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Nanofibrillated cellulose was synthesized by magnetically separ-
able 4-ox0-2,2,6,6 tetramethylpiperidine-1 oxyl (TEMPO) mediated
oxidation and mechanical disintegration of wood pulp.
4-oxo-TEMPO was covalently tethered to the surface of magnetic
nanoparticles, which enabled reuse of the catalyst making the
oxidation process cost effective through catalyst recovery and
eliminating the catalyst release into waste water streams. This is a
first report on use of solid catalyst to synthesize nanofibrillated
cellulose using water as a medium.

Introduction

Cellulose is the most abundant renewable resource for making
chemicals and functional materials. On the other hand, cell-
ulose is one of the most inert organic materials on the planet.
To mitigate this issue, synthetic catalysts have an important
role in the conversion of cellulose into derivatives with various
substitution patterns. Regioselective oxidation of cellulose
pulp converts accessible Cq surface hydroxyls on microfibril
surfaces into carboxylic acid groups which serve as reactive
“handles” that can be modified with a number of chemistries
to enable functionalization of cellulose for many
applications."™ 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO),
with sodium hypochlorite as oxidant, is used as an efficient
catalytic system for oxidation of native cellulose.” Further,
nanofibrillated cellulose (NFC) in particular, is synthesized by
successive oxidation and mechanical disintegration of cell-
ulose pulp.® In fact, successive TEMPO mediated oxidation
and homogenization for fibrillation is reported to have the
lowest energy demand to produce NFC.” However, TEMPO is a
toxic chemical to aquatic life that cannot be released into
waste effluent after oxidation, as it can accumulate in the
environment.®? This issue creates a need to recycle TEMPO in
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order for this process to be a sustainable technology to create
value added materials from plant-based resources.'®'" The
reuse of TEMPO is thus critical to develop a greener and cost
effective process for the synthesis of NFC."?

There have been efforts to recycle TEMPO by tethering it co-
valently on nanoparticles or polymers."*'* Using magnetic
nanoparticles as support enabled easy separation of TEMPO
after oxidation while polymers can be precipitated by non-
solvents."” Tethered nanoparticles have been used for oxidation
of primary alcohols to carboxylic acids.'®™° However, there has
been no report on use of such heterogeneous magnetic catalyst
to modify solid biopolymer substrates such as wood pulp fibre.
We report the synthesis of heterogeneous TEMPO catalyst
(Fe@MagTEMPO) wherein, TEMPO was tethered to magnetic
nanoparticles through covalent bonding and used to oxidize
cellulose pulp and synthesize NFC. The oxidation was carried
out using water as the medium, sodium bromide as promoter
and sodium hypochlorite as oxidant. At the end of the oxi-
dation, TEMPO was recycled and sodium hypochlorite was
reduced to sodium chloride, leading to nanocellulose pro-
duction with greener chemistry principles with renewable
starting material, low energy processing, and no toxic by-
product formation.

Results and discussion
Pulp oxidation

Carboxylic acid content of 0.17 mmol g~ was obtained on
bleached cellulose kraft pulp when it was allowed to react with
sodium hypochlorite for 6 h without any TEMPO catalyst
(Table 1). This level of oxidation provided the fibre with an
overall negative charge, albeit weak. Use of homogeneous
TEMPO as catalyst dramatically increased the carboxyl content
of pulps up to 1 to 1.2 mmol g~ in time periods of only
2 hours to create highly negatively charged fibres.?® Hence, the
effectiveness of homogeneous TEMPO to oxidize a hetero-
geneous substrate such as wood pulp was demonstrated in the
conversion of primary hydroxyls into carboxylic acids and alde-
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Table 1 Effect of reaction conditions on oxidation level of bleached
cellulose kraft pulp

Carboxyl Rate of
content Time Temperature oxidation
Catalyst (mmol g™) (h) (°C) (mmolg™" h™)
No catalyst 0.17 6 25 0.028
Homogeneous 1 2 25 0.48
TEMPO
Fe@MagTEMPO 0.54 6 25 0.085
Fe@MagTEMPO 0.9 3.5 65 0.25

2 g never dried bleached cellulose kraft pulp, 200 cm® water, 0.1 mmol
NaBr, 5 mmol ¢~' NaClO, NaOH (0.5 M) to maintain pH 10 in all
scenarios.

hydes. A solid Fe@MagTEMPO catalyst was reacted with a
solid substrate in a water medium that produced an oxidized
fibre with a carboxyl content of 0.5 to 0.9 mmol g~ under con-
trolled conditions at room temperature (Table 1). These
numbers indicated the heterogeneous TEMPO was effective at
oxidizing the pulp fibre; however, an extended reaction time
was required to obtain higher levels of oxidation.

In addition to the time factor, catalyst loading per volume
of reaction mixture was investigated to determine the impact
on the rate of oxidation (Fig. ES1t). Nearly tripling the loading
of the catalyst did not change the reaction rate. This result
indicated a diffusion controlled reaction; the catalyst had to
penetrate through the pores of cellulose fibres to oxidize cell-
ulose. These pores were noted to be up to 80 nm in size.”'
Compared to the Fe@MagTEMPO dimensions of 30 nm
(Fig. ES21 & Fig. 4), the heterogeneous catalyst was able to
diffuse within the walls of the fibre and was able to catalyze
the oxidation by virtue of its size. Further, the rate of oxidation
was influenced by the addition time of the hypochlorite with
increased rates when the oxidant was added slowly to the reac-
tion mixture (Fig. ES37). The oxidant had two roles during the
reaction: it activated the free radical on TEMPO and activated
the NaBr-NaBrO cycle, so that TEMPO remained active for oxi-
dization of the hydroxyl groups (Fig. ES47). If the oxidant was
added only at beginning of reaction, it would primarily oxidize
the promoter (NaBr), as activating sterically hindered hetero-
geneous TEMPO is difficult.>>*

The other parameter that had a significant impact on the
reaction was the temperature, as the rate of oxidation
increased with increased temperature (Fig. ES5t). The reaction
rate increased three fold to 0.25 mmol ¢~" h™" when used at
65 °C. The increase in the rate of reaction was attributed to
increased number of vibrations due to thermal currents within
the medium. When homogeneous TEMPO was used as cata-
lyst, oxidation rate of 0.48 mmol g¢”* h™" was obtained at room
temperature. Hence, for this heterogeneous reaction that
involved the solid catalyst and fibre substrate, the reaction was
less efficient, yet the heterogeneous catalyst still produced oxi-
dized fibre up to levels of 0.9 mmol g”* (Table 1).

Further, it was reported that TEMPO oxidation of primary
alcohols into carboxylic acids occurs via an initial oxidation of
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the alcohol into an aldehyde. Typical values for TEMPO oxi-
dized fibre had a total carbonyl content of 1 mmol g~* with
approximately 70% that occurred as carboxylic acids and the
remainder were aldehydes.>® The aldehydes were converted
into carboxylic acids, post reaction, via oxidation with sodium
chlorite. In the present study, the initial carboxylic acid
content of the fibre was 0.9 mmol g~' and the content
remained the same after sodium chlorite treatment. This data
suggested that the TEMPO catalyst was effective to create a
cycle where neighbouring activated TEMPO groups oxidized
accessible cellulose hydroxyls to a final product of carboxylic
acids.

Nanocellulose production

Oxidation levels with the heterogeneous catalyst were
sufficient to fibrillate the oxidized cellulose pulp and generate
NFC. After sonication, the oxidized fibre suspension was trans-
parent, while the sonicated sampled contained suspended
fibre (Fig. 1). The fibrillation was effective for the creation of
completely transparent films after solvent casting. The films
demonstrated slight iridescence that is not always seen for
nanofibrillated pulp. SEM images of fractured film showed the
layers of NFC which the lamellar structure would provide a
mechanism towards iridescence (Fig. 2). However, this layered
structure was not as regular as cellulose nanocrystalline films
that demonstrated structural colour.>>*” AFM analysis of NFC
showed individualised fibrils of approximately 5 nm (+2 nm)
in diameter along with a few larger “macrofibrils” that were on
the scale of 25 nm (Fig. 3). The thickness of nanofibrils were
similar to that obtained by homogeneous TEMPO mediated
oxidation yet larger in average diameter for previous reported
sonicated TEMPO oxidized nanocellulose.”*

With the use of solid catalyst for oxidation of solid reactant
yielding a solid product, there was a possibility of catalyst
being entrapped in the product. A typical separation process
included filtering the fibre slurry at the end of oxidation across
11 pm pore opening membrane and then rinsing the fibre
with excess water in the presence of a magnetic field (bar
magnet) to recover the particles prior to fibrillation. To
confirm that the catalyst was completely separated from the
product, the NFC film was analyzed with energy dispersive
X-ray analysis (EDX) which has a detection limit of 300 ppm

Fig. 1 Evidence of nanofibrillation achieved after oxidation of cellulose
pulp using Fe@MagTEMPO as catalyst.
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Fig. 2 SEM images of fractured nanofibrillated cellulose film obtained by oxidation of cellulose pulp using Fe@MagTEMPO as catalyst.
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Fig. 3 AFM image of nanofibrillated cellulose obtained by oxidation of
cellulose pulp using Fe@MagTEMPO as catalyst.

for silica.”® The analysis of micron thick NFC films did not
detect Fe@MagTEMPO catalyst elements of iron or silica, indi-
cating complete separation of catalyst from oxidized pulp fibre
(Table 2). ATR-FTIR has been used as complementary analysis
technique to SEM-EDX for investigation of organic fouling on
porous organic composite membranes, for analysis of rubber
diaphragms and for analysis of zinc oxide nanoparticles
coated paper.”°*' ATR-FTIR spectrum of NFC film made using
Fe@MagTEMPO catalyst showed no peaks associated with

Table 2 EDX analysis of Fe@MagTEMPO and nanofibrillated cellulose
film

Elemental composition (wt%)

Sample
Fe Si C (6]

Fe@MagTEMPO
NFC_Fe@MagTEMPO

18.97 17.50
Not detected  Not detected

14.86
51.36

48.67
48.64

4794 | Green Chem., 2017, 19, 4792-4797

Fe-O (640 cm™") or silica hydroxide (800, 900 cm™") indicating
the lack of detection of residual catalyst in the NFC film
(Fig. ES67). Moreover, the spectra for NFC films made from
homogeneous TEMPO and Fe@MagTEMPO were similar
except for the peak associated with carboxylate groups in
sodium salt form (1615 cm™"). This result was from the lower
oxidation level obtained with Fe@MagTEMPO catalyst. Peaks
associated with C-O-C stretching vibration of pyranose ring
skeleton (1059 cm™), sp® hybridized C-H stretching
(2900 cm™"), hydrogen bonded O-H stretching (3350 cm™),
C-H deformation (1372-1429 cm™') and O-H out of plane
bending (670 cm™') owing to sonication were seen in both

films.?*33

Catalyst evaluation and stability

The loading of TEMPO on the Fe;O, nanoparticle anchor was
measured using UV-Visible light spectroscopy at 461 nm wave-
length.** The TEMPO loading was found to be 0.35 mmol g™ cacaiysc-
The catalyst nanoparticle size was ~30 nm giving an
area of 2875 nm?® per nanoparticle for binding TEMPO.
Considering the 0.35 mmol g_lcatalyst loading, there was an
average of 200 TEMPO groups per catalyst nanoparticle, provid-
ing enormous oxidizing power for the catalyst as it diffuses
through the swollen fibre cell wall. TEMPO tethered on iron
oxide nanoparticles has been used previously for oxidation of
alcohols and hence it was necessary to determine the stability
of Fe@MagTEMPO in alkaline reaction environment. The cata-
lyst sample was dispersed in sodium hydroxide solution
(pH 10) for 15 days. Qualitative comparison of TEM images of
fresh and aged catalyst samples confirmed the structural
fidelity of the catalyst with significant coating of silica on the
particles after 15 days (Fig. 4). The images contain aggregated
particles with iron oxide cores along with silica surfaces.
However, during synthesis, not all the silica surface was modified
with APTES and TEMPO, as there were peaks associated
with silica hydroxide (800 ecm™, 935 cm™) (Fig. 5).*° After
soaking in alkali for 15 days, these functional groups decreased
in intensity relative to the silica peaks (~1090, ~460 cm™).

This journal is © The Royal Society of Chemistry 2017
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 days aged Fe@MagTE|

Fig. 4 TEM images of fresh Fe@MagTEMPO and 15 days aged Fe@MagTEMPO in sodium hydroxide solution (pH 10).
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Fig. 5 FTIR analysis of fresh Fe@MagTEMPO and 15 days aged
Fe@MagTEMPO in sodium hydroxide solution (pH 10).

Additionally, the broad stretching peak of the hydroxyl groups
was observed to decrease at 3400 cm™" as well indicating a
change to the surface hydroxyls. This data suggested a slightly
altered surface chemistry, still dominated in Si-O-Si bonds
but existing in an altered environment after alkali treatment;
this change was seen with the formation of a new peak at
1511 cm™' relating to the interaction of the unreacted amino
groups on APTES with the Si-OH/Si-O~ groups on the particle
surface.*® Changes to TEMPO related peaks were not observed
in the spectra due to the low concentrations.

This journal is © The Royal Society of Chemistry 2017

A further stability test was performed on the catalyst in a
multi-step oxidation experiment, where the heterogeneous
catalyst was removed, based on the steps indicated above, and
the water solution captured and pulp fibre resuspended in the
same batch without the heterogeneous catalyst. Continued
addition of oxidant did not cause further oxidation of the pulp
fibre, as indicated by the in situ pH probe. However, when the
heterogeneous catalyst was reintroduced into the system, oxi-
dation of the fibre continued until completion. This experi-
ment indicated that there were no free TEMPO molecules that
were not tethered to the catalyst as well as the catalyst could be

0.25 I

=

< 0.2 |

o))

2

E 0.15

c

2

§ 0.1

% ] @ ] @

o

(Yo

© 0.05

[]

©

0
0 1 2 3 4

Number of Reuse
®25C m65C

Fig. 6 Reusability of Fef@MagTEMPO catalyst for oxidation of cellulose
pulp: 2 g never dried bleached softwood pulp, 200 cm® water, 0.1 mmol
NaBr, 0.175 mg cm™~> Fe@MagTEMPO, 5 mmol g~* NaClO, NaOH (0.5 M)
to maintain pH 10.
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recovered from the reaction medium. The reusability of the
catalyst was further studied by reusing the same catalyst at
25 °C for four cycles with each cycle running for 6 h (Fig. 6).
The catalyst was collected at the end of each oxidation reaction
with an external magnet and used “as-is” for the next oxidation
cycle. More pertinent reusability studies were carried out at
65 °C at similar reaction conditions (Fig. 6). For every reuse,
the reaction was allowed to proceed for 3.5 h to obtain carboxyl
content of at least 0.78 mmol g~ " on pulp fibre. There was no
loss of catalyst activity at end of four cycles (Fig. 6) as well as
loss of magnetic capabilities in both scenarios.

Conclusion

Nanoparticle (solid) catalyst was used to oxidize cellulose pulp
fibre (solid) with water as medium. Oxidation levels and rate of
oxidation with heterogeneous catalyst were slightly lower than
the homogeneous TEMPO mediated oxidation but were
sufficient to achieve effective levels of oxidation that led to
fibrillation and nanocellulose production. Subsequently,
TEMPO heterogeneous catalyst was recovered from the reaction
mixture and reused which prevented the release of the catalyst
into wastewater streams during nanocellulose synthesis.

Experimental
Synthesis of Fe@MagTEMPO catalyst

The catalyst was synthesized in four stages of precipitation,
condensation, silanization and reductive amination. 5 g
Iron(m) chloride and 3 g iron(u) chloride tetrahydrate were dis-
solved in 2 M HCI solution using a bath sonicator. The dissolved
salts were precipitated with ammonium hydroxide solution.
Fe;0, nanoparticles with 5-10 nm diameter were obtained
(Fig. ES2t). The nanoparticles were suspended in mixture of
ethanol (35 ¢cm®) and water (6 cm®) under sonication. TEOS
(1.5 ecm®) was added dropwise. Silica nanoparticles were
obtained as a uniform coating on Fe;O, nanoparticles by
hydrolysis and condensation using ammonium hydroxide
solution as catalyst (Fig. ES27). The silica coated Fe;O, nano-
particles (10 g) were suspended in toluene (200 ¢cm®) using a
bath sonicator and APTES (2.5 cm®) was added to it. The
mixture was heated at 105 °C for 20 h to allow completion of
silanization reaction. Fe;O, nanoparticles with silica coating
and APTES (3 g) were suspended in ethanol (100 ml) and
4-0Ox0-TEMPO (1.5 mmol) was added to it. The suspension was
kept under continuous agitation at 40 °C using shaker-incubator.
5-Ethyl-2-methylpyridine borane complex (2 mmol) was
used as green catalyst for reductive amination reaction.’” The
reductive amination catalyst was added to the reaction mixture
in three equal parts after 3 h, 24 h and 48 h of agitation at
40 °C. The final product was separated with an external
magnet (Fig. ES7t), washed with ethanol and dried under
vacuum. The final catalyst was referred as Fe@MagTEMPO and
stored in vacuum oven at 40 °C.

4796 | Green Chem., 2017, 19, 4792-4797
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Oxidation of cellulose pulp using Fe@MagTEMPO>®

The oxidation of cellulose pulp was carried out in a 1 L round
bottom flask. Temperature was controlled using heating
mantle equipped with PID controller (+2 °C). An overhead
stirrer was used to disperse the catalyst in reaction mixture.
pH was monitored using a Fischer Scientific AR 15 meter.
Oxidation tests were done using never dried pulp dispersed in
distilled water such that the concentration of pulp was
1% (w/w). Required quantities of sodium bromide and
Fe@MagTEMPO were added to the dispersion of cellulose
pulp. The mixture was heated to the desired temperature and
oxidation was started by addition of sodium hypochlorite. The
progress in oxidation was evident with decrease in pH of the
reaction mixture. The pH was maintained at 10 using 0.5 M
NaOH solution. The reaction was stopped when no
further drop in pH was observed. The catalyst was separated
from the reaction mixture by filtration and collected using an
external magnet for reuse. The carboxyl content on oxidized
pulp was calculated by conductometric titration. 0.25 g of
oxidized pulp was soaked in 0.01 M HCI solution for 1 h. The
soaked pulp was washed and resuspended in 0.001 M NacCl
solution. 200 pl of 0.1 M HCI was added just prior to titration.
Conductivity was measured after adding 50 pl aliquots of
0.05 M NaOH solution when the meter (Fischer Scientific
Accumet AR50 with two-cell conductivity probe) showed
stable reading. The carboxyl content was calculated from
results as:

(Cnaon X VNaoH)

Carboxyl content =
Whulp

where, Cnaon is concentration of titrant (mmol em™), Vyaon iS
volume of titratnt consumed at equivalence point (cm®) and
Wpuip is oven dry weight of cellulose pulp used for titration (g).
The oxidised pulp was blended for 15 min and sonicated for
30 min to get NFC.

Abbreviation

SEM Scanning electron microscopy

AFM Atomic force microscopy

TEM Transmission electron microscopy

FTIR Fourier transform infrared spectroscopy

ATR-FTIR Attenuated total reflectance-Fourier
transform infrared spectroscopy

EDX Energy dispersive X-ray spectroscopy

TEOS Tetra-ethyl-orthosilicate

APTES 3-Aminopropyltriethoxysilane

NFC_Fe@MagTEMPO Nanofibrillated cellulose film gener-

ated using Fe@MagTEMPO catalyst
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