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a b s t r a c t

Conversion of carboxymethyl cellulose (CMC) to its dialdehyde derivatives by periodate oxidization
in acid solutions has been investigated as a function of pH, temperature, reaction time and periodate
dosage. Our results show that the stoichiometric ratio of NaIO4 to CMC and the pH of aqueous medium
are substantially responsible for the aldehyde content and yield of the product. Laser light scattering
(LLS) and wide angle X-ray diffraction (WAXD) measurements demonstrate that physical and chemical
degradations concomitant with the oxidization process occur, leading to the decrease in 〈R 〉 and crys-
eywords:
arboxymethyl cellulose
eriodate
ldehyde content
aser light scattering (LLS)

h

tallinity, respectively. The degradation mechanism for acid-catalyzed cleavage of �-1-4-glycosidic bond
is proposed. Atomic force microscopy (AFM) images reveal the morphological changes of CMC with the
degree of oxidization. The present study quantitatively indicates the substantial degradation in deriva-
tization of cellulose by periodate oxidization method, and is helpful for exploring novel carboxymethyl
polysaccharide derivatives.
ide angle X-ray diffraction (WAXD)
tomic force microscopy (AFM)

. Introduction

Carboxymethyl cellulose (CMC) is a commercial water-soluble
ellulose ether, available in different degrees of substitution. As one
f the major cellulose derivatives, CMC is non-toxic, biodegradable,
heap and widely used in many industrial sectors including food,
extiles, paper, adhesives, paints, pharmaceutics, cosmetics and

ineral processing (Ali, El-Rehim, Kamal, & Hegazy, 2008). In addi-
ion, CMC has recently been proved possess good biocompatibility,
nd is thus a promising biomaterial for biomedical application
Cook, Salkeld, & Patron, 2005; Jiang, Li, Zhang, & Wang, 2009). With
espect to polysaccharide and protein composites, CMC is gener-
lly simply blended (Cheng, KarimA, & Seow, 2008; Lii, Tomasik,
aleska, Liaw, & Lai, 2002) or cross-linked with gelatin by using
lutaraldehyde as a crosslinker (Rokhade et al., 2006). In order
o improve the functionality in existing applications, e.g. without
mploying any extraneous cross-linking agents, it is essential to
ncrease the reactivity of CMC by molecular modification.

Periodate oxidation has long been industrially utilized in the

roduction of dialdehyde starch and cellulose by specifically cleav-

ng the C2–C3 bond of the 1,4-glucan unit (Jackson & Hudson, 1937;
otthast, Rosenau, & Kosma, 2006). With this method, a large num-
er of aldehyde groups are introduced into polysaccharides and can
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be further converted to carboxylic acids, primary alcohols or imines
(Schiff bases) with primary amines (Kim, Kuga, Wada, Okano, &
Kondo, 2000). This makes the resulting compounds serve as useful
intermediates for cellulose-based functional materials, such as an
adsorbent of heavy metal, drug carriers, separation and analysis of
protein (Kim & Kuga, 2001).

In this work, we prepared a series of dialdehyde CMC (DCMC)
with varied aldehyde contents according to this reaction and
thereby found significant degradation concomitant with the pro-
gressing periodate oxidization. However, the known data about the
effect of the degradation on the yield of product and molecular con-
formation are still limited so far (Potthast, Rosenau, & Kosma, 2006).
Therefore, the aim of this study is to analyze the crucial parameters
that affect the degradation and explore the chemical degradation
mechanism by use of laser light scattering (LLS), wide angle X-ray
diffraction (WAXD) and atomic force microscopy (AFM).

2. Experimental

2.1. Materials

Carboxymethyl cellulose sodium (CMC) and sodium perio-

date were purchased from Kelong Chemical Reagent Company
(Chengdu, China). The viscosity of the 2% (w/v) CMC in water was
reported by the company to be ≥1200 mPa·s and confirmed in our
laboratory. The degree of substitution (DS) was ∼0.90 according to
Fourier transform infrared (FTIR) analysis (Sannan, Kurita, Ogura, &

dx.doi.org/10.1016/j.carbpol.2010.12.026
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:wlin@scu.edu.cn
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882 H. Li et al. / Carbohydrate Polymers 84 (2011) 881–886

sion o

I
w

2

fl
w
T
a
w
t
t
c
l
w
r
p
p
m

2

n
2
c
h
l
d
i
(
T
4
a
i
a
t
D

A

w
a
i

2

w
i
w

Fig. 1. The illustration of periodate oxidization of CMC to DCMC, and conver

wakura, 1978). The periodate was of analytical grade. All chemicals
ere used as received.

.2. Preparation of dialdehyde carboxymethyl cellulose (DCMC)

About 1.0 g CMC was dissolved in 20 mL deionized water in the
ask which was immersed in a DF-101S temperature controlled
ater bath with a magnetic stirrer (Shanxi Taikang Biotech., China).

hen, 10 mL periodate solution at different concentrations was
dded to the CMC solution under stirring. The pH was adjusted
ith 1 M sulfuric acid solution. After the mixture was stirred in

he dark at designated reaction temperature for a predetermined
ime, the oxidized product, referred to dialdehyde carboxymethyl
ellulose (DCMC) was precipitated by pouring the solution into a
arge amount of ethanol. It was then recovered and cross-washed

ith distilled water and ethanol until all iodic compounds were
emoved. The reaction conditions were optimized against pH, tem-
erature, reaction time and the mole ratio of periodate to CMC. The
roduct was dried at 37 ◦C to constant weight for the subsequent
easurements.

.3. Determination of aldehyde content

The degree of oxidization of CMC was evaluated by the determi-
ation of the aldehyde content (Kim, Kuga, Wada, Okano, & Kondo,
000; Veelaert, de Wit, Gotlied, & Verhe, 1997). The DCMC was
onverted to oxime by Schiff’s base reaction with hydroxylamine
ydrochloride, as shown in Fig. 1. In detail the procedures are as fol-

ows: ∼0.5 g DCMC of known water content was dissolved in 25 ml
istilled water and the pH was adjusted to 5 with sodium hydrox-

de (NaOH). Then 20 ml of 0.72 mol/L hydroxylamine hydrochloride
H2NOH·HCl) in pH 5 solution was added into the DCMC solution.
he mixture was stirred for 4 h in the thermostated water bath at
0 ◦C, and then followed by titration of the released hydrochloric
cid with 1.0 mol/L NaOH. Here, the consumption of NaOH solution
n liter was recorded as Vc. The same concentration of CMC solution
t pH 5 was used as a blank and its consumption of the alkali solu-
ion in liter was recorded as Vb. Thus, the aldehyde content (AC) in
CMC can be calculated by

C (%) = MNaOH (VC − Vb)
m/211

× 100 (1)

here MNaOH = 1.0 mol/L, m is dry weight of DCMC sample in g,
nd 211 is approximately the molecular weight of repeating unit
n DCMC. Each set of the test was done in triplicate.

.4. Fourier transform infrared spectral studies
Fourier transform infrared (FTIR) spectra of CMC and DCMC
ere obtained from discs containing ∼2.0 mg dry sample in approx-

mately ∼200 mg potassium bromide (KBr). The measurements
ere recorded by a Perkin–Elmer Spectrum One FT-IR spectropho-
f DCMC to oxime by Schiff base reaction with hydroxylamine hydrochloride.

tometer at the resolution of 4 cm−1 in the wave number region
450–4000 cm−1.

2.5. Laser light scattering measurements

The laser light scattering (LLS) measurements were conducted
on a commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped
with a multi-� digital time correlator (ALV5000) and a cylindri-
cal 22 Mw UNIPHASE He–Ne laser (� = 632 nm) as the light source.
In dynamic LLS (Beme & Pecora, 1976), the cumulative analysis of
the measured intensity–intensity time correlation function G(2)(t,q)
can result in a line-width diffusion coefficient distribution (G(� ))
or an average line-width (〈� 〉). For diffusive relaxation, 〈� 〉 is fur-
ther related to the average translational diffusion coefficient (〈D〉)
of the scattering object in dilute solution by 〈D〉 = (〈� 〉/q2)q→0, or
the hydrodynamic radius (〈Rh〉) by the Stokes–Einstein equation,
〈Rh〉 = kBT/(6��〈D〉), with kB, T, and � being the Boltzmann con-
stant, the absolute solution temperature, and the solution viscosity,
respectively. The hydrodynamic radius distribution f(Rh) can also
be calculated for the Laplace inversion of a corresponding mea-
sured G(2)(t,q) using the CONTIN program in the correlator. The
details of the LLS instrument and theory can be found elsewhere
(Chu, 1991; Xie, Bai, Xu, Bai, & Zhang, 2007). All dynamic LLS mea-
surements were conducted at a scattering angle of 90◦. The DCMC
solutions were clarified using 0.45 �m hydrophilic Millipore millex
filters. The concentration of the solutions was 5.0 × 10−3 g/mL. All
LLS measurements were performed at 25 ◦C after the solution was
equilibrated for 20 min.

2.6. X-ray diffraction measurements

Wide angle X-ray diffraction (WAXD) profiles were obtained
using an 18 kW rotating anode X-ray diffractometer (MXPAHF,
Japan) with a fixed Cu K� radiation of 0.154 nm and a sample to
detector distance of 10 cm. The sample was scanned in the range of
diffraction angle (2�) from 5◦ to 50◦ with a scanning rate of 2◦/min
at ambient temperature and humidity. The Peakfit4 (AISL software),
one-dimensional peak fitting program, was used to determine the
peak size shapes and the integrated intensity of the linear profiles.

Crystallinity index (CI), representing relative degree of crys-
tallinity, was calculated from linear intensity profile according to
the literature (Rowland & Cousins, 1966), using the relationship:
CI = (I0 0 2 − Iam)/I0 0 2 × 100, where I0 0 2 is the intensity in the diffrac-
tion profile at the position of the 0 0 2 peak (2� = 22.7◦ for the
samples) and Iam is the intensity at locations for the amorphous
background (2� = 38–40◦) (Segal, Creely, Martin, & Conrad, 1959).
2.7. Atomic force microscopy observations

Topographic images of CMC and DCMC on mica were observed
by atomic force microscopy (AFM) on a Shimadzu SPM-9600 in
dynamic mode at constant forces. After the samples were diluted to
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∼886 cm regions appear in oxidized CMC, namely DCMC. More-
over, both intensities markedly increase with increasing degree of
oxidation, which is consistent with the reported FTIR spectra of
periodate oxycellulose (Calvini, Gorassini, Luciano, & Franceschi,
2006; Fan, Lewis, & Tapley, 2001; Kim, Kuga, Wada, Okano, & Kondo,
ig. 2. The aldehyde content (AC) in DCMC as a function of reaction time at different
xidation temperature, where the pH was controlled at 3.0 and the mole ratio of
aIO4 to CMC 1.1:1.

he concentration of 5 × 10−5 g/mL and equilibrated at 4 ◦C for 12 h,
droplet of the solution (5 �L) was dropped onto freshly cleaved
ica. Then it was dried in the vacuum-desiccator for 24 h. All the
FM measurements were performed under ambient condition at
oom temperature.

. Results and discussion

Periodate oxidation under acidic conditions or the Malaprade
eaction, is known to be a highly specific reaction to convert
,2-dihydroxyl groups (glycol) to paired aldehyde groups without
ignificant side reactions (Potthast, Rosenau, & Kosma, 2006). Dur-
ng the oxidation, 1 mol of CMC theoretically consumes 1 mol of
aIO4, as shown in Fig. 1 (Fang, Takahashi, & Nishinari, 2005). It
as demonstrated that the oxidation degree of CMC can be quan-

itatively manipulated by controlling the preparation parameters.
ote that the degree of oxidation, which corresponds with the alde-
yde content (AC), is generally determined by the method of alkali
onsumption based on Cannizzaro reaction (Potthast, Rosenau, &
osma, 2006), whereas this method is not appropriate to determine
CMC owing to the interference of the side carboxyl groups. The AC
alue is therefore approximated by measuring the amount of reac-
ive aldehydes available for oxime formation, also schematically
hown in Fig. 1. For dialdehyde starch (Veelaert, de Wit, Gotlied, &
erhe, 1997), a maximum value of about 80% of the total aldehydes
as obtained in conversion into oximes. And the rest unavailable

ldehyde groups are attributed to the formation of hemiacetal and
cetal groups that protect the aldehyde from further reactions.
n our present study, the similar results are observed for DCMC,
amely, the maximum value of the measured AC is ∼81% of the
otal aldehydes.

Fig. 2 shows the measured AC in DCMC as a function of reaction
ime under super-stoichiometric ratio of periodate, i.e., the mole
atio of NaIO4 to CMC 1.1. At the oxidation temperature of 45 ◦C,
he maximum oxidization extent is reached after ∼3 h, whereas at
5 ◦C it needs ∼4 h but the plateau value is higher than that of the
ormer. And at 25 ◦C, the plateau of AC corresponds to ∼7 h at a
owest level. Increasing temperature is favorable for the periodate
xidization at the beginning due to the nature of the endothermic
eaction. However, high temperature will cause the decomposition
f periodate and thus the effect of the oxidant is lost more or less.
his can explain the lower AC plateau at 45 ◦C than at 35 ◦C.

The change of pH is expected to affect the system substantially.
or preparation of dialdehyde starch by oxidization with periodate,

he pH range was controlled between 3 and 7. (Veelaert, de Wit,
otlied, & Verhe, 1997) Note that the oxidization reaction is cat-
lyzed by the presence of H+. On the other hand, the physical and
hemical degradations in extremely acid media (Jackson & Hudson,
Fig. 3. The aldehyde content (AC) and the yield of DCMC as a function of pH at
different oxidant dosage, where reaction temperature and time are 35 ◦C and 4 h,
respectively.

1938; Wilham, McGuire, & Mehltretter, 1971) result in the lower
yield of the product. Therefore, an optimum pH value is expected
for production of DCMC. Fig. 3 shows the effects of pH on the degree
of oxidation and the yield of product at three mole ratios of NaIO4
to CMC. Indeed at pH 2, there exists a highest AC value (81%) which
is nearly independent of the excessive periodate amount. However,
the yield at this point is even less than 50%. On the whole, the yield
approaches to the plateau at pH 3.0 and higher values, although the
AC values start to decline here with further increasing pH. More-
over, the plateaus of yields at super-stoichiometric ratio of NaIO4
are lower instead. It suggests that the excessive oxidization would
lead to the degradation of CMC or DCMC. The further interpreta-
tion will be discussed later. Therefore, the periodate oxidization
of CMC is performed at T = 35 ◦C, pH 3.0 for 4 h with varied mole
ratios of NaIO4/CMC to introduce different content of aldehyde in
the subsequent investigations.

Fig. 4 shows the FTIR spectra of CMC before and after the oxidiza-
tion. It is clear that two characteristic IR bands at ∼1738 cm−1 and

−1
Fig. 4. FTIR spectra for CMC and DCMC with different aldehyde contents, i.e., AC = 0%,
45%, 68%, and 81%, respectively.
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Fig. 6. Note that it does not exclude the possible presence of other
types of reactions due to the complexity of natural biomass. The
degradation of DCMC could proceed in three steps, similar to the
acid hydrolysis of cellulose (Xiang, Lee, Pettersson, & Torget, 2003).
ig. 5. Typical hydrodynamic radius distributions f(Rh) of CMC and DCMC with dif-
erent aldehyde contents, i.e., AC = 0%, 45%, 68%, and 81%, respectively, measured by
ynamic LLS at 25.0 ◦C.

000). Generally, the absorbance at about 1740 cm−1 is characteris-
ic of aldehydic carbonyl groups, while the band around 880 cm−1 is
ssigned to the formation of hemiacetal bonds between the alde-
yde groups and neighbor hydroxyl groups. The results indicate
hat the aldehyde group has been introduced into the structure by
elective periodate oxidation of CMC.

Fig. 5 shows the hydrodynamic radius distributions f(Rh) of CMC
nd DCMC with different aldehyde contents measured by dynamic
LS. It exhibits bimodal distribution for all the species. The distinct
uch higher 〈Rh〉 distribution for CMC indicates that the molecules

orm aggregates in aqueous solution due to the existence of hydro-
en bonding. The intermolecular hydrogen bonds are believed to
e the primary factor holding the cellulose chains together forming
he fibrous structure (Xiang, Lee, Pettersson, & Torget, 2003). The
tate of hydrogen bonding also determines other physical proper-
ies of cellulose, such as the extent of crystallinity. When the CMC
s oxidized, both of the peaks at ∼450 and ∼4000 nm shift greatly to
ower positions. In addition, as the extent of oxidization increase,
he main peaks at ∼83 nm slight change, but the intensity of smaller
eaks in the region <10 nm increase apparently, suggesting that
he disruption of bulk DCMC leads to short fragments during peri-
date oxidization. The former could be attributed to the breaking
f hydrogen bonds, and the latter is small degradation products.
bviously, the higher the aldehyde content or oxidization level,

he more degradation occurs. This result can explain the deter-
ined lower yields at higher AC values under the same oxidization

emperature and time (Fig. 3).
As discussed before, periodate oxidation of polysaccharides like

tarch and cellulose is generally characterized by its selective cleav-
ge of the carbon–carbon bond between vicinal hydroxyl groups
f the anhydro d-glucopyranose residues, giving a ring-opened
roduct containing two aldehyde groups. Although there are many
eports related to application of this reaction, seldom has dis-
ussed or quantitatively understood the degradation concomitant
ith the progressing oxidization. It is generally recognized that

he dialdehyde form is more susceptible to hydrolytic attack than
he unmodified cellulose (Maekawa & Koshijima, 1991), and acid
reatment is considered to degrade the oxidized parts preferentially
Kim, Kuga, Wada, Okano, & Kondo, 2000). However, the degrada-
ion mechanism in acidic media for dialdehyde starch or cellulose
as not established because of the difficulty to definite identifi-
ation of all degradation mixtures (Veelaert, de Wit, Gotlied, &
erhe, 1997). In fact, during oxidative treatment of pulp materi-
ls with ozone, peroxide or hypochlorite in papermaking, cellulose

egradation is involved as reflected by decreasing Mw (Potthast,
osenau, & Kosma, 2006). In our experiments, we do observe a
ignificant decrease in 〈Rh〉 of CMC and an increase in very small
olecules portion of DCMC as increasing degree of oxidization by
Fig. 6. Mechanism of acid-catalyzed hydrolysis of DCMC by cleavage of �-1-4-
glycosidic bond: (1) protonation of the glycosidic oxygen linking two sugar units
under acidic condition; (2) cleavage of the C-O bond and formation of the carbonium
ion; (3) the resulted segments and a proton are liberated by addition of water.

dynamic LLS, revealing the more or less inevitable degradation of
CMC when converted into DCMC. It has been proved that the com-
plete hydrolysis of dialdehyde polysaccharides under strong acid
and high temperature (∼100 ◦C) results in d-erythrose and gly-
oxal (Jackson & Hudson, 1938; Wilham, McGuire, & Mehltretter,
1971). While under relatively mild conditions in the present study,
the chemical degradation mechanism can be acid-catalyzed cleav-
age of �-1-4-glycosidic bond, which follow the pattern outlined in
Fig. 7. Wide angle X-ray diffraction linear intensity profile of CMC and DCMC with
different aldehyde contents, i.e., AC = 0%, 45%, 68%, and 81%, respectively.
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Fig. 8. AFM images of CMC (a) and DCMC with diff

irstly, the glycosidic oxygen linking two sugar units is rapidly pro-
onated under acidic condition, forming a conjugate acid. Then the
leavage of the C–O bond and breakdown of the conjugate acid to
he carbonium ion take place. After a rapid addition of water, the
esulted segments and a proton are liberated. Assuming that the
leavage of the C–O bond takes place more rapidly at the end than
n the middle of the polysaccharide chain, more monosaccharides
nd lower yields of DCMC are resulted, meanwhile the 〈Rh〉 of the
acromolecules change slightly as reflected in Fig. 5.
To understand the effect of periodate oxidation on the degree

f crystallinity, we examined the CMC and DCMC with different
ldehyde contents by WAXD. Fig. 7 shows the WAXD linear inten-
ity profiles of the samples versus diffraction angle. The peak at
� = 22.7◦ for CMC reveals the characteristic semi-crystalline nature
Zhao et al., 2009). Based on it, the measured crystallinity index
CI = 80%, 70%, 64% and 61%, respectively) decrease almost propor-
ionately to the oxidation level of the starting CMC (AC = 0%, 45%,
8%, and 81%, respectively), accompanied by slight line broaden-

ng. The loss of crystallinity is considered to result from opening
f glucopyranose rings and destruction of their ordered pack-
ng (Kim, Kuga, Wada, Okano, & Kondo, 2000). Therefore, the

igher the oxidation level, the lower the degree of crystallinity.
eanwhile, the line broadening of the peak suggests that the peri-

date oxidation reaction occurs with almost equal facility in both
he amorphous and crystalline regions of the cellulose (Varma,
amdade, & Nadkarni, 1985). Kim, Kuga, Wada, Okano, and Kondo
aldehyde contents (AC): (b) 45%; (c) 68%; (d) 81%.

(2000) investigated the influence of this oxidation in the crystalline
domains. Besides the decrease in crystallinity, it was proposed that
the oxidation proceeds highly heterogeneously, forming isolated
oxidized domains which are more sensitive to acid or alkali. Our
results agree with the above conclusion.

Fig. 8 shows the AFM morphological changes of CMC induced
by oxidization. Before oxidization, the entangled fibrous network
topography is observed similar to the reported topographical image
(Ueno, Yokota, Kitaoka, & Wariishi, 2007), indicating the aggrega-
tion of the CMC molecules. After periodate oxidization, the ordered
aggregations on mica cannot be observed, the conformational
heterogeneity of DCMC appears instead. Furthermore, as the oxi-
dization level increases, the short fragments increase because of
the degradation. The AFM images further prove previous LLS mea-
surements.

4. Conclusion

The studies on the chemical and physical transitions of peri-
odate oxidized CMC in aqueous media can lead to the following
conclusions. The optimal oxidization conditions is found at the tem-

perature of 35 ◦C, pH = 3.0 for 4 h, with a NaIO4/CMC molar ratio
of 1: 1. Super-stoichiometric NaIO4 and lower pH (<3.0) result in
higher aldehyde content but lower yield of the product (DCMC)
due to degradations. As the degree of oxidization increases, phys-
ical degradation occurs owing to the breaking of intermolecular
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ydrogen bonds; and chemical degradation could be attributed
o the cleavage of �-1-4-glycosidic bond catalyzed by acid. The
oncomitant oxidization and degradation lead to the decrease
n crystallinity of DCMC and the conformational heterogeneity.
he results make significance in understanding the degradation
eaction accompanied with periodate oxidization during the devel-
pment of functional cellulose derivatives.
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