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INTRODUCTION

Adsorption techniques as well as chemical precipitation,
ion exchange, membrane filtration, electrolytic methods, reverse
osmosis and solvent extraction have been widely investigated
for the removal of metals from wastewater1,2. However, most
of these techniques have high preparation and/or running costs
and thus cost-effective alternative adsorbents have been one
of the hot issues of recent researches for environmental protec-
tion. The biosorbent is an adsorbent of natural origin such as
residuals of agricultural activities and wastes from food indus-
tries that are available in large amounts. For example, nutshells,
fruit stones, bagasse and agricultural residues from sugarcane,
rice and peanut hulls, sawdust, etc. have been investigated as
potential precursors for adsorption of metal ions from waste-
water3-7. These agricultural by-products are mainly composed
of lignin and cellulose. The polar functional groups of these
constituents such as aldehydes, ketones, carboxylic, phenolic
and ether groups have the ability to bind heavy metals by repla-
cing hydrogen ions with metal ions in solution or by donating
an electron pair from these groups to form complexes with
the metal ions in solution3.

Although these adsorbents are effective in a wide range
of solutes, particularly divalent metal cations, they suffer from
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some drawbacks such as low exchange or sorption capacity,
poor physical stability (i.e. partial solubility) and discolouration
into solution of some agricultural by-products such as peanut
hulls and rice shell. In order to overcome these problems,
chemical activation and/or modification of the raw adsorbents
are required. Chemical activation was carried out using base
solutions (sodium hydroxide), mineral and organic acid
solutions (nitric acid, sulfuric acid, citric acid, etc.) and oxidi-
zing agent (hydrogen peroxide) at various concentrations to
remove soluble organic compounds and to enhance adsorption
efficiency8-11. Now, biosorbents functionalized with coordi-
nation ligands like amine, carboxyl, sulphonic, amide and so
forth have been investigated to improve the sorption capacity
of pollutants from wastewater12-14. In particular amino group
onto an adsorbent has been found to be one of the most effective
groups for adsorption of heavy metals from aqueous solution.
For example, triethylamine was introduced into wheat residue
to improve the removal of Cr(VI) ions from aqueous solution15.
The removal of Cu, Co, Ni and Zn from aqueous solution was
increased when cellulose modified with 2-aminomethyl-
pyridine16.

In this study the agricultural by-products-peanut hulls,
soybean shells and grapefruit peels were treated with 17.5 %
NaOH solution to remove soluble compounds and to reduce
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hemicellulose and lignin. The mercerized peanut hulls, soybean
shells and grapefruit peels were reacted with 3-aminopropyl-
trimethoxysilane, a silanization reagent under the catalysis of
methylbenzene. 3-Aminopropyltrimethoxysilane-modified
peanut hulls, soybean shells and grapefruit peels were used
for adsorption of Pb(II) in aqueous solution. The modified
adsorbents were characterized by using scanning electron
microscopy, elemental analyzer and Fourier-transform infrared
spectrometer. Factors affecting the adsorption behaviour of
Pb(II), such as pH, ratio of solid to liquid, competitive sorption
of various metal ions, initial metal concentration and adsor-
ption time, were then investigated. The adsorption performance
of the modified peanut hulls, soybean shells and grapefruit
peels was compared.

EXPERIMENTAL

Preparation of chemically-modified biosorbents:
Peanut hulls, soybean shells and grapefruit peels were collected
from local farmers' market. They were washed in running tap
water and then transferred to an oven set at 65 °C to dry. The
dried raw biomass were milled by a universal high-speed
smashing machine (FW80, Tianjin Taisite Instrument Co., Ltd.,
China) and sieved by using an 80-mesh sieve. The raw powders
were washed several times with distilled water (18.2 MO)
(Milli Q Advantage A10 System,, Millipore China Ltd.) to
remove adhering colouration and impurities and then dried at
65 °C. The raw powders of peanut hulls, soybean shells and
grapefruit peels were treated with 17.5 % NaOH for 72 h to
remove soluble compounds and to reduce hemicellulose and
lignin and then washed several times with distilled water near
neutral pH and dried.

The dose of the 3-aminopropyltrimethoxysilane, reaction
temperature and time were optimized using orthogonal experi-
ments in pre-experiment for the modified reaction and they
were 3 mL 3-aminopropyltrimethoxysilane at 100 °C for 10 h
for mercerized soybean shells (6 g) and for 6 h for the merce-
rized peanut hulls and grapefruit peels and (6 g), respectively.
Under the catalysis of methylbenzene, 3-aminopropyltrimethoxy-
silane was reacted with mercerized peanut hulls, soybean shells
and grapefruit peels under the optimized parameters. After
filtering and washing, the 3-aminopropyltrimethoxysilane
modified biosorbents were obtained and they were abbreviated
as AP, AS and AG, respectively.

Properties of chemically-modified biosorbents: The
contents of N in the mercerized and the chemically-modified
peanut hulls, soybean shells and grapefruit peels were deter-
mined using an elemental analyzer (EA) (Vario MICRO,
Elementar) via high-temperature catalyzed combustion followed
by thermal conductivity detection of the resulting N2 gases.

Morphological analyses of the mercerized and the chemi-
cally-modified peanut hulls, soybean shells and grapefruit peels
were performed using scanning electron microscopy (SEM)
(model S-3400N II, Hitachi Co., Tokyo, Japan) with an accele-
rating voltage of 20 kV. The sample was fixed on an aluminum
holder and sputtered with platinum. Representative micrographs
of the raw biomass and chemically-modified biosorbents were
obtained at 500 × magnification with a secondary electron
detector.

Infrared spectra of the mercerized and the chemically-
modified peanut hulls, soybean shells and grapefruit peels were
recorded using a fourier-transform infrared spectrometer (FT-
IR, NEXUS870, NICOLET Co., USA) in the range 4000-500
cm-1, using a KBr disc containing 1 % of finely ground sample
produced using a bench press.

Batch adsorption experiments: Batch adsorption experi-
ments were carried out at a room temperature (20 ± 2 ºC) by
adding 0.1 g adsorbent to 100 mL polyethylene centrifuge
tubes containing 50 mL Pb(II) solution of desired concentra-
tions. The solution pH was adjusted using 0.01 mol L-1 NaOH
and 0.01mol L-1 HCl. After equilibration by shaking for a certain
contact time in a rotary shaker, the mixture was centrifuged at
4000 rpm for 10 min. Then Pb(II) in the supernatant was deter-
mined using inductively coupled plasma optical spectrometry
(ICP-OES, Optima 5300, Perkin-Elmer SCIEX) as soon as
possible. The adsorption percentage (Q%) and the amount of
adsorbed Pb(II) (qt) per unit adsorbent mass were calculated
were calculated using the following equations17:

Q (%) = [(C0-Ct)/C0] × 100
qt = [(C0-Ct) V]/m

where C0 and Ct are the initial and equilibrium concentration
of Pb(II) at time 0 and t (mg L-1), respectively; qt is the amount
adsorbed (mg g-1) at time t; V is the volume of the solution
(L); and m is the mass of the adsorbent (g).

Influence of biosorbents' dose was carried out using 100
mg L-1 Pb(II) solution with 3 h at pH 4.6 under different solid/
liquid ratios (20, 10, 4, 2 and 1 g L-1). The effects of solution
pH (from pH 2 to pH 7) on the equilibrium adsorption of Pb(II)
were investigated using 100 mg L-1 Pb(II) solution with 3 h
under the solid/liquid ratios of 2 g L-1. In the kinetic tests,
0.1 g of adsorbent was added to 50 mL of 100 mg L-1 Pb(II)
solution with the contact time between 1 and 360 min. In the
isotherm experiments, 0.1 g of adsorbent was added to 50 mL
of Pb(II) solution of concentrations between 1 and 300 mg L-1.
The simultaneous sorption of Cd (5 mg L-1), Cr (20 mg L-1),
Cu (20 mg L-1), Ni (20 mg L-1), Pb (20 mg L-1) and Zn (20 mg
L-1) was investigated with 3 h at pH 4.6 under the solid/liquid
ratios of 2g L-1. All the adsorption experiments were conducted
in duplicate and the mean values are reported.

Desorption tests: They were performed in an identical manner
to the sorption tests. The pellets obtained by centrifugation in
the sorption stage were dried at 65 ºC, weighed and resuspended
in 1 mol L-1 HCl with 3 h under the solid/liquid ratios of 2 g L-1

at room temperature in a rotary shaker. After equilibration the
mixture was centrifuged at 4000 rpm for 10 min. Then Pb(II) in
the supernatants was determined using ICP-OES.

RESULTS AND DISCUSSION

Properties of chemically-modified biosorbents

SEM images of the mercerized biomass and chemically-
modified peanut hulls, soybean shells and grapefruit peels were
shown in Fig. 1. As can be seen from the Fig. 1, the mercerized
peanut hulls, soybean shells and grapefruit peels had large
particles, a compacter configuration and a low porosity.
Chemically-modified biosorbents had a rougher surface, a
looser structure and higher porosity. Therefore, the chemically-
modification might increase the binding sites of Pb(II).
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Fig. 1. SEM images of raw and modified peanut hulls (a and b), soybean
shells (c and d) and grapefruit peels (e and f)

FTIR spectra of the mercerized biomass and chemically-
modified peanut hulls, soybean shells and grapefruit peels were
shown in Fig. 2. As shown in Fig. 2, the broad and intense
absorption peak around 3400 cm-1 can be attributed to hydroxyl
OH (alcohols, phenols and carboxylic acids) group stretching
vibration absorption peak; the peak observed around 2920 cm-1

corresponds to the C-H stretching vibration of the CH, CH2

and CH3 bond; the peak observed at 1730 cm-1 is the stretching
vibration of the C=O bonds from non-ionic carboxyl groups
(-COOH, -OOCH3) and may be from carboxylic acids or their
esters18; 1370 cm-1 is carbonyl vibration of C=O (-COOH,
-COOCH3) absorption peak; the peak around 1370 cm-1 is
ascribed to C-H deformation vibration absorption peak in the
cellulose and hemicellulose19.

Compared with the mercerized biomass, the C=O vibra-
tion peak in the vicinity of 1730 cm-1 disappeared, indicating
the C=O bond of the mercerized peanut shells, soybean hulls
and grapefruit peels may be involved in the reaction; the C-H
deformation vibration absorption peak in cellulose and
hemicellulose in the vicinity of 1370 cm-1 decreased. While

apparent peak at 897.4, 896.3 and 895.5 cm-1 for non-plane
rocking vibration peaks of -NH2 improved. These changes
indicated the successful chemical modification.

The nitrogen contents of the mercerized biomass and
chemically-modified biosorbents were 0.80 and 1.12 % for
peanut hulls, 0.82 and 1.23 % for soybean shells and 0.85 and
1.26 % for grapefruit peels, respectively. The nitrogen contents
N contents in modified biosorbents were all higher than that
in the mercerized biomass, indicating that amino group
successfully grafted onto the peanut shell, soybean hull and
grapefruit peel powders.

Operating variables influenced Pb(II) adsorption onto
modified biosorbents: Lead(II) adsorption efficiency increases
with the increase of solution pH from 2 to 7, indicating that the
initial pH has great effects on Pb(II) adsorption [Fig. 3 (a)].
For example, the removal rates were 7.01 % for AP, 33.3 %
for AS and 67.1 % for AG at pH of 2, respectively [Fig. 3 (a)].
The removal rates increased with the increasing pH and arrived
at a relatively stable level (about 100 %) [Fig. 3 (a)]. The pH
has effects on the protonation of the functional groups on the
biosorbent surface, such as carboxyl, phosphate and amino
groups, as well as the chemical characteristics of the metal
ions, such as solubility. For example, Pb(II) will be formed
Pb(OH)+, Pb(OH)2 at higher pH values17. The optimum pH
value for Pb(II) removal using different biosorbents was gene-
rally in the range of pH 4-520,21. Hence a pH about 4.6 was
used for the batch experiments.

The solid to liquid ratios have less impact on adsorption
efficiency of Pb(II) onto chemically-modified peanut hulls,
soybean shells and grapefruit peels (Fig. 3 (b)). For example,
when the solid to liquid ratios were above 2 g L-1, the percen-
tage removal of Pb(II) would arrive at 100 % for three biosor-
bents [Fig. 3 (b)]. In view of the adsorption efficiency and the
cost, the optimum adsorbent dosage was recommended as 2 g
L-1 of the solid to liquid ratio.

The simultaneous sorption of Cd, Cr, Cu, Ni, Pb and Zn
onto modified peanut hulls, soybean shells and grapefruit peels
was shown in Fig. 4. AG has the better adsorption performance
for all studied elements than AS and AP (Fig. 4). The adsorption
capacity of chemically-modified biosorbents is in the order of
AG > AS > AP for all studied elements (Fig. 4). Lead(II) can
be preferentially removed from solution by the modified
peanuts hulls, soybean shells and grapefruit peels, then Cu(II)
and Cr(III). The selective adsorption of metal ions by those
biosorbents wa snot clear.
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Fig. 2. FTIR spectra of raw and modified peanut hulls (a), soybean shells (b) and grapefruit peels (c)
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Fig. 4. Simultaneous adsorption of various metal ions onto modified peanut
hulls, soybean shells and grapefruit peels

Adsorption kinetics of Pb(II) onto modified biosorbents:
The adsorption process was shown in Fig. 5, which showed the
equilibrium time varied with chemically-modified biosorbents.
The equilibrium time was about 30 min for AP, 180 min for
AS and 60 min for AG, respectively. Physisorption is usually
very fast, while chemisorption is slow. The equilibrium time
indicated the different sorption mechanism of Pb(II) onto these
modified biosorbents. Previous studies on the removal of Pb(II)
from solutions find that the equilibrium time was approximately
90 min for Parmelina tiliaceae21, 60 min for Lactarius scrobicu-
latus22 and 10 min for bentonite23. Comparing the adsorption
capacity of Pb(II) by AP, AS and AG, the adsorption capacity at
equilibrium was about 50 mg g-1 for AS and AG and about 20
mg g-1 for AP, respectively. Obviously, the adsorption capacity
of AS and AG was higher than that of AP.

The pseudo-first-order and the pseudo-second-order rate
models, which are semi-mechanistic models based on the mono-
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Fig. 5. Adsorption kinetics of Pb(II) onto modified peanut hulls, soybean
shells and grapefruit peels

nuclear and binuclear adsorption mechanisms, respectively24,
are used to fit the experimental data to predict the Pb(II)
adsorption process in the present study. They can be expressed
as follows:
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where qt and qe are the amount of Pb(II) adsorbed at time t and
at equilibrium, respectively (mg/g) and k1 and k2 are the first-
order and second-order apparent adsorption rate constants
(min-1 and mg g-1 min-1), respectively.

The parameters of the pseudo-first-order and pseudo-
second-order kinetic equations were listed in Table-1. For the
pseudo-first-order model (Table-1), the correlation coefficient
(R2) was 0.892 for AP, 0.970 for AS and 0.867 for AG,
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TABLE-1 
MODEL PARAMETERS FOR Pb(II) KINETIC ADSORPTION 

 Experimental Pseudo-first-order Pseudo-second-order 

 qexp (mg g-1) qe (mg g-1) k1 (min-1) R2 qe (mg g-1) k2 (mg g-1 min-1) R2 
AP 21.2 21.1 1.60 0.892 23.0 0.017 1.00 
AS 46.9 42.6 3.00 0.970 50.2 0.002 1.00 
AG 47.7 45.7 0.85 0.867 49.3 0.009 1.00 
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respectively. The R2 obtained from the pseudo-second-order
kinetic model (Table-1) were close to or equal to 1, higher than
corresponding pseudo-first-order model values (Table-1).
Previous literatures also reported the faultless matching (R2 =
1)25,26. The calculated qe values were close to the experimental
qexp values, which agreed with previous studies20,22,27. Therefore,
the adsorption process of AP, AS and AG followed the pseudo-
second-order kinetic equation better than pseudo-first-order
kinetic equation based on relevant parameters, implying the
boundary layer controlling the beginning of the adsorption
process28.

Adsorption isotherm of Pb(II) onto chemically-modified
biosorbents: The effect of initial concentration on the adsor-
ption of Pb(II) onto modified biosorbents was shown in Fig. 6.
The adsorption capacities increased with the increase of initial
Pb(II) concentration and then became stable. The adsorption
capacity of the three biosorbents was similar at low concen-
trations of Pb(II), but with the increase of Pb(II) concentration,
the adsorption capacity of the biosorbents differed greatly.
Obviously, AG exhibited the highest adsorption capacity for
Pb(II), while AP has lowest adsorption capacity (Fig. 6).
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Fig. 6. Effects of initial concentrations of Pb(II) on the adsorption of Pb(II)
onto modified peanut hulls, soybean shells and grapefruit peels

Langmuir and Freundlich isotherm models were used to
fit the isotherm experimental data in the present study. The
Langmuir isotherm assumes monolayer coverage of adsorbent
over a homogeneous sorbent surface composed of a finite
number of identical sites with equal adsorption activation
energies. The Freundlich isotherm model is an empirical
equation used to describe the adsorption on a heterogeneous
surface and multilayer adsorption of the adsorbent and assumes
that different sites with several adsorption energies are involved29.
Their linear forms are usually written as follows:

e e

e m m

C C 1
= +

q q bq

e f e

1
log  q = log  K + log  C

n
where Ce is the equilibrium concentration of Pb(II) (mg L-1),
qm is the maximum adsorption capacity of the adsorbent when
the surface is completely covered with Pb(II) (mg g-1) and b is
the adsorption constant, indicating the affinity between the
adsorbent and Pb(II) ions (mg g-1), Kf is a constant related to
the adsorption capacity (mg g-1) and 1/n is an empirical para-
meter related to the adsorption intensity.

The correlation coefficients (R2) indicate that Langmuir
model fitted the experimental data better than Freundlich model
(Table-2), suggesting the monolayer adsorption. The experi-
mental adsorption capacities were 33.4, 76.6 and 156 mg g-1

for AP, AS and AG, respectively (Table-2). The qmax values
calculated by Langmuir isotherm model were very important
to predict whether the material was suited to adsorption as
they give an indication of the total number of available binding
sites. The maximum adsorption capacities obtained from Langmuir
model were 32.9, 75.8 and 154 mg g-1 for AP, AS and AG,
respectively (Table-2). The adsorption capacities revealed the
stronger binding of Pb(II) ions onto the surface of AG and
then AS. The values of 1/n in the Freundlich isotherm model
were all between 0.1 and 1 (0.25, 0.34 and 0.45 for AP, AS
and AG, respectively), suggesting the favorability of the
adsorption process for these biosorbents30.

The comparison of the adsorption capacities obtained from
this study to the previous reports was carried out (Table-3).
The adsorption capacities of the agricultural and forest waste
for Pb(II) differed greatly with the agricultural and forest
waste adsorbents4. The adsorption capacities were 16.58, 26.94
and 30.46 mg g-1 for granular activated carbon, powdered
activated carbon and activated carbon fibers, respectively31.
Agricultural waste adsorbents have equal or greater adsorption
capacities than activated carbon4. The maximum adsorption
capacities for raw peanut hulls, soybean shells and grapefruit
peels were 23.8, 45.5 and 76.9 mg g-1 32, respectively. There-
fore, chemically-modification improves greatly the adsorption
capacities. Therefore, 3-aminopropyltrimethoxysilane-modified
grapefruit peels can be used for the effective removal and
recovery of lead ions from wastewater.

Desorption tests: Lead(II) absorbed onto AG, AS and
AP was desorbed by 1 mol L-1 HCl and the average desorption
rates were 98.2 % for AP, 95.8 % for AS and 92.2 for AG,
respectively. All these were beyond 90 %, suggesting easy
treatment of biosorbents contained metal ions and the potential
reuse of these chemically-modified biosorbents.

Conclusion

In order to develop the low-cost and high efficient
absorbents, agricultural by-products-peanut hulls, soybean
shells and grapefruit peels were chemically modified with

TABLE-2 
MODEL PARAMETERS FOR Pb(II) ISOTHERM ADSORPTION 

 Experiment Langmuir coefficient Freundlich coefficient 

 qm(exp) (mg g–1) b (L mg–1) qm (mg g–1) R2 Kf (mg g–1) 1/n R2 
AP 33.4 0.15 32.9 0.996 9.39 0.25 0.649 
AS 76.6 0.44 75.8 0.999 16.32 0.34 0.652 
AG 156.4 0.21 153.8 0.989 26.02 0.45 0.558 
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3-aminopropyltrimethoxysilane after the saponification using
17.5 % NaOH. Chemical modification was confirmed by infrared
spectra and N contents. Factors affecting the adsorption beha-
viour of Pb(II), such as pH, ratio of solid to liquid, competitive
sorption of various metal ions, initial metal concentration and
adsorption time, were investigated. Compared with the merce-
rized biomass, C=O vibration peaks in chemically-modified
peanut hulls, soybean shells and grapefruit peels disappeared,
while the non-planar rocking vibration peaks of -NH2 appeared.
The N contents increased in the modified bio adsorbents. The
adsorption equilibrium could be obtained at 180 min and the
kinetic adsorption fitted well with the pseudo-second order
kinetic model. The isotherm adsorption data fitted well with
Langmuir adsorption model and the maximum absorption
capacities of chemically-modified peanut hulls, soybean shells
and grapefruit peels were 32.9, 75.8 and 154 mg g-1, respec-
tively. The competitive adsorption of mixed metals solution
demonstrates that Pb(II) can be preferentially removed from
solution by the modified peanuts shells, soybean hulls and
grapefruit peels, than Cu(II) and Cr(III). The desorption rate
of Pb(II) from chemically-modified peanut shells, soybean
shells and grapefruit peels using 1 mol L-1 HCl solution were
beyond 90 %. Chemically-modified grapefruit peels exhibited
higher absorption capacities than chemically-modified soybean
shells and peanut shells and can be used as potential the low-
cost and high efficient absorbents for the removal of Pb(II) in
wastewater.
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