoma-
terials and promote their wider use in commercial applications,
this precise knowledge is needed as demonstrated by
Kanematsu et al.27

With this in mind, the present study revisits the investigation
of pyridine-mediated acetylation with acetic anhydride
mechanisms and kinetics on two types of cellulose nanoma-
terials (CNCs and CNFs). A revised mechanism of cellulose
nanomaterials acetylation consisting of several routes is
hypothesized. Ab initio calculations should provide an insight
into the atomistic mechanism through the determination of
activation barriers. The subsequent microkinetic modeling,
supported by experiments under various conditions (temper-
atures in the range from 60 to 90 °C and varying reactant
ratios), can confirm the preliminary hypothesis. Additionally,
in the frame of experimental investigation, the chemical and
morphological characterization of the cellulose derivatives was
carried out using ATR-FTIR, phosphorus-31 NMR, solid-state
NMR, XRD, and SEM. The final hypothesis aims to confirm
that the developed microkinetic model can describe the
acetylation reaction for CNCs as well as CNFs.

■ EXPERIMENTAL SECTION
Materials. CNFs (Valida S, 3% wt. suspension) was supplied by

Sappi (Maastricht, Netherlands), and CNCs were purchased from
Navitas (Stari trg pri Lozǔ, Slovenia). For acetylation of cellulose
nanomaterials, the following chemicals were used: toluene (Honey-
well), pyridine (Merck), acetic anhydride and acetone (Sigma-
Aldrich). For NMR analyses, deuterated chloroform, chromium(III)
acetylacetonate (relaxation agent), and 2-chloro-4,4,5,5- tetramethyl-
1,2,3-dioxophospholane (TMDP) were all purchased from Sigma-
Aldrich, while the internal standard N-hydroxy-5-norbornene-2,3-
dicarboxylic acid imide (NHND, > 99%) was purchased from Tokyo
Chemical Industry.

Methods. Characterization Pristine and Modified Cellulose
Nanomaterials. To ascertain the morphology, approximately 100 mg
of cellulose nanomaterial dispersion in water (approximately 3 wt %)
was diluted in 5 mL of acetone. A few drops of cellulose
nanomaterial−acetone solution were added onto the surface of a
heated sample holder, which was previously smoothed with sand
paper, to quickly evaporate the solvent. The sample was then
inspected as is with scanning electron microscope SUPRA 35VP (Carl
Zeiss, Jena, Germany) at near-vacuum conditions. For TEM analysis,
10 mg of cellulose nanomaterial was dispersed in 20 mL of acetone
and analyzed using JEOL ARM 200F electron microscope (JEOL,
Akishima, Japan). The size of the nanoparticles was determined from
the TEM micrograph from at least 25 points with ImageJ software,
and the average is reported.
The amount of accessible hydroxyl groups on the surface of pristine

nanocellulose was assessed by measuring 31P with Bruker Avance Neo
600 MHz NMR spectrometer (Bruker, Germany). TMDP was
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reacted with freeze-dried and vacuumed CNCs and CNFs for 30 min
in the presence of the internal standard (NHND), following the
protocol proposed by Brand et al.28 The amount of accessible groups
was calculated from the peak integrals of the unreacted TMDP,
internal standard NHND, and water. The amount of surface hydroxyl
groups was also calculated theoretically through the crystallite size.

13C cross-polarization/magic-angle spinning (13C CP/MAS) solid
state NMR spectra were recorded on Bruker Avance Neo 400 MHz
NMR spectrometer (Bruker, Germany) equipped with a 4 mm HX
MAS probe. The analysis was done at a spinning rate of 15 kHz.
To evaluate the crystallinity, the freeze-dried samples of CNCs

were analyzed directly, while CNFs had to be flattened by pressure
once dry as described by Peng et al.29 to be suitable for analysis.
Before the analysis they were fixed on modeling clay. The XRD
spectra were recorded with the PANanalytical X’Pert PRO (Malvern
Panalytical, UK) high-resolution diffractometer using Cu Kα radiation
(1.5406 Å) in a 2θ range from 5° to 59° (100 s per step 0.034°). The
crystallinity index CrI was calculated by the Segal method:30

I I
I

CrI 100200 am

200
=

(1)

where I200 is the maximum intensity of the diffraction from the
crystalline (200) plane at 2θ = 22.8° and Iam is the minimum intensity
of the amorphous region measured at 2θ = 18°. Crystallite size (CA)
was calculated based on the obtained XRD spectra following eq 2.

C K
cos 2A =

(2)

where K is 1 (the Scherrer constant for needle-like crystallites) and λ
is the used wavelength (0.15406 nm). β is the width of half-maximum
of the diffraction peak angle of the (002) crystal plane. β is expressed
in radians, while 2θ is in degrees.31 The amount of surface chains (R)
proportional to total amount of chains was calculated using lattice
plane d-spacings of the cellulose I monoclinic unit cell.28

The freeze-dried samples were measured with FT-IR Spectrum
Two (PerkinElmer, Waltham, USA) instrument in a range of
wavelengths of 4000−400 cm−1 with 64 scans with increments
(resolution) of 4 cm−1. The spectra were adjusted to the same
baseline and normalized to the C−O peak at 1056 cm−1 that is a
characteristic peak for a cellulose backbone and is not altered by the
reaction. The acetyl content is calculated through the IC=O and IC−O
ratio as stated in the literature.32 The accuracy of the method was
assessed through titration (Supporting Information).
Acetylation of Cellulose Nanomaterials. CNCs and CNFs were

acetylated according to a modified protocol by Lin et al.18 The
detailed description of the procedure can be found in the Supporting
Information. The reaction conditions are summarized in Table 1, with
additionally tested parameters in Table S1.
Quantum Chemical Simulations. DFT calculations served to

study the reaction mechanism. Electronic structures were calculated
with NWChem 6.8.33 Within the linear combination of atomic
orbitals method, we used a hybrid functional (M06-2X)34 with
Pople’s basis set 6-31+G(d) for optimization and TS search35−38 and
6-311++G(d,p) for single-point energy calculations, which is known
to reproduce the main group thermochemistry sufficiently well.39

Solvation was modeled implicitly with the solvation model based on
density (SMD)40 with the default values for pyridine (dielectric
constant: 12.978). Benchmark calculations were also done using
toluene (dielectric constant: 2.4) to evaluate the effect of adding
toluene, which was necessary for CNFs.
Structural optimization was performed until the forces dropped

below 1.5 × 10−5 hartree/bohr. The structures were characterized
with vibrational analysis to differentiate between stable and saddle
points. The transition states were identified using the climbing image
nudged elastic band method41 and confirmed by IRC.

Modeling. The Quantum Model. Cellulose is a prohibitively large
system to be described by contemporary quantum chemistry methods.
Ponnuchamy et al.42 have already shown that cellobiose can be used
as a model compound for studying wood modification with acetic

anhydride. Due to the computational power available, we use
cellotriose (an oligomer of three D-glucose units) in the most stable
tg configuration43 as a model, as shown in Figure S1. This structure is
large enough to allow for the cooperation of neighboring monomeric
units (see the mechanism below) and reproduces the steric hindrance
brought about by a chain of monomeric units, yet small enough to be
computationally tractable. Acetic anhydride was modeled as the
acetylating agent.
With large molecules, several local minima exist. To find the

lowest-lying initial structure, several different relative positions were
tested. Upon structural relaxation, each geometry was slightly
perturbed and subjected to first-principles molecular dynamics to
locate any adjacent lower minima. Moreover, after any transition state
was located, a full IRC descent to the reactants was performed and
further optimized. Herein, we present only global minima for the
reactants, intermediates, and products.

The Microkinetic Model. The DFT-obtained reaction parameters
for the reaction mechanism were cast in the microkinetic model,
which assumed the following:

• negligible side reactions
• homogeneously stirred reaction mixture
• a fraction of equally reactive surface hydroxyl groups available
for reaction (determined experimentally)

• batch mode operation of the ideal reactor
• no mass transfer limitations

A system of differential equations (dc/dt) describing the
concentration profiles of each reaction step was solved as described
in the Supporting Information, using the DFT-obtained parameters
for the Arrhenius-like kinetics.

Table 1. Tested Experimental Conditions

Experiment No. T (°C) AGU:Pyridine:Acetic Anhydride (mol)

CNC
1.1 60 1:10:8.56
1.2 60 1:30:8.56
1.3 60 1:50:8.56
1.4 70 1:10:8.56
1.5 70 1:30:8.56
1.6 70 1:50:8.56
1.7 80 1:20:8.56
1.8 80 1:30:8.56
1.9 80 1:40:8.56
1.10 80 1:50:8.56
1.11 90 1:8.6:8.6
1.12 90 1:10:8.56
1.13 90 1:30:6.00
1.14 90 1:30:8.56
1.15 90 1:40:8.56
1.16 90 1:50:8.56

CNF
2.1 60 1:10:8.56
2.2 60 1:30:8.56
2.3 70 1:30:8.56
2.4 70 1:40:8.56
2.5 80 1:10:8.56
2.6 80 1:30:4.82
2.7 80 1:30:8.56
2.8 80 1:40:8.56
2.9 80 1:50:8.56
2.10 90 1:10:8.56
2.11 90 1:30:8.56
2.12 90 1:40:8.56

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c04686
ACS Sustainable Chem. Eng. 2022, 10, 15480−15489

15482

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION

Characterization Cellulose Nanomaterials. The mor-
phological differences between the two tested materials were
visible under SEM and TEM. The CNCs are in the form of

rod-shaped particles that tend to aggregate, as visible in Figure
1a, with an average length of 294 ± 84 nm and width 11 nm
±5 nm (Figure 1b), which is in agreement with the literature.31

On the other hand, CNFs are shaped as a long, fibrilous

Figure 1. SEM and TEM micrographs of CNCs (a and b, respectively), SEM and TEM micrographs of CNFs (c and d, respectively).

Figure 2. FT-IR spectra of unmodified and modified CNCs, with marked regions (I−VII) where change upon acetylation is observed. The peak at
1744 cm−1 is characteristic for acetyl bond and is proportional to acetyl content.
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network with an average diameter of a single fibril being 17 nm
± 6 nm and length of more than 100 μm (Figure 1c,d).
Additional TEM images with lower magnification can be found
in the Supporting Information (Figure S2).
On the surface of cellulose nanomaterials, not all hydroxyl

groups are accessible for reaction because of different
nucleophilicity of the surface hydroxyl groups and aggregation
of cellulose nanomaterials. For acetylation, the hydroxyl group
on C6 is the most reactive, followed by C2 and C3

44,45 (in our
model, we study C6 with cooperating adjacent C2). The
amount of accessible hydroxyl groups was determined
indirectly by integrating the signals obtained by 31P NMR
for unreacted TMDP, internal standard NHND and water
(Figure S3). The results point to higher availability of hydroxyl
groups in CNCs (3.05 ± 0.075 mmolOH gCNCs−1 ) than CNFs
(2.7 ± 0.22 mmolOH gCNFs−1 ), revealing that 16.4% of all
hydroxyl groups in CNCs and 14.7% in CNFs are reactive and
hence potentially available for modification, which is in
agreement with the literature.28 It has to be taken into account
that the limitation of this method regarding CNFs applies as
the material was freeze-dried before analysis, which could
impact the hydrogen bonding and hydroxyl groups accessi-
bility. The theoretically calculated hydroxyl groups on the
surface of CNCs (calculated 17.8% of all hydroxyl groups) was
in agreement with experimentally obtained values, while it was
higher for CNFs (the obtained value was 28.2% of all OH
groups). For the experimentally obtained value to match the
theoretically calculated one, the crystallite size would have to
be 8 nm. However, as previously described by Brand et al.,28

the difference could be attributed to the agglomeration and
entanglement of the fibrils, also visible in Figure 1, causing not
all surface hydroxyl groups to be available for the reaction. The
difference in availability of surface hydroxyl groups between
the two materials can be reasoned according to differences in
the morphology as CNFs are more entangled.46

To evaluate the structural changes upon functionalization,
the treated samples were inspected with FTIR-ATR. All FTIR
spectra contain the characteristic peak for cellulose, located at
1056 cm−1, which remains unchanged throughout the
modification. The absence of the peak positioned between
1810 and 1785 cm−1 corresponding to C�O stretching in
acetic anhydride47,48 points to successful elimination of
reactant residues. Since there are no major differences between
the materials, in Figure 2 only the time evolution of CNCs
spectra is shown (see Figure S4 for ATR-FTIR spectra of
CNFs).
Functionalization affects seven regions, marked with I−VII.

In region I, a decline in the intensity of a broad peak between
3500 and 3150 cm−1, corresponding to stretching of O−H
bonds in alcohols, is observed, which indicates a substitution of
hydroxyl groups. Similarly, acetylation decreases the peak
around 2900 cm−1 (region II), which corresponds to a C−H
alkane stretching, which was previously noted in the
literature.49 Regions III and VI are associated with the
carbonyl C�O stretching and C−O stretching of the acetyl
group, respectively, all implying an increase in the acetyl
content. Furthermore, in region IV, the nonmodified sample
exhibits two peaks related to H−C−H and O−C−H in-plane
bending (at 1430 cm−1)50 and C−H bending in the methylene
group (1465 cm−1), while in the modified sampled a new
adjacent peak, corresponding to C−H bending in methylene
group arises in-between (at 1450 cm−1). C−H bending
vibrations of the newly formed methyl group are also

responsible for changes in spectra in region V.49 Lastly, the
peak between 940 and 860 cm−1 (region VII) belong to the
alkane C−H bending.
A CP-MAS 13C NMR analysis of pristine and functionalized

CNCs (Figure 3a) and CNFs (Figure 3b) was carried out and

further confirmed successful grafting. All of the obtained
spectra are characteristic for cellulose materials with well-
defined peaks, corresponding to C1, C4, and C6 located at
105.7, 89.19, and 65.3 ppm for CNCs and 107.0, 91.5, and
67.6 ppm for CNFs, respectively, and overlapping signals for
C2, C3, and C5 between 80−70 ppm. For CNFs, the C4
crystalline peak exhibits a lower intensity than for CNCs,
pointing to lower crystallinity of CNFs, which is consistent
with intrinsic properties of the materials. After the acetylation,
new peaks centered at 175 and 23 ppm develop, corresponding
to the C�O and CH3 bonds, respectively, of the acetyl group.
The peaks for C1 in CNCs additionally form a shoulder. No
broadening of the peak for the C4 crystalline plane shows that
the crystallinity does not change during the reaction.
The crystallinity of the samples was further inspected with

XRD, revealing an initial 80% crystallinity in CNCs and a
maximum loss of 4%, and a 77% crystallinity in CNFs with a
maximum loss of 11% (Table S3 and Figures S5 & S6).
Although it is reported in the literature that formation of
allomorphs is possible,51 the peak at 11.5° pointing to their
existence is not present in this study.

Mechanism from First-Principles. Acetylation is gen-
erally described as a nucleophilic attack of the hydroxylic
oxygen atom on the carbonylic carbon. A Lewis base, which
can be pyridine, acetic anion or even water, abstracts the
hydroxylic proton. The ensuing negatively charged intermedi-
ate loses an acetylic group, yielding the acetylated product.
Since it is experimentally well-known that the C6 site is the
most reactive for the nucleophilic attack,44,45 we limit our
theoretical investigations to the mechanism of 6OH
acetylation. Electronic properties calculations (Fukui func-
tions) showed that 2OH and 3OH are indeed less active (see
Supporting Information).
This simplistic depiction is useful in predicting the reactivity

of organic compounds but must be refined using quantum
methods. First, we deal with the uncatalyzed reaction since no
catalyst is present in our experimental setup.
During acetylation, a new C−O bond between the alcohol

and acetyl forms, and a C−O bond in the acetic anhydride
disintegrates. In a one-step mechanism, the rearrangements
happen in a concerted fashion, while in the two-step

Figure 3. Representative CP MAS solid-state 13C NMR spectra of (a)
unmodified and acetylated CNCs (experiment 1.14); (b) unmodified
and acetylated CNFs (experiment 2.7).
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mechanism a new bond form first and then the formed
intermediate quickly decomposes. Both cases are accompanied
by proton migration to any of the three oxygen atoms in the
anhydride (see Figure 6).
We must also consider the involvement of the (sterically)

adjacent hydroxyl groups. When the hydroxylic proton
migrates, it can attach to the anhydride molecule directly or
it can migrate to the neighboring hydroxylic group, whose
proton moves to the anhydride. The latter transition state is
lower in energy because the six- or eight-ring transition state is
more stable than a four-ring transition state (cf. benzene and
cyclobutadiene).52 The 2-OH group from the adjacent
monomeric unit is closest to the 6-OH group of the active
monomeric unit (see Supporting Information). Since the
energy difference between the gg, tg, and gt conformers is less
than 1 kcal mol−1,53 tg can transform to gg, which is sterically
more accessible for the reaction with bulky nucleophiles.
Using pyridine to facilitate acetylation with acetic anhydride

is analogous to the Steglich esterification,54 where 4-
(dimethylamino)pyridine55 or imidazole15 is used for
acetylation of alcohols. We show the postulated mechanism
in Figure 6. First (step 0), the acetylpyridinium (AcPy) ion as
an active intermediate is formed in a reaction between the
acetic anhydride (AAn) and pyridine (Py).56 We calculate the
activation barrier for this reaction at 34 kJ mol−1 acetate (AA)
forming in the process.
The active intermediate (AcPy) then reacts with an

accessible cellulose hydroxyl group. If its proton is transferred
to the pyridinium nitrogen, the acetylation proceeds in one
step (step 1) and yields acetylcellulose (AC) and a pyridinium
ion (PyH). The proton is not directly transferred to the
nitrogen atom, which would entail a barrier of >100 kJ mol−1
(not shown). Instead, the hydroxyl group from the adjacent
monomeric unit chaperons the reaction, as depicted in Figure
4 in an exothermic reaction (ΔE = −78 kJ mol−1) with an
activation barrier of 56 kJ mol−1.

This is expected since a direct proton transfer would occur
in a four-member ring transition state, which is sterically
strained. When an adjacent OH group participates, the
transition state assumes a single-member ring structure,
which is energetically more favorable. A similar effect was
observed by Lawal et al.52

Alternatively, the hydroxylic proton atom can first bind to
the carbonylic oxygen atom of the acetylpyridinium. This
reaction step has a lower barrier (31 kJ mol−1), producing an
intermediate (IntPy) (step 2), which decomposes into
acetylcellulose (AC) and a pyridinium ion (PyH) (step 3)
after overcoming a barrier of 88 kJ mol−1. Both proton
transfers are mediated by a hydroxyl group from the adjacent
monomeric unit (Figure 4).
Since Py and PyH quickly interconvert with acetic acid

AAH/AA in a acid−base proton exchange, they are not
differentiated in the model.
The activation barrier of the first step in the two-step

mechanism is lower than that of the one-step mechanism,
which is not true for the second step. Hence, both mechanisms
must be accounted for in a microkinetic model. The calculated
thermodynamic and kinetic parameters are summarized in
Table 2 and used in the microkinetic model.

The reported values are from simulations using pyridine as
the solvent in the SMD model. Additionally, the most probable
reaction pathway was modeled using toluene as the solvent to
ascertain if there is a noticeable difference in a pyridine/
toluene mixture, which was used for CNFs. The toluene-
calculated values were negligibly different (≤5%), which is
expected because both solvents are rather apolar. This
difference is smaller than the subsequent refinement of the
DFT values in the regression analysis of the kinetic model and
can thus be ignored.

Kinetics and Modeling. The acetyl content in the
cellulose nanomaterials, from the ATR-FTIR spectra, was
evaluated for varying reaction time and temperature, and
reactants ratio. To eliminate the effect of transport on the
acetylation, three mixing rates and different durations of CNCs
pretreatment were tested. The obtained results are presented
and discussed in Figures S7−S9.
CNCs generally allowed for a higher degree of acetylation

under the same conditions compared to CNFs, as seen in
Figure 5, which is consistent with a higher availability of
hydroxyl groups for the reaction on the surface; however,
dilution due to the presence of a solvent (toluene) in CNFs
acetylation has to be taken into account. The grafting efficiency
increases with the reaction temperature in CNCs modification,
and the highest acetyl content was obtained at 90 °C (94% of
the hydroxyl groups accessible for reaction, experiment 1.12).
To the contrary, 70 °C was shown to be optimal for the
acetylation of CNFs, reaching 72% of accessible hydroxyl

Figure 4. (top) Potential energy surface for acetylpyridinium-
mediated acetylation of cellulose, and (bottom) intermediate and
transition states with energies and Gibbs free energies (in
parentheses) written. Note that the values are relative to C + AcPy.

Table 2. Kinetic Parameters of the Elementary Reaction
Steps as Labeled in Figure 6 as Determined by DFT and
Refined by Regression Analysis of the Microkinetic Model

DFT Regression analysis

Reaction step ΔE(kJ mol−1) Ea(kJ mol−1) Ea(kJ mol−1) A (s−1)

0 +32 34 33.5 1.56 × 1007

1 −78 56 50.4 1.55 × 1004

2 −28 31 34.1 6.06 × 1001

3 −50 88 79.2 6.28 × 1006

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c04686
ACS Sustainable Chem. Eng. 2022, 10, 15480−15489

15485

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04686/suppl_file/sc2c04686_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04686?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04686?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04686?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04686?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


groups (experiment 2.3), while the acetyl content began to
decrease with higher temperature (2.5−2.12), which could be
attributed to the temperature approaching the boiling point of
the solvent toluene (110.6 °C). As the role of toluene is to
prevent aggregation of fibers, its shift to gaseous phase might
cause lower availability of hydroxyl groups on the surface.
Further testing of different reactant ratios (between concen-
trations of acetic anhydride and pyridine relative to cellulose
nanomaterial) revealed the negative influence of higher
pyridine concentration for the acetylation of CNCs, due to
the dilution of the reaction media and consequent shift of the
dependency of the reaction rate onto the reactant transfer to
the surface of cellulose nanomaterials (experiments 1.5, 1.6,

1.8, 1.9, 1.14, 1.15, 1.16). On the other hand, an increase in the
relative concentration of acetic anhydride improves esterifica-
tion (1.13, 1.14, 2.6, 2.7).
Using microkinetic modeling with DFT input, reaction

kinetic constants and activation energies for the individual
functionalization steps on the cellulose nanomaterials surface
were obtained. The microkinetic model was constructed as a
system of differential equations (see Supporting Information),
describing the reactions from the mechanism, shown in Figure
6.
The reaction rate is the highest in the first 60 min and then

plateaus, regardless of the cellulose nanomaterial or the
conditions used (Figure 7). An increase in the amount of
pyridine added to the reaction mixture adversely affects the
initial reaction rate for CNCs surface modification, indicating
that the kinetics is controlled by the acetic anhydride
concentration. However, this effect is not as noticeable during
CNFs functionalization. At longer reaction times, a slight
decrease in the acetyl content in CNFs was observed in
experiments with AGU:pyridine ratio 1:30 (experiments 2.1,
2.6, and 2.11), indicating that the overall reaction might be
reversible in the presence of the solvent, which has been
proposed by Chunilall et al.57

While DFT-derived data were used as an initial guess for the
microkinetic model, the inherent approximations in the model
mean that they should be further refined for a problem at hand.
Using regression analysis, as described in a previous section, we
obtained the optimized values which are listed in Table 2.
Additionally, the temperature-independent pre-exponential
factors (Ai) were back-calculated from the determined
(temperature-dependent) reaction rates and (temperature-
independent) activation barriers. The values for a single-step
reaction reported in the literature are slightly lower (41.6 and
39 kJ mol−1); however, the acetylation was carried out on
wood blocks.24,58

Figure 5. Proportion of acetylated groups relative to accessible
hydroxyl groups on the surface, as determined in this study. The
experiment numbers refer to Table 1. For clarity, bars are color-
coded: red (60 °C), blue (70 °C), green (80 °C), violet (90 °C).

Figure 6.Mechanism of pyridine-mediated acetylation with acetic anhydride with labeled relevant reaction steps (0−3) and fast interconversion of
PyH and Py that is not differentiated in the model.
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■ CONCLUSIONS
In this work, the hypothesis of a revised mechanism for
acetylation of two cellulose nanomaterials (CNCs and CNFs)
with acetic anhydride in the presence of pyridine was
confirmed. Computation suggested that the reactions proceeds
via two competitive mechanisms. The active species
(acetylpyridinium ion) must first form, which then reacts
with accessible cellulose hydroxyl groups. The calculated
kinetic parameters (activation barriers) served as a skeleton for
the developed microkinetic model, which described the
experimental results and, through regression analysis, honed
in on the true kinetic parameters.
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