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The Hy-MASS concept: hydrothermal microwave
assisted selective scissoring of cellulose for in situ
production of (meso)porous nanocellulose fibrils
and crystalst

Eduardo M. de Melo, (2 James H. Clark (2 and Avtar S. Matharu
The hydrothermal microwave-assisted selective scissoring (Hy-MASS) of depectinated orange peel resi-
dues (OPR), produced via conventional acid hydrolysis and acid-free microwave processing, to yield
(meso)porous nanocellulose fibrils and crystals simultaneously in the absence of additional auxiliary
reagents and/or mechanical treatment is reported. In the stepwise microwave hydrothermal treatment
(MHT) of OPR from 120 °C-200 °C at 20 °C intervals, release of residual pectins and hemicelluloses is
observed up to 180 °C producing nanocellulose fibrils (3—15 X 500—-2000 nm). Beyond 180 °C, selective
leaching/hydrolysis of amorphous regions occur to yield nanocellulose crystals (200-400 x 40-50 nm)
and crystallites (5-15 x 40-50 nm). This selective, step-wise scissoring process is termed Hy-MASS
Concept. Structure, morphology and properties of (meso)porous nanocellulose are strongly influenced by
pectin extraction methodology employed. With acid depectinated OPR, deconstruction of the ligno-
cellulosic matrix via microwave is hastened by approx. 20 °C with respect to acid-free microwave depecti-
nated OPR. T4 of acid depectinated nanocelluloses (CMC) is ca. 350 °C compared to microwave depecti-
nated nanocelluloses (MMC, Ty, varies 342-361 °C). Nanocellulose produced via microwave pre-treat-
ment is (meso)porous: BJH pore size 5-35 nm; BET surface area, 1.5-107 m? g™, and; BJH pore volume,
0.01-0.27 cm® g%, when compared to acid pre-treated counterparts. The crystallinity index of CMC and
MMC increases in two stages, 120-140 °C (ca. 8%) and at 180-200 °C (5-9%). XRD revealed presence of
calciuim salts, most likely calcium oxalate. The hydration capacities of nanocelluloses (12-23 g water per
g sample) are much higher than their precursors or literature citrus nanocellulose.

nanocellulose presents high surface area, aspect ratio and crys-
tallinity which affects its surface chemistry and consequently

Nanocellulose is a generic term given to cellulosic matter com-
prising one dimension in the nanometre range. Nanocellulose
may be derived either from plant cell walls (top-down
approach) or via bacterial fermentation of glucose (bottom-up
approach).” Nanocellulose is synonymous with the terms
nanocrystalline cellulose (NNC, D < 70 nm and L < 500 nm) or
whiskers, nanocellulose (elementary) fibrils (NCF, D < 3.5 nm
and L < 1 pm), microfibrillated cellulose (MFC, D < 100 nm
and L > 1 pm), bacterial nanocellulose (BNC, D < 100 nm and
L > 1 pm) and is a subject of intense interest due to its out-
standing mechanical, optical, electronic and physicochemical
properties.>™ In contrast to other cellulose fibres materials,
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high-value tunable, lighter and stronger bio-based materials
can be produced from it.>”” Several works compares the
mechanical properties of nanocellulose against other common
reinforcement materials (such as steel and Kevlar) and in all
cases nanocellulose presented outstanding performance.®™°
Nanocellulose has been applied to a broad range of fields,
ranging from biomaterials,” nanocomposites,"’ food addi-
tives'>"* to electronics,""'” catalysis,'® biomedical materials"”
and many more.'®

Although nanocellulose applications has being studied
since 1983, only recently its manufacturing became at least
technically feasible.'® To date, the production of nanocellulose
at industrial scale has been restricted to just a few companies
with a very limited production (totalling ca. 6000 kg per day)."
In 2014, the global nanocellulose market was evaluated at
$250 million and forecast to grow by 19% by 2019."

Conventionally, the industrial production of nanocellulose
involves an acid catalysed (pre)treatment and/or enzymatic

This journal is © The Royal Society of Chemistry 2017
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digestion of an appropriate cellulosic feedstock which removes
polysaccharide-lignin complex holding fibrils together fol-
lowed by dissolution of the amorphous regions via energy-
intensive physical processing such as ultrasound and/or high
mechanical shear the afford the desired nanocellulose fibrils
(NCF) and/or nanocrystalline cellulose (NNC).*?*?" In contrast
to conventional approaches, which are considered energy and
time intensive, expensive and not green, many spin-offs and
pilot-scale initiatives across North America, Europe and Japan
have been exploring alternative methods for nanocellulose pro-
duction,'®° resulting in an increasing number of patents over
the last few years.'® As an example of these advances, a recent
patent claims to have produced nanocellulose from wood pulp
at a low-energy input with aid of swelling agents (e.g. morpho-
line, potassium hydroxide) in addition to mechanical
treatments.>?

Herein, we report the hydrothermal microwave assisted selec-
tive scissoring (Hy-MASS) of depectinated orange peel residues
to simultaneously produce (meso)porous nanocellulosic fibrils
and nanocrystals in the absence any additional auxiliary
reagent. This novel approach complements the current scen-
ario of nanocellulose production by introducing environ-
mental and economic advantages to the processing since the
only inputs are biomass, water and energy (microwave) while
the outputs (pectin, nanocellulose and sugar liquor) are all
products of high-value, therefore virtually no waste is pro-
duced. Garcia et al. (2016) have review production of nano-
cellulose derived from several food supply chain/agricultural
residues, including citrus residue.”> Marifio et al (2015)
reported the production of nanocellulose from orange peel
waste by means of conventional treatments (physicochemical,
enzymatic or a combination of both), but not commented on
(meso)porosity.>® Orange peel residues were chosen because of
their under-utilisation within the context of a future orange
waste or citrus peel biorefinery. The citrus industry produces
approximately 70 million tons of crop per year,** of which
60-70% corresponds to oranges.””> In the juice processing
industry, at least 50% of the fruit is wasted, comprising peel,
bagasse and seeds.>®

Orange peel waste (OPW) is rich source of limonene, caro-
tenoids, flavonoids, sugars, proteins and lignocellulosic matter
(pectin, hemicellulose, cellulose and lignin), which alone
corresponds to ca. 80% of OPW in dry weight.>” Cellulose is
the main biopolymer present in OPW, and an exploitable com-
modity, comprising around 40% of its dry weight.

Traditionally, pectin is extracted via acid hydrolysis of the
peel and we have previously demonstrated microwave-assisted
acid-free extraction of pectin.?®° Lignocellulosic biomass
such as OPR can be activated by microwave treatment at rela-
tively low temperatures (120-200 °C) and short residence time
when compared to conventional chemical or enzymatic treat-
ments.*" Hydrothermal treatment of biomass under microwave
irradiation generates ionic species (derived from free organic
acids and water autohydrolysis)*** that creates an in situ cata-
Iytic environment able to hydrolyse pectin, hemicellulose,
lignin, amorphous cellulose and other components from the

This journal is © The Royal Society of Chemistry 2017
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cell wall matrix of biomass by different mechanisms such as
proton transfer,*® p-elimination,**>* ester/ether cleavage®> and
glycosidic bond cleavage.>®*” Once these “hydrolysable” com-
pounds are removed from OPR biomass, the remaining in-
soluble material should mainly comprise cellulose fibres. In
this paper, we compare and contrast the effect of hydrothermal
microwave processing of depectinated cellulosic residues
arising from traditional (acid-assisted) and microwave-assisted
(acid-free) on production and properties of nanocellulose.
Changes in composition, structure and morphology of two
types of mesoporous nanocellulose produced were studied by
several techniques (NMR, XRD, ATR-IR, TGA, CHN, ICP-OES,
porosimetry, SEM and TEM) and develop the Hy-Mass concept
otherwise known as microwave assisted selective scissoring.

Experimental session
Materials

Orange peel waste (OPW) was obtained from sweet oranges
(original from Spain) by processing the fruit in a juicer, where
the collected peel was further chopped in to small pieces
(around 10 x 10 mm) using a knife mill.

In this study, two methods for pectin extraction of OPW
were undertaken to yield depectinated orange peel residues
(OPR) from which mesoporous nanocellulose was produced,
namely: i. conventional acid extraction (CAE) with 0.1 M
aqueous-HCI (90-100 °C, 60 minutes under reflux), and; ii.
additive-free microwave-assisted extraction method (MAE)
developed in our centre®® (Mars MW conditions: 4 g of OPW
per 70 mL of water, 120 °C, 15 min, 1800 W). After work-up
(filtration, washing residue with ethanol and drying at 50 °C
for 48 h), depectinated dried OPR from both methodologies
was subjected to hydrothermal microwave treatment (MHT)
as outlined next. Distilled water was used throughout the
experiments.

Lignin content®® of OPR-CAE and OPR-MAE were found to
be 0.50% and 1.50% respectively.

Microwave hydrothermal treatment (MHT): general method

OPR samples were treated in a CEM Mars 6® closed vessel
Microwave, operating to a maximum of 1800 W, 2.45 GHz
using EasyPrep Plus® closed vessels (Teflon, 100 mL) to
produce nanocellulose (see Fig. 1). Firstly, 1 g of dried OPR
was mixed with 70 mL of distilled water giving a ratio of 1:70
(w/v) and applied to MHT at different temperatures ranging
from 120-200 °C. Ramping time was fixed at 15 minutes,
holding time of 10 minutes and high stirring was used.
Afterwards, the resulting slurry was filtrated (while still hot),
washed 3 times with ethanol (last wash with hot ethanol) and
2 times more with acetone (ca. 10x volume and 10-15 minutes
each wash), vacuum-oven dried (40 °C, 48-72 hours,
ca. 30-100 mbar) to afford the desired nanocelluloses. The
latter were coded CMC when produced from conventional de-
pectinated OPR whilst those from acid-free microwave assisted
depectinated OPR were coded MMC. The three numbers fol-
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Pectin Extraction
(CAE)

|

Microwave-assisted
Pectin Extraction
(MAE)

|

OPR-MAE

| |

Microwave Hydrothermal Treatment (MHT)

Fig. 1 Process diagram to produce nanocellulose from orange peel
residue using MHT.

lowing their acronyms represent the MHT temperature in
which they were treated (120 to 200 °C), for example; MMC120,
refers to microwave depectinated OPR which has been sub-
jected to microwave hydrothermal treatment at 120 °C, and;
CMC-180, refers to conventional depectinated OPR that has
been subjected to microwave hydrothermal treatment at
180 °C. Yield of nanocellulose was calculated as:

Y = (mass of CMC or CMC + mass of dried OPR) x 100.

Instrumental analysis

For composition analysis and physicochemical characteriz-
ation of CMC and MMC, Solid State >*C CPMAS NMR, ATR-IR,
powder XRD, TGA, CHN, SEM, TEM, nitrogen adsorption poro-
simetry, Py-GC-MS and ICP-OES analysis were performed. For
image clarity samples for TEM were sonicated (ultrasound
bath, 1500 W) for 30 minutes. Full instrument details are given
in S1 (see ESIf). The water holding capacity test (WHC) was
based on literature procedure®® and is reported as water (g) per

sample (g).

Results and discussion

Nanocellulose macroscopic features and yield

The CMC and MMC samples, as a result of MHT on both CAE
and MAE orange peel residues, are depicted in Fig. 2 and their
yields (with respect to dry OPR) are represented graphically in
Fig. 3. As the temperature of microwave treatment (MHT)
increases, an increasing brown colouration is observed prob-
ably due to products of the Maillard reaction, which are
formed from the degradation/caramelization of sugars and
their further reaction with residual proteins at high tempera-

3410 | Green Chem., 2017, 19, 3408-3417
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Fig. 2 Nanocellulose samples produced by MHT of orange peel
residue. Top row: MMC (120-200, left to right), and; bottom row: CMC
(120-200, left to right).
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Fig. 3 Experimental yield (%) for produced nanocelluloses.

tures.*® Similarly, Quitain et al.*® showed that polysaccharides

extracted from algae by hydrothermal microwave extraction
have undergone browning at temperatures above 160 °C,
which corresponds to similar browning observed in our
samples.

As shown in Fig. 3 CMC and MMC yield decreases from
53% to 31% with respect to increasing MHT processing temp-
erature, i.e., from 120 °C to 200 °C, irrespective of initial OPR
source. Mass loss is consistent with continual removal of pecti-
naceous matter at lower temperatures and depolymerisation
(hydrolysis) of cellulosic matter and other structural poly-
saccharides to soluble oligosaccharides and monosaccharides
units®**"** at higher temperatures (at and above 180 °C). This
is first indication of hydrothermal selective scissoring and the
Hy-MASS concept.

Interestingly, the greatest mass loss is observed from
CMC-120 to CMC-140 (4, —13%) which then almost plateaus
within the region 39-39% for the remaining temperatures.
However, the corresponding hydrothermal treatment of
OPR-MAE, i.e., MMC-120 to MMC-140 shows negligible mass
loss (4, —1%) and thereafter an almost periodic, stepwise mass
loss with increasing temperature. Such differences may be
attributed to the harsher nature of CAE-OPR which removes

This journal is © The Royal Society of Chemistry 2017
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more pectinaceous matter and is more destructive to biomass
(lignocellulosic matter) compared with the milder acid-free
microwave treatment alone. HPLC sugar analysis of the
aqueous liquors recovered after extraction of nanocellulose
(see S2 in ESIf) complements this data, since rhamnose
(a deoxy-sugar present in pectin polysaccharides) concen-
tration in the liquor from CMC-140 (0.31 mg mL™") is 5 times
higher than in MMC-140 liquor (0.06 mg mL™"). This phenom-
enon exemplifies the onset of the Hydrothermal Microwave-
assisted Selective Scissoring (Hy-MASS) concept.

Nanocellulose ultrastructure

Cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC)
were successfully evidenced by TEM (Fig. 4). Inspection and
measurement of the dimensions of CNF reveals microfibrils
and elementary fibrils (varying from 3-50 nm in width and
several pm in length) which are composed of dozens of indi-

View Article Online
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vidual cellulose chains containing both amorphous and crys-
talline regions.**™*

From the MHT experiments at 200 °C cellulose nanocrystals
(width 5-70 nm and length <500 nm) and nanocrystallites
(width 3-10 nm and length 30-50 nm) were formed in
MMC-200 and CMC-200, although nanocrystallites are only
seen in CMC-200. These nanocrystals are derived from the
crystalline regions of elementary fibrils after hydrolysation of
embedded amorphous regions, which was proved to happen at
temperatures above 180 °C.*>*' The selective scissoring of
amorphous regions produces nanocrystals reinforcing our Hy-
MASS concept.

As we can see from Fig. 4, although CMC and MMC is
mainly composed of cellulose nanofibrils and nanocrystals (at
200 °C), some residual amorphous matter entangled among
them is also present. With increasing MHT processing temp-
erature a gradual mobilization and hydrolysation of these dark
grey amorphous clusters (composed of pectins, hemicellulose,

| cmc-140

CMC-160 CMC-180

200 nm

200 nm

MMC-160 MMC-180

\ nanocrystals
\ Lignin residue

MMC-200

Fig. 4 TEM images of CMC and MMC samples (scale bar = 200 nm). Arrows indicate the presence of nanocrystallites of cellulose (green) and poss-
ible residual lignin fragments (red). SEM images are shown as insets for MMC-120, MMC-160 and MMC-200 samples (scale bar = 2 pm).

This journal is © The Royal Society of Chemistry 2017
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lignin and possibly amorphous superficial cellulose) is
achieved. However, even at 200 °C, some of these recalcitrant
clusters (which are believed to be mainly composed of residual
lignin fragments)*>*® can still be found at the surface of nano-
fibrils and crystals. In a similar manner, gradual morphologi-
cal changes are also observed on selected samples of MMC
type (120, 160 and 200) by SEM at lower magnification, as
shown in the insets of Fig. 4. These changes further confirm
the deconstruction of the cellulosic structure of the biomass
by Hy-MASS.

These observations translate the concept of Hy-MASS hap-
pening in at least two main stages: i., the gradual scissoring of
the “coating” and entangled amorphous content from the
nanocellulose fibrils surface from 120-180 °C and ii., the scis-
soring of the amorphous regions of cellulose embedded in the
elementary fibrils happening between 180-200 °C and yielding
cellulose nanocrystals in addition to nanofibrils.

Anticipating the following discussion on nanocellulose
composition and properties, all spectroscopic analyses per-
formed are in good agreement with the abovementioned data
and concepts. In particular, degree of crystallinity calculated
from XRD data presented a pattern in which the two Hy-MASS
stages can be clearly observed (section Crystallinity Index).

Nanocellulose chemical composition and characterisation

Solid state **C CP-MAS NMR analysis. The *C CP-MAS NMR
spectra MMC and CMC samples are stacked and grouped
accordingly as shown in Fig. 5. Each individual spectrum
shows characteristic signals for cellulose carbon (C1 to
C6).*”*® Both CMC-120 and MMC-120 show strong evidence of
a carbonyl carbon at ca. 172 ppm which may attributed to

View Article Online
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residual pectinaceous matter and/or strongly bound cell wall
polysaccharides (e.g. hemicelluloses) in the initial OPR.*
Weak signals are detected at 25-40 ppm associated with rham-
nose, fucose or acetyl methyl residues within pectin struc-
ture.*®*>*! On increasing MHT processing temperature these
signals disappear, ie., no longer evident after 160 °C,
suggesting hydrolysis and depolymerisation of such matter
from the cell wall matrix***® and correlate with HPLC sugar
analysis of the hydrolysate mentioned earlier. Moreover, a
change in the ratio of cellulosic surface/amorphous C4 and C6
(84 ppm and 62 ppm respectively) : interior/crystalline C4 and
C6 (89 ppm and 65 ppm respectively)**>* is observed (black
arrows in Fig. 5), suggesting that amorphous contributions
from cellulose microfibrils surface is also gradually hydrolysed
during the treatment. The cellulosic character of the materials
increases, which correlates well with thermogravimetric data
as discussed next.

Thermogravimetric analysis (TGA). TGA thermograms
(Fig. 6) are consistent with those of cellulose® and show evi-
dence of residual non-cellulosic matter for low temperature
MHT samples, i.e., 120 °C and 140 °C. The DTG thermograms
for CMC and MMC samples (Fig. 6) show three mass loss
bands, namely, i. loss of moisture and volatiles (around 4-5%j;
T4 = 80-100 °C); ii. Tq ca. 250 °C due to the decomposition of
residual pectins and hemicellulose which becomes less
evident in samples treated from 160-200 °C, and; iii. Ty
ca. 340-360 °C, this is associated with largest mass loss due to
cellulose decomposition.>*>°

Interestingly, cellulose T4 for all CMC samples remains
fairly constant or appears to be MHT processing temperature
independent. Again, this may be associated with the harsher

OH
K OH
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HOY~A-0 0
OH
OH .
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s - C2,3,5 =, - — C2,35 ==
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Fig. 5 *C CPMAS NMR spectra of MMC (a) and CMC (b) samples with a labelled illustration of cellulose molecule. Assignments for pectins/hemi-
cellulose groups are highlighted in red label. Arrows show the ratio of crystalline/interior : amorphous/surface cellulose.
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Fig. 6 DTG thermograms of CMC (a) and MMC (b) samples.

initial acid treatment employed with respect to CAE-OPR
which seems to remove a greater proportion of cellulosic
bound matter and hence fixes cellulosic structure (Fig. 6a).
The same does not happen for MMC samples (Fig. 6b), in
which cellulose Ty shifts significantly: MMC-120 (Ty, 351.2 °C);
MMC-140 (Tg4, 356.6 °C); MMC-160 (T4, 360.5 °C); MMC-180
(T4, 361.0 °C), and; MMC-200 (Ty, 341.8 °C), implying that the
initial removal of pectin via MAE has a less destructive effect
on cellulosic matter and related constituents. In fact, the latter
(MMC-200) was expected to have the highest cellulose thermal
stability compared with respect to its lower temperature homo-
logues (due to its highly crystalline cellulose content as dis-
cussed next) but actually gave the lowest T4 (341.8 °C) which
decreased by 20 °C compared with MMC-180. Replicates of
MMC-200 were run, however same thermogram pattern was
achieved. This shift could be related to the higher content of
calcium present in that sample as discussed in the following
section.

X-ray powder diffraction analysis (XRD) and elemental ana-
lysis - the curious case of calcium. The XRD traces of MMC
and CMC samples at different processing temperatures
depicted in Fig. 7. Apart from the characteristic crystalline cellu-
lose XRD pattern observed (Fig. 7, 26 peaks at ca. 16.5°22.5°
and 34.5°), additional peaks at ca. 15°24° and 30° were identi-
fied in MMC samples only. These are postulated as calcium
salts, most likely CaC,0,4, which is known to be synthesized by
plants and stored in their tissues (cell wall and vacuoles) and
has been evidenced in the literature.’”**"* Comparing diffrac-
tion patterns of all the MMC samples, ie., MMC-120 to
MMC-200, shows that CaC,0, peaks become more discernible

This journal is © The Royal Society of Chemistry 2017
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and intense, especially at 200 °C. This also correlates with the
fact as more organic content is solubilised, depolymerised and
hence extracted at MHT processing temperatures which
heightens the presence of any insoluble salts embedded in the
cellulose fibrils such as CaC,0,. To further confirm the pres-
ence of CaC,0,; and other minerals in MMC samples,
MMC-200 was washed with 2 M aqueous HCI using the proto-
col described by Perez-Pimienta et al®® As expected, the
“extra” peaks disappeared (Fig. 8), inferring the leaching of
acid-soluble mineral salts from cellulosic matter. Mineral salts
by XRD were not detected in CMC samples but this is not to
say they are not present as revealed by ICP-OES (S3 in ESIt). An
elemental analysis of the nanocellulose samples and their
respective precursor (OPR-CAE and OPR-MAE) was performed
by ICP-OES. S3 shows the distribution of the 5 most abundant
identified species. Interestingly, calcium was the most abun-
dant inorganic species (3000 to 10000 ppm) which corro-
borates calcium salts detected by XRD in MMC samples. In
fact, the CMC samples contain calcium but at least 50% less
than their MMC counterparts, again supporting the role of
acid treatment in effectively leaching mineral salts (as well as
pectates) at the depectination step. Interestingly, copper was
detected which may be due to the presence of copper-mediated
metallo-enzymes such as oxidases known within citrus peel.**

CHN analysis (S4 in ESIf) of nanocellulose samples gave
0.81% N content which equates to an average protein content
(calculated from the N content using a conversion factor of
4.64)°* of 3.8%. Assuming that N content is solely due to pro-
teinaceous matter, this implies that residual enzymes and
other proteins® might be present in the nanocellulose
samples.

The acid-free MAE method to depectinate OPW appears to
retain a higher concentration of inorganic salts in the resultant
OPR than compared with CAE, which effectively leaches acid-
soluble salts. The presence of calcium salts in cellulosic
matter may be beneficial for certain applications where
calcium is added, for example in food sector’® catalytic nano-
particles,"” displays** or composite materials.®>** The appli-
cations of such materials are on-going. The acid-free MAE
method also appears to retain a significant nitrogen content
which in combination with mineral salts could seek appli-
cations as a bio-fertiliser.

Infrared analysis (ATR-IR). In agreement with the already
discussed results, ATR-IR analysis supports the presence of
cellulose as the main component of the produced biomaterial,
as well as pectin/hemicellulose/lignin. CaC,O, salts may be
tentatively identified but are masked by stronger cellulosic
matter skeletal vibrations. Assignments of characteristic
absorption bands for these compounds®*>®®® are summarized
in Table 1 (S5-1 in ESI{) and spectra (S5-I in ESIt). Absorption
bands attributed to the carbonyl group (ca. 1730 cm™") from
residual pectins, hemicellulose and lignin structures present
in CMC and MMC decrease in intensity as MHT processing
temperature increases, which confirms its gradual removal
from OPR during the microwave treatment. On the other hand,
CaC,0, recalcitrance may be tentatively confirmed by the pres-
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Fig. 7 XRD diffractograms of CMC (a) and MMC (b) samples with cellulose peaks assigned in black and CaC,0O4 peaks in blue. Planes were coded

according to Miller index (hkl).
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Fig. 8 XRD diffractograms of MMC-200 and acid washed MMC-200.
Arrows emphasizes the removal of calcium oxalate peaks upon acid
wash.

ence of its characteristic absorption bands at ca. 1620-1630
and ca. 1320 cm™".>° Evidence for the presence of lignin in the
samples can be confirmed by the absorptions of the aromatic
ring stretching around 1516 cm™" and 1240 cm™",°® but due to
its low content in dried orange peel residue (ca. 1-2%) absorp-

3414 | Green Chem., 2017, 19, 3408-3417

tions related to its structure is quite weak in intensity when
compared to the polysaccharides ones. Likewise, Pyrolysis
GC-MS (S6 in ESIt) further confirmed lignin presence by its
pyrolysis products,®®®” such as: phenolics, benzenetriol, vinyl-
guaiacol, among other aromatics.

Nanocellulose morphology and physical properties

Porous structure analysis. During the work-up of nanocellu-
lose, the solvent exchange step with ethanol and acetone is
crucial to preserve its porous structure. The porosimetry data
for CMC and MMC samples is shown in Fig. 9. According to
this data, most of the produced nanocellulose presented
improved porous structure when compared against their pre-
cursors (depectinated OPR-CAE and OPR-MAE presented negli-
gible porosity; surface area and pore volume close to zero). In
Fig. 9a a steady increase of BET specific surface area and BJH
pore volume for MMC samples is seen up to 180 °C which
agrees with the gradual removal of non-cellulosic matter,
however at 200 °C (MMC-200) surface area and pore volume
values have a significant decrease, which could be related to
blockage of open pores by residual lignin as previously reported
for other biomass.*>*®% Surprisingly, CMC samples (Fig. 9b)

This journal is © The Royal Society of Chemistry 2017
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volume and BJH average pore size) for MMC (a) and CMC (b) samples.
Units for each parameter is described in the legend. Error bars rep-
resents standard deviation (n = 3).

presents a different pattern compared to MMC. Considerable
porosity is only found up to 140 °C and again at 200 °C which
implies that in that temperature interval some interesting struc-
tural changes has happened (e.g. pore collapse or blockage).
Regarding BJH pore size of cellulose samples (Fig. 9), they
all lie in the range of 2-50 nm. Thus, according to the IUPAC
pore size classification, nanocellulose produced from orange
peel waste can be defined as mesoporous biomaterial.
Previous works from our research group have used similar
microwave treatment to produce mesoporous cellulose from
depectinated citrus peel*® and mango peel®® with similar poro-
sity to the nanocellulose produced in this work, showing that
MHT is a flexible feedstock technology to
produce high-value chemicals and materials from a broad
range of biomass without the need of chemical additives.
Crystallinity index. According to Fig. 10, a significant
increase in the crystallinity index (Crl) for both types of nano-
cellulose is seen in relation to their precursors (approx. 4 =
3-21% for CMC and 0-13% for MMC) as well as with the
increase of MHT temperature (A = 19% for CMC and 14% for
MMC). As previously discussed in section Nanocellulose
Ultrastructure, this effect can be directly linked to two major
stages of the Hy-MASS concept. First, the Crl increase in nano-
cellulose from 120 °C to 180 °C is associated with gradual,
selective removal (scissoring) of the amorphous pectins, hemi-

“insensitive”
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Fig. 10 Crystallinity Index (Crl) calculated from XRD data for CMC,
MMC and their respective precursors (OPR-CAE and OPR-MAE).

celluloses and lignin from the cellulosic matrix by cleaving
susceptible chemical bonds,*"*> which agrees with previously
discussed data (NMR, IR, XRD and TGA.). Secondly, during
microwave treatment of lignocellulosic biomass, softened
amorphous regions embedded in the cellulose microfibrils
interacts with microwave energy by dipolar polarization which
generates a proton transfer mechanism at temperatures above
180 °C,***! hydrolysing those regions by “selective scissoring”
causing a significant Crl increase in samples treated at 200 °C.

Water holding capacity. The hydration capacity or water
holding capacity (WHC) of nanocellulose samples is shown in
Fig. 11. All samples presented higher (approximately 1.5 times
higher) or comparable hydration capacity in comparison with
their precursors (OPR-CAE and OPR-MAE) and comparable lit-
erature data.’® Larger particle size and negligible surface area
could be the factors behind the lower WHC of the precursors
against nanocelluloses. Among nanocellulose types, there was
no significant difference between CMC and MMC. For both
types, the ones that were produced at 200 °C presented the
lowest values (12 g water per g for CMC-200 and 16 g water per g
for MMC-200) while the average value for the other samples

o N}
'@0»"»@&'&“

R

WHC

25

g water/g sample
- - N

o v o (%] o
< I
T I
2
7
Joo [ |

"6‘0

& ¥ W g
Fig. 11 WHC values (g of water per g of dry sample) of nanocellulose
from ref. 39, precursors (OPR-CAE and OPR-MAE) and produced nano-
celulloses (CMC and MMC). Values are expressed as average of duplicate
experiments.
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ranged around 20 g water per g of sample. This could be related
to the higher content of nanocellulose crystals against fibrils in
those samples, as confirmed by TEM and XRD data (CMC-200
and MMC-200 presents higher Crl). Since nanocellulose crystals
and crystallites are derived from crystalline regions of elemen-
tary fibrils where cellulose chains are strongly bound by intra/
inter hydrogen bonds, it is expected that the hydration capacity
of these crystals will be much lower than the fibrils, which are
able to better retain water due to the presence of amorphous
regions which contains hydroxyl groups available for hydrogen
bonding with water.*>”° Moreover, insoluble cellulose fibres are
known to hold water by entangling water in their fibril network
and by swelling properties.”®

Conclusions

The novel methodology used in this work (additive-free micro-
wave hydrothermal treatment) has been demonstrated to be a
suitable green alternative for the production of highly crystal-
line and mesoporous nanocellulose from orange peel residue
via a process of selective scissoring otherwise known as the
Hy-MASS concept.

The mesoporous nanocellulose produced has been
thoroughly characterized, where presence of trace elements
(calcium, copper) and molecules (salts, pectin, hemicellulose
and lignin) were confirmed by several spectroscopic tech-
niques. A direct relationship of microwave treatment tempera-
ture and “purity” of nanocellulose samples were also identified
through those techniques plus thermal analysis, where higher
process temperatures lead to more purified and more crystal-
line nanocellulose fibrils, although lignin traces seem to be
recalcitrant even at 200 °C. Traces of calcium salts were recalci-
trant in MMC samples and could only be removed by acid
wash. The nano- and porous-structure of nanocelluloses was
successfully confirmed by TEM and porosimetry analysis,
respectively. Due to the fact that microwave treatment allows
more control over the experiment parameters (specially tempera-
ture), samples treated only under microwave throughout the
process (MMC) presented a more regular pattern for crystallinity
index and porosity (specific surface area, pore volume, pore
size), which was not observed for CMC samples (depectinated
with acid treatment). Thus, reproducible results are better
achieved when using MHT for both, pectin extraction and nano-
cellulose production. The hydration capacity of nanocellulose
samples were found to be higher than their precursor or from
literature data, which is very promising in food applications.
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