
C
a

C
a

b

h

•

•

•

•

•

a

A
R
R
A
A

K
C
C
I
G
C
M

1

d

0
h

Journal of Hazardous Materials 252– 253 (2013) 355– 366

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

jou rn al hom epage: www.elsev ier .com/ locate / jhazmat

hitosan-cellulose  composite  materials:  Preparation,  Characterization  and
pplication  for  removal  of  microcystin

hieu  D.  Trana,∗,  Simon  Duria, Ambra  Delnerib,  Mladen  Frankob

Department of Chemistry, Marquette University, P.O. Box 1881, Milwaukee, WI  53201, USA
Laboratory for Environmental Research, University of Nova Gorica, Vipavska 13, 5001 Nova Gorica, Slovenia

 i  g  h  l i  g  h  t  s

A  novel  and recyclable  synthetic
method  using  an  ionic  liquid,  a Green
Solvent.
Ecocomposite  materials  were  syn-
thesized  from  cellulose  (CEL)  and
chitosan (CS).
Adding  CEL into  CS  substantially
increases  tensile  strength  of the  com-
posite.
The  composite  is much  better  adsor-
bent for  cyanotoxins  than  other
materials.
The  composite  can  be reused  because
adsorbed microcystin  can  be des-
orbed.
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We  developed  a simple  and  one-step  method  to  prepare  biocompatible  composites  from  cellulose  (CEL)
and chitosan  (CS).  [BMIm+Cl−], an  ionic  liquid  (IL),  was used  as  a green  solvent  to dissolve  and prepare
the  [CEL  +  CS]  composites.  Since  majority  (>88%)  of  IL used  was  recovered  for  reuse  by  distilling  the
aqueous  washings  of  [CEL  + CS],  the  method  is  recyclable.  XRD,  FTIR, NIR, 13C  CP-MAS-NMR  and  SEM
were  used  to  monitor  the dissolution  and to characterize  the  composites.  The composite  was  found  to
have combined  advantages  of their  components:  superior  mechanical  strength  (from  CEL)  and  excellent
adsorption  capability  for microcystin-LR,  a deadly  toxin  produced  by  cyanobacteria  (from  CS).  Specifically,
hitosan
onic liquid
reen chemisty
yanotoxins
icrocystins

the mechanical  strength  of  the composites  increased  with  CEL  loading;  e.g.,  up to  5×  increase  in tensile
strength  was achieved  by  adding  80%  of  CEL  into  CS.  Kinetic  results  of  adsorption  confirm  that  unique
properties  of  CS  remain  intact  in the  composite,  i.e., it is  not  only  a  very  good  adsorbent  for  microcystin  but
also  is  better  than  all other  available  adsorbents.  For  example,  it can  adsorb  4×  times  more  microcystin
than  the  best  reported  adsorbent.  Importantly,  the  microcystin  adsorbed  can  be  quantitatively  desorbed
to enable  the  composite  to be reused  with  similar  adsorption  efficiency.
. Introduction
Microcystin LR, produced by cyanobacteria, is one of the most
eadly toxins present in drinking water [1–4]. At least 40 species
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of cyanobacteria release toxic cyanotoxins into water during algal
blooms. Microcystins (MCs) are the most prevalent class of cyan-
otoxins. The MCs  are very soluble in water and consist of over
80 reported variants; however, four MCs  (LR, RR, LA, and YR (See

Scheme 1 for structures) are of special concern to the Environmen-
tal Protection Agency (EPA) and are on EPA Contaminant Candidate
List III. The World Health Organization (WHO) has set a provisional
drinking water guideline of 1 �g/L for MC-LR. The toxicity of MCs  is

dx.doi.org/10.1016/j.jhazmat.2013.02.046
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Scheme 1. Stru

ue to their strong binding and inhibition of protein phosphatases.
Cs  are also known to promote the growth of tumors; have a geno-

oxic effect as well as strong mutagenicity [1–4].
The presence of toxic cyanobacterial blooms in drinking water

eservoirs may  represent serious health risks for the human popu-
ation. Considerable efforts have, therefore, been made to develop
emoval methods. Limited success has been made by use of such
dsorbents as activated carbon, oxidation by ozone and chlorine
ioxide, TiO2 photocatalysis and ultrasonic irradiation [1–4]. Since
hese techniques cannot effectively remove the toxins in water, it is
f particular importance that an effective removal technique based
n the use of a biocompatible material be developed.

Chitosan (CS) is a linear amino polysaccharide, obtained by
-deacetylation of chitin, and chitin, which is found in the
xoskeletons of crustaceans (e.g., crabs and shrimp), is the second
ost abundant naturally occurring polysaccharide [5–8]. CS has

een a subject of intense studies for many years [9–24]. The pop-
larity stems from the fact that it is biodegradable, biocompatible,
nd possesses unique structure and properties which have been
uccessfully exploited in many applications including hemosta-
is, wound healing, bactericide and fungicide, drug delivery and
dsorbent for organic and inorganic pollutants [9–29]. Of partic-
lar interest are reports that CS, when modified with fly ash or

mmobilized on clay, can adsorb and remove algae such as Chlorella
yrenoidosa or Microcystis Aeruginosa in water [30–35]. Unfortu-
ately, in spite of its potentials, there are drawbacks which severely

imit applications of CS. For example similar to cellulose (CEL),
he most abundant substance on earth, in CS, a network of intra-
nd inter-hydrogen bonds enables it to adopt an ordered structure
6–8]. While such structure is responsible for CS to have aforemen-
ioned properties and CEL to have superior mechanical strength,
t also makes them insoluble in most solvents [6–8]. As a con-
equence, high temperature and strong exotic solvents such as
ethylmorpholine-N-oxide, dimethylthexylsilyl chloride or LiCl in
imethylacetamide (DMAc) are needed to dissolve CEL whereas an
cid such as acetic acid is required to protonate amino groups of
S to facilitate its dissolution in water [6–29]. These methods are
ndesirable because they are based on the use of corrosive and
of microcystins.

volatile solvents, require high temperature and suffer from side
reactions and impurities which may  lead to changes in structure
and properties of the polysaccharides. More importantly, it is not
possible to use a single solvent or system of solvents to dissolve both
CEL and CS. Furthermore, CS is known to swell in water which leads
to structural weakening in wet  environments [6–21]. To increase
the structural strength of CS products, attempts have been made
to covalently bind or graft CS onto man-made polymers or clays
to strengthen its structure [9–29]. Such modification is not desir-
able because it may  inadvertently alter CS properties, making it
not biocompatible and toxic and lessening or removing its unique
properties. A new method which can effectively dissolve both CS
and CEL not at high temperature and not by corrosive and volatile
solvents but rather by recyclable “green” solvent is particularly
needed. This is because such method would facilitate preparation of
[CEL + CS] composite material which is not only biocompatible but
also has combined properties of its components, namely mechani-
cal strength (from CEL) and hemostasis, wound healing, bactericide,
drug delivery and pollutant removal (from CS). Such demand makes
recent report on ability of a simple ionic liquid, butyl methylimmi-
dazolium chloride to dissolve up to 10% (w/w) of CEL, particularly
important [36].

Butyl methylimmidazolium chloride ([BMIm+Cl−]) belongs to
a group of compounds known as ionic liquids (ILs). ILs are organic
salts that are liquid at room temperature [37–40]. They have unique
chemical and physical properties, including being air and moisture
stable, a high solubization power, and virtually no vapor pres-
sure [37–40]. Because of these properties, they can serve as a
“GREEN” recyclable alternative to the volatile organic compounds
that are traditionally used as industrial solvents [37–40]. Due to
their advantages, ILs have been used for applications which are not
possible with other chemicals. For example, as described above, IL
such as [BMIm+Cl−] can dissolve up to 10% (w/w) of CEL. This dis-
covery is of particular significance as it makes it possible for the first

time that CEL can be dissolved, regenerated and chemically modi-
fied by use of a simple and green solvent which has high solubility
power and low toxicity. Recently, it was  found that [BMIm+Cl−] can
also dissolve CS as well [40].
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The information presented is indeed provocative and clearly
ndicate that it is possible to develop a novel and green method
o prepare novel polysaccharide composite materials for effective
dsorption and removal of MCs. Such considerations prompted us
o initiate this study which aims to hasten the breakthrough by
ystematically and revolutionarily exploit advantages of IL, a green
olvent, to develop a novel, simple, pollution-free and recyclable
ethod to dissolve both CEL and CS,  without using any harmful,

olatile organic solvents and/or strong acid and base, for the prepa-
ation of polysaccharide ecocomposite materials containing CEL
nd CS, and to demonstrate that these materials are not only fully
iocompatible but also superior to currently available materials for
emoval of MCs. The results of our initial investigation are reported
erein.

. Materials and methods

.1. Chemicals

Microcrystalline CEL (Avicel, DP ≈ 300 [41]), amorphous CEL
nd chitosan (MW  ≈ 310–375 kDa, 75% degree of deacetylation,
igma–Aldrich), microcystin-LR (Enzo Life Sciences) were used
s received. 1-methylimidazole and 1-chlorobutane (Alfa Aesar)
ere further purified by distillation. [BMIm+ Cl−] was synthesized

rom 1-chlorobutane and 1-methylimidazole using method pre-
iously reported [42,43]. This IL is known to be hygroscopic and
ecause any water presence is known to decrease its ability to dis-
olve polysaccharides [44], the IL was dried under vacuum at 70 ◦C
vernight before use.

.2. Instruments

UV-visible spectra were measured on a Perkin Elmer Lambda
5 UV/VIS spectrometer. NIR spectra were taken on a home-built

IR spectrometer based on an acousto-optic tunable filter. Infor-
ation on this NIR spectrometer was described in detail in our

revious papers [45,46]. Normally, each spectrum was an aver-
ge of 30 spectra taken at 1-nm intervals from 1450 to 2450 nm.
.

FTIR spectra were measured on a PerkinElmer 100 spectrometer
at 2 cm−1 resolution with either KBr or by a ZnSe single reflection
ATR accessory (Pike Miracle ATR). Each spectrum was an average
of 64 spectra. X-ray diffraction (XRD) measurements were taken
on a Rigaku MiniFlex II diffractometer utilizing the Ni filtered Cu
K� radiation (1.54059 Å). The voltage and current of the X-ray tube
were 30 kV and 15 mA respectively. The samples were measured
within the 2� angle range from 2.0◦ to 40.0◦. The scan rate was
5◦/min. Data processing procedures were performed with the Jade
8 program package [47]. Scanning electron microscopic images of
surface and cross section of the polysaccharide composite materi-
als were taken under vacuum with an accelerated voltage of 3 kV
using Hitachi S4800 scanning electron microscope (SEM). Tensile
strength measurements were performed on an Instron 5500R Ten-
sile Tester.

2.3. Preparation of CEL, CS and [CEL + CS] composite films

Scheme 2 summarizes procedure used to dissolve and to
regenerate films of CEL and/or CS with [BMIm+Cl−] as solvent.
Specifically, CEL and/or CS were dissolved in [BMIm+Cl−] under
argon and magnetic stirring at 100 – 110 ◦C. All polysaccharides
were added in portions of approximately 1 wt% of the IL. Succeeding
portions were only added after the previous addition had com-
pletely dissolved until the desired concentration has been reached.
For composite films, the components were dissolved one after the
other, with CEL being dissolved first. Using this procedure, solutions
of CEL (containing up to 10%, w/w  (of IL)), CS (up to 4%, w/w)  and
composite solutions containing CEL and CS in various proportions
were prepared in about 6–8 h.

Upon complete dissolution, the homogeneous solutions of the
polysaccharides in [BMIm+ Cl−] were cast on glass slides or Mylar
sheets using a RDS stainless steel coating rod with appropriate size

(RDS Specialties, Webster, NY) to produce thin films with different
compositions and concentrations of CEL and CS. They were then
kept at room temperature for 24 h to allow the solutions to undergo
gelation (henceforth referred as Gel Films).
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Fig. 1. XRD spectra of microcrystalline CEL, C

In addition to the polysaccharides, the Gel Films also contained
BMIm+Cl−]. The IL was removed from the films by washing the
lms in water for 3 days to yield “[BMIm+Cl−]-free” films (i.e.,
et  Films). During this period, the washing water was constantly

eplaced with fresh water to maximize the removal of the IL. The
BMIm+Cl−] used was recovered from the washed aqueous solu-
ion by distillation. Finally, Dried Films were obtained when the

et  Films are allowed to dry. Drying of the Wet  Films was carried
ut at room temperature in a chamber with humidity controlled at
0%. Drying time was found to be dependent on thickness of the
lms but generally was in range of 2–3 days.

Detailed information on measurements of swelling, adsorption
nd desorption can be found in the Supplementary Data.

. Results and discussion

.1. Synthesis and characterization of [CEL + CS] composites

Images of CEL, CS and [CEL + CS] composite materials during var-
ous stages of preparation are presented in Scheme 2. Specifically,
mages of films of one-component (CEL or CS) and two  component
CEL + CS] casted right after the polysaccharides were dissolved
n [BMIm+Cl−], i.e., Gel Film, are shown in top center-left of the
cheme. After soaking in water for 3 days, [BMIm+Cl−] was removed
rom the gel film to yield corresponding Wet  Films. Finally, Dried
ilms were obtained when the wet film was allowed to dry at room
emperature.

XRD, FTIR, NIR and 13C Cross polarization-magic angle spin-
ing NMR  (CP-MAS-NMR) were used to follow and confirm the
issolution process and to characterize the films. Specifically, dis-
olution of CEL and CS in [BMIm+Cl−] was confirmed by XRD
echnique. Shown in Fig. 1A are XRD spectra of microcrystalline
EL (pink curve), the CEL one-component Gel Film (orange curve),
he corresponding Dried Film (green curve) as well as that of
BMIm+Cl−] (blue curve) for reference. As illustrated, microscrys-
alline CEL exhibits diffraction peaks at 2� = 14.7◦ and 16.3◦, 22.5◦

nd 34.6◦ for (101), (002) and (040) plane, respectively. These bands
isappeared completely when the powder polysaccharide was  dis-
olved in [BMIm+Cl−]. The disappearance of these bands together
ith the similarity between the spectrum of liquid [BMIm+Cl−]

nd that of the Gel Film clearly indicate that [BMIm+Cl−] com-
letely dissolved the polysaccharide. Similar results were also
ound for CS (Fig. 1B), namely, the fact that diffraction bands
f the CS powder disappeared when they were dissolved in
BMIm+Cl−], clearly indicate that the [BMIm+Cl−] also completely
issolved this polysaccharide. Similar results were also obtained

Fig. 1C) for two-component composite films containing [CEL + CS]
f 10:3.

Recently, there have been some reports on toxicity of ILs. How-
ver, the IL used in this work, [BMIm+Cl−], is relatively nontoxic
ta) de gree s Ang le (2 the ta) deg ree s

der, regenerated CEL, CS and [CEL + CS] films.

compared to other ILs (its EC-50 and LD50 values are 897.47 ppm
and 550 mg/kg, respectively [48]). Nevertheless, it is desirable to
completely remove the IL from regenerated polysaccharide films
to ensure the films are biocompatible. Since [BMIm+ Cl−] is totally
miscible with water (the logP, its octanol–water partition coeffi-
cient, is −2.4 [49]), it was  removed from the Gel  Films by washing
the films with water. Washing water (2L for a composite film
of about 10cmX10 cm)  was repeatedly replaced with fresh water
every 24 h until it was  confirmed that IL was not detected in the
washed water (by monitoring UV absorption of the IL at 290 nm).
It was found that after washing for 72 h, no IL was  detected in
the washing water by UV measurements. Since the limit of detec-
tion of the spectrophotometer used in this work was estimated to
be about 3 × 10−5 AU, and the molar absorptivity of [BMIm+Cl−]
at 290 nm is 2.6 M−1 cm−1, it is estimated that if any [BMIm+Cl−]
remains, its concentration would be smaller than 2 �g/mL of the
washed water and 2 �g/g of the composite film. Since this con-
centration is two orders of magnitude lower than the LD50 value
of the [BMIm+Cl−], if any IL remains in the composite films, it
would not pose any harmful effect. UV–vis, FTIR and NIR tech-
niques were used to: (1) confirm that when the composite films
were washed with water, [BMIm+Cl−] was removed from the films
to a level not detectable by these techniques; and (2) determine
chemical composition of composite materials. Shown in Fig. 2A is
NIR spectrum of [BMIm+Cl−]. As illustrated, overtone and com-
bination bands of aliphatic C H groups of the [BMIm+Cl−] can
be clearly observed at 1388 nm and 1720 nm [50]. Since these
bands are specific for [BMIm+Cl−], they can be used as indicators
to determine if the IL is present. Also shown in Fig. 2A are NIR
spectra of Gel Films of CEL, CS and [CEL + CS]. Spectra of these Gel
Films are very similar to that of [BMIm+Cl−] because the IL was
the main component of these films. As shown in Fig. 2B, After
washing with water to remove the IL, and drying, Dried Films of
one-component CEL and CS samples were found to exhibit NIR
spectra drastically different from those of their Gel  Films shown
in Fig. 2A (spectra of Dried Films are shown together with the spec-
trum of [BMIm+Cl−] for reference). The fact that NIR spectra of the
Dried Films (Fig. 2B) exhibit none of the indicator bands specific for
[BMIm+Cl−] clearly indicates that washing with water effectively
removed the IL from the films to a level which is not detectable
by NIR technique. Further confirmation of removal of the ionic liq-
uid from the films can also be seen in Fig. 2C which shows FT-IR
spectra of the same samples shown in 2B, namely, [BMIm+Cl−]
and Dried Films of CEL and CS. As illustrated, [BMIm+Cl−] exhibits
several distinct bands at around 756 cm−1, 1173 cm−1, 1468 cm−1

and 1572 cm−1. These bands can be attributed to aromatic C-H

bending, C N stretching, aromatic C-H in-plane bending and
aromatic C C stretching, respectively [51,52]. Again, none of these
bands were present in the spectra of both CEL and CS Dried Films
indicating that by washing with water, [BMIm+Cl−] was removed
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Fig. 2. NIR spectra (A and B) and FTIR spectra (C) of: (A): [BMIm+Cl−] solution (blue),
CEL  Gel Film (red), CS Gel Film (green) and [CEL + CS] Gel Film; (B) [BMIm+Cl−] solu-
tion (blue), CEL Dried Film (red) and CS Dried Film (green); and (C) [BMIm+Cl−]
solution (blue), CEL Dried Film (red) and CS Dried Film (green). (For interpretation
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rom the composite films to a level which is not detectable by FTIR
ethod.
The IL used was recovered by distilling the washed aqueous

olution (the IL remained because it is not volatile). The recov-
red [BMIm+Cl−] was dried under vacuum at 70oC overnight before
euse. If needed, recovered [BMIm+Cl−] was decolored by heat-
ng at 70 ◦C with activated carcoal. It was found that at least 88%
f [BMIm+Cl−] was recovered for reuse. As such, the method developed
ere is recyclable because [BMIm+Cl−] is the only solvent used in the
reparation and it is recovered for reuse. FTIR and NIR results indi-
ate that recovered [BMIm+Cl−] is structurally the same as freshly
repared[BMIm+Cl−], and that composite materials prepared using
ecovered [BMIm+Cl−] were found spectroscopically to be the same
s those prepared using freshly made [BMIm+Cl−].

It is important to point out that the method developed here is
ot only different but also superior to the method recently reported
n which magnetic CEL-CS gel microspheres were prepared using
BMIm+Cl−] as a solvent. This is because that method is not green
various chemicals including vacuum pump oil, Span 80, ethanol),
ot recyclable (used [BMIm+Cl−] is not recovered for reuse) and
rials 252– 253 (2013) 355– 366 359

can only prepare microspheres [53,54]. Conversely, the method
developed here is green and recyclable (the only chemical used
is [BMIm+Cl−] and at least 88% of it was recovered for reuse) and
can produce [CEL + CS] composite materials in various forms (e.g.
thin films, microparticles) which make them particularly suited for
various applications.

It is noteworthy to add that the cost of [BMIm+Cl−] is comparable
to those of solvents traditionally used to dissolve CEL and CS (see,
for example, prices quoted in Sigma-Aldrich catalog: USD105/50 g
of [BMIm+Cl−] compared to USD46/500 mL  of acetic acid (for tra-
ditional dissolution of CS); USD225/100 g of metylmorpholine and
USD230/100 g of dimethylthexysilyl chloride (for traditional dis-
solution of CEL)). However, the method reported here is much more
economical compared to other methods because [BMIm+Cl−] used in
the dissolution is not lost but rather recovered for reuse.

Analysis of the film materials by SEM reveals some interesting
features about the texture and morphology of the materials. Shown
in Fig. 3 are surface (top three images) and cross section images
(bottom three images) of regenerated one component CS film (left)
and CEL film (right) as well as 50:50 CEL:CS composite film (mid-
dle images). As expected, both surface and cross section images
clearly indicate that one-component CEL and CS are homogeneous.
Chemically, the only difference between CS and CEL is the few –NH2
groups in the former. However, their structures, as recorded by the
SEM, particularly the cross section images, are substantially differ-
ent. Specifically, while CS seems to exhibit smooth structure, CEL
arranges itself into fibrous structure with fibers having diameter
of about ∼0.5–1.0 �m.  As expected, the 50:50 CEL:CS composite
material is not only homogeneous but also its structure is similar
to both CEL and CS.

Chemically, the regeneration of both CEL and CS was con-
firmed by FTIR spectroscopy. As illustrated in Fig. 4A, the FTIR
spectrum of microcrystalline CEL (blue spectrum) exhibits three
pronounced bands at around 3400 cm−1, 2850–2900 cm−1 and
890–1150 cm−1. These bands can be tentatively assigned to stretch-
ing vibrations of O H, C H and O group, respectively [55–57].
The fact that the Dried Film (red spectrum in 4A) also exhibits
these three bands and is very similar to that of the microcrys-
talline CEL clearly indicates that CEL was completely regenerated
by this synthetic method. Similarly, the FT-IR spectrum of a CS
Dried Film (green spectrum in 4B) is similar to the FTIR spectrum
of the CS powder (blue spectrum) from which it was made. These
spectra display characteristic CS bands around 3400 cm−1 (O-H
stretching vibrations), 3250–3350 cm−1 (symmetric and asymmet-
ric N-H stretching), 2850–2900 cm−1 (C H stretching), 1657 cm−1

(C O, amide 1), 1595 cm−1 (N H deformation), 1380 cm−1 (CH3
symmetrical deformation), 1319 cm−1 (C N stretching, amide III)
and 890–1150 cm−1 (ether bonding) [55–57]. These results indicate
that both CEL and CS were successfully regenerated by the synthetic
method developed here without any chemical transformation.

Results from NIR measurements further confirm regeneration
of polysaccharide composite materials. Shown in Fig. 4C are NIR
spectra of microcrystalline CEL and regenerated CEL Dried Film (4C)
and CS powder together with regenerated CS Dried Film (4D). As
illustrated in 4C, both CEL microcrystalline and regenerated CEL
film exhibit bands around 1492 nm,  1938 nm and around 2104 nm.
These can be attributed to the overtone and combination transition
of the OH groups. Since CS also possesses the same O-H groups
in addition to N H2 group, NIR spectra of CS powder and film
(4D) also have additional bands at around 1548 nm and 2028 nm
which expectedly can be attributed to the NH modes [57–60].
The similarity between the NIR spectra of starting polysaccharides

and regenerated polysaccharide further confirms that CEL and CS
were successfully regenerated by this preparation method.

13C CP-MAS-NMR technique was then employed to further con-
firm structure of regenerated polysaccharide composite materials.
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ig. 3. SEM images of surface (top three images) and cross section (bottom three
omposite film (middle).

hown in Fig. 5 are 13C CP-MAS-NMR spectra obtained for regen-
rated Dried Films of CEL (purple spectrum D), CS (red spectrum
) and 5:3 CEL:CS composite (light blue spectrum A) together CS
owder (green spectrum C) amorphous cellulose powder (black

pectrum E) and microcrystalline cellulose powder (dark blue spec-
rum F). Chemical shifts of all six samples are listed in Table 2. As
xpected, the spectra of CS powder, amorphous CEL powder and
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s) of regenerated CS film (left), regenerated CEL film (right) and 50:50 [CEL + CS]

microcrystalline CEL powder agree with reported spectra [61–63].
The observed similarity between spectra and chemical shifts of
corresponding carbons of regenerated dried films of CS and CEL
to those of powder CS and powder of amorphous CEL is a clear
indication that CEL and CS were successfully regenerated. Of par-
ticular interest is the fact that the spectrum of regenerated CEL
film is similar to that of the amorphous CEL powder, and is dis-
tinctly different from that of microcrystalline powder. This can be
clearly seen at band corresponding to C4 which is only a broad sin-
gle band at 83.9 ppm, 84.4 ppm, respectively for regenerated CEL
and amorphous CEL, but a doublet at 88.7 ppm and 83.7 ppm for
crystalline CEL powder. These results seem to indicate that when
microcrystalline CEL was  dissolved by and regenerated from the
IL, the regenerated CEL has relatively lower crystallinity than the
microcrystalline CEL because IL disrupted inter- and intramolecular
hydrogen bond network during the dissolution process. As a conse-
quence, the regenerated CEL adapts an amorphous structure. These
results not only confirm conclusion based on XRD results presented
in previous section but also are in agreement with other previous
studies [61–63]. CEL has relatively different chemical shifts com-
pared to those of CS, particularly C2 and C6; i.e., in CEL, a single
C6 band is at 62.0 ppm, C2 is together with C3 and C5 in a large
band at 74.1 ppm whereas in CS, C2 and C6 are together in a band
at around 61.0 ppm, and the large band at 75.4 ppm is due only to
C3 and C5. Since these bands can be resolved into individual bands

corresponding to C2, C3, C5 and C6 for each CEL and CS component
of composite materials, it is possible to determine concentration
of each polysaccharide component in composite materials using
the CP-MAS-NMR technique. Of particular interest is the presence

Table 1
Tensile strength and swelling parameters for [CEL + CS] composites.

% CS in [CEL + CS] composite Tensile
strength (MPa)

Equilibrium water
content (EWC(%))

100 12.0 73.6
67  17.1 69.9
50  23 62.2
40  41.4
29 52.3 58.5
20  72.2
0 82.6 46.4
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ing the lowest value of 80% and 100% CS with the highest value of
270%. Values for other composites are between these two  values.
More quantitative assessment can be obtained from equilibrium

0 100 200 300 1386
0

50

100

150

200

250

300

S
w

e
ll
in

g
 r

a
ti

o
 (

%
)

100% CS

67% CS

50% CS

29% CS

0% CS

B

y = -0.2735x + 75 .997
R² = 0.9489

0

20

40

60

80

100

0

20

40

60

80

100

0 20 40 60 80 100

Te
ns

ile
 S

tr
en

gt
h 

(M
pa

)

EW
C 

(%
)

% CEL

Equilibr ium  wat er 
content,  EWC(%)
Tensile s trength(MPa)

A
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CEL  + Cs] composite films (A).

f the band corresponding to carbon of CH3 group in CS and
EL:CS composite material (but not in CEL) at around 22.7 ppm.
his band can be attributed to remaining acyl groups of chitin,
amely, chitosan obtained from commercial sources is not 100%
ut, as specified by the manufacturer in our case, is only >75% con-
erted from chitin. In fact, by accumulating spectra for longer time,
his CH3 band can be clearly observed, and it can be used, together
ith FTIR method to determine exact degree of deacetylation of

hitosan.

.2. Properties of [CEL + CS] composites

As described above, mechanical strength of CS is so poor that
ractically it cannot be used by itself for applications based on its
nique properties. Measurements were made to determine tensile
trength of pure CS film and (CS + CEL) composite films with dif-
erent CEL concentrations in order to determine if by adding CEL
nto CS, the [CEL + CS] composite material would have adequate

echanical strength for practical applications. Results obtained,
hown in Fig. 6A, clearly indicate that adding CEL into CS substan-
ially increase its tensile strength. For example, up to 5× increase in
ensile strength can be achieved by adding 80% of CEL into CS, and
hat the tensile strength of the composite material can be adjusted
y adding judicious amount of CEL. More importantly, the tensile
trengths of [CS + CEL] composite materials are comparable with
hose of existing CS materials including those prepared by either
rafting or copolymerization with other chemicals [64–69].

As described above, CS has relatively poor mechanical strength
ecause it undergoes swelling in water. Adding CEL into CS was
ound to improve mechanical strength of the composite. However,
ince the [CEL + CS] composite still swell in water, it is important
o investigate the swelling of [CEL + CS] composites with differ-
nt compositions in order to determine the optimal CEL/CS ratio
hich, in spite of swelling, can still provide a composite with ade-
uate mechanical strength for its utilization. Accordingly, kinetics
f swelling of [CEL + CS] composites with different compositions
anging from 0% to 100% CS were measured and results obtained
re shown in Fig. 6B which plot swelling ratio (S%) as a function of
rials 252– 253 (2013) 355– 366 361

rocrystalline CEL powder (F), regenerated CEL film (D), regenerated CS film (B) and

time. As illustrated, for all composites, the water swelling occurred
rapidly, reaching equilibrium in water uptake at about 120 min. As
expected, the swelling ratio was found to be proportional to the
Time, min

Fig. 6. (A) Plot of tensile strength and equilibrium water content (EWC%) as a func-
tion of CEL concentration and (B) swelling kinetics of different [CEL + CS] composite
films.
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Table 2
13C CP-MAS-NMR Chemical shifts of starting materials and regenerated CEL, CS and [CEL + CS] composite.

Carbon chemical shifts (ppm)

C1 C2 C3 C4 C5 C6 CH3

Regenerated cellulose film 104.6 74.1 74.1 83.9 74.1 62.0
Amorphous cellulose powder 105.7 74.8 74.8 84.4 74.8 63.0
Microcrystalline cellulose powder 104.9 72.1 74.6 83.7, 88.7 74.6 64.7, 62.3
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Regenerated chitosan film 104.7 61.0
Chitosan powder 104.9 60.1 

Regenerated cellulose + chitosan film 104.5 56.4 

ater content EWC  % values. EWC  % and tensile strength values for
CEL + CS] composites with different compositions from 0 to 100%
S are listed in Table 1 and plotted together, as a function of CEL in
he composites (Fig. 6A). It is evident from the figure that the rela-
ionship between the tensile strength with CEL concentration is
pposite to that of the swelling, namely, increasing CEL concentra-
ion leads to the increase in the tensile strength and the decrease in
he swelling. However, the relative increase in the tensile strength
s much larger than the decrease in the swelling. For example, ten-
ile strength of 100% CEL is 82.6 MPa  which is 588% higher than that
f 0% CEL (12.0 MPa) whereas its EWC  % value of 46.4% is only 58%
ower than the value for 73.6% for 0%CEL. This finding is particularly
mportant because it clearly indicates that mechanical strength of
he composite can be substantially strengthened by adding only
elatively small amount of CEL. The composite still can retain its
nique properties because the concentration of CEL added is so
mall to have any pronounced effect on the unique properties of
he composites which are due solely to CS.

Taken together, results presented clearly indicate that we have
uccessfully developed a novel, green and recyclable method to dis-
olve CEL and CS and to prepare biocompartible all polysaccharide
omposite materials containing CEL and CS. As anticipated, adding
EL to CS material substantially increases mechanical strength of
he CS-based composite. It is expected that the [CEL + CS] composite

ay  retain its unique properties including bactericide, fungicide,
rug delivery as well as good adsorbent for pollutants and tox-

ns (from CS). Initial evaluation of their ability to adsorb MC-LR is
escribed in following section.

.3. Adsorption of microcystin-LR by [CEL + CS] composites

Experiments were designed to determine: (1) if [CEL + CS] com-
osite materials can adsorb MC;  (2) if they can, mechanism of
dsorption processes in terms of rate constants and adsorbed
mounts at equilibrium; and (3) composite material which gives
ighest adsorption. These were accomplished by fitting kinetic data
o both pseudo-first order and pseudo-second order models in
rder to determine appropriate reaction order for the adsorption
rocesses based on R2 and MSC  values [70–72].

For pseudo-first order:

n(qe − qt) = ln qe − k1t (1)

For pseudo-second order

t

qt
= 1

(k2q2
r )

+ t

qe
(2)

here k1 and k2 are pseudo-first order and pseudo-second order
ate constant of sorption (g/mg.min), qe is the amount of ana-
yte adsorbed at equilibrium (mg/g), qt is the amount of analyte

dsorbed at any time t (mg/g).

If the initial adsorption rate h is

 = k2q2
e (3)
4 83.6 75.4 61.0 22.7
7 84.0 74.7 60.1 23.4
5 83.9 75.5 61.5 23.0

Then Eq. (2) can be rearranged as

t

qt
= 1

h
+ 1

qe
t (4)

A linear plot can be obtained by plotting t/qt against t. qe and h,
can be obtained from the slope and intercept; k2 can be calculated
from h and qe according to Eq. (3).

As described in experimental section, kinetics of adsorption of
MC by composite materials were determined by measuring change
(i.e., decrease) in absorbance at 238 nm as a function of time in a
solution containing a composite film. From measured absorbances,
the amount of adsorbed MC  at time t (i.e., qt) can then be calculated.
Shown in Fig. 7A is plot of qt as a function of time for six different
[CEL + CS] materials with different composition ranging from 0% to
67% CS. It is evident from this plot that increasing CS concentration
in the composite material led to increase in amount of microcystin
adsorbed at equilibrium. Detailed information on adsorption kinet-
ics can be obtained by fitting the data to both pseudo-first order
(Eq. (1)) and pseudo-second order (Eq. (4)) model. Listed in Table 3
are results obtained for [CEL + CS] composite materials with dif-
ferent composition ranging from 20% to 67% of CS. It was  found
that 0% chitosan (i.e., 100% CEL) material does not adsorb MC,  and
adsorption by composite material with < 20% CS was too small to be
measured. Typical linearized plots for pseudo-1st order and psedo-
2nd order for two samples are shown in Fig. 8. It is evident from the
plots as well as from the fact that R2 and model selection criteria
(MSC) values in all cases are relatively higher for pseudo-2nd order
than for pseudo-1st order indicating that adsorption process fol-
lows pseudo-2nd order model. Results obtained clearly show that
CS composite materials can adsorb MC  very well. Material with-
out CS (i.e., 0% CS or 100% CEL) does not adsorb MC  at all (yellow
curve in Fig. 7A), and that up to 96 mg  of MC  can be adsorbed per
g of the composites. The adsorptivity was found to be dependent
on the concentration of CS in the composite, namely, increasing
concentration of CS leads to an increase in amount of adsorbed
MC.  For example, increase of CS concentration from 20% to 67%
led to 128% increase in the amount of adsorbed MC.  This is as
expected because adsorption is due mainly to CS; CEL does not
have any adsorption ability toward MC.  The role of CEL in the
composite is, as explained above, to strengthen mechanical prop-
erties of the material. Again there is a concern that CS had two
opposite effects on the properties of the composites: namely, it is
responsible for the adsorption of MC  but it also undergoes swelling
in water which leads to weakening structure of the composites.
However, this should not be a problem because the increase in
adsorption efficiency with the CS concentration is much larger than
that of the swelling (i.e., EWC  %). Specifically, increase of CS con-
centration from 20% to 67% led to 128% increase in the amount
of adsorbed MC  but only 29.2% increase in swelling (from 54.1 to
69.9%).
As described in the introduction, currently there are several
absorbents available for removal of MC.  Table 4 summarizes
some of more popular adsorbents together with amount (mg)
of MC  which can be removed per gram of the adsorbent. It is
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Fig. 7. Plot of qt as a function of time for [CEL + CS] composite materials with different composition ranging from 20% to 67% CS.

Table  3
Parameters for microcystin-LR adsorption by [CEL + CS] composites.

Composite material Pseudo-first order Pseudo-second order

% Chitosan % Cellulose Qe (mg/g) k1 (min−1) R2 MSC  Qe (mg/g) k2 104 (g/mg min) R2 MSC

67 33 94 ± 8 0.020 ± 0.001 0.9714 2.84 96 ± 3 1.6 ± 0.1 0.9894 4.18
50  50 72 ± 1 0.02 ± 0.01 0.9794 3.86 79 ± 2 5 ± 3 0.9953 5.46

70 

19 

54 

e
a
F
m

T
L

40  60 52 ± 1 0.010 ± 0.007 0.93
29  71 44 ± 1 0.01 ± 0.02 0.94
20  80 31 ± 5 0.007 ± 0.001 0.72
vidently clear from the table that the [CS + CEL] composite materi-
ls reported here is much better adsorbent than all other materials.
or example, one gram of the best reported adsorbent, Fe3O4@SiO2
agnetic microspheres, can only adsorb 20 mg  of MC  whereas 1 g

able 4
ist of Adsorbents for MC-LR.

Adsorber mg  of adsorbed
MC-LR /g adsorber

Reference

Iron Oxide Nanoparticles 0.15 [73]
Fe3O4@copper silicate nanotube microspheres 0.5 [74]
Powdered activated carbon (PAC) 0.75 [2]
Natural clay particles 4.6 [75]
Carbon nanotubes 5.9 [76]
PAC/UF (membrane ultrafiltration) 9.9 [77]
Activated carbon fibers (ACF) 17 [78]
Fe3O4@SiO2 magnetic microspheres 20 [79]
[CS + CEL] composite 96 This work
2.72 73 ± 9 3 ± 1 0.9965 5.66
2.73 71 ± 2 5 ± 2 0.9987 6.52
1.98 42 ± 4 1.9 ± 0.3 0.9932 5.00

of the [67% CS + 23%CEL] material can remove up to 96 mg  or 4.8
times more MC.

Investigations were also carried out to determine if the
[CEL + CS] composites can be reused after they adsorb MC.  Shown
in Fig. 7B is plot of qt as a function of time during adsorption and
desorption process for four different [CEL + CS] materials with dif-
ferent compositions ranging from 0% to 67% CS (for clarity, plot is
shown for only four composites). Specifically, the early portion of
the plot (from t = 0 to t = 24 h) is the same as the plot of adsorption
process shown in Fig. 7A in which the composite materials adsorbed
MC from solution. After 24 h, which was long after adsorption equi-
librium had been reached, the composite materials were removed
from the MC solutions and placed in pure water. This time, the MC

previously adsorbed in the composite underwent desorption from
the composites into the water (in both adsorption and desorption
process, qt values, which is the amount of MC  in the composites at
time t, were plotted. These values were calculated from measured
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oncentrations of MC  in solution). As illustrated, for all [CEL + CS]

omposites whose compositions ranging from 0 to 67% CS, MC  pre-
iously adsorbed in the composites was quantitatively removed.
hese results clearly indicate that [CEL + CS] composites are not
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only very efficient adsorbents for MC  but also that the adsorbed
MC can be quantitatively desorbed to enable the composites to be
reused.

Measurements were also performed to determine if there
are any changes in adsorption capability of composite materials
when the materials are reused for the second time, i.e., com-
posite materials in which previously adsorbed MC are desorbed.
Shown in Fig. 9 are plot of qt of adsorption of microcystin as
a function of time by [CS + CEL] composite films containing 67%
CS (A) and 50% CS (B). For comparison, two  curves are shown
for each composite: Blue curves are for 1st adsorption (i.e., by
freshly prepared composites) and red curves are for 2nd adsorp-
tion (i.e., adsorption by composites that were regenerated by
desorbing MC  previously adsorbed). As illustrated, for both com-
posites, adsorption capacity of the composite materials remains
the same after they were regenerated by desorbing MC  previously
adsorbed.

4. Conclusions

In summary, we  developed a simple and totally recyclable
method to prepare biocompatible composites from CEL and CS.
[BMIm+Cl−], an ionic liquid, was used as a solvent to dissolve
and prepare the [CEL + CS] composite materials. Since the IL was
removed from the composites by washing them with water, and
recovered by distilling the washed solution, the method is totally
recyclable. The [CEL + CS] composites were found to have combined
advantages of their components, namely superior mechanical sta-
bility (from CEL) and excellent adsorption capacity for MC-LR, a
deadly toxin produced by cyanobacteria (from CS). Specifically, it
was found that mechanical strength of the composites increased
with CEL loading; e.g., up to 5× increase in tensile strength was
achieved by adding 80% of CEL into CS. More importantly, the
tensile strengths of the composites are comparable with those
of existing CS-based materials including those prepared by either
grafting or covalently attaching CS to man-made polymers. On the
other hand, CS had two  opposite effects on the properties of the
composites: namely, it is responsible for the adsorption of MC
but it also undergoes swelling in water which leads to weaken-
ing structure of the composites. However, this should not be a
problem because the increase in adsorption efficiency with the
CS concentration is much larger than that of the swelling (i.e.,
EWC  %). Additionally, not only the [CS + CEL] composite material
reported here is biocompatible but also it is much better adsor-
bent than all other adsorbents currently available. For example,
one gram of the best reported adsorbent, Fe3O4@SiO2 magnetic
microspheres, can only adsorb 20 mg  of MC  whereas 1 g of the
[67% CS + 23%CEL] material can remove up to 96 mg  of MC (i.e., 4.8×
more than the magnetic microspheres). More importantly, not only
that the MC  adsorbed on the composite materials can be quanti-
tatively desorbed to enable the [CS + CEL] composite material to
be reused, but that adsorption capability of the reused compos-
ites remain the same as those used for the first time. Preliminary
results presented in this study are very encouraging and clearly
indicate that higher adsorption efficiency can be obtained by judi-
ciously modifying experimental conditions (e.g., replacing films of
composite with microparticles to increase surface area, and pH
of solution). These possibilities are subject of our current intense
study.
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