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ABSTRACT: Thermoplastic “all-cellulose” composites were syn-
thesized by covalent functionalization of cellulose acetate (CA)
with oxidized carbonized cellulose (OCC). The OCC were
manufactured via microwave-assisted hydrothermal carbonization
(HTC) of cellulose followed by oxidation and dialysis. The OCC
were of micrometer-size, had plane morphology and contained a Cellulose
variety of oxygen functionalities, enabling transformation into acyl l

“All-cellulose” composite

chlorinated OCC under moderate reaction conditions. The
synthesis of OCC-modified CA composites and neat CA were
performed in the recyclable ionic liquid 1-allyl-3-methylimidazo-
lium chloride. The degree of acetylation and amount of OCC were
varied to establish their influence on thermal and physical
properties of the composites. The OCC-modified CA composites displayed a notably enhanced film-forming ability, which led
to improved optical and mechanical properties compared to neat CA. In addition, it was shown that OCC-modified CA composites
can be synthesized from waste products, such as paper tissues. The OCC-modification was demonstrated to be a promising route to
transparent and strong thermoplastic “all-cellulose” composites with moderate flexibility.

H INTRODUCTION functional fillers in various functional composites.””~>” The
carbonized structures can be used as property enhancing fillers

The need for high-quality, biodegradable materials from ; N e 53
in the same way than graphene derivatives, ’

renewable sources is evident, considering the plastic waste
accumulation and the depleting fossil reserves. Cellulose is an
appealing candidate for the development of future materials
due to its biocompatibility, biodegradability and chemical
modifiability.' > However, due to the inherent H-bonding
network and the tight fibrous structure of cellulose, it cannot
be melt-processed and it is basically nonsoluble in traditional
solvents, which have restrained the application of cellulose- ' ; '
based materials."* Lately, ionic liquids (ILs) that efficiently green route foF producﬁlon of value-added carbomzecg 6n;13ter1als
dissolve cellulose by disrupting the H-bonding® have been .fmm ¥°W’quahty organic matter such as waste paper.” ™" HTC
widely applied for cellulose modification and processing. 2>~ is typically performed in aqueous solutlo.n and at relatively low

Cellulose acetate (CA) is a semisynthetic, biocompatible temperatures.(~170—300 C). Callrbor?lzed structures have a
derivative of cellulose produced through acetylation of the content of different oxygen fur316ct31;)na11t%es such as hydroylcyl,
hydroxyl groups on cellulose.”'? Acetylation leads to the epoxy. and c.arboxyl groups, " which further prov?de
emergence of thermoplastic properties, although CAs remain attractive options for .modlﬁcatlon. Our previous studies,
difficult to the melt-process due to the small temperature where biobased carbonized products were ghysmally blended

. . 32,38
window between the glass transition (T,) and degradation with, for example, polylactide (PLA), polycaprolac-

38, . 0 .
2 . 3,10 tone,”®*? and chitosan,” showed enhancement of mechanical

temperatures.”'" The properties of CA, such as solubility ! : W !
and biodegradability,'>~"* are largely affected by the degree of strength with sufficient ductility. The PLZQ nanocomposites
also displayed improved barrier properties.™

substitution (DS).'"'*'® CA is not a particularly strong
material and it yields brittle films,"” which is why it needs to be
modified with plasticizers and other components to produce Special Issue: Anselme Payen Award Special Issue
stronger and more ductile materials.'***

The cellulose-derived carbonized particles, such as oxidized
carbonized cellulose (OCC) belong to a group of hydro-
thermally carbonized materials that have wide potential as

clay, or
lignin particles,34 which have been shown to increase, for
example, the Young’s modulus, tensile strength, thermo-
stabilitgf, and the gas-barrier properties of cellulose materi-
als.****7313% Covalent attachment of fillers provides better
longevity for materials as unbound fillers might migrate within
or out of the composite matrix.”

The hydrothermal carbonization (HTC) is an efficient and
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Figure 1. (a) Reaction pathway from cellulose to OCC-Cl. OCC and OCC-Cl are drawn schematically and not in scale. (b) FTIR spectra of OCC
and OCC-Cl. (c) SEM image showing the polydispersity of OCC. (d) SEM image showing the layered structure of OCC-Cl.

ocCcC . Drying

Sample name (Wt-%) T, (°O) me} hot(’l
Cellulose-OCC18 0 18 - Vacuum
CAL 1.1-15 0 186 Vacuum
CAL +2wt% OCC 1.1-15 2 187
CAL-OCC2 15 2 175 Vacuum
CAL-OCC4 1.1 4 - Vacuum
CAL-0OCC16 08 16 F';s:g:;:“
CAH 20 0 198 Fresh
CAH(PT) 19 0 175 N,
CAH(PT)-0CC1 24 1 185 N,
CAH-OCC15 23 15 187 Fresh

c)
CAL-0CC2
S cA <umgep OCC ' CAL

Figure 2. (a) Schematic illustration of CA-OCC composites (not drawn in scale). (b) A table summarizing the sample names with their
corresponding DS, amount of OCC, T, and drying methods (Fresh = freshly synthesized ionic liquid; Vacuum = vacuum at 80—100 °C overnight;
N, = sweeping with N,). (c) The appearance of the samples indicating the presence of the OCC in the composite products.

Thermoplastic “all-cellulose” composites with excellent B EXPERIMENTAL SECTION
material properties would be appealing materials for a Materials and Chemicals. a-Cellulose, thionyl chloride (SOCL),
sustainable bioeconomy.7’41 We hypothesized that covalently nitric acid (70%), sulfuric acid (95—98%), acetic anhydride, allyl
attached OCC could improve the mechanical performance of a chloride, and 1-methylimidazolium were purchased from Sigma-

) . . . Aldrich. The chemicals were of reagent grade. Sodium hydroxide
CA. Covalent CA-OCC composites with varying DS and pellets were purchased from Merck. Methanol (MeOH) and dimethyl

amount of OCC were therefore synthesized in 1-allyl-3- sulfoxide (DMSO) were of technical grade and purchased from VWR.
methylimidazolium chloride (AmimCl), an IL with remarkable Ethyl acetate of reagent grade was purchased from VWR. The paper
solvent properties.6’9’4z It was further demonstrated that an tissues were from Katrin. Allyl chloride was distilled prior use, while

the other chemicals were used as received. Deionized water was used

abundant waste product, paper tissues (PT), could be utilized : )
in the experiments.

as a raw material source for the “all-cellulose” composites Synthesis of Oxidized Carbonized Cellulose (OCC). Synthesis
taking further steps toward a circular resource economy. of OCC was performed according to previously published synthesis
1753 https://dx.doi.org/10.1021/acs.biomac.9b01672
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method through microwave-assisted hydrothermal carbonization of
cellulose®® with some modifications. In a Teflon vessel, 2 g of a-
cellulose and 20 mL of 0.1 g/mL H,SO, were added. The
carbonization was performed in a fleiWAVE microwave (Milestone
Inc.) with the following program: the temperature was raised to 220
°C with a ramp time of 20 min and then kept at 220 °C for 2 h with
addition of stirring inside the vessels. The temperature was monitored
with a probe inside one of the vessels. After the reaction, the resulting
carbonized sample was filtered, washed with water and dried. A total
of 1 g of the carbonized sample was further oxidized by sonicating in a
round-bottom flask with 100 mL of 70% HNO; at 40 °C for 30 min,
after which the reaction mixture was refluxed in a heat bath at 90 °C
for additional 30 min. The reaction mixture was then poured into 200
mL of H,0, and the remaining solid particles were removed. The
acidic water was evaporated with rotary evaporator until 10—20 mL
was left, and the remaining solution was dialyzed against water for §
days. The final product was dried, and the obtained oxidized
carbonized cellulose (OCC) were reddish black in color.

Acyl Chlorination of OCC. The OCC was transformed into
OCC-Cl by adding 1 mL of thionyl chloride in a flask with 30 mg of
OCC and refluxing with a CaCl, tube at 80 °C for 3 h. After the
reaction, excess thionyl chloride was evaporated with a rotary
evaporator. The reaction yielded 38 mg of the acyl chlorinated
carbon flakes (OCC-Cl).

Synthesis of lonic Liquid AmimCl. Synthesis of ionic liquid (IL)
AmimCl followed a previously published synthesis route.” A typical
procedure was as follows: 1-methylimidazole (32 mL, 0.4 mol, 1.0
equiv) was added in a round-bottom flask equipped with a magnetic
stirrer. Allyl chloride (41 mL, 0.5 mol, 1.25 equiv) was added slowly
under stirring at RT. The reaction was heated to 55 °C for 18—24 h
with a reflux condenser and a CaCl, tube. Excess allyl chloride was
evaporated with a rotary evaporator. If unreacted 1-methylimidazole
remained, it was removed by extracting with 3 X S0 mL of ethyl
acetate. The AmimCl was dried in vacuum oven and stored in a
desiccator.

Synthesis of OCC-Modified (CA-OCC) and Neat Cellulose
Acetate (CA). a-Cellulose and paper towels were dried in vacuum
oven at room temperature (RT) for minimum of 8 h. The dissolution
of cellulose in ionic liquid was done under vacuum at 80—100 °C
overnight until the solution became clear. Synthesis of OCC-modified
CA with covalently attached OCC followed a previously published
procedure for cellulose esterification.”® In short, a 3.5—4.5 wt %
solution of cellulose in AmimCI was prepared. Water was removed
from the reaction during the dissolution of the solution at 80—100 °C
under vacuum overnight, after which the atmosphere was changed to
N,. For certain samples (Figure 2b), further drying was done by
purging the solution with N, for 20 min prior to starting the reaction.
The reaction was started by adding pyridine (1.5 equiv) and acetic
anhydride (S equiv) in the reaction mixture through a septum, and
the reaction was left to proceed for 2 h at 80 °C. For the synthesis of
the reference products (neat CAs), the reaction was stopped here. For
the OCC-modified CA composite synthesis, OCC was added to the
reaction flask, and the reaction was continued for an additional 2.5 h.
The product was purified by precipitation in MeOH, filtration,
washing with MeOH, dissolution in DMSO, reprecipitation in
MeOH, filtration, and washing again with MeOH. The products
were dried in vacuum at RT for 48 h before characterization.

The products were named according to their backbone (cellulose
or cellulose acetate (CA)), their DS for acetate groups (high (H; DS
> 1.9), low (L, DS < 1.5) and the amount of OCC used in the
synthesis (wt %), for example, CAH—OCC2. Additionally, the two
products synthesized using paper towels as cellulose source, are
marked with PT in their name, for example, CAH(PT)-OCC2.

Measurements and Characterization. 'H and '*C NMR
spectra were recorded on Bruker Advance 400 MHz spectrometer
with 16 scans in DMSO-d, at RT. For cellulose samples, a couple of
drops of trifluoroacetic acid (TFA) were added to shift the peak of
exchangeable protons downfield in 'H NMR. The degree of
substitution (DS) for acetylation of CAs was calculated from the
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'"H NMR spectra. *C NMR at 90 °C was recorded on Bruker 500
MHz Avance IIIL

The Fourier-transform infrared spectra (FTIR) were collected with
PerkinElmer Spectrum 2000 FTIR spectrometer, with attenuated total
reflectance (ATR) accessory from Graseby Specac. A total of 16 scans
were recorded in the wavenumber area of 600 to 4000 cm™.

Thermogravimetric analysis (TGA) was performed with Mettler-
Toledo TGA/SDTA 851w instrument. The sample size was 2—5 mg
and the measurements were done in N, atmosphere with a flow rate
of 50 mL/min. The samples were heated from 30 to 600 °C at a rate
of 10 °C/min.

Differential scanning calorimetry (DSC) was performed with
Mettler Toledo DSC instrument. The sample size was 1—5 mg, and
the analyses were performed in a N, atmosphere with a flow rate of 50
mL/min. The method was as follows: the sample was kept at 30 °C
for 2 min, then heated up to 300 °C with a rate of 20 °C/min, kept at
300 °C for 2 min, and then the temperature was decreased to 30 °C
with a rate of 20 °C/min, kept at 30 °C for 2 min, and then heated up
again to 300 °C with the rate of 20 °C/min.

X-ray diffraction (XRD) spectra were acquired on a PANalytical
X’Pert Pro diffractometer at RT using a silicum monocrystal sample
holder. CuKR (4 = 0.1541 nm) was used as an X-ray source. The
intensities were measured in a 26 angular range with a step size of
0.017°.

Scanning electron microscopy (SEM) images were acquired by an
ultrahigh resolution FE-SEM Hitachi S-4800. The samples were
sputter-coated with a S nm Pt/Pd layer prior analysis.

Confocal Raman spectroscopy analyses were acquired on a HR800
UV Jobin Yvon Raman (Horiba, Kyoto, Japan) combined with a
solid-state laser (514) nm. A 50X objective and a 600 groove mm™"
density grating was used for all measurements. The spectra were G-
band intensity normalized.

X-ray photoelectron spectroscopy (XPS) were measured using
AXIS Ultra equipped with DLD (Kratos Analytical, Manchester,
UK.). The measurements were recorded using low-power mono-
chromatic Al Ko irradiation at 100 W and under neutralization. The
survey spectra were recorded with a step size of 1 €V and an analyzer
pass energy of 80 eV, whereas the high-resolution regions of C 1s and
O 1Is were recorded with a 0.2 eV step and 20 eV pass energy. The
binding energy scale was referenced to C 1s at 286.7 eV (C—0). Data
analysis was performed with CasaXPS software.

Film Preparations. Films were prepared by modifying a
previously reported procedure of casting films using IL.** In short,
0.5 g of sample was dissolved in 4.5 g 30% DMSO in AmimCl at 80—
100 °C overnight. The films were cast on a Petri dish (& = 4 cm). The
solution was cooled down with dry ice and put into a regeneration
water bath at 40 °C for 1 h. After that, the water was changed, and the
film was washed for 3 h at 60 °C. The water was then changed again,
and washing was continued for 24 h at RT. Finally, the films were
dried at 60 °C.

Tensile Testing. The mechanical properties of CAL-OCC2 were
evaluated by tensile testing. Specimens (thickness 80—100 mm; width
S mm) were of rectangular shape and measured on an Instron
universal test instrument (model 5944, Instron Instruments) with a
load cell of 500 N, a crosshead speed of 5 mm/min, and a gauge
length of 10 mm. The specimens were preconditioned at 23 °C and a
relative humidity of 50% for 3 days prior to testing. A total of six
measurements were conducted.

B RESULTS AND DISCUSSION

Thermoplastic cellulose acetate (CA) composites with
covalently attached oxidized carbonized cellulose (OCC)
were synthesized in the ionic liquid (IL) 1-allyl-3-methyl-
imidazolium chloride (AmimCl). The composites were
synthesized in a one-batch continuous process and processed
into films for thermal and mechanical characterization.

Synthesis of the Acyl Chlorinated OCC (OCC-Cl). The

cellulose-derived OCC were first synthesized by microwave-
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Figure 3. (a) '"H NMR of CAH-OCCI1S. (b) FTIR spectra of the OCC-modified CA composite, CAH-OCC15, the neat CA reference product,

CAH, and regenerated cellulose.

assisted hydrothermal carbonization (HTC; Figure
12).>>**%**" During HTC, crystalline cellulose was trans-
formed into carbonized powder of carbon spheres*® and flake-
like structures with greatly altered properties and appearance
compared to the original cellulose. The carbonized products
were then oxidized, and the OCC was purified by dialysis in
water. The OCC was in an amorphous state, as confirmed by
the absence of crystalline peaks in the WAXD spectrum
(Figure SS). Based on the SEM images, the OCC was mainly
microsized and polydisperse in shape and size (Figure 1c,d),
displaying a size range from below one micrometer to tens of
micrometers.

Before reaction with CA, the OCC were successfully surface
functionalized to acyl chlorinated OCC (OCC-Cl) to increase
the reactivity toward the OH groups of CA (Figure la). The
reaction with thionyl chloride was shown to be fast and
convenient due to the volatile byproducts SO, and HCI, which
made the purification by rotary evaporator easy. According to
the FTIR spectrum (Figure 1b), the OCC particles contained
carboxyl (broad O—H stretch at 3300—2400 cm™', C=0
stretch at 1710 cm™"), hydroxyl (broad O—H stretch at around
3300 cm™!, C—O stretch, and O—H bending around 1100
cm™!), aromatic (C=C stretch at 1630 cm™"), aliphatic groups
(C—H stretch at 2970 cm™), and epoxy (C—O stretch at 1106
em™).*>*” Raman analysis further supported the content of
sp® structures in both of the OCC particles with G and D
bands at 1593 and 1367 cm ™, respectively (Figure S6). The G
band corresponds to the in-plane bond stretching motion of
C=C in rings and chains, and the D band is related to the
breathing modes of C=C in rings.*

As a confirmation of the successful reaction, the appearance
of the acyl chloride peak for OCC-Cl in the FTIR in the
carbonyl area (1780 cm™) was clearly visible, and the broad
OH-stretching peak decreased in size. Furthermore, XPS
analysis of OCC and OCC-Cl particles further confirmed the
successful reaction as the XPS spectrum of OCC-Cl showed
chlorine (Cl 2p) at the binding energy 200 eV, whereas this
peak was absent for OCC (Figure S13). Typically, the content
of inorganic chlorine is present below 200 eV,***” which
supports covalent attachment of chlorine on the OCC
particles. The rest of the functional groups in OCC and
OCC-Cl that were encountered in FTIR spectra were also
confirmed by XPS analysis (Table S2). Furthermore, both S 2p
(167—168 eV) and N 1s (406 and 401 eV) were present in
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OCC and OCC-CI, most likely originating from the H,SO,
and HNOj; used during preparation. The morphology of the
carbonized particles did not exhibit obvious changes during the
acyl chlorination reaction, as shown by SEM images (Figure
Ic,d).

Synthesis of OCC-Modified CA Composites. A series of
covalently modified CA with different amounts of OCC were
successfully synthesized in the IL AmimCl (Figure 2). Earlier
studies have also shown that AmimCl facilitates cellulose
functionalization giving excellent yields, low viscosity reaction
medium, easy product recovery and generally mild reaction
conditions.”® The main benefit of using ILs over other
solvents is that they are nonderivatizing’ and they can
potentially be recovered."**” In total, 6 OCC-modified CAs
with different DS for acetylation (0—2.4) and different
amounts of OCC (1—18 wt % in feed) were synthesized and
characterized. As references, 3 neat CA (without OCC) with
DS ranging from 1.1 to 2.0 were synthesized. Additionally, a
physical composite was manufactured by mixing CAL and 2 wt
% OCC (CAL + 2wt% OCC) (Figure 2).

For obtaining homogeneous reaction conditions, the
efficiency of the dissolution of cellulose in AmimClI is a key
factor and was therefore studied. The dissolution of cellulose in
AmimCl was shown to be efficient and reached up to 4.5 wt %.
From the SEM analysis, it could be concluded that the
cellulose fibrous structure was disrupted after dissolution in
AmimCl] and a continuous matrix of regenerated cellulose was
formed (Figure S3). Furthermore, the WAXD analysis
displayed no remaining crystalline peaks of cellulose (Figure
$10).

AmimCl has previously been shown to dissolve up to 14.5
wt % of cellulose, but the amount depends on the crystallinity
and DP of cellulose, as well as water content.”” The cellulose
material used in the current study had a crystallinity as high as
64%, as determined by a relative WAXD method,*® which may
have influenced the dissolution capacity. The hygroscopicity
and sensitivity of ILs toward impurities are also challenging
when using ILs as a reaction medium.”° To avoid these
issues, the IL was freshly synthesized or as an alternative swept
with nitrogen gas for 30—45 min prior to starting the reaction,
which has been shown to efficiently dry solvents.”® Other
successful drying methods have also been suggested, such as
freeze-drying.’

https://dx.doi.org/10.1021/acs.biomac.9b01672
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A base-catalyzed one-pot esterification of cellulose was
performed utilizing acetic anhydride and OCC-CI as the
esterification agents. First, the acetylation reaction was let to
proceed for 2 h, then OCC-CI was added in the same flask to
react with remaining hydroxyl groups in CA for further 2.5 h.
'H and "*C NMR confirmed the successful acetylation reaction
through the presence of the acetyl groups™' in both OCC-
modified CA composites and in neat CA (Figures 3a and S7—
$9). No significant broadening or multiple ester peaks were
witnessed in the NMR spectra of OCC-modified CA compared
with neat CA, probably due to the small amount and
polydispersity of OCC particles. It was shown that all the
synthesized products with DS > 1.0 were soluble in DMSO
after drying, and nonsoluble in water, acetic acid, chloroform,
and acetone.

Further confirmation of successful esterification was
provided by FTIR spectroscopy (Figure 3b): a peak in the
carbonyl area was detected both for CA and OCC-modified
CA composites and showed the presence of an ester bond. In
the case of CA, this peak was located at 1736 cm™'. With
further investigation of this peak in OCC-modified composites,
a doublet nature could be revealed with the peaks at 1738 and
1733 cm™!, which indicates two types of esters bound on the
polymer backbone originating from acetylation and attachment
of OCC. In FTIR, the OH-stretch band at around 3500 cm™
differs substantially in shape for OCC-modified CA composites
and neat CA, which further indicates the presence of OCC that
typically exhibits a large and broad peak in this area.

The OCC-modified CA composites and neat CA were
clearly distinguished by the color difference (Figure 2c). The
OCC-modified product CAL-OCC2 was remarkably darker in
color compared with neat CAL sample. Additionally, no
tendency of OCC migration from the OCC-modified CA
matrix was noticed during dissolution of OCC-modified CA in
tested solvents (DMSO, water, acetone, chloroform, acetic
acid), indicating a successful covalent linkage with OCC.
However, exact quantification of the amount of OCC attached
could not be done, and the weight percentages therefore refer
to the amount of OCC used in the reaction. A reverse reaction
order was also evaluated, but it resulted in low DS of
acetylation (0.8) probably due to acetylation of the OCC-Cl
flakes.

It was further confirmed that there were no significant
amounts of acetic anhydride left to react further upon addition
of OCC-Cl. According to NMR analysis of the reaction
mixture after the cellulose acetylation reaction, the acetic
anhydride was nearly completely consumed during the 2 h of
acetylation. A trace signal corresponding to acetic anhydride
could be seen, but integration shows less than 1 mol % of
acetic anhydride in the reaction mixture as compared to
AmimCl (Figure S12). Furthermore, due to the high reactivity
of OCC-C], any potentially remaining acyl chloride groups are
expected to react with MeOH or water during the precipitation
and washing.

Thermal Properties. The OCC-modified CA composites
and neat CA products with DS > 1.4 displayed clear glass
transition temperatures (T,), as typically observed for
thermoplastic products (Figures 2b and 4a). The thermoplastic
properties are generally enhanced as the acetyl content
increases due to breakage of hydrogen bonding and increased
free volume caused by the acetyl groups.”'' Pure cellulose
does not display any clear phase transitions, as it degrades
before these occur.
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Figure 4. (a) DSC thermograms of different OCC-modified and neat
CA materials, as well as a physical blend of CAL/OCC (CAL + 2 wt
% OCC). (b) TGA curves of selected products in N, atmosphere.

It has been previously suggested that graphite/graphene
oxide (GO) sheets might restrict the associate formation of CA
and lead to hi§her mobility of the chains, thus causing a
decrease in Tg.2 The OCC might act in the same manner and
a decreased T, was, in fact, observed in some cases, but the
effect was not as prominent as in the case of GO-modified CA.
This is most likely because the T, of the OCC-modified CA
composite is a function of not only the amount of OCC, but
also the DP and DS of the polymer. For example, CAL and
CAL-OCC2 had similar DS, but the OCC-modified CA
composite showed 6 °C lower T, compared to the neat CA
(CAL). Furthermore, a physical mixture of CAL and 2 wt %
OCC was used as a reference. The product with covalently
attached OCC had 12 °C lower T, than the physical mixture,
suggesting better thermoplastic properties for the composites
with covalently attached OCC.

For CAH-OCCIS, the synergistic contribution of 15 wt %
OCC in feed, together with the higher DS, led to a 12 °C
decrease in T, as compared to the reference product CAH.
More unexpected results were, however, witnessed in the case
of the paper tissue derived products, as CAH(PT)-OCCl1
showed 10 °C higher T, than the reference sample CAH(PT)
of lower DS for acetylation. It could be speculated that for
cellulose products with lower DP, as is the case of the
processed cellulose from PT, the OCCs could hinder the
mobility of the polymer chain. T, was not observed for CAL-
OCC4 probably because of the low DS of 1.1. Additionally,
when comparing the reference products CAH and CAH(PT),
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Figure 5. SEM images of the surfaces of the films: (a) CAL, (b) CAL-OCC2, (c) CAL + 2 wt % OCC (noncovalent mixture), and (d) CAL-

OCC4.

there was a 23 °C difference in the T, values, even though the
DS for acetylation was similar. The lower T, for CAH(PT) can
be explained by its lower DP and, thus, in many cases, the
differences in T, caused by OCC-modification could be hidden
behind the more prominent effects from, for example, DP and
DS.

The thermal stability of the OCC-modified CA composites
and neat CA was further investigated by thermogravimetry
(Figures 4b and S11). All the OCC-modified CA composites
and CAL showed a first degradation step in the TGA curves at
approximately 130—140 °C, apart from CAL-OCC4 and the
physical mixture, CAL + 2 wt % OCC. The first degradation
step is probably due to the presence of labile oxygen-
containing functional groups on both CA and OCC that are
lost at temperature range of 100—200 °C.”” A decreasing
thermal stability trend was observed when incorporating OCC
in the highly acetylated cellulose chains (e.g, CAH-OCCI1S).
CAs of higher DS have excellent thermal stability, even
compared to native cellulose, while the incorporation of OCC
increases the amount of thermally labile oxygen-functionalities.

The OCC-modified CA composites with low degree of
acetylation (CAL) showed diverged thermal stability compared
to neat CAL. The final decomposition (second degradation
step) on-set temperatures were 250, 290, and 250 °C for CAL,
CAL-OCC2, and CAL-OCC4, respectively. The higher
stability of CAL-OCC2 and the absence of the first
degradation step for CAL-OCC4 might be due to the
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interfacial interactions between the polar functional groups of
CAL backbone and OCC, as has been suggested before for
GO-cellulose composites.”**" However, the thermal behavior
and the low DS of acetylation of CAL-OCC4 might also
indicate that the sample has a smaller amount of OCC particles
attached on the CA backbone than CAL-OCC2, leading to its
distinctive thermal stability. The covalently linked OCC are
assumed to be homogeneously distributed on the polymer
backbone forming thermally insulating layers of OCC, which
could increase the thermostability.”” The literature shows that
the addition of graphene derivatives generally increases the
thermal stability of cellulose composites.”****"

Regenerated cellulose showed a significant decrease in
thermal stability (218 °C) compared to native cellulose (250
°C), probably because of the disruption of the fibrous structure
and strong hydrogen bonding that makes cellulose thermo-
stable. Both the high and the low DS CA (CAH and CAL,
respectively) displayed better thermal stabilities compared to
the regenerated cellulose, because the thermally unstable
hydroxyl groups had been acetylated. CAH showed even
higher thermal stability (290 °C) than the native cellulose (250
°C), which is in accordance with previous publications."
Interestingly, the physical mixture, CAL + 2 wt % OCC, also
showed higher thermal stability (285 °C) than native cellulose,
probably due to the favorable interfacial interactions previously
discussed.
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Figure 6. XPS survey spectra (left) and narrow scans C 1s (right) of CAL-OCC2 (a) and CAL + 2 wt % OCC (b).

The residual chars of the composites were between that of
native cellulose and regenerated cellulose, but no clear trends
could be deduced from the data (Figure 4b). The increase in
the amount of residual char was commonly observed for
composites loaded with graphite derivatives.””*">” It has also
been suggested that the interactions between the cellulose
backbone and GO particles might induce additional carbon-
ization and thus lead to higher char residues.’” Thus, the
additional carbonization could cause this divergence in the
residual char amounts.

Physicochemical Properties of OCC-Modified CA
Composites and Neat CA. Films of OCC-modified CA
composites were prepared to evaluate their mechanical
performance. The two OCC-modified CA composite films,
CAL-OCC2 and CAL-OCC4, as well as reference films of neat
CA, CAL, and a physical blend of CAL and 2 wt % OCC were
solution-casted using an IL/DMSO mixture. To establish the
effect of covalently attached OCC versus physically blended
OCC, a noncovalent, CAL + 2 wt % OCC composite was
prepared.

Clear differences in the appearances and structures of the
films were seen (Figure S). It was noteworthy that the covalent
OCC-modification led to clearly enhanced film quality with
transparent films in the case of CAL-OCC2 and CAL-OCCA4.
This is unusual for CA films with a low degree of acetylation.
Typically, DS > 2.0 is needed to yield good quality films.'” The
transparency indicated a uniform dispersion of OCC in the
matrix, good compatibility, and favorable interactions between
CA and OCC.” The neat CAL film was yellowish, thick, and
shrank during the drying, whereas the physical blend
composite, CAL + 2 wt % OCC, was white, thin, and
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fractured, but retained its shape during drying. According to
the SEM images, the OCC-modified covalent composite films
CAL-OCC2 and CAL-OCC4 showed a smooth and
homogeneous surface, whereas the reference films, CAL and
CAL + 2 wt % OCC, were rough and uneven.

The preparation of the films gave further evidence of the
successful covalent nature of the composites: during the
manufacturing of the physical composite film, the unbound,
water-soluble OCC leaked out during the washing of the CAL
+ 2 wt % OCC film. This was not noticed for the covalent
composites CAL-OCC2 and CAL-OCC4. XPS analysis of
CAL-OCC2 and CAL + 2 wt % OCC was therefore performed
and it further indicated that covalent attachment was necessary
for avoiding migration of OCC particles during film
preparation (Figure 6 and Table S3). According to the
analysis, both materials displayed C—C/C=C, C—0O, C—
0—C/C=0 and O=C—O at the binding energies 284.8—
284.9, 286.7, 288.1, and 289.3 eV. It could further be deduced
that CAL-OCC2 films with covalently attached OCC displayed
an O/C ratio of 0.34, and the physical mixture (CAL + 2 wt %
OCC) had an O/C of 0.52. The higher O/C ratio for the
physical mixture implied that the carbonized material OCC
had a large part migrated from the material, which gave rise to
the nontransparent and brittle film. The lower O/C ratio for
CAL-OCC2 indicated covalent attachment of OCC, which
provided good film-forming ability. Similarly, a cellulose-
derived carbon nanofiber/GO composite has shown an
increment of the C—C/C=C peak compared to neat
cellulose due to the addition of carbon material.””

Mechanical properties of CAL-OCC2 were tested, as this
material had very good film-forming ability and showed both
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transparency and flexibility. The other films were too brittle
and uneven for cutting specimens and were therefore not
tested for their mechanical performance. The higher brittleness
of CAL-OCC4 might have been due to the lower degree of
acetylation compared to CAL-OCC2. This is in good
agreement with literature, as CA with DS 0.8 has been
shown to be too brittle for mechanical tests.'”

The closest-to-average stress—strain curve of CAL-OCC2 is
presented in Figure 7a. The stress-at-break of the film was 71.4
+ 7.0 MPa, the elongation-at-break 11.0 & 3.1% and Young’s
modulus 1.53 + 0.15 GPa. The CAL-OCC2 showed thus
clearly higher values in strength, stiffness and ductility as
compared to literature values for pure cellulose acetate films
with similar and higher DS (Figure 7b).'”?*°%>° The
mechanical performance of CAL-OCC2 was in line with the
previously reported results on films of CA and cellulosic GO
composites. Though, the properties of cellulose materials are
dependent on many variables, such as DP, DS, crystallinity,
manufacturing conditions as well as the size, shape and nature
of the filler particles.'”***® Generally, Young’s modulus and
tensile strength of cellulose derivatives increased with non-
covalently added graphite derivatives,”*>">* while elongation-
at-break decreased.”>*” However, a study by Liu et al.
showed that an optimized GO loading could increase the
elongation-at-break compared to pure cellulose, leading to
values up to 16%.”

Altogether, based on the quality of the CAL-OCC2 and
CAL-OCCH4 films, the covalent attachment of OCCs positively
enhanced the film quality with respect to optical and
mechanical properties. The visual transparency of the
covalently OCC-modified composite films, CAL-OCC2 and
CAL-OCCH4, indicates good compatibility of OCC and CA
backbone and uniform reaction during OCC-modification
resulting in good dispersion of the OCC in the matrix.””

B CONCLUSIONS

Thermoplastic “all-cellulose” composites were successfully
synthesized through covalent modification of cellulose acetate
(CA) by oxidized carbonized cellulose (OCC) prepared by
HTC of cellulose and paper tissues. The OCC were of
micrometer size, had plane morphology and oxygen function-
alities that facilitated acyl chlorination and subsequent covalent
attachment of acyl chlorinated OCC onto CA. The acetylation
and OCC-modification of cellulose could be performed in a
one-pot reaction in the IL AmimCl. It was shown that the
covalent attachment of OCC to CA greatly improved the
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optical and mechanical properties of the composite films as
compared to both neat CA and CA with physically blended
OCC. The results indicate great future potential for the
fabricated “all-cellulose” composite materials with thermo-
plastic properties. Furthermore, this could provide a potential
upcycling possibility for paper waste products taking a step
toward circular resource economy.
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