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Lignin as a cross-linker of acrylic acid-grafted carboxymethyl lignocellulose

Abstract Cunninghamia lanceolata wood meal samples 
with different lignin contents after delignifi cation with an 
acidic NaClO2 system were carboxymethylated, and the 
degree of substitution (DS) and the distribution of the car-
boxymethyl (CM) groups were investigated by proton 
nuclear magnetic resonance (1H NMR) spectroscopy. Cel-
lulose samples prepared from bleached kraft softwood pulp, 
food-grade konjac mannan, and commercial oat xylan (con-
taining 10% arabinosyl and 15% glucosyl residues) were 
also investigated. The chemical shift of methylene protons 
in 1H NMR spectra of CM groups of carboxymethyl konjac 
mannan and commercial oat xylan appeared in the same 
region as those of carboxymethylcellulose. The DS of car-
boxymethyl lignocellulose (CMLC) increased slightly from 
1.36 to 1.48 with decreasing lignin content, but the water 
solubility of CMLC clearly increased with decreasing lignin 
content. It was suggested that the covalent linkages between 
lignin and cell-wall polysaccharides play the role of cross-
linker in CMLC. Water absorbents were synthesized by 
graft-copolymerization of acrylic acid onto CMLC samples 
with different lignin contents. The highest level of water 
absorbency was obtained from CMLC containing 14% 
of lignin, suggesting the importance of lignin as the 
cross-linker.
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Introduction

There has been considerable interest in water-swellable 
superabsorbent polymers capable of absorbing and holding 
huge amounts of water. These polymers have found exten-
sive commercial application as absorbents in personal care 
products such as infant diapers and feminine hygiene prod-
ucts. In addition, they have received considerable attention 
for a variety of more specialized applications, including soil 
improvers for use in agricultural and domestic situations, 
industrial dehydration agents, sensors, and drying preven-
tives.1 Absorbent polymers prepared from natural polymers 
such as cellulose and its derivatives have received increasing 
interest because they are environmentally friendly, biode-
gradable, and do not use fossil resources. Many efforts have 
been made to synthesize cellulose-based superabsorbing 
polymers and to improve their water absorbency.2–7 Recently, 
modifi cations of hemicelluloses has also attracted a great 
deal of interest in the preparation of superabsorbing poly-
mers.8–17 Hemicelluloses consist of various heteropolysac-
charides, which are generally branched polymers with 
comparatively low molecular weight. Monomeric units of 
carboxymethylated hemicelluloses also have two or three 
active hydroxyl groups that can be substituted by carboxy-
methyl groups.

The introduction of hydrophilic groups, i.e., carboxy-
methyl (CM) groups, and their cross-linker are the main 
reactions required to synthesize polysaccharide-based 
absorbent polymers.18 The water solubility of carboxymeth-
ylcellulose (CMC) is due to the presence of CM groups. 
Higher water absorbency is achieved by a high degree of 
substitution (DS), but CMC is soluble in water when the DS 
is greater than 0.6.19 The water absorbency increased with 
increasing DS, and water absorbency of the absorbent 
polymer was considerably low when the absorbents were 
synthesized in the absence of a cross-linker.20

Cross-linkers have to be used to prevent the dissolution 
of hydrophilic polymer chains in an aqueous environment. 
The cross-linking structure of a hydrogel decides both its 
dissolution and swelling capacities in an aqueous solution, 
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so a moderate degree of cross-linking can enhance water 
absorbency. A higher density of cross-linker, which has 
more cross-linked points in polymeric chains, results in a 
rigid structure and a decrease in water absorbency because 
the structure is unable to expand.3 Water absorbency 
decreases when the cross-linking density is below a moder-
ate value because the cross-linked network structure in the 
polymer cannot form effectively, resulting a poorly cross-
linked network that dissolves in water. Absorbent polymers 
are most commonly formed by free radical cross-linking 
polymerizations of hydrophilic acrylate monomers with 
small quantities of cross-linking agents containing two (or 
more) polymerizable double bonds.1 Typical cross-linking 
agents such as N,N′-methylenebisacrylamide, triallylamine, 
ethylene glycol diacrylate, tetraethylene glycol diacrylate, 
trimethylolpropane triacrylate, and the methacrylate 
analogs of the aforementioned acrylates are usually used to 
synthesize cellulose-based absorbent polymers.2,3 Lam et 
al.11 reported that covalent linkages between lignin and cell 
wall polysaccharides act as a cross-linker of carboxymethyl 
lignocellulose (CMLC). Lignin, which is defi ned as the 
dehydrogenative polymer of hydroxycinnamyl alcohols, is 
the one of major structural components of the secondary 
plant cell walls of vascular plants. The covalent linkages 
between wall polysaccharides and lignin are important 
factors in the formation of the cell wall architecture, and 
have been previously well documented.21,22 The presence of 
covalent linkages between polysaccharides and lignin 
affects strongly the water solubility of CMLC.11

In this article, Cunninghamia lanceolata wood meal 
samples with different lignin contents were carboxymethyl-
ated to investigate the effect of lignin on the DS and distri-
bution of carboxymethyl groups, and on the dissolving 
behavior of carboxymethylated products in water. The DS 
and the distribution of CM groups in CMLC were analyzed 
using proton nuclear magnetic resonance (1H NMR) spec-
troscopy.9–11,23 Cellulose prepared from bleached kraft soft-
wood pulp, food-grade konjac mannan, and commercial oat 
xylan (containing 10% arabinosyl and 15% glucosyl resi-
dues) was also investigated to identify chemical shifts in the 
region of anomeric and methylene protons of 1H NMR of 
carboxymethylated monosaccharide residues. In addition, 
samples of carboxymethylated C. lanceolata wood meal 
with different lignin contents were graft-copolymerized 
with acrylic acid to analyze the water absorbance capacity 
and the role of lignin as cross-linkers.

Experimental

Materials

Wood shavings of an 18-year-old Cunninghamia lanceolata 
(Lamb.) Hook (cedar) were made available by a wood pro-
cessing factory at Linan in Zhejiang province (29°56′N, 
118°51′W), China. An air-dried sample was ground in a 
Wiley mill to pass a 0.42-mm sieve. The ground sample was 
extracted with ethanol–benzene (1 : 2, v/v) using a Soxhlet 
extractor.

The extract-free samples (10 g) were suspended in dis-
tilled water (1500 ml) and treated 2, 4, or 6 times with 
NaClO2 (4 g) for 1 h at 70°C, together with 0.8 ml of acetic 
acid. The residue was fi ltrated with a fritted glass fi ltering 
crucible (1G4) and successively washed with distilled water 
to prepare samples with different lignin contents. Samples 
were dried for 2 days in a vacuum oven at 40°C.

Cellulose prepared from bleached kraft softwood pulp 
was kindly gifted by Nippon Pulp Chemicals Co., Japan, and 
commercial oat xylan (containing 10% arabinosyl and 15% 
glucosyl residues) was purchased from Sigma Chemical (St 
Louis, MO, USA). Konjac mannan (glucomannan) was com-
mercial food-grade samples procured from a konjac product 
factory (Gunma Prefecture, Japan).

Determination of lignin content

The lignin contents of the extract-free ground samples were 
determined according to the Klason procedure.24

Preparation of carboxymethyl derivatives

Samples (5 g) were suspended in 2-propanol (100 ml) with 
30% sodium hydroxide aqueous solution (6 g) and the reac-
tion mixture was stirred for 1 h at 30°C. Monochloroacetic 
acid (7 g) was added and the temperature of the reaction 
bath was raised to 80°C. The etherifi cation reaction was 
performed for 2 h. The product was neutralized with 80% 
acetic acid, collected by fi ltration, and then washed several 
times with ethanol/water (4 : 1 v/v) to remove inorganic salts 
followed by washing with absolute ethanol to dewater. The 
purifi ed carboxymethylated product was dried in a vacuum 
oven overnight at 40°C.

Graft copolymerization

Graft copolymerization was carried out by the method of 
Suo et al.3 with minor modifi cations. CMLC (1 g) and 10 ml 
of distilled water were charged into a separable three-
necked round-bottom fl ask in a water bath maintained at 
85°C for 30 min. Nitrogen gas was bubbled with stirring 
through the solution to remove dissolved oxygen. Acrylic 
acid (8 ml) and 30% NaOH (7 ml) were added followed by 
0.04 g potassium persulfate (K2S2O8) to initiate graft copo-
lymerization for 2 h at 50°C. The product, graft copolymer, 
was dried for 20 h at 70°C and then ground in a Wiley mill 
to pass a 0.15-mm sieve.

Measurement of the water absorbency

Samples (0.2 g) were put into bags (20 × 10 cm) with a mesh 
size of 0.063 mm and immersed in 1 l of distilled water at 
room temperature until equilibrium was reached. Then the 
bags were hung up until no drop drained during 10 min. The 
water absorbency was then calculated from the following 
equation:
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Water absorbency (g/g) = (Wsg − Wdg − Wb)/Wdg

where Wsg, Wdg, and Wb are the weights of the swollen gel, 
dry gel, and the bag, respectively.

Water extraction of carboxymethylated products

CMLC (2 g) was extracted fi ve times (10 min each) with 
water (200 ml) with stirring at room temperature to yield 
water-soluble and -insoluble fractions. The water-insoluble 
fraction was washed with 80% (v/v) ethanol followed by 
absolute ethanol, and dried in the vacuum oven at 60°C. The 
water-soluble fraction was concentrated by a vacuum evap-
orator at 40°C and freeze dried.

Measurement of 1H NMR spectra

Determination of DS and the distribution of CM groups 
using 1H NMR spectroscopy was carried out according to 
the scheme of Ho and Kloslewlcz.23 The carboxymethylated 
product (150 mg) was hydrolyzed with 25% (v/v) D2SO4 in 
D2O solution (2 ml) for 90 min at 90°C. The hydrolysate was 
fi ltered by glass wool to remove precipitates, probably origi-
nating from lignin. The fi ltrate was directly collected into an 
NMR tube for 1H NMR measurement. The 1H NMR spec-
trum of the hydrolysate of carboxymethylated product in 
25% (v/v) D2SO4 was recorded on a BRUKER-300 NMR 
Spectrometer (Bruker, Germany) operating at 300 MHz at 
20°C. The sugar composition of carboxymethylated samples 
was estimated from signals of anomeric protons ranging 
4.45 to 5.40 ppm of the 1H NMR spectra by the procedure 
proposed by Lam et al.10

Measurement of IR spectrum

Fourier transform infrared (FTIR) spectra of the carboxy-
methylated products were recorded by the KBr disk method 
on an IR Prestige-21 Spectrometer (Shimadzu, Japan), 
using 64 scans and a resolution of 4 cm−1.

Results and discussion

The DS and CM group distribution of carboxymethylated 
konjac mannan and commercial xylan

Commercial oat xylan, which contains arabinosyl (10%) 
and glucosyl (15%) residues, and konjac mannan (gluco-
mannan) were carboxymethylated to investigate the DS 
characteristics and distribution of CM groups in comparison 
with those of carboxymethylcellulose (CMC) prepared 
from bleached kraft softwood pulp.

The 1H NMR spectra of the anomeric proton region 
(4.45 to 5.40 ppm) of the hydrolysates of CMC, carboxy-
methylated konjac mannan (CMGM), and carboxymethyl-
ated commercial oat xylan (CMX) in 25% D2SO4 in D2O 
solution are shown in Fig. 1.

It is well documented that the signals of α-anomeric 
protons appear in the lower fi eld region (5.00–5.40 ppm) 
compared to β-anomeric protons (4.45–4.90 ppm).10,23 Car-
boxymethylated sugar compositions in hydrolysates of 
CMC, CMGM, and CMX were calculated using the integral 
of anomeric protons at corresponding chemical shifts 
(Fig. 1) based on the equations proposed by Lam et al. 
(Table 1).10 The hydrolysate of CMGM, carboxymethylated 
food-grade konjac mannan, was composed of mannosyl and 
glucosyl residues at a ratio of mannosyl : glucosyl of 1.36 : 1. 
The sugar composition of the hydrolysate of CMX was 76% 
xylosyl and 24% others (probably both glucosyl and arabi-
nosyl) residues based on the calculation using the equations 
of Lam et al.,10 which agreed well with the sugar com-
position in the original oat xylan, data for which was pro-
vided by Sigma Chemical (75% xylose, 15% glucose, 10% 
arabinose).

The signals of methylene protons (–CH2–) of CM groups 
in hydrolysate of CMC were observed in the range 4.13–
4.43 ppm, and the methylene protons gave four sharp and 
intense signals in the region, which can be assigned to CM 
groups at C3, C2α, C2β, and C6 from the lower fi eld to higher 
fi eld, respectively.9,23 By analogy with CMC, signals of meth-
ylene protons of CM groups in CMGM and CMX appeared 
in the same region of chemical shifts (Fig. 2). Petzold et al.13 
reported that the methylene proton of CM groups of hydro-

Fig. 1. 1H NMR spectra of the anomeric proton regions of carboxy-
methyl cellulose (CMC), carboxymethyl konjac mannan (CMGM), and 
carboxymethyl commercial oat xylan (CMX) after hydrolysis in 25% 
D2SO4 for 90 min at 90°C. G, M, and X: glucosyl, mannosyl, and xylosyl 
residues, respectively. s and u refer to substituted (with CM groups) 
and unsubstituted hydroxyl groups, respectively, at the C2 position of 
monomeric sugar residues in the hydrolysates

Table 1. Carboxymethylated sugar composition of carboxymethylcel-
lulose (CMC), carboxymethylated konjac mannan (CMGM), and car-
boxymethylated commercial oat xylan (CMX)

Carboxymethylated sugar composition (%)

Mannose Xylose Glucose Arabinose

CMC – 10.2 89.6 –
CMGM 57.9 – 42.6 –
CMX – 76.4 (23.6)

Parentheses indicate that both carboxymethylglucose and carboxy-
methylarabinose were involved
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lysate of carboxymethyl xylan gave four sharp and intense 
signals in the same chemical shift range. Carboxymethyl-
ated arabinan gave signals in the same region of chemical 
shift, and the DS and the substitution at different positions 
were determined by means of 1H NMR.15 Thus it was sug-
gested that DS and the distribution of CM groups in all 
carboxymethylated cell wall polysaccharides can also be 
determined using the 1H NMR method.

The DS and distribution of CM groups at the C2 (DS2), 
C3 (DS3), and C6 (DS6) of CMC, CMGM, and CMX were 
calculated as follows;

DS2 = B2/A; DS3 = B3/A; DS6 = B6/A; DS = DS2 + DS3 
+ DS6,

where A is the integral value of anomeric signals in the 
region between 4.45 and 5.40 ppm, and B2, B3, and B6 are 
one-half of the integral values of methylene signals in the 

regions between 4.25 and 4.39 ppm, 4.39 and 4.43 ppm, and 
4.13 and 4.18 ppm, respectively.

The DSs of CMGM and CMX were lower than that of 
CMC (Table 2). The distribution of CM groups at the C2, 
C3, and C6 positions of CMC was in the ratio 0.81 : 0.27 : 0.50, 
indicating that the relative reactivity of the hydroxyl groups 
was in the order OH(2) > OH(6) > OH(3) under present 
experimental conditions. CMGM gave a different distribu-
tion pattern, OH(6) > OH(2) > OH(3), than that of 
CMC (Table 2), probably because of the difference in the 
formation of hydrogen bonding at the C6 position of man-
nosyl residues. CMX, containing 15% glucose and 10% 
arabinose, appeared in the same distribution trend as CMC 
(Table 2).

Effect of lignin on DS and distribution of 
carboxymethylated lignocellulose

The major components of wood meal are cellulose, hemicel-
lulose, and lignin. The contribution of the hydroxyl groups 
of lignin to the DS of CM groups is signifi cantly low.9,10 The 
main structural feature of the hemicelluloses appearing in 
softwoods is galactoglucomannan, which is built up by a 
(1–4)-linkage linear backbone of partially acetylated β-d-
glucopyranose and β-d-mannopyranose units.25 C. lanceo-
lata wood meal was delignifi ed with NaClO2 either 2, 4, or 
6 times under acidic conditions for 1 h each at 70°C. The 
lignin content of the delignifi ed wood meal is shown in 
Table 3. Even after treatment with NaClO2 6 times, 4.1% of 
lignin still remained. This result can be explained by the 
presence of linkages between lignin and cell wall polysac-
charides. Covalent linkages between cell wall polysaccha-
rides and lignin have been previously well documented.11,21,22 
Covalent linkages between cell wall polysaccharides and 
lignin are important factors in the formation of the cell wall 
architecture.22 Lam et al.11 concluded that lignins in soft-
wood mainly bonded chemically or physically to cell wall 
polysaccharides, including cellulose, while lignin in hard-
wood linked to hemicelluloses on the basis of the results of 
carboxymethylation of softwood and hardwood.

C. lanceolata wood meal samples with different lignin 
contents were carboxymethylated to investigate the effects 
of lignin content on DS and the distribution of CM groups 

Fig. 2. 1H NMR spectra of methylene protons of carboxymethyl groups 
of CMC, CMGM, and CMX after hydrolysis in 25% D2SO4 for 90 min 
at 90°C. The signal around δ 4.2 ppm is assigned to methylene protons 
of glycolic acid,9 which is a by-product of carboxymethylation

Table 2. Degree of substitution and distribution of carboxymethyl groups of carboxymethylated 
samples calculated by the 1H NMR method

Distribution of carboxymethyl 
groups

Degree of 
substitution (DS)

C2 C3 C6 Total

Commercial cellulose 0.81 0.27 0.50 1.58
Konjac mannan 0.60 0.20 0.67 1.47
Commercial xylan 0.75 0.25 0.29 1.29
Cunninghamia lanceolata
 Original 0.55 0.19 0.63 1.36
 Treated 2 timesa 0.50 0.18 0.62 1.30
 Treated 4 times 0.47 0.21 0.75 1.43
 Treated 6 times 0.56 0.18 0.73 1.48
a Number of NaClO2 treatments for delignifi cation of C. lanceolata wood meal
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in CMLC. The 1H NMR spectra of hydrolysates of CMLC 
containing different lignin contents are shown in Fig. 3. 
The DS of CMLC increased slightly from 1.36 to 1.48 with 
decreasing lignin content, probably because of the release 
of hydroxyl groups binding to lignin by the delignifi cation. 
There were no signifi cant changes of DS values at the C2 
and C3 positions for different lignin contents, but higher 
DS at the C6 position of highly delignifi ed CMLCs sug-
gested that lignin might link to the C6 position of hexosans 
(Table 2).

Characteristics of CMLCs with different lignin contents 
were also examined by FTIR. Bands observed in the 1200–
1000 cm−1 region were assigned to C–O stretching and O–H 
bending of cellulose and hemicellulose units. These bands 
are not independent vibrational modes because they couple 
with the vibrations of adjacent groups and are sensitive to 
hydrogen bonding.26 The CMLCs of original wood meal 
samples and samples treated 2 times with NaClO2 displayed 
two absorption bands in the 1200–1000 cm−1 region, while 
the CMLCs treated 4 and 6 times with NaClO2 had one 
band, which became more pronounced with decreasing 
lignin content (Fig. 4), suggesting that hydrogen bonds were 
cleaved and substituted by CM groups. The C=C stretching 
band of lignin aromatic rings occurs in the 1520–1500 cm−1 
region and asymmetric Ar–O–C stretching vibration appears 
in the 1275–1220 cm−1 region.27 These characteristic bands 
of lignin in the FTIR spectra decreased with decreasing 
lignin content, and no band was observed in the highly 
delignifi ed samples (Fig. 4).

Effect of lignin content on dissolving behavior of 
carboxymethylated lignocellulose

CMLC samples with different lignin contents were extracted 
thoroughly with water at room temperature to prepare 
water-soluble and -insoluble fractions. C–O stretching and 
O–H bending bands, which are characteristic bands of cel-
lulose and hemicellulose, occurred in the 1200–1000 cm−1 
region. The water-insoluble fraction displayed similar 
spectra to that of CMLC before water extraction, but no 
characteristic bands of lignin in the 1520–1500 and 1275–
1220 cm−1 regions were observed in spectra of the water-
soluble fraction, suggesting that the water solubility of 
carboxymethyl derivatives is fundamentally related to the 
presence of lignin (Fig. 5).

It is well known that CMC with a DS of CM groups lower 
than 0.5 is water insoluble, while CMC is soluble in water 

Table 3. Effect of lignin content of C. lanceolata wood meal on water solubility of carboxymethylated C. lanceolata wood meal and water absor-
bency of grafted copolymer of carboxymethylated C. lanceolata wood meal

Original 2 timesa 4 timesa 6 timesa

Klason residue (lignin content) (%)b 31.4 19.2 14.0 4.1
Yield of water-soluble fraction (%)c 20 72 83 100
Water absorbency (g/g) 566 604 944 694
a Number of NaClO2 treatments for delignifi cation of C. lanceolata wood meal
b Of C. lanceolata wood meal before carboxymethylation
c Of carboxymethylated C. lanceolata wood meal

Fig. 3. 1H NMR spectra of carboxymethylated Cunninghamia lanceo-
lata wood meal prepared from wood meal samples with different lignin 
contents (percentages) resulting from treatment with NaClO2. Lignin 
contents were 31.4%, 19.2%, 14.0%, and 4.1% of the samples, as 
treated with acidic NaClO2 2, 4, and 6 times for 1 h at 70°C, respectively. 
The signal around δ 4.2 ppm is assigned to methylene protons of gly-
colic acid,9 which is a by-product of carboxymethylation
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CMLC containing 14% of lignin insolubilized in water by 
graft-copolymerization with acrylic acid gave the highest 
water absorbency of 944 g/g, but the water absorbency 
decreased with further delignifi cation, probably because of 
the diffi culty of the formation of an effective cross-linked 
network structure in the copolymer when using heavily del-
ignifi ed CMLC (Table 3). In general, the cross-linking struc-
ture of a hydrogel decides both its dissolution and swelling 
capacities in an aqueous solution, therefore a moderate 
degree of cross-linking is suitable for the enhancement of 
absorbency of the resulting hydrogel.3 CMLC containing 
31.4% of lignin grafted with N,N-methylenebisacrylamide 
as a cross-linker was also synthesized. The water absorbency 
of grafted copolymer synthesized by N,N-methylenebi-
sacrylamide was lower compared with that produced using 
acrylic acid as a cross-linker. The cross-linking, in addition 
to the linkages between lignin and polysaccharides, would 
cause a higher cross-linking density to form a tight network, 
resulting in lower levels of water absorbency (data not 
shown). CMLC with a lignin content of 14% was optimum 
as cross-linker for water absorbency. CMLC samples with 
lower or higher lignin contents would result in decreased 
water absorbency.

Conclusions

1. In 1H NMR spectra, the hydrolysates of CMGM and 
CMX appeared at the same region of chemical shifts for 
methylene protons of CM groups (4.13–4.43 ppm), and 
also for anomeric protons (4.45–5.40 ppm), as those of 
the hydrolysate of CMC.

2. The DS levels of CMLCs increased slightly from 1.36 to 
1.48 with decreasing lignin content, probably because of 
the release of hydroxyl groups binding to lignin by the 
delignifi cation. There were no signifi cant changes of DS 
levels at the C2 and C3 positions with lignin content, but 
higher DS levels at the C6 position of highly delignifi ed 
CMLCs suggested that lignin may link to the C6 position 
of hexosans.

3. The covalent linkages between cell wall polysaccharides 
and lignin acted as a cross-linker in CMLC. CMLC 
samples containing 14% of lignin proved to be optimum 
as a cross-linker for water absorbency. Samples with 
lower or higher lignin contents would cause lower or 
higher cross-linking densities, resulting in lower levels of 
water absorbency.
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