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ABSTRACT: An aminated bagasse (AB) with high-
adsorption capacity for mercury ions was prepared by
grafting copolymerization of acrylonitrile onto sugarcane
bagasse, followed by aminating with chelating molecule
diethylenetriamine. Effects of grafting conditions such as
irradiation dosage, acrylonitrile concentration, and sol-
vents on the grafting yield were investigated. The adsorp-
tion performance for mercury ions were evaluated by
batch adsorption experiments and kinetic experiments.
The results show that AB is effective for the removal of
mercury over a wide range of pH > 5. Adsorption iso-
therms of mercury ions on the modified bagasse can be

well described by Langmuir equation. The equilibrium
adsorption amount could be as high as 917.4 mg/g, and
the removal percent of mercury ions can achieve 99%. The
kinetic adsorption results indicate that AB could remove
80% of mercury ions in 2 h and 24 more hours are needed
to achieve adsorption equilibrium. Regeneration experi-
ments show that the adsorption capacity of recycled AB
still can reach the level of 96% after four cycles. VC 2010
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INTRODUCTION

Toxic heavy metal contamination has aroused exten-
sively concern nowadays, while disposition of the
contaminated water is expensive and still a chal-
lenge due to very low discharge concentrations
established by current regulations.1,2 Mercury is con-
sidered to be one of the most toxic heavy metals and
possess serious threat to human life and natural
environment,3,4 high-concentration of mercury even
causes impairment of pulmonary and kidney func-
tion, chest pain, and dyspnousea.5 The permitted
discharge limit of wastewater for total mercury is
10 lg/L.6 So to remove mercury ions in industrial
wastewater prior to discharge became a top priority.

Adsorption treatment has found to be one of the
most effective techniques that have been successfully
employed for mercury removal from wastewater.7,8

Various adsorbents have been proposed for remov-
ing mercury and have been reviewed by Manohar
et al.9 However, the high costs of the adsorbents lim-
ited its use, more importantly, they are not efficient
when the mercury ions concentration is low.10

Therefore, it is very necessary to explore a low-cost
material that has a good effect on the absorption of
mercury.
Bagasse, an agriculture byproduct, has been exten-

sively studied for heavy metal ions removal from
aqueous solution, owing to its economic, nontoxic,
renewable, biodegradable, and modifiable character-
istics.11–14 It is a complex material containing lignin
and cellulose as major constituents. The inexpensive
eco-friendly bagasse has been prepared as activated
carbons or by chemical modification into ion
exchange adsorbents for heavy metal ions re-
moval.15–19 As the adsorption capacity of raw ba-
gasse for mercury is poor, modification of bagasse is
a way to make up the disadvantage by introducing
some chelating groups that possess strong affinity
toward mercury.
The amino group is particularly effective in

adsorption or removal of heavy metal ions from
aqueous solution.20 We are interested in the per-
formance of their strong affinity toward mercury.21
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In the present investigation, amino groups were
introduced to an aminated bagasse (AB) by amina-
tion of acrylonitrile grafted on the bagasse. The
preparation conditions, structure, adsorption behav-
iors, and regeneration of AB for mercury were exten-
sively studied.

EXPERIMENTAL

Materials and reagents

All reagents were of analytical grade if not specified
and all solutions were prepared with deionized
water. Glasswares used were repeatedly washed
with HNO3 and rinsed with deionized water. Sugar-
cane bagasse was obtained from a local sugar factory
(Guangzhou, China). It was ground and screened to
prepare 30 mesh size particles (around 600 lm),
then the ground bagasse was dried in a vacuum
oven for 24 h at 50�C. Diethylenetriamine (DETA)
and mercury(II) chloride (HgCl2�2H2O) were pur-
chased from Sigma-Aldrich. Nitric acid (HNO3, top
grade pure), sulfuric acid (H2SO4, top grade pure),
acrylonitrile (AN), dimethylformamide (DMF), ace-
tone, tetrahydrofuran (THF), chloroform, and alumi-
num chloride (AlCl3�6H2O) were used as received.

The reference and working solutions were diluted
daily from stock mercury solution (2000 mg/L).
Tin(II) chloride (SnCl2) (10%, w/v) used as reducing
agent was prepared by dissolving SnCl2�2H2O in
0.5M H2SO4. The pH was adjusted with the follow-
ing buffer solutions: HNO3 for pH 1.0; H2C2O4/
NaHC2O4 for pH 2.0 and 3.0; CH3COONa/
CH3COOH for pH 4.0–6.0; Na2HPO4/NaH2PO4 for
pH 7.0; Na2B4O7/NaOH for pH 8.0–11; and NaOH
for pH 12–13.

Preparation of AB

Pretreatment of sugarcane bagasse

The pretreatment of bagasse is an adaptation to a
published procedure,22 first, the sugarcane bagasse
was washed with deionized water under stirring at
80�C for 2 h and dried at 60�C. Second, the resulting
bagasse was delignified with sodium chlorite at pH
4 (adjusted with 10% CH3COOH), 75�C for 2 h, then
washed with deionized water and 95% ethanol, and
dried at 60�C for 24 h. Finally, the obtained bagasse
was extracted with 10% NaOH at 20�C for 10 h to
remove hemicelluloses, and then it was washed with
distilled water, 95% ethanol sequentially, and dried
in an oven at 50�C for 24 h.

Modification of sugarcane bagasse

A certain bath ratios of pretreated bagasse and AN
were sealed in an ampoule and subjected to c-rays

irradiation in the absence of air for a certain time.
The dose rate of radiation was 0.837 KGy/h. After
irradiation, the grafted bagasse was extracted in a
Sohxlet apparatus with DMF to remove the residual
monomer and homopolymer. The obtained bagasse
grafted AN (bagasse-AN) were dried in a vacuum
oven at 50�C for 48 h and then weighed. The degree
of grafting (G%) is obtained according to the follow-
ing formula:

G% ¼ Wg �Wo

Wo
� 100 (1)

where Wo and Wg are the weight of the bagasse and
bagasse-AN, respectively.
Then, the bagasse-AN, 100 mL of DETA and 4.0 g

of AlCl3�6H2O were added into a 250 mL flask and
suspended by a stirrer. The excess DETA was used
as both the solvent and reactant. The reaction was
carried out at 120�C for 3 h. Then the obtained AB
was washed with deionized water and 95% ethanol,
and dried at 50�C under vacuum. The synthesis
chart of AB and the bind mode with mercury maybe
depicted as in Figure 1.

Structure measurements and thermal analysis

Infrared spectra were obtained with FTIR analyzer
(Nicolet/Nexus 670). FTIR-ATR measurements were
carried out at a range of 4000–650 cm�1, equipped
with a continuum microscope and ATR objective.
Elemental analyzer (Vario EL) was used for elemen-
tal analysis.
Thermogravimetry (TG) analyzer (NetzschTG-20)

was used for thermal stability characterizations of all
samples. The thermograms were obtained under a
nitrogen atmosphere at a uniform heating rate of
20�C/min from ambient temperature to 600�C.

Batch procedure

The samples (0.05 g of each) were added into 100
mL of the mercury solutions in the 200 mL Erlen-
meyer flasks and adjusted to desired pH. Then the

Figure 1 Synthesis chart of AB and the possible bind
mode of AB with HgCl2.
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flasks were sealed and shaken for 24 h at 30�C. The
effect of pH value on the mercury adsorption was
studied at pH 1.0–13.0, by using 100 mg/L of the
mercury solution. The pH value of the solutions was
adjusted with buffer solutions.

For the optimized condition, the equilibrium
adsorption experiments were conducted at pH 5.0 in
batch modes. The effect of the initial concentration
of the metal ions on the adsorption capacity was
investigated in the range of 20–1000 mg/L as well as
the adsorption time was investigated in the range of
0–24 h. Buffer solution is used to control the pH.
The adsorption amount was calculated as follows:

Q ¼ VðC0 � CeÞ=w (2)

where Q is the adsorption amount (mg/g); w, the
weight of the AB (g); V, the volume of solution (L);
and C0 and Ce are the concentrations (mg/L) of mer-
cury ions before and after adsorption, respectively.

Adsorption kinetics

Kinetic experiments at different initial concentrations
were performed in a batch mode. Initial concentra-
tions of mercury solutions were set at 1, 10, and 100
mg/L at pH 5. Samples of the flask solution were
taken out at certain intervals for analyses of the mer-
cury concentrations.

Desorption

Desorption experiments are conducted to investigate
its regeneration. Four different desorption solution
(1M HCl, 5M HCl, 3M HCl þ 0.5%CS(NH2)2, 3M
HCl þ 2%CS(NH2)2 and 5M HNO3) were tried. After
adsorption experiments, the mercury-loaded AB is
separated and washed with distilled water to
remove unadsorbed mercury ions, and dried at 60�C
for 6 h. Then agitated with desorption solution to
desorb mercury ions adsorbed by AB. The adsorp-
tion and regeneration cycles were repeated four
times.

RESULTS AND DISCUSSION

Effects of reaction conditions on grafting
yield of bagasse-AN

Factors that affect the grafting yield such as irradiat-
ing dosage, concentration of AN (v/v) %, and sol-
vents are taken into consideration. Figure 2 shows
the effect of monomer concentration and irradiation
dose on the grafting degree of bagasse-AN. It can be
clearly seen that the grafting degree is increasing
with the monomer concentration, which can be
explained by the diffusion theory. At the same irra-

diation dosage, the active site on the bagasse would
be the same, while the monomer diffused to graft
onto the surface of bagasse increased with the mono-
mer concentration increasing, thereby the grafting
degree increased. On the other hand, the probability
of homopolymerization of monomer also largely
increased with the monomer concentration increas-
ing, which decreased both the amount of monomer
diffusing forward active site and the monomer diffu-
sion rate resulting form the increased viscosity of
the reactive system. The two factors lead to the
decline of contact probability of monomer and active
sites. Considering the grafting degree and the post-
processing of removing homopolymer from bagasse-
AN, 35% (v/v) of the monomer concentration would
be most suitable.
The effect of irradiation dose on the grafting degree

is similar to that of monomer concentration. As the
irradiation dose increased, the active sites increased,
consequently the monomer diffusing rate enhanced.
Meanwhile, the homopolymerization was also largely
increased with the irradiation dosage increased,
whereas the homopolymerization and grafting
copolymerization is a pair of competitive reaction.
Besides, the higher irradiation dosage would bring
more damage to bagasse. From a practical point of
view, the irradiation dosage of 48KGy was chosen to
prepare bagasse-AN for further experiment.
Figure 3 is the comparison of grafting degree of

AN on bagasse in different solvent media. Four dif-
ferent solvents were chosen for investigating the
effect of solvent polar on grafting degree. It is found
that polar solvent DMF obtained the highest grafting
degree and the lower polar solvent chloroform got
the lowest. It can be interpreted as the following
mechanism: when the polar solvent subject to

Figure 2 The effect of monomer concentration and irradi-
ation dosage on the grafting yield of bagasse-AN. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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irradiation, a large amount of unstable H atoms
would be generated, which will produce new active
sites that can be used to initiate grafting copoly-
merization.23

Structure of the modified bagasse

Figure 4 shows the IR spectra of bagasse, bagasse-
AN, and AB. The peaks for the bagasse can be
assigned as follows: 3373 cm�1 and 2901 cm�1 (cOH

of bagasse and cCAH of CH, CH2 groups in alkyl
and aromatic), 1042 cm�1 (cCAO), 1166 cm�1

(casCAO), where c represents a stretching vibration,
cas represents a antisymmetric stretching vibration.24

Comparing with the spectrum of the bagasse, a new
absorption peak of 2245 cm�1 (CBN stretching) was
clearly observed in bagasse-AN, which confirms that
AN has been grafted onto bagasse.8 Besides, the in-
tensity of 3373 cm�1 for AOH group became weaken
due to the reaction of AN with hydroxyl of bagasse
according to the synthesis chart in Figure 1. After
the amination reaction of the bagasse-AN with
DETA, the spectrum of the AB changes obviously.
The broad absorption band for AOH group is much
stronger and a little red shift observed from 3373
cm�1 to 3353 cm�1, which is probably due to the
superposition of the a stretching vibrations of
hydroxyl group and the NAH stretching vibrations
of ANH and ANH2 groups,25 the new peaks at 1643
cm�1 could be assigned to the stretching of C¼¼N in
amide groups, which was not observed in the ba-
gasse-AN. Besides, the absorption peak of 2250 cm�1

for nitrile group disappeared. These results indicate
that CBN of AN has been aminated and DETA was
grafted onto the bagasse-AN. In addition, the inten-
sity of the adsorption band of 1057 cm�1 for cCAO

was slightly decreased due to the degradation of cel-
lulose during dissolution and amination.

Thermal properties of the AB

The TGA thermogram of bagasse and AB are pre-
sented in Figure 5. The thermal analysis of the ba-
gasse showed that there was a mass loss from lower
temperatures up to 480�C. The original bagasse was
converted into CO2 and H2O completely and sharply
at around 380�C. Besides, there is only one platform
in the decomposition process of original bagasse. In
the case of AB, it is roughly seen that there are two
stages of mass loss and the starting decomposition
temperature are at 120�C and 360�C, respectively.
Although the starting decomposition temperature of
bagasse-AN decreased, the degradation process was
delayed. It is believed that the first platform comes
from the loss of water vapor and the later

Figure 3 The effect of solvents on the grafting yield of
bagasse-AN. Figure 4 FTIR spectra of bagasse, bagasse-AN, and AB.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5 TGA thermograms of the bagasse and AB.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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corresponds to organic matter decomposition as well
as to volatile substance.25

Batch adsorption

Effect of pH on adsorption

Many researchers have verified that pH value of so-
lution possess a significant influence on the adsorp-
tion of metal ions, as pH can affect the surface
charge of an adsorbent, conformation of molecular
structure, and stability of metal complexes.26 To
investigate the effect of pH on the adsorption per-
formance of AB for mercury ions, equilibrium
adsorption experiments were performed using an
initial concentration of 100 mg/L over the pH range
1.0–13.0 and the results are shown in Figure 6.

It can be noted that the adsorption capacity for
mercury ions rises dramatically with the pH increas-
ing from pH 1 to 5 and reaches the highest adsorp-
tion capacity at pH 5, after that the higher removal
percentage of mercury ions can be maintained for
pH value of solution higher than 5. As well known,
the protonation and deprotonation behaviors of
acidic and basic groups would be influenced at dif-
ferent pH values. According to stability constant cal-
culations, at lower pH values, HgCl2 was the main
species in the presence of chloride ions,27,28 and the
hydrogen ions are adsorbed preferentially, occupy-
ing the active adsorbent sites, which lead to the ad-
sorbent surface tends to present a positive charge.25

The high hydrogen ion concentration at the interface
repels the positively charged mercury ions electro-
statically and prevents their approach to the bagasse
surface. With pH increasing, the type of the species
of mercury in solutions also changed and Hg(OH)2
is dominant at pH > 4.0,29 while the degree of pro-
tonation of surface gradually reduced, less competi-
tion from protons and increase in concentration of

Hg(OH)2 species together lead to an increase in the
removal efficiency for mercury.30 Higher adsorption
capacity at higher pH values is consistent with the
stability of transition metal-amine complexes at
higher pH values, which may imply that the adsorp-
tion mechanism is mainly chelating interactions
between mercury ions and adsorbents.7 The results
reveal that AB is effective for the removal of mer-
cury over a wide range of pH, and the most suitable
pH value is 5.0, so the further adsorption experi-
ments were carried out at pH 5.
It is of concern if the mercury precipitates at a

higher pH range when Hg(OH)2 is dominated, Zhang
had done the solubility of Hg(II) versus solution pH
in the absence of the adsorbent, and found that no
significant change of dissolved Hg(II) at pH range of
1–12 at a initial concentration of <120 mg/L,5 which
is implying that Hg(OH)2 is still dissolved in the so-
lution when Hg(II) concentration is not too high.

Adsorption kinetics

The dynamic adsorption results of the AB for mer-
cury are presented in Figure 7, which shows the
tendency of adsorption amounts of mercury on the
AB versus adsorption time. It can be seen that mer-
cury removed by the AB increased sharply with the
increasing of adsorption time and achieved higher
than 80% of removal efficiency in 2 h. However, it
needs 24 more hours to attained adsorption equilib-
rium. Besides, the equilibrium time is independent
on the initial mercury concentration.

Adsorption isotherms

The equilibrium adsorption isotherm of three different
grafting degrees AB (26.2%, 35.0%, and 58.3%) for

Figure 6 Effect of pH on the removal efficiency of AB for
mercury ions.

Figure 7 Adsorption kinetics of mercury on AB for dif-
ferent initial concentrations. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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mercury ions were investigated over a range of initial
mercury concentrations. The results are shown in
Figure 8. It is evident that an increase in the initial
mercury concentration leads to a larger adsorption
amount for mercury ions and a higher residual con-
centration at equilibrium, and then the uptake reaches
a plateau at higher concentration, which resulted from
the saturation adsorption of mercury ions on the che-
lating sites of the AB. In addition, the results illustrate
that the adsorption capacity of AB increases with
grafting degree of bagasse-AN. Most importantly, the
adsorption capacity could be as high as 917.4 mg/g
for mercury, which highlighting its potential applica-
tion in wastewater treatment of large scale.

The experimental adsorption capacities, calculated
by Langmuir equations basing on the experimental
isotherms presented in Figure 8, are 769.2, 833.3, and
917.4 mg/g, respectively. And those of theoretical
values were calculated according to the nitrogen
content by elemental analysis (EA), basing on two
amine chelating with one mercury ion.31 And ele-
ment analysis shows the nitrogen percentages of the
three different grafting degrees AB are 10.73, 11.35,
and 13.31%, respectively, so theoretical adsorption
capacity are 766.4, 810.7, and 950.7 mg/g, respec-
tively. It can be noticed that the adsorption capacity
of the three different grafting degrees AB are very
close to those of theoretical values, so it can be
speculated that the adsorption mechanism is domi-
nated by chelating adsorption of nitrogen-containing
functional groups with mercury ions.

Equilibrium data were fitted with two commonly
used equilibrium models, Langmuir adsorption
equation [eq. (3)] and Freundlich isotherm [eq. (4)],
to evaluate which best fits the experimental data.
They can be expressed as:32

Qe ¼ QmCe

1=bþ Ce
(3)

Qe ¼ KFCe
1=n (4)

where Qe is the amount of mercury ions adsorbed
onto the AB at equilibrium, Qm is the maximum
amount of adsorption (mg/g), b is the adsorption
equilibrium experimental constant (1/mg), KF (Ln

mg1�n/g) and n are the Freundlich constants denot-
ing adsorption capacity and intensity of adsorption,
respectively, Ce is the mercury concentration (mg/L)
in the solution at equilibrium, and Qe and b are
related to adsorption capacity and energy of adsorp-
tion, respectively.
The fitting results for Langmuir and Freundlich

are shown in Figures 9 and 10, respectively. In the
present study, the Langmuir model fitted the data
slightly better than the Freundlich model, as evi-
denced by a higher R2 in Langmuir model. The Lang-
muir isotherm derived from simple mass action
kinetics is based on the assumptions that molecules
are adsorbed as a saturated monolayer of one mole-
cule thickness with no transmigration in the plane of
the surface, and interaction between adsorbed mole-
cules are negligible with energy of adsorption remain-
ing constant.26 The linear plot in Figure 9 shows that
the adsorption of mercury on AB follows Langmuir
isotherm model, which indicates monolayer coverage
of mercury on the AB surface, a typical adsorption
behavior of most metal ions. From the Langmuir equa-
tion, the maximum adsorption capacities of these AB
for mercury were calculated to be 769.2 mg/g, 833.3

Figure 8 Effect of initial concentration on the removal ef-
ficiency of AB for mercury ions. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 9 Linear fitting using Langmuir equation for the
adsorption of mercury on AB. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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mg/g, and 917.4 mg/g for the grafting degree of 26.2,
35.0, and 58.3%, respectively.

Reusability

To apply adsorbents to real wastewater, the mercury
desorption behavior were examined using a series of
desorption solution. It was found that mercury de-
sorption was 69.7, 81.1, 82.9, 87.3, and 86.5% with
1M HCl, 5M HCl, 3M HCl þ 0.5%CS(NH2)2, 3M
HCl þ 2%CS(NH2)2, and 5M HNO3, respectively.
The highest desorption percentage was obtained
when CS(NH2)2 added into the desorption solution,
since is known as a very strong chelating agent for
mercury ions and was thought to make complex
with mercury ions to replace the amine groups com-
plexed with mercury ions. In addition, HCl and
HNO3 are both capable of desorption for mercury,
and higher concentration of acid is beneficial to
improve the desorption efficiency, which may be
due to the formation of complexes with mercury
ions and the crowding-out effect of a large amount
of protons. To test the suitability and stability of the
adsorbent, it was subjected to successive adsorption
and desorption cycles with 3M HCl þ 0.5%
CS(NH2)2 as the desorbing agent and the results are
shown in Figure 11. The adsorption capacity of
recycled AB still can reach the level of 96% after
four cycles, while the recovery of mercury almost
maintained the level of around 85%. At the end of
four cycles, the recovery and removal were a little
decreased. Besides, the environmental requirements
are also met by using nonhazardous chemicals on
recycling adsorbent material. These results indicate
that the AB could be used economically in actual
process.

CONCLUSION

Through irradiation grafting modification, an AB
containing chelating group of amine and amide was
prepared. The AB is a suitable and effective adsorb-
ent for the removal of mercury ions from aqueous
solution. The optimized grafting conditions for irra-
diating dosage, concentration of AN (v/v) % and
solvents are 48 KGy, 35% and DMF. The AB shows
much higher adsorption capacities for mercury
owing to its high-nitrogen percent and the strong af-
finity of the amine groups for mercury when pH
value is more than 5, and the maximum adsorption
capacity for mercury based on the Langmuir model
is as high as 917.3 mg/g. In addition, the higher
grafting degree of bagasse-AN, the higher adsorp-
tion capacity of AB for mercury ions, which is obvi-
ously due to the higher nitrogen percentage in
higher grafting degree of AB. The results indicate
that the great application potential of the AB in re-
moval of mercury for effluent wastewater treatment.
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