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Cellulose-I swells considerably in phosphoric acid, and converts to amorphous cellulose via a
cellulose-II transition state. Controlled oxidation of cellulose-I to 6-carboxycellulose (6CC) using
HNO;-H3P04-NaNO, oxidation system led to the selective production of 6CC’s of varying carboxyl
contents (1.7-22%) as well as various shapes and sizes (macro-sized fibrils of several micron length and/or
spherical nanoparticles of 25-35 nm), depending on the reaction conditions. 6CC’s having less than 14%
carboxyl content were largely in cellulose-II form (WAXRD values in-between cellulose I and cellulose II),
whereas at 14-22% the 6CC’s were largely amorphous; only trace crystallinity was observed at 19% and
22% carboxyl 6CC. Spherical nanoparticles retained a high degree of crystallinity having cellulose-I struc-
Nanoparticles ture, whereas the macro-sized fibrils were largely converted to cellulose-II structure. Analysis by WAXRD
WAXRD as well as by CP-MAS '3C NMR studies gave similar conclusions. Reduced molecular weight with progres-
NMR sive oxidation, including presence of oligomers, was also evident from an increase in the reducing-end
carbon peak at ~92 ppm. For high oxidation levels (>14%) the NMR 92-96 ppm peaks disappeared on
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extracting with dilute alkali, due to soluble oligomers being removed.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is the most sustainable and ubiquitous biopolymer
molecule available on planet earth. It was the earliest material
to be classified as a polymer, nearly 175 years ago. Since then it
has engaged generations of chemists, physicists and technologists
in unraveling its multi-faceted structural features, conforma-
tional analysis, inter-conversion of polymorphs, reactions, and
applications. Celluloses obtained from different sources (bacte-
rial, fungal, cotton, hardwood, softwood, agricultural residues,
etc.) have greatly different fibril sizes, aspect ratios, molecular
weights, and purities, all of which affect their chemical and phys-
ical properties (Klemm et al.,, 2011; Roman & Winter, 2004). In
natural form, cellulose occurs as a polymorph known as cellulose-
I in which the two cellulose chains are arranged in parallel via
hydrogen bonding (Atalla & Vanderhart, 1984; Kroon-Batenburg,
Bouma, & Kroon, 1996). Another polymorph, cellulose-II, is gen-
erally obtained from cellulose-I by mercerization and regeneration
processes (Langan, Nishiyama, & Chanzy, 1999; Langan, Nishiyama,
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& Chanzy, 2001). In addition to this, several new methods have
been developed for converting cellulose-I to cellulose-II. For exam-
ple, treatment of cellulose I with super critical water, ball milling
and dissolution/regeneration from ionic solvents (Sasaki, Adschiri
&, Arai, 2003; Zhao et al., 2006; Cheng et al., 2012). Cellulose-II
has anti-parallel arrangement of cellulose chains through hydro-
gen bonding, and cannot revert back to cellulose-I. Strong acids
like H,SO4, under specific conditions, hydrolyze cellulose in
such a way that non-crystalline (amorphous) parts of the semi-
crystalline cellulose molecule are removed, and a highly crystalline
product, known as microcrystalline cellulose, is produced (Laka,
Chernyavskaya, Treimanis, & Faitelson, 2000; Wang & Ding, 2004;
Bondenson, Kvien, & Oksman, 2006). Phosphoric acid treatment,
on the other hand, leads to swelling of cellulose and dissolution
(Percival Zhang, Cui, Lynd, & Kuang, 2006), leading to amorphous
cellulose. Swelling and dissolution depends on the concentration
of acid, time and temperature (Sharrock, 1988; Wood & Bhat,
1988). One report shows that cellulose swells rapidly in 71-80%
phosphoric acid; at 81-85% phosphoric acid concentration disso-
lution occurs at a temperature of 120°C. Some studies indicate
that the transformation of cellulose-I to amorphous cellulose using
phosphoric acid as a solvent occurs via a cellulose-II transition
state (Zhang et al., 2009; Percival Zhang et al., 2006). Sulfuric acid
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treatment of cellulose-I under specific conditions leads to nano-
fibriller structures with high aspect ratios (Ranby, 1949; Ranby,
1951; Marchessault, Morehead, & Walter, 1959). In another varia-
tion, cellulose pretreated with alkali solution followed by squeezing
out the alkali and sonicating for 8 h under highly acidic condi-
tions, spherical shaped nanoparticles of cellulose were synthesized
(Zhang, Elder, & Ragauskas, 2007). It has been reported that the
treatment of microcrystalline cellulose with mixed acid sulfu-
ric acid and hydrochloric acid (3:1) at 68°C for 10h produced
cellulose nanocrystal as well as spherical cellulose nanoparticles
(Wang, Ding, & Cheng, 2007; Wang, Ding, & Cheng, 2008). This
appears to be the first instance of the cellulose molecule, a fibrous
polymer consisting of bundles of fibrils entwined together, get-
ting converted to a spherical shape. Since then, there have been
some more examples of spherical shaped functionalized celluloses,
such as aminocelluloses, cellulose acetate and 6-carboxycellulose
(Nikolajaski, Wotschadlo, Clement, & Heinze, 2012; Kulterer et al.,
2012; Sharma & Varma, 2013; Cheng et al., 2014). Amongst the
many derivatives of cellulose which have been investigated, 6-
carboxycellulose (6CC) has proved to be of immense interest for
its biomedical properties. It was first investigated in 1883, and
by the 1940s a variety of preparative methods had been investi-
gated (Witz, 1883; Yackel & Kenyon, 1942; Maurer & Reiff, 1943;
Unruh & Kenyon, 1942). The outstanding antimicrobial properties
of 6CCwere soon utilized in a variety of products like wound gauzes
and haemostatic materials (Frantz, Clarke, & Lattes, 1944; Frantz
& Lattes, 1945; Martina, Katefina, Miloslava, Jan, & Ruta, 2009;
Lipetskaia & Silver, 2010; Stilwell, Marks, Saferstein, & Wiseman,
1998; Vytrasova et al., 2008; Raymond, 2007; Shani, Shani, Oded,
Mruwat, & Shoseyou, 2011, OKCEL1864-034). Due to the industrial
importance and commercialization of such products, published lit-
erature is replete with patents; consequently there are relatively
few papers on these materials (Nooy, Pagliaro, Bekkum, & Besemer,
1997; Nachtkamp et al., 2012; Jewell, Komen, Li, Su, & Weerawarna,
2001; Kenyon & Yackel, 1948).

It should be noted that most studies on oxidation of cellulose
are based on oxidation of cellulose-II, due to its higher absorp-
tion capacity for physiological fluids, as compared to cellulose-I.
However, conversion of native cellulose-I to cellulose-II involves
an additional step of treatment with corrosive chemicals (strong
aqueous alkali, ionic liquids, cupriethylenediamine hydroxide, for-
mation of cellulose xanthate, etc.). This makes cellulose-II a less
environment-friendly material and also adds to the cost. It was
our hypothesis that cellulose-I may partially or fully convert to
cellulose-Il and amorphous cellulose during oxidation using phos-
phoric acid as a reaction medium, since phosphoric acid is known
to swell cellulose (Percival Zhang et al., 2006). This prompted us to
explore oxidation of cellulose-I using HNO3-H3PO4-NaNO, oxida-
tion system and to study the reaction products for their polymorph
constitution. During our recently published studies on oxidation
of cellulose-I to produce 6-carboxycelluloses, we had succeeded
in manipulating the reaction conditions so as to obtain 1.7-22%
carboxy content celluloses with controlled shapes and sizes (spher-
ical nanoparticles having particle sizes in the narrow range of
25-35nm and micron sized fibers) (Sharma & Varma, 2013). These
molecules were thoroughly characterized by SEM, TEM, AFM, DLS,
TGA, DTG, and solubility studies (Sharma & Varma, 2013; Sharma
& Varma, 2014). Now, herein we present our results on WAXRD
and solid state CP-MAS '3C NMR of the oxidized reaction prod-
ucts to demonstrate the systematic transformation of cellulose-I
to cellulose-II and amorphous cellulose. We also investigated the
difference in the crystallinities of nano-6CC and macro-sized 6CC’s
having the same carboxy contents, produced during the progressive
oxidation of cellulose-I in HNO3-H3PO4—NaNO, system at differ-
ent temperatures. Many electrical and biochemical properties of
polymeric biomolecules are greatly dependent on the morphology

of the molecules. For example, enzymatic hydrolysis of cellulose
are greatly influenced by its crystallinity (Hall, Bansal, Lee, Realff,
& Bommarius, 2010). Adhering of biopolymers like proteins to
surfaces is dictated by the surface morphology and surface area;
knowledge of these features can aid in designing optimal per-
formances in physiological applications (Kristian, 2006). Crystalline
cellulosic surfaces are characterized by strong inter- and intra-
molecular hydrogen bonding and therefore are more compact and
more hydrophobic as compared to amorphous cellulose. Due to the
added advantage of surface charges, carboxyl functionalized cellu-
losic nanoparticles have the potential to be far superior to native
un-functionalized cellulose nanoparticles for several applications
such as pharmaceutical compositions in cosmetics, drug delivery
vehicles, etc. (Wei, Kumar, & Banker, 1996; Bellamy & Holub, 1977;
Martina et al., 2009a,b; Zhu, Kumar, & Banker, 2001). Functional-
ized cellulose in nanoparticle form can extend the utility of 6CC
in the fields of nanosensors, biocomposites, optics, electronics, etc.
(Klemm, Heublin, Fink, & Bohn, 2005; Klemm et al., 2011). Fur-
ther, detailed microstructure studies on spherical nanoparticles
of carboxyl functionalized cellulosic molecules have never been
reported. Our study provides insights into the supra-molecular
structural changes occurring during the progress of oxidation of
cellulose to produce a series of 6CC’s and their nanoparticles. This
information will be very useful for developing new or improved
biomedical applications of 6CC spherical nanoparticles, since car-
boxycellulose fibrils have already proven their utility in several
biomedical applications.

2. Experimental
2.1. Materials

Cellulose-I was extracted from sugarcane bagasse using our
patented process (Varma, 2013). Analytical grade nitric acid (65%
conc.), ortho-phosphoric acid (85% conc.), sodium nitrite (98.0%
purity), and calcium acetate (99.0% purity) were procured from
Thomas Baker, Mumbai, India. All these chemicals were used with-
out further purification.

2.2. 6-Carboxycelluloses (6CC) and their spherical nanoparticles

6CC’s of varying carboxyl contents were prepared according
to a procedure developed by us (Sharma & Varma, 2013). Briefly,
the procedure consisted of taking finely powdered cellulose-I and
adding an appropriate quantity of acid mixture (2:1 ratio, v/v) of
65% HNO3 and 85% H3PO,4 over a period of 5 min. The acid mixture
was allowed to get absorbed in the cellulose for 10-15 min at the
desired reaction temperature. This was followed by slowly adding
powdered NaNO, (1.4 w/v %). The reaction was performed at four
different temperatures: 25°C, 40°C, 50°C and 70°C. The reaction
mixture was quenched by diluting with distilled water (5 times
the volume of acid mixture), allowed to settle down for 30 min
and then decanting off. The solid part was washed with water and
water-methanol mixture (2:1 v/v), then centrifuged at 2000 rpm to
remove the solid. The reaction products at 25 °C were obtained as
single crops, none of which were nanoparticles. For the reaction at
40°C (24 h and 48 h), after centrifugation of the liquid-solid mix-
ture at 5000 rpm for 5 min, the solid part was removed (first crop);
SEM and TEM analysis showed these to consist of macro-sized fib-
rils of several microns. The supernatant liquid was removed and
centrifuged at 12,000 rpm for 15 min to allow a second crop to sepa-
rate out; on analysis these were found to be nanoparticles of narrow
size distribution (25-35 nm). For the reactions at 50°C and 70°C,
no solid part remained, and the entire hazy colloidal solution was
centrifuged as above to allow the nanoparticles to be collected. In
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both these cases the entire product consisted of nanoparticles. The
yields of the 6CC products decreased continuously with increase in
carboxyl content. Thus for 1.7% carboxyl content, the yield was 84%
in a 1h reaction at 25 °C, decreasing continuously to 45% yield for
the 22% carboxyl content 6CC in a 48 h reaction. For the 6CC spher-
ical nanoparticles, the yield was 5% at 40°C in 24 h reaction, 46% at
50°C/12h, and 16% at 70°C/6 h.

2.2.1. Determination of carboxyl content

The carboxyl content of oxidized cellulose was measured
according to the method described by United State Pharmacopoeia
(USP) (1995). A 0.5 g of sample was taken and emerged in 50 ml of
2% calcium acetate solution for 30 min. The mixture is then titrated
with 0.1 N NaOH (standardized) by using Phenolphthalein as an
indicator. The volume of NaOH used was corrected by blank titra-
tion. The % carboxyl content in sample was calculated by following
formula:

N x V x MW (COOH)

Wt of sample (mg) x 100

Carboxyl content (%)=

where N is the normality of NaOH and V is the volume of NaOH
used in titration.

2.3. Reduction of (19.7%) 6CC by NaBH,

Two gram of NaBH,4 was dissolved in 10 ml of distilled water in a
beaker. 300 mg of 6CC (19.7%) was added slowly to the NaBH,4 solu-
tion. The reaction was allowed to proceed for 12 h under continuous
stirring at room temperature. The sample was completely soluble in
NaBH,4 solution. The final pH of the reaction mixture was observed
to be ~11. The material was dialyzed against distilled water and
was freeze dried. This sample was studied by CP-MAS 3C NMR.

2.4. Treatment of 6CC (19.7%) with 0.001N NaOH solution

Ten milliliter of 0.001 N NaOH solution (pH 11) was taken in
a beaker and 300 mg of 6CC (19.7%) was slowly added to it. This
alkali treatment was carried out for 12 h at room temperature under
continuous stirring. The sample was completely soluble in NaOH
solution. The product was dialyzed against the distilled water and
was freeze dried. This sample was studied by CP-MAS 3C NMR.

It is of interest to point out that isolation of product by centrifu-
gation (see Section 2.2) did not remove the oligomers because our
synthesis was in acidic medium, hence the oligomers adhered to the
higher molecular weight polymers. However, with alkali treatment,
the oligomers solubilized and therefore were removed.

2.5. CP-MAS 3C NMR spectroscopy

Solid state CP-MAS 13C NMR spectra of all samples were
obtained at room temperature on a Bruker AV-300 NMR spectrom-
eter operating at a frequency of 75.47 MHz. The instrument was
equipped with a 4 mm CP-MAS probe. All spectra were acquired
with a spinning speed of 8 KHz using 1 m sec contact time and
5s relaxation delay. About 1000 transients were collected and
processed with a line broadening function of 25 Hz prior to Fourier
transformation for sensitivity enhancement. The chemical shifts
were referred to the CH, carbon of adamantane having a value of
38.48 4.

2.6. Wide-angle X-ray diffraction (WAXRD)

WAXRD spectra and patterns were collected on a PANalytical
X'pert Pro dual goniometer diffractometer. A proportional counter
detector was used for low angle experiments. The samples were
put on sample holders made of aluminum alloy and flattened with

a piece of glass. The Cu Ka radiation was generated at 40kV and
40 mA (A =0.15418 nm) with a Ni filter. The data collection was car-
ried out using a flat holder in Bragg-Brentano geometry (5-60°;
4°min~1). The 2D image was converted into 1D image by the
standard software available with the instrument. The crystallinity
index (Crl) of the samples was calculated by the following equation
1 (Segal, Creely, Martin, & Conrad, 1959).

Crl:M (1)
oo

where I,qq is the intensity of main peak for (2 00) lattice diffraction
Iam is the amorphous region peak intensity evaluated as mini-
mum peak arise between main and secondary peaks of lattice plane
(200)and (101).

3. Result and discussion
3.1. WAXRD analysis

3.1.1. 6-Carboxycellulose (6CC)

The dried samples of cellulose, 6CC’s and 6CC-NP were ana-
lyzed by WAXRD and the profiles are shown in Fig. 1. The X-ray
diffraction patterns for the various 6CC samples clearly shows
that several changes have occurred in their crystallinity and crys-
tallite sizes. For cellulose-I, the intensity of the main crystalline
peak for (200) appears at 20=22.8°, the crystalline (101) peak
appears at 15.8°, and the amorphous region peak appears at 18.7°
(Segal et al., 1959; Thygesen, Oddershede, Lilholt, Thomsen, &
Stahl, 2005). In the case of cellulose-II the main crystalline peak
appears as doublet at 26=21.8° and 20.4° and secondary crys-
talline peak appears at 12.1°. Similarly, the amorphous peak of
cellulose-II is located at 260=16.3° (Park, Baker, Himmel, Parilla,
& Johnson, 2010; Kumar, Gupta, Lee & Gupta, 2010). The main
peak for (200) lattice diffraction at 260 =22.8° is indicative of the
distance between hydrogen-bonded sheets in cellulose-I, while
the secondary peaks for (101) and (101’) lattice diffraction are
related to intermolecular hydrogen bonding. To analyze the effect
of acid treatment (H3PO4/HNO3) before adding the main oxidiz-
ing agent NaNO,, the WAXRD of that sample was recorded and
is referred to as “Control” in Fig. 1 and Table 1. The peak inten-
sity for control at 260=21.8°, 20.4°and 12.3°, was found to be at
different positions than the original cellulose (cellulose I). This
observed transformation clearly shows the partial conversion of
native cellulose-I to cellulose-II prior to oxidation, since the broad
peak at 21.8 ends at a point beyond 22.8 (Ago, Endo, & Hirotsu,
2004; Chukwuemeka, Rodriguez, Okhamafe, & Rogers, 2012). The
shift of the main peak of cellulose-I from 20=22.8° indicates an
expansion of the lattice 26 =21.8°; this may be due to the swelling
of cellulose fiber, caused by HNO3/H3PO,4 treatment. The absence
of peak intensity at 260=15.6° (and simultaneous appearance of
12.1° peak) in the control sample corresponding to (101) plane
of cellulose-I indicates the conversion of cellulose-I to cellulose-
Il. However, the peak intensity corresponding to 26=21.8° and
20.4° are broad as compared to peak intensity corresponding to
(200) lattice plane of cellulose-II, which may be possibly due
to partially unchanged lattice plane of cellulose I, or it may be
dependent on the particular characteristic of the species of cellu-
lose. Furthermore, there is high probability of preliminary reaction
occurring on the surface of cellulose. This is because on treatment
with acid (HNO3/H3PO,), cellulose swells to some extent and the
swollen part gets transformed to cellulose II polymorph and the
un-reacted internal part remains as cellulose I (Sebe, Pichavant,
Ibarboure, Chantal Koffi, & Tingaut, 2012; Ranby, 1952). Similarly,
the possibility of C6 oxidation on cellulose-II fraction is higher.
This was clearly demonstrated by WAXRD studies (and also by
13C CP-MAS NMR analysis; see following section on NMR). Table 1
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Fig. 1. Overlapping of WAXRD spectra of cellulose and 6CC of various COOH contents (%). (A) Prepared at 25°C: (1) cellulose (2) control (3) 1.7% (4) 3.0% (5) 8.6% (6) 14.1%
(7)19.7% (8) 22.0% carboxyl content. (B) Prepared at 40°C: (1) cellulose (2) controls (3) 6.17% (4) 13.2% (5) 14.3% (6) 14.0% (7) 16.0% (8) 17.0% carboxyl content.

(C) 6CC-NP prepared at 50°C/12h and 70°C/8 h.

and Fig. 1 illustrate that the peak intensity related to cellulose-II
(20=12.2°) in 6CC of 1%, 3%, 8% carboxyl group content decreases
and completely disappears for 6CC of 14% carboxyl content. These
results probably indicate that initially on treatment of cellulose
with the “solvent system” (H3PO4+HNO3) cellulose-I is partially
converted to cellulose-II, which undergoes reactions on the sur-
face; high oxidation levels are achieved on the surface, which
get solubilized and are not recovered at the end of the reac-
tion (therefore yields are continuously lower for successive higher
degrees of oxidation, up to 14% oxidation) Thereafter, it is noticed
that at 14% 6CC and beyond, i.e., for the 19% and 22% 6CC, the
peak intensity corresponding to 26 (200) plane again shifts to
20=~22.3° (cellulose I) with a small peak at 260 =~15.6°, which
clearly point out the disappearance of cellulose-II polymorph and
presence of mostly cellulose-I polymorph. However, the broaden-
ing of the peaks from 14% 6CC indicates formation of amorphous
cellulose.

3.1.2. Nanoparticles of 6CC

On conversion from macro- to nano-size, cellulose becomes
more crystalline due to loss of disordered amorphous region. For
6CC-NP (Fig. 1C), the peak position corresponding to (101),(101’)
and (2 00) lattice plane appeared at 15.4°, 16.5° and 22.9°, respec-

tively, which are similar to the peak position corresponding to the
lattice plane of cellulose I (Fig. 1C). This evidence is consistent with
the previously reported data that the nano-whiskers of cellulose
prepared by sulfuric acid hydrolysis also show greater crystallinity
as compared to the starting native cellulose-I (Cheng et al., 2012;
Zhang et al., 2009).

3.1.3. Crystallinity index

The crystallinity index (Crl) was calculated by Eq. (1), and the
results are shown in Table 2. The Crl calculated for native cellulose-
I (extracted from sugarcane bagasse) and ‘control’ (by treatment
of cellulose with HNO3 + H3PO4) were 60% and 51%, respectively.
The lowest Crl of 34% was obtained for 6CC—48 h/40°C (Table 1).
At 25°C, there was not much change in the crystallinity up to 6 h
reaction time (8.6% —COOH) but sudden drop occurred from reac-
tion times above 12 h. Thus, at 12 h reaction time (14.1% —COOH) a
Crlof 39%) and at 48 hreaction time a Crl of 36% was obtained. At the
higher reaction temperature of 40 °C, a sudden drop in crystallinity
was noticed for 3 h(13.2% —COOH) with Crl of 44%, which decreased
steadily to 34% for a reaction time of 48 h (crop I). Interestingly,
the 6CC (14-22% —COOH) showed almost similar crystallinity as
amorphous cellulose (Ciolacu, Ciolacu, & Popa, 2011). This con-
firms the formation of amorphous oxidized cellulose 6CC’s of high

Table 1
X-ray diffraction patterns and related peak positions corresponding to different lattice plane for cellulose, control’, 6CC’s, 6CC-NP and cellulose II.
Planes 2 (0).°
Cellulose I Control 6CC1.7% 6CC3.0% 6CC8.6% 6CC 14.1% 6CC19.7% 6CC22% 6CC-NP13.2%  Cellulose I
(H3P0O4-HNO3) Maize Cob
treated
cellulose
Maize cob’  SBC
(101) 15.0 15.8 12.3 12.3 12.25 12.53 Small  15.6 Very Small  15.6 15.5 154 125
(10l 16.6 16.9 20.4 (Two peaks) 20.4 20.45 20.27 - - - 16.5 204
(200) 224 22.8 21.8 (Two peaks)  22.0 22.08 22.24 2213 223 224 229 219

t Chukwuemeka et al. (2012).
it Sugarcane bagasse cellulose prepared by our proprietary method (Varma, 2013).

" Cellulose treated with acid (HNO3 + H3 PO, (1:2 ratio) prior to addition of oxidizing agent NaNO,.
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Table 2
Degree of crystallinity of cellulose, 6CC’s and 6CC-NP of various COOH contents (%).
Reaction time (h) 25°C Crl 40°C Crl 50°C Crl 70°C Crl
(NP) (NP)
1h 1.7 55 6.17 55 - - - -
3h 3.0 52. 13.2 44 - - - -
6h 8.6 50 14.3 39 - - - -
8h - - - - 13.9 63
12h 141 39 14.0 36 13.2 51 -
24h
(Icrop) 19.7 38 16.0 35 -
(Il crop) 18.0 -
48h
(I crop) 22.0 36 17.0 34 - - - -
(I crop) 215 41

carboxyl content (14-22% COOH). In the same reaction a crop II
(40°C/48 h) was obtained which consisted of nanoparticles of high
crystallinity with cellulose-I structure (6CC-NP, 13.2% carboxyl con-
tent, Table 2). However, the crystallinity of nanoparticles increased
when they were prepared at high temperature. At 50°C, 6CC-NP

(13.2% COOH) showed CrIto 51% and at 70 °C, 6CC-NP (13.9% COOH)
showed Crl of 63%, which is higher than the corresponding 6CC non-
nanoparticle obtained at 25°C and 40 °C (Table 2). The increase in
crystallinity is further aided by the fact that the amorphous regions
of the inner core also hydrolyze away as the reaction proceeds,

(i)

(iii)

Fig. 2. X-ray diffraction patterns: (i) cellulose (ii) control’ (iii) 6CC (3%) (iv) 6CC (8.6%) (v) 6CC (14.1%) (vi) 6CC (19.7%) (vii) 6CC (13.2%)-NP.
“ Cellulose treated with HNO3+H3PO4 (1:2) ration prior to addition of oxidizing agent NaNO,.
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thereby increasing the crystallinity over the starting cellulose I for
the nanoparticles obtained at 70 °C (Fig. 1C).

3.1.4. X-ray diffraction patterns

The interpretation of data from measurements of WAXRD and
crystallinity index were confirmed by the pattern of X-ray diffrac-
tion in Fig. 2. Interestingly, partial conversion of cellulose-I to
cellulose-II is clearly depicted in Fig. 2(i) and (ii). The expansion
of lattice plane of cellulose-I is clearly visible in the control sam-
ple (HNOs +H3PO, treated) (Fig. 2(ii). Subsequently, on oxidation
almost the same crystallinity is maintained up to 6CC (3%) (Fig. 2(iii)
but as the oxidation proceeds the pattern of X-ray diffraction rings
became faint (8-14%) (Fig. 2(iv) and (v)) and then completely dull
for 6CC (22%) (Fig. 2(vi)). This clearly shows the conversion of most
of the cellulose-I to amorphous cellulose. Furthermore, the pat-
tern obtained for 6CC-NP, Fig. 2(vii) showed well defined rings,
indicating highly crystalline molecules.

The study conducted provides information on the transforma-
tion of cellulose polymorphs during oxidation of native cellulose-I
by HNO3/H3PO4/NaNO,. Due to the presence of phosphoric acid
as a swelling agent, the progress of the oxidation reaction first
led to cellulose-II polymorph until conversion to 6CC with 14%
carboxyl, and from 14-22% carboxyl, the cellulose was largely
amorphous. Thus, our results support the theory that cellulose-II is
the transition state during swelling and dissolution of cellulose-I,
finally giving rise to amorphous cellulose. Additionally, the pre-
pared 6CC-NP (~14% carboxyl content) obtained as cellulose-I with
crystallinity greater than their macro-sized analogs.

3.2. Solid state NMR studies

The solid state CP-MAS 13C NMR spectra of cellulose and 6CC are
presented in Table 3, and Fig. 3. The region between 60 and 70 ppm
is assigned to C6 of the primary alcohol group. The next cluster
between 70 and 80 ppm is attributed to the C2, C3, and C5 carbons.
The region between 80 and 95 ppm is associated with C4 and that
between 100 and 110 ppm with the anomeric carbon C1 (Sebe et al.,
2012).The signal at ~171 ppm corresponds to the carboxyl group of
6CC. The peak intensity of carboxyl increases simultaneously with
increase in carboxyl content, as depicted in Fig. 3.

The peak at about ~92 ppm, assigned to C1 anomeric carbon
of reducing end of cellulose, starts increasing from 8% 6CC (peak
no. 3 of Fig. 3) and continuously increases with carboxyl content.
This indicates lowering of DP with the progress of reaction. To con-
firm the reason of appearance of peak corresponding to ~94 ppm,
the solid state CP-MAS '3C NMR spectra was recorded for the 6CC
(19.7%) oxidized sample (Fig. 4A) and compared with 6CC (19.7%)
after 0.01 NaOH treatment (Fig. 4B), 6CC (19.7%) after NaBH4 treat-
ment (Fig. 4C) under the same reaction conditions (pH=10.3 and
with continuous stirring for 12 hat room temperature). The absence
of ~94 ppm peak in the treated 6CC (19.7%) sample (Fig. 4B and C)
clearly shows that the signal is due to oligomeric species. These
oligomeric species are most probably soluble in alkali as well as
with NaBHy. It is also observed that there is no significant change
in the intensity of carboxyl peak ~170 ppm. Only the carboxyl peak
at ~172 ppm shifted to higher value ~176 ppm due to the for-
mation of carboxylate anion due to NaOH or NaBH4 treatment.
The above experimental data CP-MAS '3C NMR data clearly shows
that the peak corresponding to (~92-96 ppm) is due to the pres-
ence of oligomers. The solution state CP-MAS 13C NMR study of
6CC (19.7%) and 6CC (22%) in dg-DMSO at 70°C clearly shows the
absence of peak corresponding to ketonic groups (Fig. S1). The
peak at 60 ppm corresponding to C6 decreased significantly for 6CC
(22%), perhaps merging with the C2, C3, C5 peaks which get broad-
ened, implying a drastic change in the structure of cellulose (from
cellulose-I to amorphous cellulose). We have presented (Table S1in
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Fig. 3. CP-MAS '3C NMR spectra of (1) cellulose (2) control” (cellulose treated with
acid (HNO3 +H3PO4 (1:2 ratio) prior to addition of oxidizing agent NaNO;) (3) 6CC
(8.6%) (4) 6CC (14.1%) (5) 6CC (19.7%) (6) 6CC (22.0%) (7) 6CC (13.2%)-NP.

4 The peak disappeared after alkali treatment or NaBH4 reduction reaction.

supplementary data) the integral ratios measured, under identical
spectral measurement conditions, CP-MAS 13C NMR for cellulose
and oxidized celluloses. It is observed that the integral ratios of
peaks at ~105 ppm and ~92 ppm are jointly taken as 1 for the
cellulose sample. Similarly, the total integral ratios measured for
peaks C2+C3 +C4+C6 (90-50) ppm is 4.91 for cellulose. We found
that C1: (C2+C3+C4+C5+C6) ratio varies as the percent oxida-
tion increases in cellulose (The data is shown in Table S1). In case
of oxidized celluloses 6CC (8.6%, 14.1% and 19.7%), the total sum of
integral area for 105 ppm (original C1 carbon): 92 ppm (C1 reduc-
ing end) comes ~1. NMR data was collected under quantitative
conditions (Ernst angle of 30° flip angle, 20 s relaxation delay. Max-
imum T1 observed was 110s). The CP-MAS spectrum was collected
with a contact time of 1 s and relaxation delay of 5 s. Therefore, the
calculated NMR integration data clearly shows that the ~92 ppm
peak arises due to the C1 reducing end. It is observed that there
is not so much change in the integral ratios corresponding to
C2+(C3+C4+C5+C6 carbon peaks at (90-50) ppm. The calculated



Table 3
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The resonance assignment for the CP-MAS 3C NMR spectra’s of cellulose, amorphous cellulose, 6CC’s and 6CC-NP of various COOH contents (%).

621

Carbon atom Cellulose Chemical shift (ppm)
Control 6CC (8.6%) 6CC (14.1%) 6CC (19.7%) 6CC (22.0%) 6CC (13.2%) Cellulose IT* Amorphous
cellulose
C1 105.37 103.07 104.98 104.98 104.98 102.10 102.88 ~105 ~105
102.21
Crystalline C4 89.07 86.79 87.96(s) 87.70(vs) - -80.74 - ~86 -
Amorphous C4  84.21 84.09 83.51 83.51 83.51 - 80.87 ~83
82.11 -
80.33
C2,C3,C5 75.11 72.85 75.13 75.40(m) - - - ~75 75
72.78 70.73 73.83 73.30 73.04(m) 70.13 72.12 ~71
70.55
CrystallineC6 65.38 - 65.45 (s) 65.97(vs) - - - ~61 ppm -
AmorphousC6  62.84 62.90 63.09 62.83 63.35(s) 60.85 63.43(s) ~62
60.91 60.53
Extra Peaks - - 17147 169.33 172.0 169.01 169.87 ~94(C1
—COOH 92.94' 93.20° 93.98" 91.09' 91.45 reducing end)

Reducing end C1
peak

# Chukwuemeka et al. (2012).

" Cellulose treated with acid (HNOs3 + H3PO4 (1:2 ratio) prior to addition of oxidizing agent NaNO,. This peak disappeared on washing in dilute alkaline solution, as was
checked in the case of 19.7% 6CC (see Fig. 4).

% oxidation from the solid state CP-MAS 13C NMR analysis shows
much higher value as compared to the previous calculated ratio by
USP method. The calculated % degradation from these NMR values
shows quantitative values of degradation of 6CC’s on oxidation to
be 15% in 6CC (8.6%), 24% in 6CC (14.1%) and 36% in 6CC (19.7%).
The crystalline peak intensity for C4 carbon atom of cellulose-I
appears at ~89 ppm. However, this peak was present in the control

(©)

176 80

105.75
—84.93

0.53
—176.31 \

—104.99
—84.95

"\ _

—75.13
—63.70

sample (Table 3) but gradually decreased for 6CC (8%) and became
insignificant for 6CC (14%) and beyond 14%, this peak completely
disappeared; now only the peak corresponding to the amorphous
region of C4 at ~80-83 ppm was present. Similarly, the crystalline
region peak intensity for C6 carbon atom of cellulose I appeared
at ~65 ppm. This peak decreased with increase in oxidation and
became insignificant for 6CC (14%). For 6CC (>14% carboxyl), only
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Fig. 4. 13C CP-MAS NMR spectra’s of (A) 13 CPMAS of 6CC (19.7%) (B) 13C CPMAS 6CC (19.7%) after 0.01 NaOH treatment (C) 3C CPMAS 6CC (19.7%) after NaBH, treatment.
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the amorphous region of C6 carbon atom was seen, appearing at
63.35 and 60.85 ppm. Thus, solid state CP-MAS 13C NMR analysis
shows that for 6CC (>14% carboxyl) mainly the amorphous region
of both C4 and C6 carbon exists, with almost no crystalline region.
This correlates well with the WAXRD results discussed above. The
solid state CP-MAS 3C NMR peaks showed that the 6CC nanopar-
ticles (13.2% carboxyl content) are generally very sharp, and even
the carboxyl peak is more enhanced than for 6CC samples having
229% carboxyl groups. This could be due to the rounded shapes and
smaller size (25-35nm) of the molecule in nanoparticle sizes. All
other samples of 6CC in Fig. 3 are of macro-sized fibrils.

4. Conclusions

This work has shown that it is possible to use cellulose-I for
in-situ preparation of cellulose-II type 6CC materials during the
oxidation process using phosphoric acid in the reaction medium.
The latter is known to swell cellulose and convert it to amorphous
cellulose via cellulose-II transition state. Previously most studies
on oxidation of cellulose for biomedical applications are based on
oxidation of cellulose-II, due to its higher absorption capacity for
physiological fluids. Further, it has been shown that the spheri-
cal nanoparticles produced by this synthesis procedure are highly
crystalline materials, whereas macro-sized fibrils with the same
carboxyl contents have low crystallinities.
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