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Abstract Peanut shell (PNS) was used to prepare a novel adsorbent to achieve

resource recovery of the agricultural residue. The hydroxyl groups of peanut shell were

turned into –C(CH3)2–Br pendant groups to initiate polymerization of acrylonitrile. Graft

copolymer peanut shell/polyacrylonitrile (PNS-g-PAN) was modified by hydroxylamine

hydrochloride to transform the cyano groups into amidoxime (AO) groups. The modified

copolymer of AO-PNS-g-PAN was used as adsorbent. The maximum adsorption

capacity for Hg(II) was 4.45 mmol g-1. The adsorption process fitted well the Fre-

undlich isotherm model and followed pseudo-second-order model. The modified

copolymer demonstrated its potential as an efficient adsorbent to solve the problem of

Hg(II) contamination.

Graphical abstract The peanut shell (PNS) macroinitiator was obtained by acylation

of hydroxyl groups on the cellulose backbone of the peanut shell and initiated by Cu(0)-

mediated RDRP of acrylonitrile. PNS-g-PAN was modified by NH2OH�HCl and used to

remove heavy metal ions. The maximum adsorption capacity of Hg(II) was

4.45 mmol g-1.
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Introduction

Increasing industrial activities such as oil refining and battery manufacturing

industries resulted in the heavy metal ions contamination in surface and ground

water [1, 2]. The anthropogenic contamination of Hg(II) ions not only endangered

the human health but also caused environmental problems [3, 4]. Adsorption is one

of the most effective and potential methods owing to its strong affinity and high

loading capacity for heavy metal ions. A low-cost adsorbent such as agricultural

residue has received increasing attention due to its advantages of inherent

adsorption property, simple technique, and little processing in comparison with

activated carbon. According to Babarinde et al. [5], maize leaf was employed as an

efficient adsorbent for removal of lead from aqueous solutions. Sago was used as an

adsorbent to adsorb lead and copper by Quek et al. [6]. Synthetic polymer was also

used as the adsorbent for heavy metal ions owing to its relative high selectivity [7,

8]. Niu et al. reported that the silica gel supported hyperbranched polyamidoamine

dendrimers (SiO2-G0–SiO2-G4.0) exhibited great potential to remove Pb(II) from

aqueous solution [9]. Recent interest in combining agricultural residue with

synthetic polymer to prepare blend and efficient adsorbent has grown significantly.

Vijayalakshmi et al. prepared the cellulose acetate and polycarbonate blend

ultrafiltration membranes by the phase inversion technique and used the membranes

to remove heavy metal ions [10].
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The available reversible deactivated radical polymerization (RDRP, or named as

‘‘living’’/controlled radical polymerization) methods to prepare graft copolymer

include nitroxide-mediated polymerization (NMP) [11], reversible addition frag-

mentation chain transfer (RAFT) [12, 13], atom transfer radical polymerization

(ATRP) [14], and Cu(0)-mediated reversible-deactivation radical polymerization

[Cu(0)-mediated RDRP, or named as single electron transfer-living radical

polymerization] [15]. Comparing with other polymerization methods, Cu(0)-

mediated RDRP proved its potential as an alternative for higher polymerization

rate and lower extent of recombination of the growing polymer [16–18]. The

versatility and controllability of Cu(0)-mediated RDRP provide a series of

opportunities to specifically graft from brominated cellulose thereby producing

desirable graft copolymer [19].

Peanut shell which contained abundant cellulose was selected as our raw

materials owing to its inherent adsorption property to heavy metal ions [20].

Moreover, the adsorption property of peanut shell can be improved by grafting

synthetic polymers to its surface through Cu(0)-mediated RDRP. Polyacrylonitrile

(PAN) was known as an important precursor to polymer materials due to its unique

properties. The cyano groups of PAN can be easily modified to generate amidoxime

(AO) groups which can form stable chelating compounds with heavy metal ions.

In this study, our primary objective was to prepare a kind of adsorbent containing

both hydroxyl groups and amidoxime groups. Peanut shell was first pretreated by

the processes of alkalization and acylation. Brominated peanut shell was employed

as initiator in the preparation of PAN via Cu(0)-mediated RDRP. The resulting

copolymer peanut shell/polyacrylonitrile (PNS-g-PAN) was modified by hydrox-

ylamine hydrochloride (NH2OH�HCl) to generate amidoxime (AO) groups. The

modified copolymers were used as adsorbents to solve the pollution of Hg(II) in

water.

Materials and methods

Materials

Peanut shell was purchased from Yantai Farmers Market. Acrylonitrile (AN) was

bought from Fuchen Chemical Reagents (Tianjin, China), which was distilled under

normal pressure and stored at -20 �C. Dimethyl sulfoxide (DMSO) 99.5 %, Cu(0)

powder (analytical grade), N,N-dimethylformamide (DMF, analytical grade),

N,N,N0,N0-tetramethylethylenediamine (TEMED), N,N0-carbonyldiimidazole

(CDI), a-bromoisobutyric acid (a-BrIBA), and imidazole were supplied by Aladdin

Chemistry and used without further purification.

Pretreatment of peanut shell (PNS)

PNS was soaked in distilled water for 24 h after removing the impurities. The above

PNS was crushed, sifted by 100 mesh’s sieve, washed with distilled water, and dried
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at 50 �C until constant weight. Then, the peanut shell powder was alkalized by 4 %

sodium hydroxide (NaOH) solution at 55 �C for 2 h and then named as PNS matrix.

Immobilization of initiator on the PNS matrix

PNS macroinitiator was prepared by the acylation of hydroxyl groups with a-

BrIBA. 4.33 g CDI and 4.45 g a-BrIBA were stirred in 60 mL DMSO at 25 �C for

1 h to form the imidazoyl-activated acid derivative. 1.81 g imidazole was added as

additional catalyst and the mixture was heated to 50 �C. The above solution was put

into the flask that contained 3.0 g peanut shell powder and 40 mL DMSO. The flask

was sealed and reacted at 50 �C for 2 h. The resulting products were precipitated in

2-propanol, filtered and extracted for 24 h with 2-propanol [21, 22].

Preparation of PAN using peanut shell macroinitiator

The amounts of peanut shell macroinitiator (1.0 g), Cu(0) powder (9.7 mg),

TEMED (91.1 lL), DMF (10 mL), and AN (10 mL) were added into a 100-mL

two-necked flask that was immersed in ice water under stirring. The mixture was

bubbled with nitrogen for 20 min to evict oxygen dissolved in solution. Then, the

mixture was degassed with three nitrogen-vacuum-nitrogen cycles. Finally, the flask

was filled with nitrogen and immersed in an oil bath at 65 �C. After the definite

polymerization time, the product was removed and precipitated in methanol/water

(v:v = 1:1) solution for 24 h. The precipitate was separated by filtration and dried

until a constant weight at 60 �C. The graft copolymer peanut shell/polyacrylonitrile

(PNS-g-PAN) (2.25 g) was obtained finally.

Modification of PNS-g-PAN with NH2OH�HCl

2.0 g PNS-g-PAN and 2.5 g NH2OH�HCl were stirred in 20 mL methanol for 2 h in

the reactor. The solution pH was adjusted to 9.0 using NaOH and the mixture was

stirred at 70 �C for 20 h. Modified PNS-g-PAN was dried until a constant weight at

60 �C and referred to as the adsorbent AO-PNS-g-PAN [23]. The corresponding

synthetic routes are illustrated in Fig. 1.

Adsorption characteristics

Effect of pH on adsorption

AO-PNS-g-PAN (10 mg) and 20 mL of 0.005 mol L-1 Hg(II) solution

(pH = 1.0–7.0) were equilibrated in a 100 mL Erlenmeyer flask for 24 h at

25 �C. Then, 4 mL solution was taken out, diluted and detected by atomic

absorption spectrometry (AAS). The adsorption capacity of AO-PNS-g-PAN was

calculated according to the following Eq. (1):
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q ¼ ðC0 � CÞV
W

ð1Þ

where q is the adsorption capacity (mmol g-1), C0 and C are initial and final

concentrations of metal ions in solution, W is the weight of adsorbent (mg), and V is

the volume (mL).

Adsorption kinetics

Adsorption kinetics were conducted by the following procedures: a series of

100-mL flasks were loaded with 10 mg AO-PNS-g-PAN and 20 mL of

0.005 mol L-1 Hg(II) solution (pH = 6.0). Then, the flasks were shaken at a

definite temperature and taken out at various time intervals. 4 mL solution was

extracted from every flask and diluted to 25 mL with distilled water, and the

concentration of Hg(II) was determined via AAS.

Adsorption isotherms

Adsorption isotherms were investigated by shaking a series of 100-mL flasks for

24 h, which contained 10 mg AO-PNS-g-PAN and 20 mL of different initial metal

ion concentrations. The variations of Hg(II) concentration were determined by the

AAS.

Fig. 1 Scheme for synthesis of adsorbent AO-PNS-g-PAN
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Characterization

Wide-angle X-Ray diffraction (WAXRD) measurements were performed on a

Rigaku DMax-2500 with Cu Ka radiation (k = 0.1542 nm). Fourier transform

infrared (FTIR) spectroscopy was recorded on Nicolet MAGNAIR550 spectropho-

tometer, using potassium bromide pellets at a resolution of 4 cm-1. Scanning

electron microscopy (SEM) was used to observe the micrographs of products.

Atomic adsorption spectrophotometer (932B-model, AAS, GBC, Australia) was

equipped with air–acetylene flame and used to determine the concentrations of

Hg(II) ions. The conversion of AN (2) and the grafting ratio (the degree of grafting

polymerization) (3) [24] were calculated by gravimetry via the following equations:

Conversion ð%Þ ¼ ðmPNS-g-PAN � mmacroinitiatorÞ=mAN � 100 % ð2Þ

Graft ratio ð%Þ ¼ ðmPNS-g-PAN � mmacroinitiatorÞ=mmacroinitiator � 100 % ð3Þ

where mPNS-g-PAN, mmacroinitiator and mAN refer to the weights of the copolymer

PNS-g-PAN, macroinitiator and monomer AN, respectively.

Results and discussion

Peanut shell was used as a substrate to prepare the adsorbent. The primary reaction

routes includes: (1) pretreatment of peanut shell, (2) preparation of macroinitiator,

(3) synthesis of PNS-g-PAN via Cu(0)-mediated RDRP, and (4) modification of

PNS-g-PAN.

Pretreatment of peanut shell

The alkalization of peanut shell was used to remove some impurities and obtain

useful cellulose that could conduct acylation through hydroxyl groups on the hexose

units. X-ray diffraction patterns of the crude and alkalized peanut shell samples are

presented in Fig. 2. The XRD profile of peanut shell cellulose revealed that the

characteristic peak was 2h = 23�. The existence of sharp peak at 2h = 23� in

Fig. 2a indicates that the cellulose molecules of peanut shell are arranged in ordered

lattice in which hydroxyl groups are bonded by strong secondary forces. After

alkalized by 4 % NaOH solution, the peak of peanut shell had an obvious decrease

at the 2h = 23� as shown in Fig. 2b. The results indicated a decrease in the

crystalline nature of peanut shell structure, which was beneficial to the acylation

process [25].

Preparation of peanut shell macroinitiator

Peanut shell macroinitiator was prepared by the substitution of hydroxyl groups

with other functional groups containing bromine atoms. The cellulose was

brominated using a-BrIBA through the immobilization process in Fig. 1. The

emergence of carbonyl peak at 1736 cm-1 in Fig. 3b demonstrated that the
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Fig. 3 FTIR spectrum of crude peanut shell powder (a), peanut shell macroinitiator (b), PNS-g-PAN (c),
and AO-PNS-g-PAN (d)
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Fig. 2 X-ray diffractograms of untreated and pretreated peanut shell a untreated peanut shell, b alkalined
peanut shell with 4 % NaOH

Polym. Bull. (2015) 72:2455–2469 2461

123



immobilization process was conducted successfully comparing to the peak of crude

peanut shell in Fig. 3a. The simple and low-energy pretreatment cannot significantly

improve the accessibility and reactivity of cellulose, which may result in the low

degree of substitution.

Kinetic experiments

The reactions were carried out independently with the same molar ratio of [AN]0/

[Cu(0)]0/[TEMED]0 = 200/0.2/0.8 through Cu(0)-mediated RDRP. As shown in

Fig. 4, the linearity of the plot indicated that the polymerization was approximately

first order with respect to the monomer concentration, and the conversion of the

monomer increased smoothly with time prolonged. The long induction period might

be assumed to the fact that initiating sites were anchored on cellulose chains and

large space steric hindrance was existed. The length and hindrance of cellulose

chains also influenced the equilibrium rate between the dormant and active growing

centers. The monomer conversion and grafting ratio [24] were calculated to be 15.5

and 125.0 % according to Eqs. (2) and (3), respectively. Referring to the low

monomer conversion, we attributed to the following reasons. First,the substrate used

to prepare macroinitiator (PNS) was peanut shell powder with lower specific surface

area comparing to the cellulose nanocrystals and there existed a large number of

intermolecular hydrogen-bonding interaction due to the inadequate process. Owing

to the large space steric hindrance, only C6-hydroxyl group has a relatively high

reactivity on the glucose units. Meanwhile, from the point of living radical

polymerization, the existence of the steric hindrance increased the partial

termination of living free radicals which result in losing the initiation function of

part of dormant species [26, 27].
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Fig. 4 Kinetic plot for Cu(0)-mediated RDRP of AN at 65 �C in DMF with [AN] = 7.55 M and
[AN]0:[Cu]0:[TEMED]0 = 200:0.2:0.8, mmacroinitiator = 1.0 g

2462 Polym. Bull. (2015) 72:2455–2469

123



Modification of PNS-g-PAN with NH2OH�HCl

The CN groups of PNS-g-PAN were converted to AO groups through reacting with

NH2OH�HCl. FTIR spectra of PNS-g-PAN and AO-PNS-g-PAN are shown in the

Fig. 3c, d, respectively. The disappearance of CN group spectrum at 2243 cm-1 and

the emergence of new peaks at 1633 and 954 cm-1 which, respectively,

corresponded to the stretching vibration of C–N and N–O bonds of AO groups

demonstrated the success of the modification. SEM images in Fig. 5 displayed the

changes in the morphology of the crude peanut shell (a), peanut shell macroinitiator

(b), PNS-g-PAN (c), and AO-PNS-g-PAN (d). Comparing with the smooth surface

of crude peanut shell (a), the surface of peanut shell macroinitiator (b) became

rough and uneven due to the swelling effect of NaOH and DMF solution. As the

polymerization of AN proceeded, the surface of peanut shell was partly covered

with polymer as shown in Fig. 5c. It is more obvious that on the surface of AO-

PNS-g-PAN (d) appeared the crystal analogs and pore shapes with the completion

of the last modification. The existence of porous and loose structure on adsorbent

surface is beneficial to adsorption process.

Fig. 5 SEM micrographs of crude peanut shell powder (a), peanut shell macroinitiator (b), PNS-g-PAN
(c), and AO-PNS-g-PAN (d)
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Adsorption properties

The adsorption capacity of both AO-PNS-g-PAN and crude peanut shell under the

same condition were determined. The maximum adsorption capacity of AO-PNS-g-

PAN and alkalized peanut shell for Hg(II) at 45 �C was 4.45 and 0.92 mmol g-1,

respectively. In the following part, the effect of pH, adsorption kinetics and

adsorption isotherms of AO-PNS-g-PAN for Hg(II) were further studied.

Optimization of the adsorption pH

The solution pH is deemed as an indispensable factor that remarkably affects the

charge states of the adsorbent surface and the degree of ionization of metal ions in

solution. The effect of pH on the adsorption capacity is presented in Fig. 6. It

showed that the adsorption capacity of AO-PNS-g-PAN for Hg(II) was pH-

dependent and the maximum adsorption capacity was obtained at pH = 6.0. At low

pH, most of the functional groups on adsorbent surface (such as –NH2 and –OH) are

protonated and presented in the positively charged form, which reduce the number

of active binding sites [28]. Also, the electrostatic repulsion between Hg(II) and the

positively charged functional groups may prevent the adsorption of Hg(II) onto the

surface of the adsorbents [29, 30]. Therefore, the adsorption of Hg(II) in acidic

solution was unfavorable. As pH increases, most of the protonated –NH2 and –OH

groups are gradually deprotonated and more active binding sites available, which

would promote the formation of the complex with Hg(II), and hence the adsorption

capacity increased [31]. The high adsorption capacity of AO-PNS-g-PAN for Hg(II)

further demonstrated that the chelating effect of amidoxime groups and loose

structure played an important role in the adsorption process.

Adsorption kinetics

Figure 7 depicts the effect of contact time on the adsorption of AO-PNS-g-PAN to

Hg(II) at 25, 35, 45 �C, respectively. The kinetic curves indicated that the maximum

adsorption was obtained at 45 �C. As presented in Fig. 7, the adsorption process
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Fig. 6 Effect of pH on the
adsorption of AO-PNS-g-PAN
for Hg(II)
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consisted of two stages. The first stage showed a rapid adsorption pattern due to the

large number of active sites available on the surface of AO-PNS-g-PAN. The

second stage exhibited a gradual tendency because the active sites were

progressively occupied by the metal ions which brought about no great difference

in the adsorption rate. To explore the controlling mechanism of Hg(II) adsorption

onto AO-PNS-g-PAN, pseudo-first-order and pseudo-second-order models were

employed to explain the experimental data, as shown in Eqs. (4) and (5):

ln
ðqe � qtÞ

qe

¼ �k1t ð4Þ

t

qt
¼ 1

k2q2
e

þ t

qe

ð5Þ

where qe is adsorption capacity at equilibrium (mmol g-1), k1 is the rate constant of

pseudo-first-order (min-1), qt is adsorption capacity at any time (mmol g-1), k2 is

the rate constant of pseudo-second-order (g mmol-1 min-1).

The relevant parameters of the fitting results of pseudo-first-order and pseudo-

second-order are summarized in Table 1. By comparing the correlation coefficients

R2 values, we can conclude that the pseudo-second-order model is more suitable to

explain the adsorption kinetic processes at three temperatures. Moreover, the

theoretical adsorption capacity qe(cal) calculated from pseudo-second-order model

is more close to the experimental adsorption capacity qe(exp), which also can
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Fig. 7 Adsorption kinetics of
AO-PNS-g-PAN for Hg(II)

Table 1 Kinetics parameters for adsorption of Hg(II) by AO-PNS-g-PAN at different temperatures

T (�C) qe(exp)

(mmol g-1)

Pseudo-first-order kinetics Pseudo-second-order kinetics

K1

(min-1)

qe (cal)

(mmol g-1)

R1
2 K2

(g mmol-1 min-1)

qe(cal)

(mmol g-1)

R2
2

25 2.96 0.0106 3.16 0.9806 0.0036 3.05 0.9924

35 3.70 0.0051 2.22 0.9390 0.0043 3.80 0.9996

45 4.45 0.0120 5.99 0.8434 0.0044 4.54 0.9995
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demonstrate the above conclusion. The corresponding fitting results of t/qt versus

t are shown in Fig. 8.

Adsorption isotherms

The adsorption isotherms of AO-PNS-g-PAN to Hg(II) at different temperatures

were investigated and the results are depicted in Fig. 9. Similarly, there are two

theories to describe the isothermal adsorption experimental data and they are

Langmuir Eq. (6) and Freundlich isotherm model Eq. (7), respectively.

Ce

qe

¼ Ce

q
þ 1

qKL

ð6Þ

ln qe ¼ lnKF þ
lnCe

n
ð7Þ

where qe is the equilibrium adsorption capacity (mmol g-1), Ce is the equilibrium

concentration of metal ions (mmol mL-1), q is the saturated adsorption capacity

(mmol g-1), KL is an empirical parameter, KF is the binding energy constant.

Langmuir model is applicable to a homogeneous surface and a monolayer

adsorption process; while Freundlich model is an empirical equation describing a
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Fig. 8 Pseudo-second-order
model of AO-PNS-g-PAN for
Hg(II) at different temperatures
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heterogeneous system and a reversible adsorption process. The relevant coefficients

of Langmuir and Freundlich model are summarized in Table 2. As illustrated in

Table 2, the relatively high RF
2 values suggested that the Freundlich isotherm model

was more suitable to fit the experimental data. In other words, the adsorption

process could be interpreted as a multilayer surface adsorption on the basis of the

Freundlich model. Meanwhile, the fitting curve of Freundlich isotherm model is

displayed in Fig. 10.

Conclusion

This study highlights the potential of agricultural residue containing amidoxime and

hydroxyl groups as an efficient adsorbent to remove Hg(II). AO-PNS-g-PAN was

synthesized by the processes of pretreatment of PNS, acylation with a-BrIBA,

polymerization of AN and modification with NH2OH�HCl. The adsorption process

depended on solution pH, contact time and initial metal ions concentration. The

adsorption kinetics data followed the pseudo-second-order model and isotherm data

could be described by the Freundlich isotherm model. PNS functionalized by

amidoxime groups exhibited a greater capacity than crude PNS for Hg(II). PNS

could be selected as a promising material to prepare the efficient adsorbent through

introducing other functional groups.

Table 2 Langmuir and Freundlich parameters for adsorption of Hg(II) by AO-PNS-g-PAN at different

temperatures

T (�C) Langmuir parameters Freundlich parameters

qthe (mmol g-1) KL RL
2 KF 1/n RF

2

25 4.7998 452 0.9610 76 0.5728 0.9980

35 6.5963 400 0.9137 124 0.6102 0.9901

45 4.9702 1336 0.9559 36 0.3770 0.9915
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Fig. 10 Freundlich isotherm
model of Hg(II) adsorbed on
AO-PNS-g-PAN at different
temperatures
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