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Abstract: In the present work a remarkably simple procedure for the elaboration of wet cellulose
film containing manganese oxide nanoparticles was developed. The films were produced using a
mold made by 3D printing using cellulose dissolved in an ionic liquid, which allows the production
of thin and homogeneous films of different shapes, types and designs which cannot be made using
conventional techniques. Thanks to this possibility, the final catalytic object can be implemented
in specific reactors. Manganese oxide nanoparticles were prepared as a colloidal solution by a
redox/sol-gel procedure and then deposited on the cellulose films by wet impregnation. The catalytic
film obtained was tested in the decomposition of a dye, indigo carmine (IC), in the absence of
light. The influence of the pH of the solution on the decomposition rate was investigated. IC total
decomposition was measured after 1-h reaction at pH below 3. At pH = 2, no deactivation of the
catalyst was observed even after four decomposition cycles. This work provides a new strategy to
design cellulose-based catalysts for dye removal from wastewater.

Keywords: cellulose film; MnOx nanoparticles; catalytic oxidation; indigo carmine dye

1. Introduction

The presence of dyes in wastewater represents a worldwide environmental issue
and many solutions have been proposed to eliminate these polluting compounds [1].
Unfortunately, the non-selectivity and the high operational costs of the studied systems
still represent a drawback to their extensive implementation [2,3]. A promising approach
to limit the operational cost of dyes removal is the elaboration of new oxidation catalysts
containing manganese oxide nanoparticles [4,5]. Manganese oxide is cheap, chemically
stable, and not toxic for the environment. Focusing on the catalytic application, the use of
manganese oxide nanoparticles in powder or in dispersion has some obstacles, due to the
aggregation and/or agglomeration during the use, which leads to the loss of the catalytic
activity [6,7]. To overcome this impasse, these nanoparticles can be supported in different
substrates, such as polymeric membranes [8]. Most of the polymeric matrixes used to
this end are obtained from petrochemical sources and they are non-degradable, persisting
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in nature for many years. Considering the recent concerns on environmental issues, the
interest in using polymeric materials originated from renewable sources is emerging.
Among these materials, cellulose has great potential to fulfill those requirements due to
its low cost, abundance, renewability and biodegradability [9]. Nonetheless, cellulose
has poor solubility and processability, disadvantages which have been overcome when
specific ionic liquids were capable to dissolve this biomass [10] and to produce cellulose
films by the regeneration of the dissolved cellulose with an anti-solvent [11]. The search
for catalyst based on non-modified cellulose and manganese oxides are still scarce and
recent. In 2019, Peng and co-workers [12] produced porous cellulose film containing
MnO; microspheres spread in the reticular structure of the biopolymer. The film efficiently
degraded acid orange in wastewater. In our previous study, we produced free-standing
films of non-modified cellulose impregnated with manganese dioxide nanoparticles and
their application in the discoloration of the indigo carmine dye upon exposure to ambient
light [13].

In the present work, a new approach to produce supported MnOy nanoparticles
on wet cellulose films with controlled shape and thickness is described. The films were
produced using a mold made by 3D printing, which allows the production of thin and
homogeneous films of different shapes, types and designs which cannot be made using
conventional techniques. X-ray Photoelectron Spectroscopy (XPS) measurements of this
film was fundamental to evaluate the interaction between the biopolymer and the metal
oxide. XPS analyses involving cellulose films are scarce in the literature. The cellulose
support is cheap, easy to prepare, biodegradable, abundant, non-toxic and allows to obtain
new nanocatalysts [13-17]. The discoloration of indigo carmine was evaluated in the
absence of light, proving that this film does not act as photocatalytic.

2. Materials and Methods

The active phase (MnOx-nanoparticles) was prepared starting from tetramethylam-
monium permanganate (TMAMNO;,) synthesized following the same protocol used by
Brock et al. [18]. A deionized water solution (10 mL) containing 2.54 g of tetramethylam-
monium bromide dissolved in 25 mL of deionized water was added dropwise to a water
solution containing 2.37 g of KMnO, under stirring for 1 h at room temperature. The
TMAMNO;, precipitated was then recovered by filtration and dried. The preparation of
manganese dioxide nanoparticles suspension was carried out by dissolving 290 mg of
TMAMNOy in a mixture constituted of 30.0 mL of 2-butanol and 30.0 mL of deionized water,
at room temperature and under stirring for 1 h. The organic and aqueous phases were
separated. MnO, suspension was obtained in the aqueous phase. This sample was labelled
“MnOy_suspension”. Then, the suspension containing manganese oxide nanoparticles was
ready to be deposited onto the cellulose film.

In order to prepare the cellulose film, firstly, microcrystalline cellulose was dissolved
in an ionic liquid (1-butyl-3-methylimidazolium chloride-BMImCI) at 60 °C for 24 h. The
obtained solution (5.0 wt%) was highly viscous and needed to be maintained at 60 °C
to avoid solidification. A specific mold and spatula (both made of polycarbonate) were
purposely produced using a 3D printing system in order to obtain the wanted shape
of cellulose film used as catalytic support (Figure 1a). First, a sufficient amount of the
cellulose solution was deposited at the extremity of the mold (Figure 1b) and spread with
the spatula with a slow and continuous movement in order to cover all the surface of the
mold, thus avoiding the formation of holes or air bubbles. The space between the spatula
and the surface of the mold was equal to 1 mm. To regenerate the dissolved cellulose as
a film, distilled water was added (Figure 1c). The resulting film (Figure 1d) was rinsed
with distilled water to remove all the ionic liquid. The complete removal of BMImCl was
checked by collecting drops from the washing water and adding drops of 0.1 M aqueous
solution of silver nitrate. The membrane is free of chloride if the solution remains clear
in this test after the addition of silver nitrate. The complete removal of the ionic liquid is
crucial to prevent the agglomeration of the MnOy nanoparticles in the next step. Finally,
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the MnOx suspension was left in contact with the film during 12 h. Then, the film was
washed with distilled water exhaustively (Figure 1le) and stored in distilled water before
use. These samples are denominated as Cellulose_MnOx (CEL_MnOy). The obtained films
presented a homogenous thickness of 1 mm, a width of 35 mm and a length of 250 mm.
The walls of the mold were dimensioned to accept, without overflowing, 20 mL of the
MnOjy suspension. Eight round shaped films (diameter = 2.0 cm; average area = 6.2 cm?

considering both sides) were produced.

) (@) — )
L ~ '
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Figure 1. Description of the different steps necessary to produce the wet cellulose film containing

MnOy nanoparticles: (a) mold and spatula; (b) deposit of the cellulose solution; (c) extraction of the
ionic liquid with distilled water; (d) stripping of the wet cellulose film; (e) cellulose film in contact
with the MnOy suspension.

The isoelectric point of the MnOx-nanoparticles was measured by Zeta potential
measurements at different pH. To perform these experiments, the aqueous suspension
containing 0.05 mol L~! of MnO, nanoparticles was recovered in powder form after water
removal This sample was labelled “MnOy_powder”. Eight suspensions containing 40 mg
of the MnOy_powder sample and 50 mL of an aqueous solution of NaCl (0.001 M) were
prepared with pH in the 2-8 range. The pH was adjusted by adding HCI or NaOH solutions
(0.1 M). Each sample was maintained under stirring for 24 h. The pH of the suspensions
was measured before and after the 24 h stirring. In case of variation of the pH, HCl or
NaOH solutions were added again. The resulting suspension was then maintained under
stirring for 24 supplementary hours. This procedure was repeated until stabilization of
the pH. The measurements were taken after pH stabilization. The Zeta potential values
were obtained using a Malvern Zetasizer. Five zeta measurements were performed for
each suspension of MnOy-nanoparticles at different pH.

The diffusion light scattering (DLS) measurements of the MnOx suspension were
obtained also using a Malvern Zetasizer. The suspensions used for these measurements
were the same than elaborated for zeta potential measurements.

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a VG
Scienta SES 2002 spectrometer (Uppsala, Sweden) equipped with a monochromatic Al Ko
X-ray source (Al K« = 1486.6 eV) and a hemispherical analyzer (Uppsala, Sweden).
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Scanning transmission electron microscopy (STEM) images were obtained with a
JSM-7900 JEOL microscope equipped with a Deben STEM detector, at an accelerating
voltage of 30 kV.

The catalytic properties were tested by immerging the round film in 10 mL indigo
carmine aqueous solution (20 ppm) for 1 h at different pH-values. The pH was adjusted
by addition of HCl solution (1.0 M). All the experiments were carried out in absence of
light. The indigo carmine degradation was monitored spectrophotometrically following the
intensity of the band at 610 nm. All the experiments were carried out with fresh pieces of
the catalyst (coming from the same cellulosic film), except the experiments corresponding
to the cycling tests. For this last, the catalyst was rinsed with deionized water until no
indigo carmine (IC) dye is present.

The color removal efficiency of the dye was estimated through Equation (1):

(Ci — Cy) * 100

1

%Color removal = (1)
C; and C; are the concentration of IC at time zero and time t, respectively.
The Langmuir-Hinshelwood (L-H) model [19] was used to describe the degradation
reaction of IC occurring at the solid-liquid interface between the cellulosic film and the IC
solution. The degradation rate () of IC can be estimated through Equation (2):

dlic]  kK[IC],

TTTTdt T 14K,

@

where [IC]y (ppm or mg L) is the initial concentration of indigo carmine, k, (min~!)
is the reaction rate constant at maximum surface coverage, and K (dimensionless) is the
equilibrium adsorption coefficient.

Considering that [IC]y is very small, after integration and rearrangement, Equation (2)

becomes Equation (3):

Cly | v v
1nm = kKt = Kt 3)

where k’ corresponds to the apparent constant rate of IC degradation.

3. Results and Discussion
3.1. Film Characterization

Five zeta-measurements were performed for each suspension of MnOy-nanoparticles
at different pH. Then, the mean and standard deviation of the values were obtained. The
isoelectric point (IEP) of the MnOy nanoparticles was estimated plotting the zeta potential
curve (Figure 2). The IEP for the MnOy nanoparticles was evaluated around pH = 4. This
means that the surface of the particles is positively charged for pH lower than 4 (blue
square) and negatively charged at higher pH values. This result is consistent with the
values found in the literature, which show a pHy,c between 3.3 and 4 for 6 and 3-MnO,
nanoparticles [20,21].

STEM characterizations and diffusion light scattering (DLS) analysis were done in
order to estimate the particle size distribution of the MnOyx nanoparticles. Figure 3 shows
the distribution of the MnOy nanoparticles in the cellulose film. Particles with a mean
diameter in the 80-100 nm range were observed (Figure 3b). At a higher magnification
(Figure 3c), it was possible to observe that the nanoparticles correspond to an agglomeration
of smaller ones. This result was confirmed by DLS measurements (not reported here) that
show a bimodal dispersion with average diameters around 10 and 80 nm. The particles
with diameter of 80 nm correspond to the agglomeration of smaller nanoparticles.
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Figure 2. Zeta potential measurements carried out on the MnOy nanoparticles suspensions obtained
in different pH. A third-degree polynomial (red curve) fits the data.

Figure 3. STEM images obtained at different magnifications on the cellulose film containing MnOx
nanoparticles: (a) x40,000; (b) x60,000; (c) x190,000.

XPS analysis was carried out to determine the redox state of Mn (Figure 4). All data
acquired on the cellulose film containing MnOy and pure cellulose film are reported in
detail in Tables 1 and 2, respectively. The survey spectrum of the CEL_MnOy sample
(Figure 4a) shows the major presence of O, C, Mn and, at a lower extent, N and Si. Si
corresponds to an impurity of the microcrystalline cellulose, while N derives from the
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residual ionic liquid. The Mn content was estimated at 9 wt%. Mn 2p spectrum (Figure 4b)
displays two contributions, located around 642.4 eV and 654.2 eV, attributed respectively
to Mn2p3,, and Mn2p; /,, and with a spin-orbit coupling of 11.8 eV. This spectrum exhibits
a multiplet splitting that was fitted in accordance with reference [22]. The deconvolution of
this peak confirms the presence of MnO, and enables to estimate the Mn IV and Mn III
amounts, 88.5 at% for Mn IV (MnO;) and 11.5 at% for Mn I1I, respectively. The presence
of covalent C-O-Mn bonds was enlightened by analyzing the Cls and Ol1s XPS spectra
of the cellulose film before (Figure 5b,c) and after (Figure 4c,d) the deposition of MnOx-
nanoparticles. The Cls presented different contributions respectively assigned to C-C and
C-H (285¢eV), C, (286.7 eV), and Cy, (288.3 V). The Ols peak was deconvoluted in two picks:
O, (632.7 eV) and Oy, (533.3 eV). The C, and C;, contributions describe the carbon-oxygen
bond in C-OR, R=H or C or Mn species. The components O, and Oy, come only from bonds
between carbon and oxygen (C-OR, R=H or C). A third Ols contribution corresponding to
Oz- (MnO;) and Mn-O-C bonds was detected only in the CEL_MnOx sample.
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g & C1s 2848 486 MnIVa 64226
o S O1s 5298 353 ——MnIVb 64334
» N1s 4018 27 ——MnIVc 64444
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Figure 4. XPS spectra of the/cellulose film containing MnOx nanoparticles. (A) Survey spectrum;
(B) Mn 2p; (C) C 1s; (D) O 1s.

The deconvolution of the Cls and O1s peaks allowed calculation of the concentration
(%At) of each contribution (see Table 2). The (C, + Cp,)/ (04 + Oyp,) ratio for the bare cellulose
film (equal to 1.35) was supposed not to vary in the film containing MnOy if no new
carbon-oxygen bonds were formed. However, the ratio value increased to 1.9 indicating
the presence of a new interaction between cellulose and manganese oxide (lower O, + O}
value). This indicates that some C-O-H bonds transform into C-O-Mn, and that the MnO
nanoparticles are strongly bonded to the cellulose matrix.

3.2. Catalytic Oxidation of Indigo Carmine Dye

We compared the degradation of IC in dark and under light condition. The results
showed that light has no impact on the reaction; in other words, in dark condition the
degradation rate is the same that of under light condition. This shows that the degradation
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of IC by this film is not a photocatalytic reaction but a chemical catalysis reaction. In front
of this result, all catalyst tests were performed in the absence of light.
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Figure 5. XPS spectra of the bare cellulose film. (A) Survey spectrum; (B) C 1s; (C) O 1s.

Table 1. XPS data for the cellulose film containing MnOy nanoparticles.

Spectrum Attribution Bm:gl(;l f (EeI;;e)rgy Atomic Concentration =+ 0.05 (%)
Cls Ca 286.65 16.77
Cls Cb 288.28 2.53
O1s Oa 532.70 5.85
O1ls Ob 533.28 4.37
O1ls 5i-O 532.20 4.66
O1ls Mn-O 529.97 19.24
O1ls NO 531.20 1.92
Cls C-CC-H 284.99 27.83
Cls 0=C-O 289.24 0.57
N 1s C-N 400.00 0.79
N 1s NO 402.39 1.92
Si2p Si 2p3/2 Si(-0)2 102.22 4.66

Mn 2p Mn a (Mn IV) 642.26 3.79
Mn 2p Mnb Mn IV) 643.34 2.59
Mn 2p Mn ¢ Mn 1V) 644.44 0.98
Mn2p Mn d (Mn IV) 645.56 0.35
Mn2p Mn e (Mn IV) 646.56 0.16
Mn2p Mn III 640.95 1.02
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Table 2. XPS data for the bare cellulose film.

Spectrum Attribution Bmilél ? (E;:;a)rgy Atomic Concentration =+ 0.05 (%)
Cls Ca 286.74 30.02
Cls Cb 288.28 6.33
O1ls Oa 532.78 17.59
O1s Ob 533.36 9.4
O1ls Si-O 532.2 297
O1ls N-C=0 531.6 1.53
Cls C-C,C-H 285 25.61
Cls 0=C-O 289.25 0.44
Cls O=C-N 288 1.54
N 1s C-N 400.15 1.58
Si2p Si 2p3/2 Si(-0)2 102.18 2.98

The dye discoloration results performed in different pH are presented in Figure 6.
The used pH values were selected in order to correlate the isoelectric point values of the
MnOy nanoparticles to the discoloration performances. At pH lower than 3, the color
removal reached a maximum of 98% at a reaction time of 60 min, increasing to 150 min
when pH = 4 was used. No appreciable discoloration was observed in pH higher than 5
even after 150 min. The IEP for the MnOy nanoparticles was evaluated around pH = 4 (see
Section 3.1). The surface of the particles was then positively charged for pH lower than 4
and negatively charged at higher pH values. As indigo carmine is an anionic dye, repulsion

between the dye and the MnOy nanoparticles may occur at pH higher than 4, limiting the
catalytic process. Considering only the first 60 min, a linear relationship between In %

versus time, as shown in Figure 7 indicated that the reaction was first order with respect to
[IC]y

IC. The apparent rate constant was calculated from the slope of the plot of In ] versus time.

kapp values (inset in Figure 7) were close to each other in pH 2 and 3 as expected and decreased
markedly at pH = 5 due to the absence of interaction between the catalyst and the dye.
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N Lo
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Figure 6. Scheme of the discoloration test and graph of the color removal (%) vs. time at different

pH values.



Clean Technol. 2021, 3

296

2.0 oz

1.8: & pH3 .
4 ’ pH 4 "£.00204 | pu=a pH=3 ':’
161 @ pH5 3

5 1.2-: ‘
= 1.0-

—

2 0.8—: ‘
06- g R

0.2 1 * e
4 ’z.“’__‘
0.0] ¢~ @

O 5 10 15 20 25 30 35 40 45 50 55 60 65
Time / min

Kapp / mi

Figure 7. Kinetics of indigo carmine (IC) degradation according to the pH of the solution represented
through the Langmuir-Hinshelwood (L-H) model. Inset: kapp values.

The cellulose film containing MnOy nanoparticles passed for the reusability catalytic
test (Figure 8). In these experiments, after 60 min, the film was removed from reaction
media using a tweezer. Four cycles were evaluated, and samples were collected every
10 min. Promisingly, no deactivation of the catalyst was measured after performing four
degradation cycles at pH = 2 during 1 h; the discoloration was maintained higher than 95%.
The kapp, values are practically maintained in the four consecutive reaction cycles (inset
Figure 8).
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Figure 8. Reusability catalytic test using the same cellulose film containing MnOy nanoparticles.
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4. Conclusions

Dissolved cellulose can be spread in different molds made by 3D printing, which
allows the production of films with different shapes, thicknesses and designs, opening the
possibility to be implemented in specific reactors.

A new catalyst constituted of a cellulose film impregnated with MnOyx nanoparticles
was produced in the present work. The characterizations showed that the active phase
particles are constituted of an agglomeration of MnOy nanoparticles, mainly present as
MnO,. Covalent bonding was detected between the cellulose support and the nanoparticles,
which leads to a good stability of the nanocatalyst. The catalytic properties were evaluated
for the indigo carmine discoloration in absence of light at different pHs. The results show
that the oxidation of the dye reaches the maximum at pH lower than 3. The catalytic
activity remained constant after four cycles of degradation. These promising results enable
anew approach for the facile elaboration of low-cost, non-toxic and biodegradable catalysts
based on cellulose.
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