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a b s t r a c t

Fir sawdust lignocellulose (FSL) adsorbent was copolymerized with N-vinylpyrrolidone (NVP) in four sol-
vent systems so as to improve its adsorption capacity to tea catechins. It showed that the improvement
of adsorption capacity to total catechins was influenced by the reaction solvent, ratio of azodiisobu-
tyronitrile (AIBN) to NVP, ratio of NVP to FSL, reaction temperature and time. The optimum graft
vailable online 7 March 2010

eywords:
unninghamia lanceolata
raft copolymerization
ignocellulose

copolymerization conditions were: acetonitrile as reaction solvent, AIBN/NVP 0.04, NVP/FSL 0.2 at 70 ◦C
for 6 h. Scanning electron microscopy revealed that the grafted-on NVP was deposited on the FSL surface
and in the intercellular regions of the grafted FSL. Fourier transforms infrared spectrum showed that
the FSL absorption band at 1634.87 cm−1 induced by –C O was shifted to around 1660 cm−1 and the
absorption band was greatly strengthened after NVP grafting.
-vinylpyrrolidone
atechins

. Introduction

Lignocellulose prepared from unwanted woody materials was
onfirmed to be used as an inexpensive useful adsorbent to isolate
ioactive components from plants or remove heavy metal ions from
queous solutions (Sakanaka, 2003; Shukla, Yu, Dorris, & Shukla,
005; Shukla, Zhang, Dubey, Margrave, & Shukla, 2002; Yoshita, Lu,
e, & Liang, 2009). The lignocellulose has abundant hydroxyl and
arbonyl groups which are expected to interact with polyphenols
r heavy metal ions by hydrogen bonding or complexation (Adler,
977; Chakar & Ragauskas, 2004; Dizhbite et al., 1999). However,
he effectiveness of these functional groups is suppressed by inter-

olecular forces and crystallinities of the wood cellulose fibers
Tiemann, Gardea-Torresdey, Gamez, Dokken, & Sias, 1999), result-
ng in a low adsorption capacity to polyphenols or heavy metal ions
n lignocellulose, compared with artificial synthetic polymers.

Graft copolymerization method was used to appending new
unctional groups to natural polymeric adsorbents so as to increase
heir adsorption capacities or improve the mechanical proper-
ies (Farag & Al-Afaleq, 2002; Mondal, Uraki, Ubukata, & Itoyama,

008; Sciban, Klasnja, & Skrbic, 2006). Lignocellulose has multi-
licate functional groups which are suitable for graft modification
Chauhan, Chauhan, Kumar, & Kumari, 2008; Ouajai, Hodzic, &
hanks, 2004). Methyl acrylate was grafted onto rubber wood fiber

∗ Corresponding author. Tel.: +86 571 86971260; fax: +86 571 86971704.
E-mail address: yrliang@zju.edu.cn (Y.R. Liang).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.02.045
© 2010 Elsevier Ltd. All rights reserved.

(Abu-Ilaiwi et al., 2004), and methacrylic acid was applied to modify
the biodegradable lignocellulose, resulting in the improvement of
mechanical and thermal properties of the adsorbent (Khan, 2004).
Acrylamide was grafted onto cotton cellulose and sisal lignocellu-
lose, and its grafting efficiency on cotton cellulose was higher than
that on sisal lignocellulose (Gangopadhyay & Ghosh, 1999).

Polyamide and protein with acylamido group have strong affini-
ties to polyphenols through hydrogen bonding or complexation.
Polyvinylpyrrolidone (PVP) is an effective adsorbent for polyphe-
nols by virtue of the action of acylamido groups which play the
same role as those in polyamide and protein (Haaf, Sanner, &
Straub, 1985). However, the high hydrophile and gelation of PVP
obstructed a large-scale separation and purification of polyphenols.
N-vinylpyrrolidone (NVP), the monomer of PVP with acylamido and
vinyl groups, is a promising reagent for modification of lignocellu-
lose owing to its non-toxicity, hydrophilicity and high tendency
toward complexation (Chopabaeva & Ergozhin, 2008).

In this paper, we investigated the graft copolymerization of NVP
onto fir sawdust lignocellulose (FSL) initiated by azodiisobutyroni-
trile (AIBN) in different solvent-borne systems, and the changes in
adsorbilities of the grafted adsorbents were investigated by testing
its adsorption to tea catechins from tea solution. The effect of reac-
tion conditions including kinds of solvents, initiator and monomer

concentrations, temperature and reaction time on the adsorption
capacity were studied. The changes in lignocellulose structure and
spectrum character after NVP graft copolymerization were evalu-
ated by scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FTIR).

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yrliang@zju.edu.cn
dx.doi.org/10.1016/j.carbpol.2010.02.045
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. Experimental

.1. Materials

The fir (Cunninghamia lanceolata) sawdust was provided by
angzhou Lumber Mill (Hangzhou, China). N-vinylpyrrolidone

NVP) and azodiisobutyronitrile (AIBN) were Sigma products
Sigma–Aldrich, St. Louis, USA). The AIBN was purified twice, each
ime by precipitation using ethanol and drying in a vacuum oven
t room temperature for 48 h. Green tea extract was supplied by
he Orient Tea Development Co. Ltd. (Hangzhou, China). Chemical
urity grade ethanol was purchased from Sinopharm Chemi-
al Reagent Co. Ltd. (Beijing, China). HPLC reference compounds
ncluding (−)epigallocatechin gallate (EGCg), (−)epigallocatechin
EGC), (−)epicatechin gallate (ECg), (−)epicatechin (EC), (+)gallo-
atechin gallate (GCg), (+)gallocatechin (GC), (+)catechin gallate
Cg), (+)catechin (C) were supplied by National Institute of
apan (Kagoshima, Japan), and caffeine was a Sigma product
Sigma–Aldrich, St. Louis, USA). The other chemical reagents used
ere of HPLC grade (Jinmei Biotech Corporation, Tianjin, China).

he water used in the experiments was de-ionized water.

.2. Preparation of lignocellulose

Lignocellulose preparation was carried out according to the
odified method as demonstrated (Sakanaka, 2003; Ye et al.,

009). The fir sawdust was dried at 105 ◦C for 4 h and then ground
sing a EUPA TSK-927S grinder (Cankun Co. Ltd., Shanghai, China).
creened particles of size 0.25–0.30 mm, were then drenched in 2
olumes of 0.1N NaOH for 72 h at room temperature. The NaOH
olution was drained and the plant material was washed with
ater. The NaOH-treated material was drenched in 2 volumes of

.1N HCl overnight and then washed with water to pH 7, and finally
uspended in 2 volumes of 95% ethanol overnight at room tempera-
ure and washed again with water (Ye et al., 2009). The obtained fir
awdust lignocelluloses (FSL) was dried under ambient conditions
nd used as adsorbent in the tests.

.3. Graft copolymerization

The FSL (10.0 g) was placed in a 250-mL 3-necked round-
ottomed flask fitted with condenser, thermometer and stirrer. The
redetermined amounts of monomer NVP, initiator AIBN and 50 mL
olvent were added into the flask. The assembly was purged with
itrogen gas for 30 min to remove oxygen, and then placed in a ther-
ostat water bath preset at a designed temperature (50–70 ◦C) for
designed reaction time (2–8 h). The grafted samples were refluxed

n a soxhlet apparatus for 24 h using ethanol as a solvent so as to
emove the residue monomer and homopolymer. The graft copoly-
er was then washed with distilled water and dried in an oven at

0 ◦C for 24 h.

.4. Scanning electron microscopy (SEM)

SEM studies of the FSL and NVP-grafted samples were
erformed using a XL-30-ESEM (Philips, Amsterdam, Holand)
ccording to the manufacturer’s manual.

.5. Fourier transforms infrared (FTIR) spectrum

To analyze the chemical and/or physical interactions after graft-

ng, a Nicolet AVATAR 370 FTIR Spectrometer (Thermo Fisher,

assachusetts, USA) was used to determine the FTIR spectrum of
SLs before and after grafting in KBr pellets in the wave length rang-
ng from 400 to 4000 cm−1 according to method described by Yang,
i, He, Ren, and Wang (2009).
mers 81 (2010) 441–447

2.6. Test of adsorption capacity

Five g of the grafted adsorbents was placed in a 100-mL conical
flask containing 50 mL of tea extract solution (5 g L−1). The flasks
were shaken at 150 rpm and 25 ◦C for 6 h in a H2S-H water bath
shaker (Donglian Electronic Technology Co. Ltd., Harbin, China)
and then the supernatants were sampled for HPLC. The adsorption
capacity was calculated by the following Eq. (1):

q = V(C0 − C)
G

(1)

where q is the adsorption capacity of the adsorbent (mg g−1) at
equilibrium, C0 and C are the initial and final solute concentrations
of the solution (mg mL−1), respectively. V is the solution volume
(mL) and G is the weight of the adsorbent used (g).

2.7. HPLC analysis of catechins and caffeine

Concentrations of catechins and caffeine were analyzed by mod-
ified method described in previous paper (Liang et al., 2007). The
HPLC conditions were: injection volume 10 �L, phenomenex C18
column (4.6 mm × 150 mm), column temperature 28 ◦C, mobile
phase A = acetonitrile/acetic acid/water (6:1:193, v), mobile phase
B = acetonitrile/acetic acid/water (60:1:139, v), linear gradient elu-
tion from 70% A/30% B (v) to 15% A/85% B (v) during the early 33 min
and then remained 15% A/85% B (v) till 38 min, flow rate 1 mL min−1.
The eluate was monitored by a Shimadzu SPD ultraviolet detector
at 280 nm.

2.8. Data analysis

Tests in the present paper were carried out in triplicate and the
mean values of the triplicate tests are presented.

3. Results and discussion

3.1. Effect of reaction solvents on adsorption capacities of the
grafted FSL

Four organic solvents were used as reaction solutions in the graft
copolymerization. The adsorption capacities of the NVP-grafted
FSLs to the catechins increased, compared to the ungrafted con-
trol (Table 1). The reaction solvents had significant influence on the
adsorption capacity to total catechins. Among the NVP-grafted FSLs,
the FSL grafted in acetonitrile had the highest adsorption capac-
ity to total catechins, with a mean value 101.40 mg g−1 or 36.98%
higher than that of the ungrafted FSL, and that grafted in chlo-
roform had the lowest adsorption capacity, with those grafted in
acetone and xylene in between (Table 1). Among the adsorbed cat-
echins, the concentration of both EGCG and ECG was the highest.
The total concentration of EGCG and ECG was more than 78% of total
catechins. However, the adsorption capacity to caffeine for the NVP-
grafted FSLs decreased, compared with the ungrafted FSL control.
This study suggests that the adsorption capacity and adsorption
selectivity of the FSL adsorbents were improved after graft copoly-
merization. Based on the adsorption capacities shown in Table 1,
acetonitrile and acetone were selected as reaction solvents in the
subsequent tests.

3.2. Effect of AIBN/NVP ratio on adsorption capacity of

NVP-grafted FSLs

The adsorption capacity of the NVP-grafted FSLs copolymerized
in acetonitrile and in acetone increased with the increase in the
AIBN/NVP ratio up to 0.04 and 0.06 respectively and then remained
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Fig. 1. Effect of the AIBN/NVP ratio on the adsorption capacity to total catechins.
Reaction conditions: FSL 10 g, NVP 2 mL, solvent 50 mL, at 70 ◦C for 6 h.

stable (Fig. 1). However, the NVP-grafted FSL copolymerized in ace-
tonitrile decreased markedly as the AIBN/NVP ratio was above 0.1.
The AIBN was used as an initiator to generate free radical [AIBN•]
in the copolymerization reaction. Fig. 1 shows that the initiation
effect of AIBN was influenced by reaction solvents. The optimum
ratio of AIBN/NVP was 0.04 for acetonitrile, and that for acetone
was 0.06.

Many works have been focused on the reaction mechanism of
graft copolymerization of natural polymer recently (Mondal, Uraki,
Ubukata, & Itoyama, 2008; Pourjavadi, Harzandi, & Hosseinzadeh,
2004). Lignocellulose is mainly composed of lignin, cellulose and
hemicelluloses (Sjöström, 1981). Major part of hemicelluloses were
hydrolyzed or removed in the process of lignocellulose preparation,
and most of the remaining active groups for graft copolymeriza-
tion were located on lignin and cellulose. Phenolic hydroxyl groups
of lignin and hydroxyl groups of cellulose might be the important
active sites for polymerization reaction, and lignin was considered
to be more sensitive to polymerization than cellulose (Huang, Zhao,
Zheng, He, & Gao, 1992). The weak homolytic bonding of AIBN is
broken under heating conditions, resulting in generation of free
radical [AIBN•]. The free radical extracts the hydrogen from the
phenolic hydroxyl group, which induces an active reaction center
on the substrate. That is why the AIBN can initiate graft polymeriza-
tion of NVP. The mechanism of grafting NVP onto the FSL initiated
by AIBN might follow three steps, i.e., initiation, chain transfer and
termination as shown in Fig. 2.

When the initiator AIBN concentration increased, the level of
free radicals [AIBN•] increased, which initiated the formation of
[FSL•]. The [FSL•] interacted with NVP, resulting in the forma-
tion of [∼FSL–NVP•]. In this case, the grafting degree is increased.
The functional groups of NVP grafted on the FSL contributed to
the increase in adsorption capacity to catechins. However, the
excessive [AIBN•] and [FSL•] will aggravate chain termination,
which will lead to abundant homopolymerization and depression
in the grafting efficiency of NVP. That explains why the adsorbil-
ity of the FSLs grafted at higher levels of AIBN was not increased
(Fig. 1).

3.3. Effect of NVP/FSL ratio on the adsorption capacity of grafted

FSL

The influence of NVP/FSL ratio on the adsorption capacity to total
catechins depended on the reaction system. The adsorption capac-
ity of NVP-grafted FSL copolymerized in acetonitrile increased from
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Fig. 2. A proposed mechanism for synthesis of NVP-grafted FSLs.

7.056 to 102.592 mg g−1 as the ratio of NVP/FSL increased from

.1 to 0.2, being 39% higher than the ungrafted control, and then
emained at a level around 103 mg g−1 even though the ratio of
VP/FSL was further increased. When the graft copolymerization
as carried out in acetone, the adsorption capacity increased con-

inuously with increase in the NVP/FSL ration up to 0.8 (Fig. 3).

ig. 3. The effect of NVP/FSL ratio on the adsorption capacity to total catechins.
eaction conditions: FSL 10 g, NVP 1–10 mL, solvent 50 mL, AIBN/NVP 6/100, at 70 ◦C
or 6 h.
mers 81 (2010) 441–447

However, there was no significant difference in the highest adsorp-
tion levels between the acetonitile system (NVP/FSL = 0.2) and
acetone system (NVP/FSL = 0.8). This suggests that grafting effi-
ciency of NVP in acetonitrile system is higher than that in acetone
system.

The carbonyl of the lignocelluose and acylamide of the NVP are
functional groups which interact with hydroxyl groups of catechins.
The polarity of carbonyl in the acylamido is stronger than that of
lignocellulose because of the electron attraction effect of nitrogen.
Therefore the intensity of hydrogen bonding between acylamide
of the NVP and hydroxyl groups of tea catechins would be stronger
than the action between carbonyl of FSL and hydroxyl groups of cat-
echins. This resulted in the improvement of adsorption capacities
of NVP-grafted FSL. With an increase of monomer concentration,
a large number of monomer free radicals accumulate close to the
backbone and give rise to graft copolymerization. However, the pri-
mary radicals attacked the monomer instead of the FSL at higher
monomer concentration, resulting in a drastic homopolymeriza-
tion reaction and low graft yield (Hsu & Pan, 2007; Kaith, Jindal,
Jana, & Maiti, 2009). Therefore the adsorption capacity of total cat-
echins hardly increased when the ratio of NVP/FSL exceeded 0.2 as
shown in Fig. 3.

3.4. Effect of graft copolymerization temperature and time on the
adsorption capacity of grafted FSL

Graft copolymerization of NVP onto FSL was carried at tem-
perature ranging from 50 to 70 ◦C. The results showed that the
adsorption capacities to tea catechins for FSLs grafted in acetonitrile
and acetone increased with the increase in the reaction tempera-
ture. The maximum adsorption capacity was obtained at 70 ◦C for
both acetonitrile and acetone (Table 2). Since AIBN is a thermal ini-
tiator which was drastically dissociated above 80 ◦C, it is proposed
that the graft copolymerization be carried out at 70 ◦C in order to
gain a high grafting degree.

It was observed that the adsorption capacities to total cate-
chins for FSLs grafted in both acetonitrile and acetone increased
over time (Table 3). However, there was no significant difference
between 6 and 8 h. From the data, it is recommended that graft
copolymerization time should not be less than 6 h.

3.5. Scanning electron microscopy (SEM)

SEM micrographs of ungrafted FSL and NVP-grafted FSLs are
shown in Fig. 4. It was obvious that there were crystals and cracks
on the surface of ungrafted FSL (Fig. 4a). The difference between
the surface morphology of grafted FSLs and that of ungrafted fiber
could be observed visually. The surface morphology of NVP-grafted
FSL changed markedly and it looked uniform and smooth because
the grafted-on NVP was deposited on the FSL surface as well as in
the intercellular regions of the grafted FSLs (Fig. 4b and c). How-
ever, difference in grafting efficiency between NVP-grafted FSL
copolymerized in acetonitrile and that in acetone was obvious. The
FSL copolymerized in acetonitrile had more grafted-on NVP than
that copolymerized in acetone and crystallinities were partially
observed on surface of NVP-grafted FSL copolymerized in acetone
(Fig. 4b and c). The crystallinities of the wood cellulose fibers sup-
press the action of active groups and adsorption capacity (Tiemann
et al., 1999). This explains why NVP-grafted FSL copolymerized in
acetone had lower adsorption capacity than that copolymerized in
acetonitrile (Fig. 1).
3.6. FTIR spectra

Absorption bands related to bonds of O–H, C–O–C, C–H, and
C–C were identified in the FTIR spectrum of ungrafted FSL (Fig. 5a).
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Table 2
The influence of copolymerization temperature on the adsorption capacity to total catechins (mg g−1).a.

Temp.b GC EGC C EC EGCG GCG ECG CG Total catechinsc Caffeine

Acetonitrile
50 ◦C 1.734 ± 0.061 11.191 ± 0.209 0.350 ± 0.006 3.239 ± 0.045 59.130 ± 0.145 2.307 ± 0.011 14.388 ± 0.041 0.350 ± 0.003 92.689 ± 0.316 (127.50%) 4.035 ± 0.076
60 ◦C 1.873 ± 0.064 12.126 ± 0.080 0.370 ± 0.002 3.450 ± 0.014 61.368 ± 0.237 2.363 ± 0.002 14.766 ± 0.025 0.356 ± 0.003 96.672 ± 0.241 (132.98%) 3.906 ± 0.049
70 ◦C 1.868 ± 0.032 14.491 ± 0.099 0.385 ± 0.009 3.777 ± 0.014 62.721 ± 0.045 2.409 ± 0.006 15.709 ± 0.033 0.371 ± 0.001 101.730 ± 0.127 (139.93%) 3.994 ± 0.019

Acetone
50 ◦C 1.691 ± 0.062 10.697 ± 0.095 0.360 ± 0.002 3.131 ± 0.012 58.930 ± 0.025 2.295 ± 0.001 14.338 ± 0.006 0.359 ± 0.000 91.802 ± 0.154 (126.28%) 4.009 ± 0.030
60 ◦C 1.900 ± 0.064 12.163 ± 0.071 0.390 ± 0.002 3.472 ± 0.004 61.426 ± 0.184 2.364 ± 0.001 14.774 ± 0.016 0.392 ± 0.004 96.879 ± 0.295 (133.26%) 3.928 ± 0.030
70 ◦C 1.966 ± 0.061 14.931 ± 0.126 0.419 ± 0.010 3.641 ± 0.031 63.807 ± 0.265 2.474 ± 0.003 15.885 ± 0.017 0.383 ± 0.002 103.505 ± 0.452 (142.38%) 3.974 ± 0.031

Ungrafted 0.808 ± 0.057 8.366 ± 0.386 0.298 ± 0.013 2.459 ± 0.033 46.367 ± 0.082 1.981 ± 0.002 12.076 ± 0.093 0.345 ± 0.004 72.699 ± 0.450 (100%) 4.726 ± 0.048

a 0.25 g of tea extract dissolved in 50 mL of water was shaken with, 5.0 g adsorbent at 150 rpm and 25 ◦C for 6 h; the data were expressed as mean ± standard deviation (n = 3).
b Reaction conditions: FSL 10 g, NVP 8 mL, reaction solvent 50 mL, AIBN/NVP 6/100, 50–70 ◦C, 6 h.
c Data in the brackets were the percentages compared to the ungrafted control.

Table 3
The influence of copolymerization time on the adsorption capacity to total catechins (mg g−1).a.

Timeb GC EGC C EC EGCG GCG ECG CG Total catechinsc Caffeine

Acetonitrile

2 h 1.253 ± 0.058 10.351 ± 0.104 0.376 ± 0.008 2.987 ± 0.022 52.097 ± 0.259 2.138 ± 0.001 13.233 ± 0.019 0.361 ± 0.002 82.796 ± 0.460 (114.04%) 4.205 ± 0.023
4 h 2.100 ± 0.164 14.259 ± 0.295 0.457 ± 0.007 3.588 ± 0.050 61.941 ± 0.129 2.324 ± 0.005 15.366 ± 0.026 0.367 ± 0.001 100.402 ± 0.635 (138.29%) 4.102 ± 0.069
6 h 1.940 ± 0.185 14.795 ± 0.148 0.509 ± 0.010 3.616 ± 0.020 62.733 ± 0.125 2.387 ± 0.002 15.342 ± 0.011 0.371 ± 0.001 101.695 ± 0.476 (140.07%) 3.966 ± 0.010
8 h 2.065 ± 0.080 15.081 ± 0.124 0.533 ± 0.002 3.663 ± 0.027 63.386 ± 0.049 2.431 ± 0.002 15.380 ± 0.007 0.387 ± 0.001 102.925 ± 0.176 (141.77%) 3.849 ± 0.036

Acetone

2 h 1.727 ± 0.195 12.456 ± 0.278 0.386 ± 0.013 3.563 ± 0.044 61.798 ± 0.195 2.366 ± 0.003 14.971 ± 0.020 0.365 ± 0.001 97.633 ± 0.747 (134.48%) 4.276 ± 0.032
4 h 1.985 ± 0.067 14.673 ± 0.036 0.455 ± 0.001 3.641 ± 0.007 62.728 ± 0.035 2.443 ± 0.001 15.468 ± 0.007 0.374 ± 0.001 101.769 ± 0.145 (140.17%) 4.109 ± 0.013
6 h 1.921 ± 0.011 15.184 ± 0.074 0.489 ± 0.002 3.689 ± 0.018 63.890 ± 0.063 2.457 ± 0.002 15.537 ± 0.010 0.384 ± 0.001 103.552 ± 0.172 (142.63%) 4.001 ± 0.017
8 h 1.978 ± 0.025 15.453 ± 0.272 0.601 ± 0.006 3.759 ± 0.062 64.380 ± 0.089 2.473 ± 0.003 15.627 ± 0.016 0.410 ± 0.001 104.681 ± 0.418 (144.19%) 3.978 ± 0.014

Ungrafted 0.722 ± 0.011 8.530 ± 0.244 0.299 ± 0.010 2.456 ± 0.020 45.994 ± 0.026 2.047 ± 0.005 12.209 ± 0.072 0.345 ± 0.002 72.602 ± 0.354 (100%) 4.743 ± 0.051

a 0.25 g of tea extract dissolved in 50 mL of water was shaken with, 5.0 g adsorbent at 150 rpm and 25 ◦C for 6 h; the data were expressed as mean ± standard deviation (n = 3).
b Reaction conditions: FSL 10 g, NVP 8 mL, solvent 50 mL, AIBN/NVP 6/100, 70 ◦C, 2–6 h.
c Data in the brackets were the percentages compared to the ungrafted control.
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Fig. 4. Scanning electron micrographs of FSLs before and after grafting. Reaction
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Chakar, F. S., & Ragauskas, A. J. (2004). Review of current and future soft-
wood Kraft lignin process chemistry. Industrial Crops and Products, 20,
onditions: FSL 10 g, NVP 2 mL, reaction solvent 50 mL, AIBN/NVP 4/100, at 70 ◦C for
h: (a) before grafting; (b) grafted in acetonitrile; (c) grafted in acetone.

he broad absorption band at 3417.98 cm−1 was attributed to the
ydrogen bonding between molecules via –OH groups. The absorp-
ion band at 2900.95 cm−1 was the stretching vibration of C–H,
he band at 1427.40 cm−1 was due to the scissoring vibration of
CH2– and that at 1372.41 cm−1 the in-plane rocking and bend-

ng vibration of –CH3. Bands at 1266.33 and 1058.89 cm−1 were
ssigned to the Ar–O and R–O stretching in lignin. The absorption
and at 1634.87 cm−1 was related to the functional group carbonyl
–C O) in the lignin (Fig. 5a). Acylamido is the characteristic func-
ional group of NVP and it is composed of one nitrogen and one
arbonyl. After NVP grafting, the absorption band at 1634.87 cm−1

nduced by –C O was blue shift to around 1660 cm−1 owing to the
lectron-attracting effect of nitrogen on NVP acylamido. The band
as markedly strengthened in the NVP-grafted FSLs copolymerized
n both acetonitrile and acetone (Fig. 5b and c). The blue shifting and
trengthening of the absoption band due to –C O confirmed that
VP was grafted onto FSL.
Fig. 5. Effect of grafting on FTIR spectrum of FSLs. Reaction conditions: FSL 10 g, NVP
2 mL, solvent 50 mL, AIBN/NVP 4/100, at 70 ◦C for 6 h: (a) before grafting; (b) grafted
in acetonitrile; (c) grafted in acetone.

4. Conclusion

The adsorption capacity of FSL adsorbent to tea catechins
was improved by graft copolymerization with N-vinylpyrrolidone
(NVP). Acetonitrile was the best reaction solvent among the tested
solvents. The optimum copolymerization reaction conditions for
acetonitrile were: AIBN/NVP = 0.04, NVP/FSL = 0.2 at 70 ◦C for 6 h.
The SEM micrographs and FTIR spectrum of NVP-grafted FSLs con-
firmed that NVP was successfully grafted onto FSL. The adsorption
capacity to total catechins for the FSL after modification under these
condtions was increased by 36–40%. NVP graft copolymerization
is considered to be a promising method to improve biopolymer
adsorbents for isolating tea catechins.
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