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Polysaccharides  (PS)  of  cellulose,  soluble,  corn-  and  maize-derived  starches  with  variable  amy-
lose/amylopectin  content  were  cross-linked  with  epichlorohydrin  (EPI)  to  form polymeric  adsorbents.
The  properties  of the  cross-linked  PS–EPI  materials  were  prepared  by  varying  the  synthesis  conditions
(nature  of  polysaccharide,  temperature,  and  reagent  ratios)  to afford  network  polymer  materials  with
tunable  properties.  The  optimized  polymers  were  obtained  at a  reaction  temperature  (50–54 ◦C)  accord-
ing their  yield  were  characterized  using  spectroscopic  (IR  and  NMR)  methods,  and  thermal  gravimetric
analysis  (TGA).  The  textural  and  adsorptive  properties  of the  polymers  were  evaluated  using  nitrogen
gas  and  dye-based  methods  using  p-nitrophenol.  Solvent  uptake,  nitrogen  adsorption,  and  aqueous  dye
haracterization
opolymer
dsorption

sorption  show  that  the  amylose  and  amylopectin  content  in the  PS–EPI  copolymers  display  a complex
relationship  with  their  physicochemical  properties.  Polymers  with  greater  cross-linking  did  not  show
incremental  changes  in  water  or dye  uptake.  Structural  variation  of  the polysaccharide  (i.e.  branching,
molecular  weight,  and  relative  amylopectin/amylose  content)  contributed  to the  sorption  properties  by
modifying  their  textural  properties  and  surface  chemistry.
. Introduction

Polysaccharides such as starch and cellulose from plant sources
re relatively abundant, naturally occurring, nontoxic, inexpen-
ive and economically important biomaterials. They are amenable
o chemical modification which make them especially attractive
iomaterial platforms to produce value-added materials in tech-
ologies such as in drug delivery (Hamdi, Ponchel, & Duch ´̂ene,
001; Onofre & Wang, 2010; Sandra, 2009), biomedical devices
Marques, Reis, & Hunt, 2002), tissue engineering scaffolds (Gomes,
ibeiro, Malafaya, Reis, & Cunha, 2001), dispersions (da Sil Va,
liveira, & Rao, 1997), waste water treatment (Crini, 2005) and
io-refineries (Kamm & Kamm,  2004).

Starch and cellulose are abundant plant-based biopolymers,
here the former serves as the plant’s main energy reserve
hile the latter provides structural stability to plant cell walls

Scheller & Conrad, 2005). Starch may  occur as granules (small
ompact form of starch molecules) which are composed mainly

f two biopolymers, where the main component is amylopectin
70–80%), a branched polymer comprised of �-1,4-linked glucose
nits with �-1,6 branching links. The secondary component is

∗ Corresponding author. Tel.: +1 306 966 2961; fax: +1 306 966 4730.
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amylose, a linear polymer consisting mainly of �-1,4-linked d-
glucose units (Copeland, Blazek, Salman, & Tang, 2009; Kubo et al.,
2010; Richardson & Gorton, 2003; Varum & Smidsrod, 2005). X-
ray structural analysis of starch granules indicates a model of
repeating amorphous and crystalline domains (Varum & Smidsrod,
2005). The crystalline domains of starch are associated with amy-
lopectin while the amorphous regions are associated with amylose
interspersed with amylopectin (Singh, Singh, Kaur, Singh Sodhi,
& Singh Gill, 2003). By comparison, cellulose is much more crys-
talline in nature due to its �-1,4 linked d-glucose units arranged in
a linear chain with no coiling or branching (Varum & Smidsrod,
2005). These biopolymer components adopt a relatively linear
and rigid conformation where the monomer units undergo exten-
sive intramolecular and intermolecular H-bonding (Richardson &
Gorton, 2003).

The tertiary structure of starch and cellulose impact their
physicochemical properties. For example, the relative ease that
cellulose chains form stabilizing intra- and intermolecular interac-
tions result in a self-assembled material with high tensile strength
and relatively low solubility in water and many organic sol-
vents. Such properties that contribute to its suitable function as
a plant cell wall structural component but limit its industrial

use due to material processing challenges (Richardson & Gorton,
2003). On the other hand, the variable crystalline properties of
starch granules due to the amylose and amylopectin content affect
its structure and physicochemical properties. As in the case of

dx.doi.org/10.1016/j.carbpol.2014.06.083
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ellulose, the crystalline domains of starch makes it less soluble
n water but the presence of the amorphous regions impart lower
tructural rigidity and greater water solubility. This variability
ffinity of such biopolymers to water is useful in the food industry
or improving food texture but may  attenuate the sorption proper-
ies with xenobiotics due to competitive water sorption in aquatic
nvironments (Delval, Crini, Bertini, Filiatre, & Torri, 2005). Mixed
iopolymers of starch may  limit a detailed understanding of their
tructure and properties but such materials may  display unique
hysicochemical properties that are nonlinear with respect to their
omposition. For example, starch with high amylose content is
ommonly associated with high viscosity due to increased inter-
ctions and entanglement of the linear amylose chains (Copeland
t al., 2009). Enhanced interaction between amylose chains is rele-
ant for preparing starch-based derivatives with high thermal and
echanical stability (Xie et al., 2009). Starch with high amylopectin

ontent favors swelling whereas starch with high amylose content
isplay decreased swelling capacity (Copeland et al., 2009; Sasaki

 Matsuki, 1998; Tester & Morrison, 1990). Swelling is a property
losely associated with expansion of the polymer network and is
mportant in drug delivery or for entrapment of guest molecules
f a suitable size. Therefore, materials with well-defined swelling
roperties are important in sorption-based applications. In a recent
tudy, Kyzas, Bikiaris, and Lazaridis (2008) demonstrated that sor-
ents that undergo pre-swelling exhibit rapid dye adsorption.

To expand the range of applications of starch and cellulose,
ross-linking is a versatile strategy that affords materials with tun-
ble mechanical and chemical properties (Ayoub & Rizvi, 2009;
rini, 2005; Delval et al., 2005; Hamdi et al., 2001; Kaur, Ariffin,
hat, & Karim, 2012; Onofre & Wang, 2010). The cross-linker intro-
uces intermolecular bridges between biopolymer units which
ay  alter the overall textural properties and surface chemistry

f the polymer framework. For example, Ghosh Dastidar and
etravali (2013) cross-linked waxy maize starch to obtain an envi-

onmentally friendly resin that has improved toughness and water
esistance than native starch. Hamdi et al. (2001) cross-linked sol-
ble starch to form microspheres with controlled particles with
arrow size distribution for drug delivery applications. The phys-

cochemical properties of the polymers are varied by the reaction
arameters (e.g. temperature, solvent, and prepolymer composi-
ion) (Ayoub & Rizvi, 2009). For example, Ashish, Khanderao, and
eelip (2013) employed high amylose starch to form biodegrad-
ble implants for sustained drug delivery. Kaur et al. (2012) studied
he effects of cross-linker content on the physicochemical proper-
ies of starch and attributed their observations to cross-linking of
he starch polymer chains. Onofre and Wang (2010) used cross-
inked starch with variable amylose/amylopectin content to study
he rates of sustained drug release and reported its influence on the
egree of cross-linking.

In this study, starch with variable amylose and amylopectin con-
ent along with cellulose were modified by chemical cross-linking
ith epichlorohydrin at variable reaction conditions. The resulting
olysaccharide-epichlorohydrin (PS–EPI) copolymers were studied
y evaluating their sorptive uptake properties in aqueous solu-
ions with a model organic dye adsorbate (p-nitrophenol; PNP). The
esults of this systematic study will contribute to a greater under-
tanding of the relationship of the sorption properties and structure
f such copolymer materials in aqueous solutions.

. Experimental
.1. Preparation of PS–EPI copolymers

Different sources of starch (corn, maize, high amylose, high
mylopectin), cellulose and epichlorohydrin were obtained from
e Polymers 113 (2014) 471–479

Sigma–Aldrich (Oakville, ON, Canada) and used as received.
The synthesis of starch–epichlorohydrin copolymer materials
employed a modified procedure are described elsewhere (Pratt,
Wilson, Kozinski, & Mohart, 2010). Briefly, an aqueous solution of
NaOH (2 M)  was used to dissolve and ionize the polysaccharide
hydroxyl groups prior to the addition of variable amounts of epi-
cholorohydrin (EPI) to produce cross-linked polymers. The effect of
temperature on the cross-linking reaction was  evaluated at 40, 50,
60 and 70 ◦C.

2.2. Characterization of PS–EPI copolymers

The products were characterized using 13C solid NMR spec-
troscopy with a wide-bore (89 mm)  8.6 T Oxford superconducting
magnet system equipped with a 4 mm CP-MAS (cross polariza-
tion with magic angle spinning) solids probe. Operating parameters
were controlled using an Avance DRX360 console and workstation
running TopSpin 1.3 (Bruker Bio Spin Corp; Billerica, MA,  USA).
Standard pulse programs utilized were included in the TopSpin
1.3 software. Samples were packed in 4 mm outer diameter zirco-
nium oxide rotors capped with Teflon MAS  rotor caps. Acquisition
was carried out using MAS  at a rotational speed of 5 kHz, 2-s recy-
cle delay and 750 �s cross polarization time. The chemical shift of
adamantane (ı = 38.6 ppm) was used as an internal shift reference.

Fourier transform infrared (FTIR) spectra were obtained
with a BIO-RAD FTS-40 spectrophotometer operating in diffuse
reflectance mode. Multiple scans were obtained with a 4 cm−1 reso-
lution and corrected against spectroscopic grade KBr background as
the sample matrix over the spectral range of 400–4000 cm−1. Ther-
mogravimetry analysis (TGA) was  performed using a TGA Q50 (New
Castle, DE) operated at a heating rate of 5 ◦C min−1 up to a maximum
temperature of 500 ◦C under a N2 (carrier gas) atmosphere.

2.3. Solvent swelling properties of copolymer materials

The swelling properties of the sorbent materials were studied
by use of approximately 40 mg  of material was  equilibrated in 6 ml
of solvent (either Millipore water or neat ethanol for 48 h). The
weight of hydrated polymer (ws) was determined after tamping
dry with filter paper by weighing, and then drying in an oven at
60 ◦C for 12 h to a constant dry weight (wd). The swelling ratio was
calculated using the following Eq. (1):

Sw = ws − wd

wd
× 100% (1)

2.4. Dye adsorption studies

The textural properties were evaluated using nitrogen adsorp-
tion and a dye-based sorption method with UV–vis detection.
Aqueous dye solutions of p-nitrophenol (PNP) were prepared at
pH 6, below the pKa value (7.14) of PNP (Mohamed, Wilson, &
Headley, 2010; Mohamed, Wilson, Headley, & Peru, 2011). Approx-
imately 20 mg  of the powdered and sieved (40 mesh) copolymers
were mixed in 10 ml  of solution containing PNP at variable con-
centration (0.1–25 mM)  in 10 mM potassium phosphate monobasic
buffer solution (pH 6) in 4 dram glass vials. The vials were sealed
with parafilm between the cap and the glass bottle, followed by
equilibration on a horizontal mechanical shaker (Poly Science,
Dual Action Shaker) for 24 h at 180 rpm. The samples were then
centrifuged (Precision Micro-Semi Micro Centricone, Precision Sci-
entific Co.) at 1800 rpm for 30 min. The UV–vis absorbance of PNP in

the supernatant solutions was  measured at �max = 318 nm using a
Varian CARY 100 double beam spectrophotometer at room temper-
ature (295 ± 0.5 K). An absorbance calibration curve was obtained
from standard solutions of PNP and the molar absorptivity of PNP
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Table  1
Product yield (%) for copolymers containing soluble starch–EPI at various cross-linking ratios and reaction temperature (◦C).

Copolymer ID codea Mole ratio (PS–EPI) Polysaccharide composition Yield (%) 40–45 ◦C Yield (%) 50–54 ◦C Yield (%) 60–64 ◦C Yield (%) 70–75 ◦C

SSE1 Low (1:2) ∼50% (AM/AP) 86 98 66 62
SSE2  Medium (1:3.6) ∼50% (AM/AP) 52 63 48 49
SSE3  High (1:5.4) ∼50% (AM/AP) 56 71 69 37

a Numerical descriptors in the ID code refer to the different mole ratios of PS–EPI, as follows: 1 = low (1:2 mole ratio); 2 = medium (1:3.6 mole ratio); and 3 = high (1:5.4 mole
ratio).

Table  2
Product yield (%) for PS–EPI polymers prepared at 50–54 ◦C.

PS–EPI copolymer Polysaccharide composition Copolymer ID codea Yield (%) 50–54 ◦C

Corn starch–EPI (low) (73% AP) CSE-1 95
Corn  starch–EPI (medium) (73% AP) CSE-2 53
Corn  starch–EPI (high) (73% AP) CSE-3 56
Maize  starch–EPI (low) (98% AP) MSE-1 71
Maize  starch–EPI (medium) (98% AP) MSE-2 51
Maize  starch–EPI (high) (98% AP) MSE-3 45
Low  cellulose–EPI (low) 100% CE-1 58
Cellulose–EPI (medium) 100% CE-2 42
Cellulose–EPI (high) 100% CE-3 45
High  amylose corn-based (low) (98% AM)  AMCE-1 77
High  amylose corn-based (medium) (98% AM)  AMCE-2 36
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The IR spectra of starch and some selected representative
copolymers are shown in Fig. 1. Additional IR results of other sys-
tems are provided in the Supporting information (cf. Fig. S1). The
relative similarity of the IR spectra of starch and its cross-linked
High  amylose corn-based (high) (98% AM)  

a Refer to footnotes in Table 1 for ID Code descriptors.

ε = 9495 M−1 cm−1) was determined using the Beer–Lambert rela-
ion. The equilibrium concentration (Ce) of PNP in the supernatant
olutions was  determined and the sorptive uptake (Qe) of the sor-
ent material was calculated using Eq. (2), where V is the volume
f solution, C0 is the initial stock concentration (mM),  and m is the
ass of sorbent.

e = c0 − ce

m
× V (2)

The sorptive uptake (%P) of PNP from aqueous solution was  cal-
ulated using Eq. (3).

P = c0 − ce

c0
× 100% (3)

itrogen adsorption measurements were obtained using a
icromeritics ASAP 2020 (Norcross, GA) to obtain the surface area

nd pore structure properties. The surface area was calculated from
he adsorption isotherm (Copeland et al., 2009) and the micro-
ore surface area was determined using the de Boer t-plot method
Broekhoff & De Boer, 1968).

. Results and discussion

.1. Copolymer synthesis

As indicated above, the molecular structure of native starch
nd various other biopolymers can be modified by cross-linking
ith an appropriate linker unit such as epichlorohydrin (Ayoub &
izvi, 2009; Delval et al., 2005; Hamdi et al., 2001; Onofre & Wang,
010). Scheme 1 illustrates a generalized cross-linking reaction
etween epichlorohydrin (EPI) a linear polysaccharide; however,
ross-linking between EPI with starch or cellulose occurs at either
he secondary and primary hydroxyl groups. The PS -EPI copoly-

ers were prepared at low, medium, and high reactant mole ratios
i.e. 1:2, 1:3.6 and 1:5.4). The temperature conditions for the cross-
inking reaction were varied to determine the optimal cross-linking
emperature conditions for polymer synthesis. The cross-linking of

tarch with epichlorohydrin afforded variable yields (50–98%) as
hown in Tables 1 and 2. In Table 1, the greatest yield was obtained
ith the 1:2 starch-EPI mole ratios and at 50–54 ◦C synthesis condi-

ions and it should be noted that the PS–EPI copolymer products are
AMCE-3 51

generally water insoluble. The yields obtained herein are compara-
ble to values (75–95%) reported by Ashish et al. (2013), where high
amylose starch was  cross-linked with epicholorohydrin at 50 ◦C (cf.
Table 1). The yield variability was  attributed to the differences in
type of polysaccharide, stirring rate, reagent concentrations, and
reaction time. Ashish et al. (2013) used high amylose starch which
is known to favor cross-linking reactions. In this study, different
types of starch were used with amylose/amylopectin (AM/AP) with
variable weight ratios (w/w %) to evaluate the effects of composi-
tion and branching on the polymer properties. The following PS
systems were employed: soluble starch (50% AM/AP), corn starch
(73% AP/27% AM), maize starch (98% AP), and cellulose to evaluate
the effect of PS structural rigidity.

3.2. FT-IR spectroscopy
Scheme 1. Generalized cross-linking reaction between epichlorohydrin (EPI) with
selected hydroxyl groups of a linear polysaccharide (PS).
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Fig. 1. FT-IR spectra of starch and its PS–EPI copolymers: (A) SSE-1 synthe

orms support that the primary structure of the polysaccharide was
reserved during copolymer formation, as anticipated. The spec-
ral frequencies are in agreement with those reported elsewhere
Crini, 2005) and the following characteristic IR bands are observed:

 H stretching ∼3400 cm−1, C H stretching ∼2900 cm−1, and C C
tretching ∼1600 cm−1with relatively similar spectral frequencies
mong the various copolymers prepared herein (Crini, 2005). The
haracteristic ring vibrations and the anomeric C H deformation
ands are observed between 900 and 550 cm−1. Also, the broad-
ning of bands in the range of 900 and 1400 cm−1 are attributed
o cross-linking with epichlorohydrin (Delval, Vebrel, Morcellet, &
rini, 2000).

.3. 13C NMR  spectroscopy

The polymeric materials have limited solubility in various
rganic solvents such as DMSO. Therefore, NMR  spectra were
btained for selected samples in the solid state using CP-MAS NMR
ethods, as shown in Fig. 2. Each glucose monomer of starch con-

ains six C atoms and the spectrum shows four broad 13C NMR  lines
etween 60 and 110 ppm with some overlapping of the various car-
on signatures, as observed for amylose-based copolymers (Pratt
t al., 2010). The results in Fig. 2 shows intense signals at 72.9,
1.4, 70.0, 63.6 and 61.7 ppm as well as a lower intensity signal at
00.5 ppm agree with other reports (Delval et al., 2000; Varum &
midsrod, 2005; Šimkovic, Laszlo, & Thompson (1996)). There are
our 13C signatures for starch which appear at 100 ppm (anomeric
arbon C1), 84 ppm (C4), 70 ppm (C2, C3, and C5), and 61 ppm (C6).

 comparison of the spectra for the cross-linked polymers indicate
reater line broadening relative to starch, and this is understood

ccording the reduced chain dynamics (longer correlation times)
f the polysaccharide upon cross-linking, as reported in a previous
tudy of cycloamylose polymers cross-linked with epichlorohydrin
Delval et al., 2005; Pratt et al., 2010).
at 60–65 C, (B) SSE-1 synthesized at 50–54 C, and (C) unmodified starch.

3.4. Thermogravimetry analysis (TGA)

TGA is a useful method for the quantitative characterization of
material composition since it provides a measure of the weight loss
due to decomposition, oxidation, or loss of volatile materials, and
provides estimates of the relative composition (Pratt et al., 2010;
Singh et al., 2003). In this study, TGA results are presented as a
first derivative of mass loss with temperature against temperature
(DTG plot) to provide information on the decomposition tempera-
ture and degree of cross-linking of the polymer materials. A greater
degree of cross-linking for amylose-based materials is expected
to increase the overall thermal stability of such polymers (Pratt
et al., 2010). The DTG curves for starch, cellulose and selected poly-
mers with EPI are shown in Fig. 3. The thermal decomposition of
these materials occurs over the 200–400 ◦C range; whereas, DTG
results for the “as-received” starch and cellulose show decompo-
sition at ∼290 and ∼330 ◦C (cf. Fig. 2A and B). These temperature
values agree with reported literature values of 280 ◦C for high amy-
lose corn starch (Tian et al., 2013) and 330–334 ◦C reported for
cellulose derived from corn cobs (Azubuike & Okhamafe, 2012).
Cross-linking of these prepolymers with EPI results in PS–EPI
copolymers with higher decomposition temperatures, providing
further support that such materials display greater thermal stabil-
ity. The polysaccharide materials display an average decomposition
temperature of 364 ± 2 ◦C. The difference in thermal stability is
evident for starch materials since the starch–EPI polymers dis-
play higher decomposition temperatures (∼+70 ◦C), as compared
to cellulose–EPI copolymers (∼+15 ◦C). In Fig. 2C, MSE-1 contains
∼98% amylopectin and showed the highest DTG intensity at 364 ◦C.
Pratt et al. (2010) used DTG peak areas to estimate the polymer
composition and the degree of cross-linking. In this case, no gen-

eral trends can be gleaned from DTG intensity results that relate
to the AM,  AP, or content of EPI of the polymers. The degree of EPI
cross-linking is affected by other factors such as steric effects due
to branching of the polysaccharide (e.g. AP vs. AM)  and framework
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Fig. 2. Solid state 13C CP-MAS NMR  spectra of maize starch and selected

tructural effects depending on the nature of the polysaccharide
nd cross-linker. A closer inspection of the DTG curves show that
hey can be best modeled by a sum of three Gaussian functions
entered at 270, 320 and 360 ◦C (refer to Supporting Information;
ig. S1). Apart from the decomposition temperatures of the PS
270 ◦C) and the PS–EPI framework (360 ◦C), there is another ther-

al  event at 320 ◦C. A TG/mass spectrometry study of starch-EPI
hermal decomposition showed that other pathways, aside from
olymer dehydration, as the main route of starch–EPI decompo-
ition which yield secondary degradation products (Šimkovic &
akab, 2001). The presence of other thermal events in the DTG plots
an be used to infer the presence of different types of cross-linked

aterials. Table 3 summarizes the relative peak area (%) for the

arious thermal events of each of the polymer. Using the peak area
nder the 360 ◦C event in panel C, it can be related to the degree of
ross-linking in descending order: AMCSE1 > SSE1 ≈ CSE1 > MSE1.

able 3
GA results for PS–EPI copolymers prepared at 50–54 ◦C.

Copolymer ID codeb Peak area
(270 ◦C)

Peak area
(320 ◦C)

Peak area
(360 ◦C)

CSE-1 25% 21% 53%
CSE-2 30% 39% 30%
CSE-3a 21% 9% 69%
MSE-1 12% 57% 30%
MSE-2 14% 57% 28%
MSE-3a 11% 27% 61%
AMCSE-1 31% 14% 55%
AMCSE-2 31% 14% 55%
AMCSE-3a 15% 32% 52%
SSE-1 29% 16% 54%
SSE-2 39% 10% 51%
SSE-3a 16% 27% 58%

a Areas under the curve were taken from convolution of three Gaussians but the
t  was not optimal.
b The fitting details found in supporting information.
PI copolymers at 295 K: (A) MSE, (B) MSE-1, (C) MSE-2, and (D) MSE-3.

This trend is consistent with the relative reactivity of such PS mate-
rials with EPI. AMCSE is a linear PS allowing for ease of accessibility
of hydroxyl groups to react with EPI, whereas; MSE  is a branched PS,
which may  present some steric accessibility of its hydroxyl groups
for EPI cross-linking. The relative amount of cross-linking of EPI is
estimated from the integrated area of the respective thermal event
(at 360 ◦C) corresponding to copolymer decomposition profile. In
panel D, intermediate ratios of EPI were used and the results show
a similar trend as in panel C. However, by increasing the amounts of
EPI (panel E), the TGA results can no longer be modeled by a simple
sum of three Gaussian functions. Instead, the DTG results can be
modeled by a minimum of six Gaussian components (cf. Suppor-
ting Information; Fig. S2) and reveals that cross-linking has resulted
in copolymers with heterogeneous domains of intermediate and
higher levels of cross-linking.

3.5. Equilibrium solvent swelling properties

The equilibrium swelling of the unmodified polysaccharides
and respective cross-linked polymers provide an indication of the
relative uptake of the solvent (i.e. water or ethanol) at ambient
conditions. Swelling is an important property to measure when
assessing the potential of new adsorbent materials since solvent
uptake plays a role in the adsorption process, as evidenced by the
elementary kinetic steps (e.g. film diffusion, intraparticle diffusion,
surface adsorption). For example, Kyzas et al. (2008) reported the
relationship of swelling and dye sorption properties of chitosan
derivatives. They described the role of pre-swelling of the adsor-
bents prior to dye adsorption in aqueous solution and how it affects
the rate of the adsorption process. The swelling behavior of the

adsorbent materials in water and ethanol [Sw and Se; Eq. (1)] are
presented in Table 4. It is noted that the AMCSE copolymers have a
greater adsorption capacity for water relative to ethanol, whereas
the MSE  polymers display the opposite behavior. The PS–EPI
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Fig. 3. First derivative plots of (A) pure starch and starch–EPI copolymer; (B)

olymers display a greater preference for the uptake of water over
thanol. The occurrence of selective solvent uptake by the copoly-
ers depends on several factors: (i) textural properties (i.e. pore

ize, pore volume, and surface area), and (ii) surface chemistry
f the polymer framework according to the relative accessibil-
ty of hydroxyl groups of the sorbent. Polymers with a pore size

ess than 4 Å will preferentially adsorb water (2.8 Å) due to steric
xclusion effects (Sasaki & Matsuki, 1998). In contrast, copoly-
ers with a pore size exceeding 4 Å can retain either species since

thanol has a greater size (4.6 Å) (Sasaki & Matsuki, 1998). Since the
cellulose and cellulose–EPI copolymer and (C–E) various PS–EPI copolymers.

polymers prepared in this study have similar pore size in the range
of ∼21–28 Å, steric effects are not anticipated. Solvent selective
adsorption may  occur depending on the surface chemistry of the
framework. In cases where the surface accessibility of hydroxyl
groups is variable, the surface chemistry may  govern the adsorptive
interactions, as evidenced by the variable swelling capacity of the

different copolymers. When the AM units are self-assembled and
aligned within the polymer structure, the probability of AM cross-
linking with another AM is high (cf. Scheme 2). By comparison,
cross-linking of branched AP with either AM or another unit of AP
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Scheme 2. Molecular structure of linear and branched polysaccharides cross-linked w
cross-linked branched amylopectin.

Table 4
Equilibrium swelling properties in water (Sw) and in ethanol (Se) of polysaccharides
and PS–EPI copolymers at 295 K.

Copolymer Sw (%)1 Se (%)1

SSE 35 ± 4 8 ± 3
SSE-1 67 ± 12 13 ± 7
SSE-2 117 ± 18 27 ± 3
SSE-3 157 ± 21 8 ± 2
CSE 81 ± 8 13 ± 4
CSE-1 235 ± 9 8 ± 3
CSE-2 269 ± 6 8 ± 4
CSE-3 156 ± 11 1 ± 0.2
MSE  25 ± 5 4 ± 2
MSE-1 52 ± 7 4 ± 1
MSE-2 107 ± 9 3 ± 2
MSE-3 153 ± 9 2 ± 0.5
AMCSE 63 ± 7 1 ± 0.3
AMCSE-1 188 ± 11 2 ± 1
AMCSE-2 307 ± 16 18 ± 4
AMCSE-3 248 ± 12 14 ± 6
CE  166 ± 9 2 ± 0.1
CE-1 244 ± 11 120 ± 14
CE-2 205 ± 9 92 ± 8

N

i
e
o
C
w
(
C
l
H
d
h
e
(
h
c

3

e
m
a
d
a
n

n

w
a

CE-3 161 ± 3 15 ± 5

ote. Errors represent standard deviations from triplicate measurements.

s expected to result in more pronounced pore domains due to the
ffects of polysaccharide branching. Comparison of the polymers
btained from a common polysaccharide starting material (i.e.
SE1, CSE2 and CSE3) with variable cross-linking display variable
ater swelling. In the case of copolymers with similar cross-linking

CSE1 and CSE2), the water swelling capacity is lower relative to
SE3. There is no clear correlation between the degree of cross-

inking and the swelling properties of the other polymer materials.
owever, there is a trend in the level of swelling of polymers with
ifferent AP and AM content. The results reveal that AMCSE has the
ighest swelling capacity in water; whereas, MSE  show the low-
st water swelling capacity, in agreement with a previous report
Ayoub & Rizvi, 2009). The results indicate that copolymers with
igh AM content adsorb more water than copolymers with high AP
ontent.

.6. Nitrogen gas adsorption

Molecular nitrogen is one of the most common gas adsorbates
mployed for the study of the textural parameters of adsorbent
aterials because of the ready availability of nitrogen, low cost,

nd its inert nature (Ghosh Dastidar & Netravali, 2013). Eq. (4)
escribes the relationship between the equilibrium amount of
dsorbed nitrogen (no) onto the sorbent material against an exter-
al pressure (p) at constant temperature (T):( )

o = f

p

po
T, gas, solid

(4)

here no is a function of the relative equilibrium gas pressure
nd the saturated vapor pressure (po) for the solid–gas adsorption
ith epichlorohydrin (dark line segment): (A) cross-linked linear amylose and (B)

process at isothermal conditions. In addition to nitrogen adsorp-
tion, dye-based methods (vide infra) have been used to provide
complementary estimates of the textural properties of copolymer
materials. Adsorptive dye probes such as p-nitrophenol (PNP) are
suitable probe for the estimation of the surface area and pore struc-
ture (cf. Schemes 1 and 2) of polysaccharide adsorbents in aqueous
solution, as described elsewhere (Mohamed, Wilson, & Headley,
2011).

In comparison to SSE1 (not shown), MSE1 (cf. Fig. 4A) shows low
uptake of nitrogen up to a relative pressure (p/po) of 0.5. At values
of p/po > 0.5, the copolymer displays an apparent negative nitrogen
adsorption. At p/po ∼ 0.9, greater adsorption of nitrogen occurs due
to adsorption at the grain boundaries of the material. The slight neg-
ative oscillations are not due to leakage within the system because
there is convergence between the adsorption and desorption at
p/po ∼ 0. The negative volume oscillation is attributed to shrink-
age of the MSE-1 copolymer framework at low relative pressures
and expansion of the framework at higher relative pressures due
to pore filling of the adsorption sites (cf. Scheme 2) with nitrogen.
This behavior has been observed previously in other copolymer sys-
tems (Ayoub & Rizvi, 2009). A comparison of the cellulose–EPI and
starch–EPI copolymers suggests that the structure of cellulose–EPI
is more rigid than the starch–EPI copolymer, in agreement with
the well-defined mesopore characteristics of cellulose (Julkapli,
Ahmad, & Akil, 2010).

3.7. Adsorption of PNP in aqueous solution

Fig. 5 shows 3-D plots representing the percent uptake of PNP
from aqueous solution by the polysaccharides and PS–EPI copoly-
mers at 298 K and pH 6. In all cases, a fixed concentration of dye
and dosage of adsorbent was  used throughout, as indicated. A com-
parison of panels A-C for copolymers with the same EPI content
shows that the level of PNP removal increases as the concentration
of PNP increases. This is true for most of the PS–EPI copolymers but
some exceptions were observed for SSE and CSE, where the level
of dye uptake decreased for various concentrations of PNP; from
0.1 to 10 mM or from 10 to 25 mM.  The results suggest that SSE
and CSE have fewer adsorption sites compared to the other copoly-
mers which may  be understood according to difference in surface
chemistry and textural properties (cf. Schemes 1 and 2). According
to panels B and C, the sorption capacities for PNP does not follow a
trend for polymers that possess an irregular or non-uniform mor-
phology. In Fig. 5 A, polymers with high amylose (AM PS–EPI)
display decreased sorption as the EPI ratio increased, whereas;
high amylopectin (AP) copolymers display high PNP sorption as
the EPI ratio is increased. The decrease in PNP sorption capacity
in the case of AMCSE copolymers is attributed to greater cross-
linking between AMCSE chains. This results in smaller micropore

structures which hinder access of PNP to the adsorption sites. On
the other hand, greater cross-linking of the MSE-EPI copolymers
does not yield micropore structures, due to branching of AMCSE-
EPI polymers that may  serve as suitable binding sites for PNP.
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Fig. 4. Nitrogen adsorption–desorption isotherms: (A) MSE1 and (B) cellulose at 77 K.

Fig. 5. Sorptive uptake of PNP by native polysaccharides and their cross-linked forms at variable dye concentration at pH 6 and 295 K: (A) C0 = 0.1 mM PNP, (B) C0 = 10 mM
PNP,  and (C) C0 = 25 mM PNP. Panels A and B are scaled along the same z-axis range for comparative purposes.
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L. Dehabadi, L.D. Wilson / Carboh

he effect of matching between the pore size and the guest size
as evidenced by an increased adsorption capacity by Huang, Yan,

nd Huang (2009). They report a water-compatible hyper cross-
inked polystyrene type resin to adsorb PNP where matching of the
ore size relates to the dimensions of PNP. Higher levels of cross-

inking may  contribute negative steric effects for the uptake of PNP;
hereas, intermediate cross-linking does not. The variation in sorp-

ive uptake observed for the intermediate cross-linked copolymers
ay  reflect the importance of surface chemistry, as noted in other

elated studies (Mohamed et al., 2010; Mohamed, Wilson, Headley,
 Peru, 2011).

. Conclusion

In this study, a series of polymers were prepared by cross-linking
ifferent polysaccharides (PS) of variable composition (i.e. amylose,
mylopectin, and cellulose) with epichlorohydrin. Cross-linking
as carried out at different relative composition at an optimal

emperature of 50 ◦C to afford PS–EPI polymers with favorable
dsorption properties toward nitrogen gas, solvents (i.e. water and
thanol), and p-nitrophenol in aqueous solution at pH 6. Copoly-
ers with high AM content have relatively high adsorption capacity

or water. Variable dye sorption of polymers at comparable cross-
ink density reflect differences in the surface properties related to
he accessibility of dipolar functional groups ( OH) on the poly-

er  surface. Further studies are underway to ascertain the specific
tructural role of the polymer structure and its dependence on the
orptive properties with various adsorbates.
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