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Bacterial  cellulose  (BC) nanoribbons  were  partially  acetylated  by a simple  direct  solvent-free  route  cat-
alyzed by  citric  acid.  The  assay  of  reaction  conditions  within  chosen  intervals  (i.e.  esterification  time
(0.5–7  h),  catalyst  content  (0.08–1.01  mmol/mmol  AGU),  and  temperature  (90–140 ◦C)),  illustrated  the
flexibility  of  the  methodology  proposed,  with  reaction  variables  which  can  be  conveniently  manipulated
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to  acetylate  BC  to the required  degree  of substitution  (DS)  within  the 0.20–0.73  interval.  Within  this  DS
interval,  characterization  results  indicated  a surface-only  process  in  which  acetylated  bacterial  cellulose
with tunable  DS,  preserved  fibrous  structure  and  increased  hydrophobicity  could  be  easily  obtained.  The
feasibility  of  reusing  the  catalyst/excess  acylant  in  view  of  potential  scale-up  was  also  illustrated.
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eaction conditions

. Introduction

Cellulose fibers are known to display a hierarchical organi-
ation consisting of micrometric-in-length microfibrils composed
f amorphous and crystalline domains, with diameter in the
2–20 nm range. Individualization of cellulose microfibrils from
lant sources requires intensive mechanical treatment, in many
ases aided by chemical or enzymatic pretreatments of the ligno-
ellulosic raw materials. Besides, concentrated solutions of strong
cids are commonly used to yield the so-called cellulose nanocrys-
als by selective removal of amorphous domains.

On the other hand, bacterial cellulose (BC) is a quite green alter-
ative for the isolation of pure lignin/hemicellulose-free-cellulose

anoribbons with low energy demand, and no need of harsh chem-

cals other than diluted aqueous alkali solutions used to remove
acterial cells. Besides chemical purity, bacterial cellulose is also

∗ Corresponding author at: Grupo de Biotecnología y Biosíntesis, Instituto de
ecnología en Polímeros y Nanotecnología (ITPN-UBA-CONICET), Facultad de Inge-
iería, Universidad de Buenos Aires, Las Heras 2214 (CP 1127AAR), Buenos Aires,
rgentina.

E-mail address: mforesti@fi.uba.ar (M.L. Foresti).

ttp://dx.doi.org/10.1016/j.carbpol.2016.08.009
144-8617/© 2016 Elsevier Ltd. All rights reserved.
distinguished by its high polymerization degree, high crystallinity,
high mechanical strength, and well-separated nano- and microfib-
rils which create an extensive surface area, and confer BC a high
liquid loading capacity.

The mentioned characteristics make BC a remarkably versatile
biomaterial with applications in paper products, electronics, acous-
tic membranes, reinforcement of composite materials, membrane
filters, hydraulic fracturing fluids, edible food packaging films,
and −due to its unique nanostructure and properties-, in numer-
ous medical and tissue-engineered applications (tissue-engineered
constructs, wound healing devices, etc) (Foresti, Cerrutti & Vazquez,
2015). In the widely studied use of BC as nanofiller/reinforcement,
however, the OH-rich structure and high hydrophilicity of BC pro-
motes aggregation and hampers its use in most common plastic
composites. Chemical modification of cellulose aimed at reducing
the number of hydroxyl interactions and increasing its compatibil-
ity with several matrices is therefore of great interest. Particularly,
the possibility of conferring a hydrophobic character only to the
surface of cellulose microfibrils, while keeping the integrity of their

crystalline core unchanged, is a challenge that in the last years has
triggered much research (Missoum, Belgacem, & Bras, 2013).

To achieve this aim, in the last decade a number of proto-
cols devoted to the esterification (reaction in which hydroxyl

dx.doi.org/10.1016/j.carbpol.2016.08.009
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.08.009&domain=pdf
mailto:mforesti@fi.uba.ar
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roups are replaced by less hydrophilic ester groups) of never-
ried BC pellicles, homogenized BC suspensions, and freeze-dried
C suspensions and pellicles, have been proposed. Among them,
ethodologies catalyzed by perchloric acid (Gonç alves et al., 2015,

016; Ifuku et al., 2007; Kim, Nishiyama, & Kuga, 2002; Yamamoto,
orii, & Hirai, 2006), sulphuric acid (Cunha, Zhou, Larsson, &
erglund 2014; Tomé et al., 2011a, 2011b), p-toluenesulfonyl
hloride (Blaker, Lee, Walters, Drouet, & Bismarck, 2014; Lee &
ismarck, 2012; Lee, Blaker, & Bismarck, 2009; Lee et al., 2011),

odine (Hu, Chen, Xu, & Wang, 2011), pyridine (Agustin, Nakatsubo,
 Yano, 2016; Tomé et al., 2010); and �-hydroxy acids such as tar-

aric, lactic and citric acid (Ávila Ramírez, Gómez Hoyos, Arroyo,
errutti, & Foresti, 2016; Ávila Ramírez, Juan Suriano, Cerrutti, &
oresti, 2014) have been reported. Esterification of BC in palmi-
oyl chloride vapor (Berlioz, Molina-Boisseau, Nishiyama, & Heux,
009) and in DMAc/LiCl (De Marco Lima, Sierakowski, Faria-Tischer,

 Tischer, 2011) has also been proposed.
In reference to the esterification of BC catalyzed by �-hydroxy

cids of natural origin, our previous contributions explored the
sterification of BC suspensions with acetic and propionic acid cat-
lyzed by l-tartaric acid, as well as the acetylation of BC with acetic
nhydride catalyzed by l-tartaric, lactic and citric acids. The acy-
ant was always added in great excess to provide sufficient liquid

edium to disperse BC (no extra solvent was incorporated), and the
xtent of esterification was tuned by adjusting the esterification
nterval. From the results obtained in the mentioned contribu-
ions, it came clear that the �-hydroxy acid with highest activity
owards BC acetylation was citric acid. The higher reactivity of
cetic anhydride when compared with the corresponding acid was
lso evidenced (Ávila Ramírez et al., 2014, 2016). So, in the current
ontribution, the esterification of BC with acetic anhydride using
itric acid as catalyst is further explored, but the focus of research
s now shifted to the effect of reaction conditions (not only time
ut also temperature and catalyst content) on the DS conferred
o BC. Given the novelty and potentiality of the route, the aim of
his study is to gain knowledge on significant variables that would
llow tailoring the acetylation degree conferred to BC. The possi-
ility of reusing the catalyst/excess acylant is also of interest for
he potential scale up of the route. Characterization in terms of
hemical structure, morphology, crystallinity, thermal decomposi-
ion and wettability of acetylated BC samples as a function of DS is
lso provided.

. Experimental

.1. Materials

BC production was carried out in static culture using the bacte-
ial strain Gluconacetobacter xylinus, NRRL B-42. BC culture medium
as formulated using anhydrous dextrose (Biopack), meat peptone

Britania, Laboratorios Britania S.A.), yeast extract (Britania, Lab-
ratorios Britania S.A.), disodium phosphate (Anedra), citric acid
Merck), glycerol (Sintorgan) and corn steep liquor (Ingredion).
cetic anhydride (Merck), citric acid (Merck), hydrochloric acid

Anedra) and sodium hydroxide (Biopack) were all reagent grade
hemicals.

.2. Production of BC

Inocula of Gluconacetobacter xylinus NRRL B-42 were cultured
n 100 mL  Erlenmeyers flasks containing 20 mL  of Hestrin and

chramm (HS) medium (Hestrin & Schramm, 1954) and incubated
nder orbital agitation (200 rpm) for 48 h at 28 ◦C. For BC produc-
ion, 1% (v/v) inocula were transferred to 10 L steel trays with 5.0 L
f fermentation medium containing 4.0% w/v glycerol and 8.0%
 Polymers 153 (2016) 686–695 687

corn steep liquor, and statically incubated at 28 ◦C during 14 days.
After that time the pellicles were harvested, thoroughly rinsed with
distilled water to remove the culture medium, homogenized in a
blender in KOH solution (5% w/v) for 5 min, left in alkali at room
temperature for 14 h to eliminate the bacterial cells, and finally
rinsed with distilled water till neutralization.

2.3. Esterification of BC catalyzed by citric acid

Homogenized BC (0.5 g dry weight, 3.087 mmol AGU (anhy-
droglucose units)) was  solvent exchanged from water through
acetic acid into acetic anhydride prior to reaction. Solvent exchange
steps implied contacting the BC with 20 mL  of acetic acid or
acetic anhydride (twice each) for 10 min  with stirring followed
by vacuum filtration. BC was then contacted with citric acid
(0.08–1.01 mmol/mmol  AGU) and 50 mL  (i.e. 0.53 mol) of acetic
anhydride in a 100 mL  glass flask equipped with a reflux con-
denser. The mixture was then heated to the chosen temperature
(90–140 ◦C) under continuous magnetic agitation in a thermosta-
tized oil bath, and acetylation was  alternatively run for different
reaction intervals (0.5–7 h). Reaction and reaction conditions inter-
vals are schematized in Scheme 1.

Once the chosen reaction time interval was over, the solid prod-
uct was separated by vacuum filtration and thoroughly washed
with distilled water. The filtrate (acetic anhydride in excess + citric
acid) was  recovered for reuse assays. Reactions were performed in
duplicate, being in all cases the error lower than 3%.

The extent of esterification conferred to BC was determined
by heterogeneous saponification and back titration with HCl, as
detailed elsewhere (Ávila Ramírez et al., 2014). The acyl content
and the degree of substitution achieved were then calculated as
stated in Eqs. (1) and (2), respectively:

Acyl(%) = [(VB − VS) × NHCl × 4, 3]/W (1)

DS = (162 × Acyl%)/[4300 − (42 × Acyl%)] (2)

where VB (mL) is the volume of HCl required for blank titration, VS
(mL) is the volume of HCl required to titrate the sample, NHCl is the
normality of the HCl solution, and W (g) is the mass of sample used.

2.4. Characterization of esterified BC

2.4.1. Solid-state CP/MAS 13C nuclear magnetic resonance
spectroscopy (CP/MAS 13C NMR)

High-resolution 13C solid-state spectra of grinded samples were
collected using the ramp {1H} → {13C} CP/MAS pulse sequence
(cross-polarization and magic angle spinning) with proton decou-
pling. Spectra were collected at room temperature in a Bruker
Avance II-300 spectrometer equipped with a 4-mm MAS  probe.
The operating frequency for protons and carbons was 300.13 and
75.46 MHz, respectively. Glycine was used as an external refer-
ence for the 13C spectra and to set the Hartmann-Hahn matching
condition in the cross-polarization experiments. According to the
sample, the recycling time varied from 5 to 6 s. The contact time
during CP was 2 ms.  The SPINAL64 sequence (small phase incre-
mental alternation with 64 steps) was used for heteronuclear
decoupling during acquisition with a proton field H1H satisfying
�1H/2� = YHH1H = 62 kHz. The spinning rate for all the samples
was 10 kHz.

2.4.2. Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectra of native and acetylated
grinded BC samples were acquired on an IR Affinity-1 Shimadzu
Fourier Transform Infrared Spectrophotometer in absorbance
mode. Carefully dried (12.5 mg,  110 ◦C, 1 h) samples were mixed
with previously dried KBr (130 ◦C, overnight) in the ratio 1:20 and
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Scheme 1. Acetylation 

ressed into a disc. Samples were scanned 40 times at a resolu-
ion of 4 cm−1 in the 4000–700 cm−1 range. The derived spectra
ere baseline corrected and normalized against the intensity of

he absorption at 1165 cm−1, corresponding to the (C O C) link of
ellulose (Ilharco, Gracia, da Silva, & Ferreira, 1997; Lee et al., 2011).

.4.3. Field emission scanning electron microscopy (FESEM)
One drop of 0.2% native and acetylated BC suspension in water

as placed in microscope glasses to be attached to the samples
older, allowed to dry at 100 ◦C for 5 min, sputter-coated with gold,
nd observed in a scanning electron microscope Zeiss Supra 40 with
eld emission at an accelerating voltage of 3 kV.

.4.4. X-ray diffraction (XRD)
Grinded samples of native and acetylated BC were irradiated

ith Cu/K� (k = 0.154 nm)  radiation in Rigaku D/Max-C Wide Angle
utomated X-ray diffractometer with vertical goniometer, operat-
ng at 40 kV and 30 mA.  This diffractometer has a goniometer design
hat satisfies the Bragg-Bentano’s focusing conditions and it has a
urved single crystal (GRAPHITE) monochromator. The slits used
ere: 1.0 DS (divergence slit) – 1.0 SS (scattering slit)- 0.6 mm-

.8 mm.  The X-ray diffraction pattern was recorded in a 2� angle
ange of 10–45◦ at a scan rate of 0.6◦/min with a step size of
.02◦. The crystallinity index was determined from the normalized
iffraction profiles using Segal’s equation (Segal, Creely, Martin, &
onrad, 1959):

rI = (I002–Iam)/I002 × 100 (3)

here I002 corresponds to the maximum intensity of the 002 lattice
iffraction, and Iam is the intensity at 2� = 18◦, after the subtraction
f the background signal measured without BC.

.4.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of dried grinded samples

2.5–3 mg,  110 ◦C, 2 h) was conducted in a TGA-50 Shimadzu

nstrument. Temperature programs were run from 25 ◦C to
50 ◦C at a heating rate of 10 ◦C/min, under nitrogen atmosphere
30 mL/min) in order to prevent thermoxidative degradation. The
nitial moisture content of the samples ranged between 5 and 7%.
catalyzed by citric acid.

2.4.6. Contact angle measurements
Native and acetylated BC samples were made into films

(1.5–2 cm width, 10–13 cm length) by spreading and drying the
recovered nanofibrils suspension (200 mg  dried weight) between
nylon-covered microscope glasses at 110 ◦C for 30 min. Immedi-
ately before analysis membranes were further dried at 105 ◦C for
12 h. Equilibrium contact angles of native and acetylated BC pelli-
cles were measured using a contact angle goniometer (OCA 15LHT
Plus photo-microscope, Dataphysics). For each film five sessile con-
tact angles were registered at room temperature during 180 s after
deposition of 50 �L distilled water drops, and an arithmetic mean of
the equilibrium contact angle was  calculated. Images of the sessile
drops were processed using SCA20 software.

3. Results and discussion

3.1. Citric acid-catalyzed acetylation of BC: effect of reaction
conditions

Although their catalytic mechanism has not been completely
elucidated, esterifications catalyzed by �-hydroxy acids have been
proposed to proceed via a nucleophilic attack of the acylant by
the hydroxyl groups of the �-hydroxy acid, followed by second
nucleophilic attack of the intermediate formed by the hydroxyl
groups of cellulose (Domínguez de María, 2010; Hafrén & Córdova,
2005). Among other � − hydroxy acids assayed, previous results
of our group dealing with the esterification of bacterial cellulose
nanoribbons (using acetic anhydride as acylant and in absence of
added cosolvents), have illustrated the higher catalytic activity of
citric acid. At definite reaction conditions (0.5 g BC dry weight –
3.087 mmol  AGU, 0.53 mol  of acetic anhydride, 3.1 mmol  citric acid,
120 ◦C), the sole manipulation of reaction time allowed obtaining
acetylated BC with DS in the 0.27–0.90 interval (Ávila Ramírez et al.,
2016). Aiming to gain further knowledge on the system variables
and how they can be manipulated in order to tailor the acetylation
extent of BC, and working with much lower catalysts amounts, the
effect of reaction conditions on the DS conferred to BC is herein

assayed (Fig. 1).

Fig. 1a illustrates the effect of reaction time on the DS con-
ferred to BC when the catalyst content (defined as the ratio of
catalyst mmol  to AGU mmol) was  fixed at 0.34 mmol/mmol  AGU,
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ig. 1. Effect of reaction variables on the DS conferred to BC. a) effect of reaction tim
ffect  of reaction temperature, 0.08 mmol  citric acid/mmol AGU, 3 h; d) Catalyst reu

nd temperature was set at 120 ◦C. As it is shown, under the chosen
onditions, varying the reaction interval from 30 min  to 7 h allows
uning the DS of bacterial cellulose nanoribbons in the 0.25–0.72
nterval. On the other hand, within the time interval analyzed, the
ncatalyzed reaction allowed a maximum DS of 0.23 (7 h). Fur-
her assays were carried out during a fixed intermediate reaction
nterval of 3 h.

Fig. 1b shows the effect of catalyst content (mmol  catalyst/mmol
GU) on the DS attained in the acetylation of BC carried out at
20 ◦C during 3 h. As it is illustrated catalyst content has also a
reat impact on the acetylation level achieved, with DS values that
ncrease with catalyst content (0.00–1.02 mmol/mmol  AGU) in the
.21–0.73 range. The DS value of 0.21 corresponds to the uncat-
lyzed reaction. Aiming to minimize catalyst content, in further
ssays citric acid was kept at 0.08 mmol/mmol  AGU.

Fig. 1c summarizes the effect of reaction temperature on the
S conferred to BC after 3 h of reaction using a constant catalyst
ontent of 0.08 mmol/mmol  AGU. As it is illustrated, the increase
f reaction temperature from 90 to 140 ◦C continuously enhanced
he acetylation level achieved, reaching a DS of 0.50 for the reaction

arried out at 140 ◦C.

From Fig. 1a–c it results that the citric acid-catalyzed route
erein proposed is sufficiently flexible to allow tuning the DS con-
4 mmol  citric acid/mmol AGU, 120 ◦C; b) effect of citric acid content, 120 ◦C, 3 h; c)
itial catalyst content: 0.34 mmol citric acid/mmol AGU, 120 ◦C, 3 h.

ferred to BC in the ≈ 0.2–0.7 interval by conveniently manipulating
time, catalyst content and/or temperature; according to the process
possibilities and associated costs. As it will be further discussed,
this DS interval is of particular interest since it has generally led to
surface-only esterification of BC (Ávila Ramírez et al., 2014, 2016;
Agustin et al., 2016; Ifuku et al., 2007; Kim et al., 2002).

Previous reports on bacterial cellulose acetylation by alterna-
tive methodologies have generally controlled DS by manipulating
mainly reaction time (Hu et al., 2011; Suetsugu, Kotera, & Nishino,
2009; Yamamoto et al., 2006) and the amount of the acetylation
reagent used (Ifuku et al., 2007; Kim et al., 2002), with positive
correlations in both cases. Positive effects on DS of reaction tem-
perature and catalyst content have also been reported by Hu et al.
(2011) for the solvent-free acetylation of BC using iodine as cata-
lyst. Temperature effects were explained in terms of the increased
swelling ability of cellulose and diffusion rate of acetic anhy-
dride/catalyst; whereas catalyst content effects were attributed
to more acetic anhydride–catalyst intermediates present at higher
catalyst concentrations.

Although not particularly expensive, the possibility of reusing

the catalyst and the unreacted acylant is always of interest, espe-
cially when scale-up is envisaged. The reaction system herein
proposed is a heterogeneous one in which BC is kept in suspen-
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Fig. 2. Solid-state CP/MAS 13C NMR  spectra of native and acety

Table 1
Importance of proper solvent exchange of BC prior to reaction. DS attained under
definite acetylation conditions (0.34 mmol  citric acid/mmol AGU, 120 ◦C, 3 h) upon
different solvent exchange protocols applied to BC suspension.

Solvent exchange protocol applied to BC DS

From water through acetic acid into acetic
anhydride, twice, 20 mL  each time.

0.47

From water into acetic acid, twice, 20 mL  each 0.19

s
S
d
t
r
c
a
r
f
D
c
a

r
o
c
t
a
s
m
d
p
i
c

to C1′ has been reported previously for BC, tunicin whiskers and
time.
No  solvent exchange 0.06

ion and citric acid is dissolved in an excess of acetic anhydride.
ince no additional solvent is added, at the end of the reaction the
erivatized BC might be removed by filtration/centrifugation and
he unreacted acetic anhydride with the dissolved catalyst may  be
eused. Although in each reuse a fraction of acylant (and dissolved
atalyst) would be lost during recovery operations, in the reuse
ssays herein performed BC was vacuum filtrated and squeezed to
educe this fraction to 1–2% v/v. This volume was replaced with
resh acylant (0.5–1 mL)  after each batch. Fig. 1d summarizes the
S values attained after several reuses of the catalyst for an initial
itric acid content of 0.34 mmol/mmol  AGU (120 ◦C, 3 h, DS = 0.47
ccording to Fig. 1a).

As it is shown in Fig. 1d, under these conditions up to three
euses of the catalyst/acylant are possible with a reduction of DS
f 25% (DS is reduced from 0.47 to 0.35) for a remaining catalyst
ontent of ≈ 95% (a catalyst loss proportional to the acylant frac-
ion lost was assumed). The reasons for the observed reduction in
cetylation extent with catalyst/acylant reuse are currently under
tudy. The effect of acetic acid produced during reaction, which
ay  further react to produce water later involved in acetic anhy-

ride hydrolysis is one possibility. The detrimental effect of the

resence of acetic acid and/or water in the reaction medium is also

llustrated by the effect on DS of the initial solvent exchange proto-
ol applied to BC (Table 1). On the other hand, loss of citric acid due
lated BC. Inset: Intensity of C O and CH3 lines versus DS.

to cross-linking reactions can be ruled out from CP/MAS 13C NMR
data (please refer to Fig. 2), in which no signal attributed to citric
acid is observed.

3.2. Characterization of acetylated BC with varying DS

Results included in the previous section demonstrated how
reaction conditions (time, catalyst content, reaction temperature)
may  be conveniently manipulated to modulate the derivatization
extent conferred to BC in the 0.20–0.73 interval. In the current sec-
tion, acetylated BC samples with varying DS within that interval are
characterized by means of Solid-state 13C NMR, FTIR, FESEM, XRD,
TGA, and water contact angle. Representative samples chosen for
characterization are those resulting from the effect of time on DS
(Fig. 1a).

3.2.1. Solid-state CP/MAS 13C NMR spectroscopy
Fig. 2 shows the solid state CP/MAS 13C NMR  spectra obtained

for native and chosen acetylated BC samples. Native BC spectrum
showed carbon resonances typical of cellulose I, i.e. C1: 105.1 ppm,
C4: 89.1 ppm, C4′: 84.1 ppm, cluster C2-C3-C5: 80–69 ppm, C6:
65.3 ppm, and C6′: 62.7 ppm. On the other hand, CP/MAS 13C NMR
of acetylated BC samples gave evidence of the success of citric
acid-catalyzed acetylation, by appearance of two new resonances
centered at 21 ppm and 171–173 ppm, which were attributed to
the carbons involved in CH3 and C O of the acetate groups, respec-
tively (Table 2). The intensity of these resonances increased with
the extent of acetylation (Fig. 2, inset). With acetylation also a small
shoulder at 102 ppm became visible, assignable to C1′ resonance
line. The onset with esterification of this new contribution assigned
highly bleached sulfite cellulose fibers (Berlioz et al., 2009; Jandura,
Kokta, & Riedl, 2000). On the other hand, the absence of resonances
at ≈ 44 ppm indicates that samples are free of citric acid acting as
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Table  2
Ppm assignment of CP/MAS 13C NMR  solid state spectra of native and acetylated BC. For de C2-C3-C5 cluster the ppm interval is given.

Sample C O C1 C1′ C4 C4′ Cluster C2-C3-C5 C6 C6′ CH3

Native BC – 105.1 102.2 89.1 84.1 79.7–68.5 65.3 62.7 –
DS  = 0.25 173.1 105.5 102.2 89.3 

DS  = 0.47 171.5 105.4 101.4 89.3 

DS  = 0.72 171.0 105.4 101.4 89.2 
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Fig. 3. FTIR spectra of native and acetylated BC.

ross-linker, esterified citric acid or free citric acid simply remain-
ng after product recovery.

.2.2. FTIR spectroscopy
Fig. 3 collects the FTIR spectra of native and acetylated BC.

he peaks centered at 3345, 2895, 1432, 1278, 1165, 1109, 1059,
nd 897 cm−1 are typical of native cellulose (Castro et al., 2011;
lharco et al., 1997). In accordance with 13C NMR  data, upon acety-
ation three new bands assignable to the acetyl groups introduced
ppeared in the spectra confirming esterification: i.e. 1745 cm−1

orresponding to the ester C O stretching mode, 1371 cm−1

ttributed to C H bending, and 1243 cm−1 assignable to the C O
tretching vibration of the acetate groups. Moreover, upon acetyla-
ion the intensity of the absorbances associated with the vibration
f OH groups (≈ 3300 cm−1) and −more noticeably- the H O H
ending vibration of absorbed water molecules (1645 cm−1) were
educed.

.2.3. Field emission scanning electron microscopy
Fig. 4a–f display the FESEM micrographs of neat and acetylated

C samples obtained by variation of the esterification interval (sam-
les from Fig. 1a, DS 0.25–0.72). Neat BC shows 30–40 nm-width
icrometric-in-length interwined ribbons. The ribbon-like mor-

hology of BC nanofibers with rectangular cross-section typical of
cetobacter microfibrils, as well as their tendency to twist and kink

s highlighted by arrows included in Fig. 4a.
As it is shown in Fig. 4b–h, irrespectively of their DS, the mor-

hology of the acetylated BC ribbons remained similar to that of
ontrol samples, with no significant change in nanoribbons width
e.g. average width of native BC out of 40 measurements: 33 ± 3 nm,

verage width of acetylated BC with DS = 0.72 (40 measurements):
3 ± 2 nm); no visible damage on the fibrils surface; and with the
ectangular cross-section (arrows in Fig. 4e) and web-like fibrous
tructure typical of bacterial cellulose being preserved.
84.3 79.7–69.3 65.6 63.3 21.2
84.0 79.6–69.3 65.7 61.8 21.0
83.8 79.5–68.5 65.6 61.2 20.8

Figs. 4g (DS = 0.50) and 4h (DS = 0.73), correspond to acetylated
samples with similar DS than those shown in Fig. 4d (DS = 0.47)
and f (DS = 0.72), respectively; although conditions used to obtain
them were rather different. For example, Fig. 4g corresponds to
the sample acetylated at 140 ◦C (highest temperature assayed in
Fig. 1c). As it is shown, no evidence of nanoribbons deterioration
at this reaction temperature is observed. By the way, comparison
of Fig. 4f and h demonstrated that extended reaction time did not
promote any significant change in samples morphology.

3.2.4. X-ray diffraction analysis
The X-ray diffraction profiles of native and acetylated BC with

increasing DS are presented in Fig. 5a. BC has a typical cellulose
I structure with three well-defined diffraction peaks centered at

2� = 14.4◦ (101), 16.7◦ (101̄) and 22.6◦ (002) which confirmed that
only cellulose I was present in all samples (Johnson Ford, Mendon,
Thames, & Rawlins, 2010). After acetylation, the XRD profiles of
esterified BC still showed the same distinct peaks as neat BC,
together with two very small peaks centered at 20.3◦ (021) and
34.6◦ (040) which became visible. These diffraction peaks are also
characteristic of Cellulose I and have previously been observed for
neat BC by other authors with varying relative intensity depending
on the BC source and incubation time used (Cerrutti et al., 2016;
Ifuku et al., 2007; Kim et al., 2002).

In quantitative terms, crystallinity index (CI) values determined
by use of Segal equation after baseline subtraction of the spectrum,
indicated no significant reduction in samples crystallinity up to a
DS of 0.47. For those samples the relative reduction in CI compared
with neat BC was  3%. On the other hand, samples with the highest
DS values herein attained (0.63 and 0.72) showed a maximum CI
loss of 6% with respect to that of neat BC (taken as 100%). The previ-
ous evolution of CI with acetylation extent suggests that the citric
acid-catalyzed acetylation of BC up to a DS of 0.72 involved mainly
the OH groups on the surface or in the disordered domains of BC,
not significantly affecting its ultrastructure (Lee et al., 2011; Tomé
et al., 2011b).

The previous is in line with XRD results of acetylated BC with
similar DS obtained by other derivatization protocols. For example,
Agustin et al. (2016) indicated that pyridine-catalyzed acetylation
of BC in N-methyl-2-pyrrolidone up to a DS of 0.38 did not affect
the crystalline core of the nanocellulose. Besides, in the pioneer
contribution of Kim et al. (2002) devoted to BC acetylation cat-
alyzed by perchloric acid in acetic acid/toluene/acetic anhydride
medium, authors observed that the X-ray diffraction from cellu-
lose I remained nearly the same up to DS 0.37. On the other hand,
the sample esterified up to a DS of 2.77 gave a well-defined pattern
of cellulose triacetate, showing strong peaks at 2� = 7.5◦ and 26◦.
Accordingly, with the same acetylation protocole, Ifuku et al. (2007)
indicated that the diffraction pattern of acetylated BC with DS = 0.45
almost agreed with that of the untreated sample, whereas samples
with DS 0.95 and 1.55 had smaller diffraction peaks from cellulose
and gave a well-defined pattern of cellulose triacetate at 2� = 26◦

and an amorphous halo. In both contributions, authors concluded

that acetylation proceeded highly inhomogeneously, i.e. progres-
sively from the surface to the core of bacterial cellulose nanofibers
(Ifuku et al., 2007; Kim et al., 2002). Furthermore, in the solid-
phase acetylation of bacterial cellulose Yamamoto et al. (2006)
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Fig. 4. Field emission scanning electron micrographs of (a) native and (b–h) acetylated BC, 3 KV, 100.000X. (b–f) Samples resulting from the assay of reaction time in Fig. 1a,
0 highe
( 1b, i.e
a

c
a
s
c
t
o
D
b
&

n

.34  mmol citric acid/mmol AGU, 120 ◦C. (g) Acetylated BC sample obtained at the 

h)  Acetylated BC sample obtained with the highest citric acid content used in Fig. 

nd  the tendency to twist and kink of BC microfibrils.

ommented on the appearance of broad reflections at 2� ≈ 8◦, ≈ 17◦

nd ≈ 22◦ for DS ≥ 1 assignable to cellulose triacetate I crystals. The
light but progressive increase with DS of the intensity of the peak
entered at 16.7◦ herein observed (especially when compared with
he intensity of the peak at 14.7◦) may  suggest some contribution
f cellulose triacetate I crystals (2�  = 17◦), specially for the highest
S values achieved. Similar results have previously been observed
y other authors dealing with BC acetylation (Hu et al., 2011; Lee
 Bismarck, 2012; Lee et al., 2011).
In terms of the effect of reaction conditions used to attain a defi-

ite DS, XRD data from the sample with DS = 0.50 acetylated during
st temperature assayed in Fig. 1c, i.e. 140 ◦C, 0.08 mmol  citric acid/mmol AGU, 3 h.
. 1.02 mmol/mmol  AGU, 120 ◦C, 3 h. Arrows highlight the rectangular cross-section

3 h at 140 ◦C, as well as XRD data from the sample with DS = 0.73
produced in 3 h but using higher catalyst contents, indicated no vis-
ible change in the diffractograms with respect to those obtained at
lower temperature, or by using lower catalyst content but longer
esterification intervals (Fig. 5b).

3.2.5. Thermogravimetric analysis

The impact of acetylation on the thermal stability of BC was

evaluated by thermogravimetry. Fig. 6a shows TG data whereas
Fig. 6b collects the results obtained in terms of the first derivative
of TG signals (DTG) normalized with respect to the initial sample
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Fig. 5. (a) X-ray diffraction data from native and acetylated BC. (b) X-ray diffractograms of samples with similar DS attained using different reaction conditions.

Fig. 6. TG (a) and DTG (b) data from native and acetylated BC. DTG data have been moved in the y-axes for clarity purposes. (c) Evolution of Tonset and Tmax as a function of
DS.
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Fig. 7. Evolution of contact angles for native and acetylated BC (DS = 0.25 and D

ass. Both, native and esterified BC showed two weight losses (i.e.
wo peaks in DTG data), attributed to samples dehydration (small
eight loss observed between room temperature and ≈ 130 ◦C) and

ingle-step sample decomposition which for all samples occurred
n the ≈ 300–400 ◦C interval. Since samples have been precondi-
ioned at 110 ◦C during 2 h, moisture removed in the first weight
oss was in all cases between 3 and 5%.

Fig. 6c summarizes the evolution with DS of the corresponding
onset (calculated as the intersection of the extrapolated pre-
ecomposition ordinate value and a tangential line drawn to the
oint of steepest slope of the weight loss curve in the decomposi-
ion region), and Tmax (temperature of maximum weight loss rate).
s it is shown, when BC was acetylated up to a DS of 0.25, the
haracteristic Tonset and Tmax of neat BC (353 ◦C and 376 ◦C, respec-
ively) were highly preserved, with only 2–3 ◦C reduction. On the
ther hand, for higher acetylation levels, the corresponding Tonset

nd Tmax values were ≈15–20 ◦C lower than those determined for
eat BC. This slight decrease in thermal stability has previously
een found in surface-acetylated cellulose fibers and nanofibers
Freire, Silvestre, Neto, Belgacem, & Gandini, 2006; Freire, Silvestre,
eto, Gandini, Martin, & Mondragon, 2008; Tomé et al., 2011a).

n accordance with the results from XRD, the still relatively close
ecomposition temperatures of neat and acetylated BC further

ndicated that the chemical modification did not destroy the crys-
alline structure of the original BC nanoribbons. Reduced thermal
tability of nanocellulose upon esterification has been frequently
xplained in terms of reduced crystallinity (not observed by the
urrent route), high liability of the ester linkages introduced, and/or
educed number of effective hydrogen bonds remaining among BC
anofibers upon esterification (Tomé et al., 2010, 2011b; Uschanov,

ohansson, Maunu, & Laine, 2011; Lee et al., 2011).

.2.6. Water contact angles
Contact angles between BC pellicles and water were determined

iming to evaluate the effect of acetylation on the hydrophilicity of
he samples.

The evolution of contact angles with time for neat and acety-

ated BC (DS = 0.25 and DS = 0.63) is shown in Fig. 7. From these
ata measurement at 30 s was chosen for determination of equi-

ibrium contact angles, and the corresponding water drops images
ere included in Fig. 7. Contact angles determination illustrated
63). Images of water drops used to determine equilibrium contact angles, 30 s.

the hydrophobization induced by the modification proposed, with
values that increase from 68◦ ± 2◦ (neat BC) to 81◦ ± 2◦ and 88◦ ± 3◦,
for DS = 0.25 and DS = 0.63, respectively. Evidently, the OH rich
neat BC surface was more capable of establishing hydrogen bonds
with water than acetylated BC samples, consequently resulting in a
smaller contact angle value. The reduction in the hydrophilicity of
BC is expected to potentially improve its dispersion and interfacial
adhesion in nonpolar polymeric matrices, ultimately improving the
performance of the resulting nanocomposites.

4. Conclusion

Triggered by previous results of the group evidencing the poten-
tial of the citric-acid catalyzed acetylation of bacterial cellulose
nanoribbons in solvent-free medium under fixed reaction condi-
tions, the current contribution focused on gaining knowledge on
how process variables could be manipulated to provide BC with a
definite acetylation extent. Results herein obtained evidenced the
flexibility of the methodology proposed, in which reaction time,
catalyst content and temperature all showed to be proper vari-
ables for tailoring the acetylation extent conferred to BC within
the ≈ 0.2–0.7 DS range. The analysis performed also allowed using
much lower catalyst contents than previous reports by the current
route and, in any case, the feasibility of catalyst/excess acylant reuse
was demonstrated for the first time.

Characterization results confirmed hydrophobization and indi-
cated the smooth character of the esterification route proposed,
which promoted a relatively low reduction in the crystallinity
and the thermal stability of BC, even for the highest DS obtained.
Besides, SEM images evidenced the conservation of the fibrillar
structure of bacterial cellulose nanoribbons; all suggesting that
reaction occurred predominantly on their outmost and amorphous
regions without affecting in a great extent the internal structure of
the nanoribbons. Initial characterization data also suggested that
using higher reaction temperatures or longer time intervals for
attaining a certain DS, had no significant effect on acetylated BC

properties. The previous results further highlight the importance of
the parametric analysis performed for widening the possibilities of
controlling the substitution degree conferred to BC by manipulating
the most convenient/cost-effective reaction variable.
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