Supramolecular Design of Cellulose Hydrogel Beads
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ABSTRACT: In the present study, we report the supramolecular design of cellulose-sulfonate hydrogel beads by blending
water soluble sodium cellulose ethyl sulfonate (CES) with the pretreated cellulose in sodium hydroxide-urea-
water solvent system at —6 °C followed by coagulation in the 2M sulfuric acid system. The increasing of CES
amount from 10% to 90% had a substantial effect on the viscosity and storage (G’) and loss (G") moduli of
the blended solutions. The CES concentration up to 50% in blends led to the formation of physically stable
hydrogels after coagulation in acidic medium at pH-1 and showed the retention of nearly the same CES
concentration at pH-6 after continuous water washings. The increased sulfonate content also enhanced the
water holding capacity and internal porosity of the beads. Both ATR-FTIR and Raman spectrometry were used
for the qualitative determination of sulfonate groups and SEM-EDX was used for the quantitative estimation
in dried beads. In this research, we have established a correlation between the presence of anionic charge
in the polysaccharide blend and stability of the prepared hydrogel beads. Hence our research provides a
systematic methodology to design functional, highly porous cellulose hydrogels having the potential to be
tested further in biomedical and healthcare applications.
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1 INTRODUCTION

Polysaccharides of natural origin are one of the most
diverse and well-structured polymers on earth. The
variance in the backbone structure and functional
groups impart their applications in versatile areas
of medicine and healthcare. For example, cellulose,
agarose, dextran, and starch are the polysaccharides
bearing hydroxyl functional groups. Similarly, algi-
nate and hyaluronan are weak anionic polymers with
carboxylic moieties, carrageenans and heparin are
strong anionic polysaccharides with sulfonate groups
and chitosan, cationic polymer has amino functional
groups [1].

Cellulose has numerous hydroxyl groups available
for the chemical modifications like oxidation, esteri-
fication, etherification and amination in appropriate
solvents such as DMA-LiCl, NMMO-H,O and ionic
liquids [2]. The functional group introduced, and the
degree of substitution plays a decisive role in polymer
properties like solubility, rheological behavior, and
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processing into the final desired product. For example,
cellulose ethers used as thickeners in paints, food, and
personal care areas are soluble in organic solvents at
selective DS only, in contrast to cellulose esters [3].
Cellulose sulfate with DS range of 0.08-0.16 is water
insoluble while 0.36-0.58 is water soluble [4]. The
sulfated polysaccharides are known to have antiviral
property, which is also dependent upon the degree of
sulfation and molecular mass [5].

Polysaccharides bearing sulfate functional groups
are of practical interest. The sulfated polymer heparin
is an anticoagulant and has been used to increase the
biocompatibility of several materials as a coating agent
[6]. Heparin affinity beads have been used for the iso-
lation and purification of extracellular vesicles [7]. The
cellulose sulfate beads with low sulfate content have
been used during the primary fractionation procedure
for influenza vaccine production [8]. Another appli-
cation of the beads is in the downstream processing
of Vero cell-derived human influenza A virus (HIN1)
grown in serum-free medium and development of
Vero cell-derived inactivated Japanese encephalitis
vaccine [9, 10]. These beads have also shown an affin-
ity towards antithrombin III, blood coagulation factor,
and several enzymes as well as viruses [11]. Cellulose
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sulfate has been studied for the preparation of poly-
electrolyte capsules for the encapsulation of enzymes,
drugs, and adhesion of mouse fibroblasts [12].

Functional polysaccharides can be used to prepare
advanced materials by employing a polymer blend-
ing approach for wound healing, drug delivery, and
tissue engineering applications [13]. The blending of
polymers has the potential of self-assembly due to the
presence of intermolecular interactions [14]. These
intermolecular or supramolecular interactions can
be used to design materials with desired properties
such as high porosity and hydrophilicity. In one study
[15], enhanced thermal processability of cellulose ace-
tate was achieved by blending with synthetic polymer
poly(N-vinyl pyrrolidone) while blending of cellulose
propionate with poly(N-vinyl pyrrolidone-co-methyl
methacrylate) improved thermochemical and optical
properties of the polymer [16]. The polymer blending
is a versatile and economical mode of preparing new
materials which can satisfy the complex performance
demands [17]. The desired shaping of polysaccha-
ride solution also requires knowledge of rheological
properties under certain conditions. The rheological
parameters, e.g., viscosity, storage and loss moduli,
of the blend provide significant information related to
the processing of the product. The rheology of poly-
mers is directly dependent upon the functional group,
the degree of substitution, counter ion, molecular
weight and solvent polarity. These parameters are the
reason for hydrogen bonding, van der Waals forces,
electrostatic attraction and repulsion in the systems
[18]. For example, carboxymethylcellulose, which is a
derivative of cellulose, is water soluble and shows dif-
ferent rheological behavior with increasing concentra-
tions [19, 20].

In the present study, we have used supramolecular
design to fabricate cellulose-sulfonate hydrogel beads
by blending water soluble cellulose derivative (CES)
with HyCelSolv pretreated cellulose in 7% NaOH-12%
urea-water solvent system. The sulfonated hydrogel
beads obtained have shown higher hydrophilicity and
porosity than conventional cellulose beads, and their
potential future application can be further explored in
the areas related to tissue engineering, healthcare and
pharmaceutical applications.

2 EXPERIMENTAL
2.1 Materials and Methods

Enoalfa cellulose dissolving pulp with alpha cellulose
content > 93.5% was provided by Enocell pulp mill,
Finland, sodium cellulose ethyl sulfonate (CES) was
provided by TITK Germany, and sodium hydroxide
(NaOH, 97%) from Fluka. Urea (CO(NH,), 99.5%),
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sulfuric acid (H,SO, 98%) and hydrochloric acid (HCl,
37%) were purchased from Merck. Ethanol (92%)
and sodium sulfate (Na,SO, 98%) were from Sigma-
Aldrich, and deionized water from the Milli-Q system
was filtered through 0.2 pm filters.

2.2 Synthesis of Sodium Cellulose Ethyl
Sulfonate

A detailed procedure of the synthesis of sodium cel-
lulose ethyl sulfonate is described here. First 8.1 g air-
dried cellulose (spruce sulphite pulp, DP_ _450)was
added to 100 ml 2-propanol, followed by a solution of
3.0 g NaOH and 3.2 g sodium vinyl sulfonate while
stirring. After 10 min the reaction mixture was heated
at 80 °C. After 1 h a solution of 3.2 g sodium vinyl sul-
fonate in 10 ml water was added and stirred for 3 h at
80 °C. After cooling down to room temperature, the
product was filtered off and neutralized with acetic
acid. Finally the cellulose derivative was washed with
80% 2-propanol to remove by-products. The obtained
derivative has 0.48 degree of substitution.

2.3 Preparation of Enoalfa HyCellSolv
Cellulose Pulp

A HyCellSolv pretreatment of Enoalfa pulp was per-
formed according to the procedure developed in our
laboratory [21]. In a 200 mL borosilicate vessel, 100 mL
ethanol was mixed with 4 mL HCI (37%) and heated
at 75 °C. The pulp was added to the ethanol-acid mix-
ture and heated for 2 h. After cooling, the solvent was
decanted and the pulp washed with excess water. The
pulp was dried in an oven at 60 °C. Capillary viscosity
measurements were done following ISO 5351 protocol
to calculate the degree of polymerization of pretreated
pulp. The calculated degree of polymerization of the
pretreated pulp was 170.

2.4 Polymer Blending Studies

The polysaccharide blends were prepared by mix-
ing various ratios of CES and Enoalfa HyCellSolv
cellulose pulp in 7% NaOH-12% urea-water solvent
system. Detailed information about blending ratio
is given in Table 1. A 5% (w/w) final polysaccharide
concentration was maintained in all blended solu-
tions with a total weight of 10 g of each solution. In
30 mL glass vials, the pre-calculated amount of both
the polysaccharides were dispersed in 7% NaOH-12%
urea-water system for 30 min followed by dissolution
at —6 °C for 1 h. All blends were stored at 0 °C before
dropping into the 2M sulfuric acid, the coagulation
medium.
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Table 1 The ratio of CES and Enoalfa HyCellSolv.

Ratio of *sodium cellulose ethylsulfonate/
Enoalfa HyCellSolv

Z
°

*0/100

*10/90

*30/70

*50/50

*70/30

*90/10

I ||| W IN]=W

*100/0

2.5 Coagulation of Polymer Blends into
Hydrogel Beads

The immersion precipitation technique was used
to prepare CES blended hydrogel beads. In a 20 mL
syringe, the polysaccharide blends were filled, and
droplets were extruded through a needle with a diam-
eter of 0.4 mm. In each case, the distance between the
needle tip and the coagulating solvent was kept to
2 cm. To select the optimal coagulating solvent system,
initially the *50/50 polymer ratio blend was dropped
into the following coagulating solvents: 2M HCl, a mix-
ture of 2 M HCl-ethanol (50:50), 50% aqueous sodium
sulfate and 2M sulfuric acid. The process of coagula-
tion of the droplets to solid beads was followed up.
The most suitable coagulation medium proved to be
2M sulfuric acid and was used further as a coagulat-
ing medium. Finally, the beads were washed with tap
water followed by washing with deionized water. To
study the effect of increasing CES concentration on the
shape and size, the beads were scanned and processed
into binary images using Image] software.

2.6 Rheological Studies

Oscillatory and steady state rheological experiments
were performed to measure the viscosity and storage
and loss moduli of 5% (w/w) polymeric blends in a
solution of 7% NaOH-12% urea-water system at 10 °C
and 25 °C + 0.1. An Anton Paar Physica MCR 300 rota-
tional rheometer with double gap cylinder module
DG 26.7 with attached temperature controlling TEZ
150P thermostat possessing external water circulation
was used. Each blend was stored at 0 °C (+1) before
measurements and 3 mL solutions were used for all
measurements. For the oscillatory measurements fre-
quency varied from 0.5 to 500 Hz, and for viscosity
measurements, a steady shear rate was increased from
0.1 to 1000 s*. RheoPlus 32 software was used to sum-
marize the results.
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2.6.1 Water Holding Capacity

The effect of increasing sulfonate content on the water
holding capacity was measured by removing excess
surface water from the hydrogel bead on filter paper;
20 wet beads from each blend were weighed in trip-
licate sets and dried in an oven at 60 °C + 1 for 48 h
and cooled in a desiccator until constant weight was
achieved. The water holding capacity (WHC) in per-
centage was determined using the following equation:

WHC (%) = (W = W,)/W, x 100 (1)

where W is the total weight of wet beads and W, is the
total weight of dry beads.

2.6.2 FTIR and Raman Analysis

A Nicolet iS50 FT-IR spectrometer with Raman mod-
ule from Thermo Scientific was used for spectrometric
measurements. The FTIR spectra were collected using
a tungsten-halogen source and DLaTGS-KBr detector
splitter set up with 4.00 cm™ resolution and 128 scans.
Raman spectra were collected using a diode laser with
0.5-W power. The detector was InGaAs with CaF,
splitter; resolution 8.0 cm™ and number of scans was
11000.

2.6.3 Scanning Electron Microscopy-Energy
Dispersive X-ray Analysis (SEM-EDX)

Surface-core morphology and sulphur weight per-
centage analysis of CES beads were performed with a
LEO Gemini 1530 scanning electron microscope. The
Thermo Scientific Ultra Silicon Drift Detector (SDD)
was equipped with secondary electron backscattered
electron and in-lens detector. Surface dried hydrogel
beads were frozen in liquid nitrogen and freeze-dried
under vacuum to maintain the pore structure. The
dried beads were cut into cross sections coated with
carbon and analyzed. The magnification of image cor-
responds to a Polaroid 545 print with the image size of
8.9 x 11.4 cm.

3 RESULTS AND DISCUSSION

3.1 Effect of Increasing CES
Concentration on Coagulation and
Properties of Hydrogel Beads

The effect of increasing anionic cellulose concentra-
tion in hydrogel beads was studied. The phase sepa-
ration phenomenon which involves ion exchange
between OH~ and H* ions is the mechanism of alkali
cellulose coagulation in the acidic medium [22]. The
preliminary investigation of solvent systems for the
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coagulation of homogenously blended CES-Enoalfa
HyCellSolv solution in bead shows that the perfor-
mance of 2M sulfuric acid precedes over 2M HCl, 2M
HCl-ethanol (50:50) and aqueous 50% sodium sulfate
solutions. Dropping of *50/50 blend resulted in spher-
ical hydrogel beads in 2M sulfuric acid, while flat-
tened, deformed disc-shaped structures were coagu-
lated in 2M HCl and 2M HCl-ethanol solvent systems.
The flattening and irregular structure formation could
be due to the surface tension effects of the coagulation
media. In aqueous 50% sodium sulfate solution, thin
films of polymer were observed after 2 h. This behav-
ior could be related to the slow process of coagulation
in a salt solution [23].

The cellulose blends with CES/Enoalfa HyCellSolv
ratio ranging from *10/90 to *90/10 coagulated out
while minor precipitation of 100% CES is also visible,
as shown in Figure 1a. The slight precipitation of CES
at pH ~1 could be due to the ion exchange leading to
the protonation of sulfonate ions, ultimately result-
ing in sulfonic acid. A variation in the shape of the
beads from spherical to flattened was also observed
with increasing CES concentration after coagulation,
even though the distance between the needle tip and
the coagulating medium was kept constant (2 cm) in
each case. These observations show that the Enoalfa
HyCellSolv pulp plays a crucial role in maintaining
the contour and acts as a support matrix providing
structural stability to the hydrogel beads. The pro-
cessed binary images of beads displayed a correlation
between increasing CES concentration in the blend
and the average surface area of hydrogel beads. The
*0/100 beads had an average size of 6 mm, which

increased up to 11.7 mm for the *70/30 beads, as
shown in Figure 1b. The increase in average size of the
beads is related to the flattening of beads after contact
with the acidic medium. The measured viscosity of
*0/100 and *70/30 beads are approximately 0.9 and
0.7 at the shear rate 0.1 (s™) respectively. The lowered
viscosity of the blends could be the possible reason for
beads flattening with increasing CES concentration in
the blends.

The *0/100 hydrogel beads show 93.7% water
holding capacity, the *10/90 ratio 95% water holding
capacity and *50/50 ratio 97% water holding capac-
ity, as visible in Figure 2. The increase in water hold-
ing capacity can be directly related to rising sulfonate
content and hence the surface charge of the beads,
favorably absorbing an increasing amount of water.
The SEM-EDX measured sulphur content of CES to
be 8,75% by weight and in *10/90, *30/70 and *50/50
beads the sulphur content was 1.1%, 2.8% and 4.3%
(+0,25), respectively. The beads from *10/90 up to
*50/50 ratio were stable at pH 6, while notable scaling

Table 2 Elemental composition of CES and dried cellulose
sulfonate beads.

%CES Cwt%) | Owt%) | S(wt%) | Na (wt.%)
CES 31.785 52.09 8.75 7.375
*0/100 41.18 58.82 0 0
*10/90 40.95 57.45 1.14 0.45
*30/70 39.61 56.76 2.89 0.74
*50/50 40 54.52 438 0.85

164 | Average size |

14

12+

Millimeter

L hd L l L . L] hi L]
0*/100 10%*/90 30%/70 50*/50 70*/30
(b) CES/hycelsol

Figure 1 (a) Cellulose beads with increasing *cellulose ethyl sulfonate concentration: A) *10/90, B) *30/70, C) *50/50, D) *70/30,

E) *90/10, F) *100/0. (b) Average increase in the size of beads.
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Figure 2 Correlation between the increasing anionic charge (mmol/g) with increasing % CES concentration and water holding

capacity of the sulfonated cellulose beads.

is observed for beads with higher CES concentra-
tion. This behavior could be due to increased CES
concentration, which in turn resulted in increased
anionic charge content in the beads. Consequently, the
increased ionic repulsion interactions due to ionized
sulfonate groups led to destabilized structures at neu-
tral pH [24].

3.2 Effect of Sulfonated Cellulose on the
Rheological Behavior of Blends

Rheological studies of 5% (w/w) solutions of poly-
mer blends were performed to understand the effect
of increasing sulfonate content on viscosity and stor-
age and loss moduli with varying shear rate in blends.
Additionally, the effect of sulfonate content in the
beads on their physical properties, e.g., shape, stabil-
ity, and porosity, is due to the rheological behavior
of the polymer solutions. A 5% polymer solution of
CES and Enoalfa-pretreated cellulose in 7% NaOH-
12% urea-water formed viscoelastic solutions which
displayed an apparent frequency and temperature-
dependent storage (G’) and loss moduli (G"), as shown
in Figure 3a. The storage modulus of CES solution at
10 °C was comparatively higher than at 25 °C, which is
typical for charged polymers that disperse well in aque-
ous solutions. While in the case of Enoalfa HyCellSolv
pulp no characteristic temperature dependence varia-
tion was observed since NaOH-urea solvents are not
strong solvents for dispersing dissolving pulps with

404 J. Renew. Mater., Vol. 5, No. 5, October 2017

low surface charge. A continuous increase in (G’) and
(G") was observed with increasing frequencies. Thus, a
predominance of viscous behavior over the elastic one
in both the polymer solutions at 5% polymer concen-
tration is obvious. Interestingly, HyCellSolv pulp dis-
played leveling off for (G") within the frequency range
of 10 to 100 Hz, which CES did not reveal. The leveling
off behavior could be assumed from the loss of elas-
ticity with the increasing frequency due to coiling or
entanglement of the polymer [25]. The aqueous-based
NaOH-urea solvent is not favourably interacting
with Enoalfa HyCellSolv pulp, due to the low surface
charge. Consequently, the Enoalfa HyCellSolv cellu-
lose polymers are less stretched out in the solvent but
suggested to be more coiled compared to the CES pol-
ymers. The presumed coiled polymer structure cannot
increase its elastic behavior above a certain frequency
range. On the other hand, the charge-driven interac-
tion between CES and NaOH-urea solvent leads to
a more stretched out polymer structure and hence
continuous increase of elastic modulus (G’) in the fre-
quency range investigated.

The similar behavior is apparent from the steady
shear-rate-dependent viscosity measurements in
Figure 3b. The 5% CES has a lower viscosity at low
shear rates than Enoalfa pulp solution at both the tem-
peratures. At constant temperature, there is a cross-
over shear rate at around 5 s?. The lowered viscosity
of CES in comparison with Enoalfa HyCellSolv pulp
could be due to the higher water soluble nature, ionic

; © 2017 Scrivener Publishing LLC
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Figure 3 (a) Variation in the storage (G') and loss (G") moduli with increasing angular frequency (Hz) and (b) Viscosity vs. Shear

rate of CES and Enoalfa HyCellSolv at 10 °C and 25 °C.
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Figure 4 (a) Storage (G”) and loss (G”) moduli and (b) Viscosity vs. Shear rate of various blends of CES:Enoalfa at 10 °C.

character and weaker inter- and intramolecular hydro-
gen bonding. Both the polymers displayed lower vis-
cosity at 25 °C than at 10 °C in the studied polymer
concentration. Both the polymeric solutions show a
non-Newtonian behavior, but CES solution showed
a plateau in the shear rate range of 10-100 reciprocal
seconds and further viscosity decrease at shear rates
above 100 s™.

The predominant interactions present in polymeric
blends are hydrogen bonding, van der Waals forces
and ionic interactions.

To prepare stable blends, polymeric associations or
repulsions, polymer-solvent interactions play a very
critical role [26]. To get an insight into the flow and

J. Renew. Mater., Vol. 5, No. 5, October 2017

stability properties of polymeric blends of CES and
Enoalfa pulp, the oscillatory and shear rheology of the
blends were investigated. The (G’) of *10/90 (CES/
HyCellSolv) blend is comparatively higher than *50/50
and *70/30 blends at 10 °C in each blend in Figure 4a.
The plateau of (G’) at increasing frequency from
50-100 Hz is only visible for *10/90 blend, due to the
high content of HyCellSolv. Increasing the concentra-
tion of CES for the other blends increased the average
surface charge of the polymers and hence could lead
to polymers with less coiling or entanglement [25] due
to increased electrostatic repulsion between the poly-
mers and increased favorable interaction of the poly-
mers with the solvent. The loss modulus (G") was, as
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expected from Figure 3a, always greater than the (G’)
at 10 °C for each blend, as is seen in Figure 4a. The vis-
cosity data of blends in Figure 4b showed that *10/90
solution had a slightly higher viscosity closer to one at
a low shear rate in comparison to *50/50 and *70/30
blends. At the high shear rate, there was not a clear
difference between the blends. At the low shear rate,
the observed higher viscosities could be correlated to
higher intermolecular associations in polymeric sub-
units, while at high shear rate, shear thinning was pre-
dominant due to more top intramolecular interactions
and elongation of polymeric chains. The reduction in
viscosity could be due to the electrostatic repulsion
which leads to disentanglement and loosening of the
network structure [27].

Hence, from the rheological studies it was con-
firmed that increasing ionic polymer concentration in
blended solutions resulted in lowered viscosity at low
shear rate and a storage modulus at a low angular fre-
quency, which could be the reason for beads flattening
with increasing CES concentrations.

3.2.1 Spectroscopic Analysis

The ATR-FTIR and Raman spectrometric scanning of
air dried beads in the range of 4000-500 cm™ confirmed
the presence of sulfonate functional groups in the
beads. Here we have presented an extended spectral
range from 1600-500 cm™, which provides significant
information about sulfonate groups. The FTIR spec-
trum of beads with increasing sulfonate content shows
distinct variation in the region of 1100-1400 cm®,

SO, i. ph. str.

SO; 0. ph. str.

Absorbance

1500 1250 1000 750 500

Wavenumber (cm™)

— *0/100, =— *10/90, =— *30/70, =— *50/50

(a)

which is attributed to the SO, in-phase, out-of-phase
and SO, in-phase stretching vibrations in Figure 5a.
The characteristic peak due to S-O stretching is also
visible in the region 750-780 cm™ [28]. The presence
of all the characteristic peaks of sulfonate functional
group confirmed the blending and retention of sul-
fonated ethyl cellulose in the hydrogel beads. The
Raman data also confirms the presence of sulfonate
groups in the beads in Figure 5b. A prominent peak
at around 1100 cm™ is present, which is due to the SO,
out-of-phase stretching. The FTIR and Raman results
prove the incorporation and retention of sulfonated
cellulose in the hydrogel beads.

3.3 Effect of Coagulation Mechanism
on Surface and Core Morphology of
Hydrogel Beads

Avariation in the architecture of beads with increasing
CES concentration is noticeably visible in Figure 6a—d.
The overall internal structure of the bead prepared
from Enoalfa HyCellSolv cellulose solution displays
zones in the cross section of the bead in Figure 6a. The
outer layer is the surface skin followed by loosely ori-
ented network structure and in the center is the com-
pact area. The formation of layers could be related
to the continuous coagulation process and the ion
exchange during phase separation [29]. As the cellu-
lose solution droplet comes in contact with the acidic
medium, instant coagulation occurs due to the fast
exchange of ions between alkaline cellulose solution

SO, i. ph. str.
SO, o. ph. str.

(V]
v
c
©
2
3
28
=<

1500 1250 1000 750 500

Wavenumber (cm™)

(b)

Figure 5 (a) Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and (b) Raman spectra of sulfonated cellulose

beads with increasing sulfonate content.

406 J. Renew. Mater., Vol. 5, No. 5, October 2017

; © 2017 Scrivener Publishing LLC


http://dx.doi.org/10.7569/JRM.2017.634143
http://dx.doi.org/10.7569/JRM.2017.634143

DOI: 10.7569/JRM.2017.634143

Poonam Trivedi et al.: Supramolecular Design of Cellulose Hydrogel Beads

(0

200 pm Mag =30 X
LEO 1530 WD=11mm

EHT =5.00 kV
Signal A = SE2

Aperture size = 20.00 um
Image pixel size = 3.906 um

Figure 6 (a—d) Cross-section images of *0/100, *10/90, *30/70, and *50/50 CES/Enoalfa-HyCellSolv freeze-dried hydrogel

beads, respectively.

and acidic medium, leading to the formation of an
outer skin. The rate of exchange of ions is initially
fast, resulting in the formation of the loose network,
and when the system achieved equilibrium based on
diffusion, the ion exchange process is slowed down,
forming a compact network structure in the center.
While in the case of the CES blended beads shown in
Figure 6b—d, only two zones are observed, namely the
surface skin and inside a compact region. The reason
for this could be the slower ion exchange rate between
sodium ion attached to sulfonate groups and the acidic
protons.

The higher magnification images of surface skin
show an increased smoothness and inside porosity
with increasing CES concentration in the hydrogel
beads, as visible in Figure 7a-d and 7e-h. The *0/100
and*10/90 beads have a more closed network struc-
ture in comparison to the *30/70 and *50/50 beads.
This observation is related to the high concentration of
Enoalfa HyCellSolv cellulose in the *0/100 and *10/90
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blends. In 7% NaOH-12% urea, the aqueous solution
of the HyCelSolv pulp is supposed to be coiled due to
weak solvation and has stronger cohesive forces than
the CES polymers in the same solvent. Hence, Enoalfa
HyCellSolv cellulose polymers approach each other
in the NaOH-urea solvent, and during coagulation
of the NaOH-urea solution droplets containing these
polymer blends in acid, the rapid coagulation process
produces dense ultrastructures.

Furthermore, increasing concentration of the sulfo-
nated CES polymer in the *30/70 and *50/50 blends
increased the average surface charge of the polymer
blend in NaOH-urea aqueous solution. Consequently,
the increased average surface charge increased the
solubility and dispersibility of the polymers and the
electrostatic repulsion between the polymers, result-
ing in different rheological behavior of the polymer
blends in Figure 4. Coagulation of *30/70 and *50/50
blends with well-separated polymers led to more
porous ultrastructures. Additionally, a high content
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Figure 7 (a—d) surface and (e-h) internal morphology of *0/100, *10/90, *30/70, and *50/50 CES/Enoalfa-HyCellSolv freeze-

dried hydrogel beads, respectively.

of CES resulted in the higher water holding capacity
due to the charged groups which also controlled the
porous structure in the beads.

4 CONCLUSION

The supramolecular properties of CES polymer
and HyCelSolv pulp are utilized to design anionic
hydrogel beads using blending of the biopolymers in
sodium hydroxide—urea water solvent system. The
CES polymer efficiently disperses and solubilizes in
the solvent system due to the presence of charge and
blends homogenously with the HyCelSolv pretreated
cellulose. A temperature-dependent variation in rheo-
logical properties of the individual polymer solutions
is also observed. The polymer blends with increasing
CES ratio have shown lower viscosity and storage
moduli (G'). The extrusion and coagulation of blends
in 2M sulfuric acid lead to the formation of hydrogel
beads. The *50/50 beads have higher average surface
area and water holding capacity than *10/90 beads.
The morphological characterization of beads also
shows higher surface smoothness and internal poros-
ity in the case of *50/50 than in *10/90. In hydrogel
beads, Enoalfa HyCelSolv pulp acts as support matrix
to retain CES polymer by hydrogen bonding and van
der Waals interactions. Hence, we postulate that the
blending of anionic cellulose with low DP cellulose
and coagulation in the acidic medium will lead to
the formation of physical hydrogels with incorporated
charge, higher water holding capacity and porosity.

408 J. Renew. Mater., Vol. 5, No. 5, October 2017

These hydrogel beads can be further explored for
potential application in biomedical and healthcare
areas.
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ABBREVIATIONS

CES  Sodium cellulose ethyl sulfonate
DpP Degree of polymerization

DS Degree of substitution

WHC Water holding capacity
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