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Abstract A series of Cellulose/poly-ethylene imine

(PEI) composites were prepared by grafting hyper-

branched PEI onto cellulose chains in alkali/urea

aqueous solvent system through ‘‘one step’’ method.

The SEM results showed that the Cellulose/PEI

composite maintained porous structure. The Cellu-

lose/PEI composites were tested as Cu(II) adsorbents

through thermodynamics and kinetics study. The

adsorption process followed pseudo-second-order

kinetics equation. The adsorption isotherms could be

described by both Langmuir and Freundlich isotherm

models. The maximum adsorption amount was calcu-

lated to be 285.7 mg/g. The composites showed good

stability so that they could be used in a wide range of

pH and temperature. Besides, the Cu(II) loaded

Cellulose/PEI composite could also be easily regen-

erated by dilute sulfuric acid and still keep a major

adsorption capacity. Finally, the adsorption capacities

of Celluloes/PEI composite towards other metal ions,

such as Zn(II), Ni(II), Cr(III) and Pb(II), were also

demonstrated. It will be a new high-performance and

environmental friendly material for sewage disposal

and metal pollution treatment with promising devel-

opmental potential.

Keywords Cellulose � Poly(ethylene imine) �
Composite � Heavy metal ions � Adsorption

Introduction

In recent years, environmental pollution control has

aroused great concern and become a research focus.

Water pollution, especially heavy metal ions pollu-

tion, is a grave menace to public health, such as

gastrointestinal, liver, kidney damage and intravascu-

lar hemolysis. How to remove the heavy metal ions

from the sewage is an issue worth of studying.

Many methods were used to separate the heavy

metals from waste water such as chemical separation,

membrane separation, electrochemical separation,

cation exchange and adsorption (Bao et al. 2015; Liu

et al. 2015; Peng et al. 2014). Among such diverse

sewage treatments, adsorption is the most high-

efficient and economical method with relatively high

adsorption capacity, selectivity, wide applicability and

reusability (Demirbas et al. 2009; Feng et al. 2009;Se-

haqui et al. 2014).

Natural materials such as activated carbon (Srivas-

tava et al. 2006), chitosan (Katsutoshi et al. 1999; Dai

et al. 2010; Yan et al. 2012), lignin (Adhikari et al.
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2013) and cellulose (Annadurai et al. 2002;

Mohammed et al. 2015; Wu et al. 2015) were used

as the adsorptive materials for waste water treat-

ment. Among these varied natural materials, cellu-

lose (Cai et al. 2008; Chang et al. 2010) has

received increasing attentions for its properties of

abundance and regeneration. Cellulose materials,

like hydrogel, film, microcrystal and so on, is rich in

‘‘-OH’’ groups which can offer some adsorption

capacity. In fact, due to the low activity of ‘‘-OH’’

groups, the adsorption capacities of pure cellulose

materials are limited. Thus some effective groups

such as carbonyl group (Qiao et al. 2015; Liu et al.

2014), sulfo group (Dwivedi et al. 2014), phosphate

group (Oshima et al. 2011), amino group (Xiong

et al. 2010; Zhao and Mitomo 2008) were intro-

duced in order to improve the absorption ability.

PEI is a kind of water-soluble polymer and rich in

amino groups (Sun et al. 2013) which can

chelate Cu(II) ions very effectively. In recent years,

many researchers paid attention to Cellulose-PEI

composites for the removal of pollutants from water.

Setyono and Valiyaveettil 2015 and Wang et al.

(2014) used PEI to functionalize paper/membrane

which showed excellent adsorption capacities

towards heavy metal ions. Melone et al. 2015a, b

did several meaningful works on cross-link of bPEI

and cotton cellulose for the application of fluoride

sensing and water remediation. Besides, He et al.

2014 and Tang et al. 2012 also prepared PEI-

modified cellulose composite for water treatment.

However, partial synthesis of these methods was

still relatively complicated and the maximum

adsorption capacity was still need to be improved.

In this work, we used ‘‘one-step’’ method to

synthesize composite hydrogels in alkali/urea solution

system with PEI as functional group and cellulose as

skeleton. The process was simple and the reaction

condition was mild. The structures and morphologies

of cellulose and Cellulose/PEI composites were

characterized by Solid-State NMR and Scanning

electron microscopy (SEM). Through adsorption

kinetic and adsorption thermodynamics, their adsorp-

tion abilities were systematically investigated. The

influence factors such as temperature, pH and

reusability were also investigated in this work.

Furthermore, the adsorption of other heavy metal

ions such as Ni(II), Zn(II), Cr(III) and Pb(II) was also

investigated.

Experimental

Materials

Cellulose (Mw = 8 9 104) was supplied by Hubei

Chemical Fiber Co. Ltd. Poly (ethylene imine) (PEI)

(Mw = 1.0 9 104, 99 %) was purchased from Sigma

Aldrich. Analytically pure Epichlorohydrin (ECH),

LiOH, urea, CuSO4, Cr(NO3)3�9H2O, ZnSO4�7H2O,

NiCl2�6H2O, Pb(NO3)2 and other reagents used in this

work were purchased from Sinopharm Chemical

Reagent Co. Ltd. and used as received in our

experiments without further purification.

Preparation of Cellulose/PEI composites

A certain amount of PEI was dissolved in LiOH/urea

aqueous solution (4.6/15 wt%). Then, the mixed

solution was pre-cooled to -13.5 �C. Calculated

amount of cellulose was then dissolved in the pre-

cooled mixture solution with vigorous stirring. A

certain amount of ECH as crosslinking agent was

added dropwise into the Cellulose/PEI mixture solu-

tion (10 mL) and stirred at 25�C for 30 min and then

placed in an oven at 60 �C for 4 h to obtain Cellulose/

PEI composite hydrogels. Finally the composite

hydrogels were washed with distilled water for several

times with 100 mL water per time to remove the

residual LiOH, urea and probably unreacted PEI until

the eluate was neutral. The high concentration of

LiOH/urea solution could be collected and reused.

Pure cellulose hydrogel was prepared by the same

method as contrast. The contents of cellulose and PEI

are shown in Table 1. By changing the content of PEI

from 5 to 20 wt% and cellulose from 2 to 4 wt%, four

samples of Cellulose/PEI composite hydrogels were

prepared and coded as CP-1, CP-2, CP-3 and CP-4

respectively.

The Cellulose/PEI composite hydrogels for 13C CP/

MAS NMR, SEM and adsorption experiments were all

freeze-dried samples. The proposed preparation pro-

cess of the Cellulose/PEI composite hydrogel is shown

in Scheme 1.

Characterization

Solid-state 13C Cross-Polarization/MAS NMR spectra

were performed on Bruker 600 M Spectrometer (13C

frequency = 100.18 MHz) at 25 �C. The spinning
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rate was 8 kHz and the Cross Polarization time was

1.0 ms. The contents of Cu(II) ions in the aqueous

solutions were analyzed by UV–Vis spectrophotom-

etry (CARY-100, Agilent), Bis(cyclohexanone) Oxa-

lyldihydrazone (BCO) was used as complexation

agent in buffer solution (pH = 9). The concentrations

of Cu(II) ions were determined at 595 nm (Messori

et al. 2007; Peterson and Bollier 1955; Zatta et al.

2005). The pH values of solution were controlled by

METTLER TOLEDO SevenEasy pH meter. Scanning

electron microscopy (FESEM, Hitachi S-4800) was

used to characterize the surface morphologies and

structures of the samples with an acceleration voltage

of 5.0 kV.

The amount of amino groups on the Cellulose/PEI

composites were determined by titration method with

hydrochloric acid according to the following process:

0.05 g of dry Cellulose/PEI composites (CP-1 to CP-

4) were mixed with 10 mL of 0.1 mol L-1 HCl

solutions respectively. Then the mixtures were shaken

for 80 h at room temperature. 2.5 mL of supernatant

was diluted to 25 mL by redistilled water and 2 drops

of phenolphthalein were added into the solution as the

indicator. The mixture was titrated with 0.01 mol L-1

NaOH solution until the color changed from colorless

to pink. The content of amino groups (a) was

calculated by Eq. (1)

a ¼ C1V1 � C2V2

m
� 16 � 100% ð1Þ

where C1 and C2 (mol L-1) are the concentrations of

HCl and NaOH solutions, respectively, V1 and V2

(L) are the volume of HCl and NaOH solutions,

respectively, and m (g) is the mass of Cellulose/PEI

composite (He et al. 2014).

Adsorption of Cu(II) on Cellulose/PEI composites

To evaluate the adsorption ability, 10 mg freeze-dried

Cellulose/PEI composites were placed into 10 mL

Cu(II) solutions with concentration ranging from 100

to 1600 mg/L. The mixtures were shaken for 80 h at

room temperature. The Cu(II) ions concentration of

the supernatant solutions was measured by UV

spectrophotometer. The adsorption capacity (Qe) was

defined as the following Eq. (2):

Qe ¼
ðC0 � CeÞ � V

m
ð2Þ

Table 1 Chemical

composition of Cellulose/

PEI composite hydrogels

Cellulose/PEI composite hydrogel samples Cellulose (wt%) PEI (wt%)

CP-1 4 5

CP-2 2 5

CP-3 2 10

CP-4 2 20

Scheme 1 Proposed

mechanism for cross-linking

reaction of Cellulose and

PEI in alkali aqueous

solution with ECH
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where Qe is the adsorption capacity of Cu(II) (mg/g),

C0 and Ce are the initial and equilibrium concentra-

tions of Cu(II) (mg/L), V is the volume of solution (L),

and m is the dry weight of the freeze-dried Cellulose/

PEI composites (g).

The continuous adsorption experiments were con-

ducted as the follows. 10 mg freeze-dried Cellulose/

PEI composites were placed into 10 mL Cu(II)

solutions (500 mg/L) at room temperature. The

supernatant solutions would be taken out at predeter-

mined time intervals ranging from 10 min to 78 h. The

amount of adsorption (Qt) was calculated from the

Eq. (3):

Qt ¼
ðC0 � CtÞ � V

m
ð3Þ

where Qt is the adsorption amount of Cu(II) (mg/g) at

different time, Ct is the initial and equilibrium

concentrations of Cu(II) (mg/L) at different time.

The effect of pH on the adsorption capacity of

Cellulose/PEI composite (CP-2) towards Cu(II) was

performed with an initial concentration (500 mg/L) of

Cu(II) in a pH range of 1.0–6.0 at room temperature.

The pH of solutions was adjusted to defined values

with 0.1 mol L-1 H2SO4 or NaOH solution.

The influence of temperature on the adsorption

capacity was performed with an initial concentration

(500 mg/L) of Cu(II) ions at temperature ranging from

278 to 323 K.

Recycling experiments were performed to study the

reusability of Cellulose/PEI composite. The Cellulose/

PEI composite (CP-2) loaded Cu(II) was eluted in a

10 mL sulfuric acid with pH = 2 for 24 h at room

temperature, and then washed by distilled water to

remove residual acid. The Cu(II) concentration in the

sulfuric acid was measured by UV spectrophotometer.

Then, the regenerated Cellulose/PEI composite was

put into the Cu(II) solution and used in second

adsorption. The adsorption and desorption processes

were repeated for five times.

Adsorption of Zn(II), Ni(II), Cr(III), Pb(II)

on Cellulose/PEI composite

10 mg freeze-dried Cellulose/PEI composites (CP-2)

were respectively placed into 10 mL Zn(II), Ni(II),

Cr(III), Pb(II) solutions with concentration of

1000 mg/L. The mixtures were shaken for 80 h at

room temperature. The pH of the mixture was set to 6

for Ni(II) and Zn(II) and to 5 for Cr(III) and Pb(II) for

heavy metal ions adsorption at those pH has been

widely reported (O’Connell et al. 2008; Wang et al.

2015). The initial and final concentrations of these

heavy metal ions were determined by ICP-AES (IRIS

Intrepid II) since UV measurement is not adapted for

these heavy metal ions (Setyono and Valiyaveettil

2015). The adsorption capacities (Qe) of Zn(II), Ni(II),

Cr(III), Pb(II) were also defined as Eq. (2).

Results and discussion

Structure of Cellulose/PEI composites

Figure 1 shows the 13C CP/MAS NMR spectra of

freeze-dried Cellulose/PEI composite hydrogels sam-

ples (CP-1 to CP-4), Cellulose hydrogel and PEI. The

signals of cellulose and PEI constituents can be

distinguished clearly in these 13C CP/MAS NMR

spectra. The signals at 107.4, 89.2, 75.2, 63.1 ppm can

be assigned to the chemical shifts of cellulose (C1, C4,

C2/3/5, C6) and the broad signal between 32 and

80 ppm can be attributed to PEI. All the Cellulose/PEI

composite hydrogels have been washed several times

by distilled water to remove alkali/urea and probably

unreacted PEI. Thus the combination between cellu-

lose and PEI could be proved by the spectra showed in

Fig. 1. With the increase of the content of PEI, the

integral area of the PEI peaks increased,which indi-

cated that there were more PEI molecules grafted onto

the cellulose chains. Through titration experiments,

the content of amino groups were obtained as 5.10 %

(CP-1), 6.22 % (CP-2), 7.14 % (CP-3) and 9.87 %

(CP-4), respectively. With the increase of the content

of PEI in the preparation process, the content of amino

groups increased which means more adsorption sites.

The results are consistent with the 13C CP/MAS NMR

results.

It is well-known that higher surface-to-volume ratio

leads to higher adsorption capacity in most cases.

Figure 2a shows the porous structure of freeze-dried

cellulose hydrogel with pore size ranging from 30 to

150 nm. After addition of PEI, the pore size of

Cellulose/PEI composite decreased to 10-50 nm as

shown in Fig. 2b, it is probably because that PEI

molecules grafted onto the cellulose chains and par-

tially ‘‘filled’’ the space among cellulose chains. The
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porous structure of composites could make Cu(II) ions

easily diffuse into the inside of the Cellulose/PEI

composites. And the large amount of amino groups of

PEI could provide rich coordinate sites to effectively

‘‘capture’’ Cu(II) ions.

The Cellulose/PEI composite hydrogel displays

better deformation resisting property and stability

compared with cellulose hydrogel as shown in

Fig. 3. The hyperbranched PEI molecules play the

role of the reinforcement between cellulose chains to

enhance the mechanical property of composite hydro-

gel. Because of good mechanical property, the Cellu-

lose/PEI composite hydrogels will be very convenient

to be regained from the waste-water and transported in

the industrial production.

Adsorption property of Cellulose/PEI composites

towards Cu(II)

Adsorption kinetics

To investigate the adsorption kinetics of Cellulose/PEI

composites, the effects of adsorption time on Cellu-

lose/PEI composites (CP-1 to CP-4) towards Cu(II)

ions are depicted in Fig. 4. For all samples, the

adsorption capacities of Cu(II) ions increased rapidly

and reached nearly 85 % in the first period, it took

10–20 h depending on samples, then the growth trend

slowed down and the adsorption capacities reached

saturation after several hours later. The obviously

strong adsorption ability of Cellulose/PEI composites

could be attributed to the porous structure and the

strong metal chelating ability of amino group (Dai

et al. 2010; Setyono and Valiyaveettil 2015). When the

Cellulose/PEI composites were placed into the Cu(II)

solution, Cu(II) ions could easily diffuse into the

composites and be chelated by amino groups of PEI.

Thus the Qt increased linearly with time in the initial

stage.

Fig. 1 13C CP/MAS NMR spectra of freeze-dried hydrogels:

a cellulose hydrogel, b CP-1, c CP-2, d CP-3, e CP-4, f the pure

PEI

Fig. 2 a SEM images of freeze-dried cellulose hydrogel. b SEM images of freeze-dried Cellulose/PEI composite hydrogel CP-2
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With the adsorption process continuing, more and

more adsorption sites were occupied and steric

hindrance increased. Hence the adsorption rates

slowed down and reached equilibrium at last. The

increased content of PEI brought more adsorption sites

and a probably denser structure. Therefore, more

Cu(II) ions could be adsorbed and more time was

needed to reach the equilibrium. That is the reason

why equilibrium time (te) of these composites

increased with PEI content increasing. Through the

same method, the adsorption capacity of pure cellulose

hydrogel was measured to be 25.6 mg/g, which was

much lower than that of Cellulose/PEI composites

(111.7 mg/g to 184.0 mg/g).

In order to study the adsorption kinetics of Cu(II) on

Cellulose/PEI composites, the adsorption data were

fitted with pseudo-first-order model (Eq. 4) and

pseudo-second-order model (Eq. 5) as follow (Ho

and McKay 1999; Repo et al. 2010).

Qt ¼ Qeð1 � e�k1tÞ ð4Þ

Qt ¼
k2Q

2
e t

1 þ k2Qet
ð5Þ

where Qe and Qt are the adsorption capacity (mg/g) of

Cu(II) ions of Cellulose/PEI composites at equilibrium

and at a given time t respectively, k1 and k2 are pseudo-

first-order and pseudo-second-order rate constant,

respectively.

The parameters of the two models are summarized

in Table 2. Though both correlation coefficients R2 of

the two models were greater than 0.9, while the

pseudo-second-order kinetic equation provided better

correlation of the adsorption process. This indicated

that the adsorption process may be mainly controlled

by chemisorption.

Adsorption Isotherms

Static adsorption experiments were performed in

different Cu(II) initial concentration ranging from

100 to 1600 mg/L. The adsorption abilities were

evaluated with Langmuir and Freundlich adsorption

isotherm models (Zhou et al. 2009; Qiu et al. 2014).

The equation of the Langmuir model is described as

Eq. (6):

Ce

Qe

¼ 1

bQm

þ Ce

Qm

ð6Þ

where Qe is the amount adsorbed by Cellulose/PEI

composites (mg/g) and Ce is the equilibrium concen-

tration in solution (mg/L), b (L/mg) is the Langmuir

Fig. 3 a Illustration of mechanical property of cellulose hydrogel (2wt%). b Illustration of mechanical property of Cellulose/PEI

composite hydrogel CP-2

Fig. 4 Effect of contact time on adsorption of Cellulose/PEI

composites. Conditions: initial concentration, 500 mg/L; room

temperature

2532 Cellulose (2016) 23:2527–2537
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constant related to the energy of adsorption and Qm

(mg/g) is the maximum adsorption capacity of the

adsorbent.

The equation of the Freundlich model is described

as Eq. (7):

lnQe ¼ lnKF þ 1

n
lnCe ð7Þ

where KF is related to the adsorption capacity, 1/n is

heterogeneity factor.

The static adsorption curves are presented in Fig. 5.

The parameters of the two adsorption isotherm models

are listed in Table 3. With the increasing of Cu(II)

initial concentration, the amount of adsorption

increased. The prediction maximum adsorption capac-

ities calculated with model were well matched with

measured values.

The correlation coefficient R2 of Langmuir iso-

therm model is greater than 0.98 (CP-1 to CP-4),

which suggested the adsorption of Cu(II) ions on these

Cellulose/PEI composites was a monolayer adsorption

process on a surface with a finite number of identical

sites. The Freundlich model constant (1/n) is in

relation to the adsorption intensity of the material.

When 1/n\ 1, it suggests a favorable adsorption

condition and a heterogeneous surface with an expo-

nential distribution of energy of the adsorbent sites. In

the present work, the 1/n was all around 0.3, which

predicted that the Cu(II) ions could be easily adsorbed

on the Cellulose/PEI composites. R2 of both Langmuir

and Freundlich models indicated significantly corre-

lation, representing a combination of physical and

chemical adsorption.

Figure 6a shows the maximum adsorption capacity

of Cellulose/PEI composites with different mass ratio

between PEI and cellulose (5:4 to 20:2). The CP-4 had

the highest maximum adsorption capacity (285.7 mg/

g), CP-3 with 236.4 mg/g, CP-2 with 201.2 mg/g and

Table 2 Pseudo-first-order and pseudo-second-order kinetic models parameters for the adsorption of Cu(II) on Cellulose/PEI

hydrogels at room temperature

Qe (mg/g) te
(h)

Pseudo-first-order Pseudo-second-order

Qe1

(mg/g)

K1 (1/h) R2 Qe2

(mg/g)

K2

(g/(mg�h))

R2

CP-1 119.2 21 111.7 ± 3.488 0.171 ± 0.0247 0.914 122.9 ± 3.848 0.00218 ± 4.08 9 10-4 0.940

CP-2 140.3 25 138.9 ± 2.628 0.132 ± 0.0103 0.976 157.9 ± 3.585 0.00113 ± 1.34 9 10-4 0.982

CP-3 159.1 35 152.2 ± 3.843 0.151 ± 0.0167 0.950 171.7 ± 3.357 0.00122 ± 1.31 9 10-4 0.984

CP-4 182.3 60 184.0 ± 6.384 0.0573 ± 0.00519 0.973 228.7 ± 8.124 0.000263 ± 3.44 9 10-5 0.986

Fig. 5 a Langmuir adsorption isotherm for Cu(II) on Cellulose/PEI composites. b Freundlich adsorption isotherm for Cu(II) on

Cellulose/PEI composites. Conditions: contact time, 80 h; room temperature

Cellulose (2016) 23:2527–2537 2533
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CP-1 with 165.3 mg/g. With the increasing of PEI

content in the composites, the maximum adsorption

capacity increased. The increase of maximum adsorp-

tion capacity is due to the increased number of

adsorption sites contributed by PEI molecules. The

adsorption capacities of Cellulose/PEI composites are

much higher than activated carbon-based adsorption

materials [25.1 mg/g (Srivastava et al. 2006),

39.5 mg/g (Diwakar and Seung 2011)]. It is also

higher than some other natural adsorption materials

towards Cu(II) ions that had been reported before,

such as Chitosan-based Composite adsorption mate-

rials (65.8 mg/g(Yan et al. 2012),145.5 mg/g(Dai

et al. 2010)).

Effect of solution Temperature

Temperature is an important factor to the adsorption

ability. In this work, the temperature ranged from 278

to 323 K. As shown in Fig. 6b, there was no obvious

change of the adsorption capacity to Cu(II) ions in the

temperature range of experiments. It indicated that the

chelation between amino groups and Cu(II) main-

tained stable no matter the temperature was close to

freezing point (278 K) or higher than most of the

environment temperature (323 K). This characteristic

is very important and useful in the application of water

treatment in almost any environment temperature.

Effect of solution pH

The pH is another major factor to influence the

adsorption property. Cellulose/PEI composite (CP-2)

was chosen as the experimental subject. The solution

pH values ranged from 1.0 to 6.0 in the experiments.

As shown in Fig. 6c, with the pH rising from 1.0 to 5.0,

the absorption amount increased. The adsorption

capacity reached the maximum value (130.8 mg/g)

at pH 5.0 and reduced a little to 119.2 mg/g when pH

was 6.0. It was because that the amine groups could

easily be protonated at lower pH, resulting in an

electrostatic repulsive force to Cu(II) ions and

Table 3 Langmuir and Freundlich adsorption isotherm models parameters for the adsorption of Cu(II) on Cellulose/PEI composites

at room temperature

Adsorption Langmuir Freundlich

Qm (mg/g) b R2 1/n KF R2

CP-1 165.3 ± 3.231 0.0116 ± 0.00193 0.998 0.231 ± 0.0315 25.5 ± 4.88 0.931

CP-2 201.2 ± 11.53 0.00688 ± 0.00187 0.984 0.329 ± 0.0536 13.1 ± 4.33 0.919

CP-3 236.4 ± 9.499 0.0110 ± 0.00357 0.992 0.249 ± 0.0415 30.3 ± 7.52 0.906

CP-4 285.7 ± 9.152 0.00736 ± 0.00106 0.995 0.307 ± 0.0527 22.0 ± 6.94 0.901

Fig. 6 a The adsorption capacity of Cellulose/PEI composites

with different mass ratio between PEI and cellulose. b Effect of

temperature on adsorption. c Effect of pH on adsorption.

Conditions: Cellulose/PEI composite (CP-2); initial concentra-

tion, 500 mg/L; contact time, 80 h; room temperature

2534 Cellulose (2016) 23:2527–2537
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reducing adsorption ability. When the pH was higher

than 6.0, Cu(II) ions in the solution were easily

translated into Cu(OH)2 precipitation and could not be

adopted. From the result, the most suitable pH range

was 3.0 to 6.0. It is noticeable that when the pH is

lower than 3.0, little Cu(II) ions can be adsorbed onto

the Cellulose/PEI composites. This property makes

the Cellulose/PEI composite can be regenerated by

dilute acid solutions below pH 3.0 and reusable.

Desorption and reusability

The reusability of Cellulose/PEI composite was

examined through five adsorption–desorption cycles

after regenerated by dilute acid solution. Figure 7

shows that the adsorption capacity of Cellulose/PEI

composite remained more than 86 % after five

adsorption–desorption cycles. This result manifested

that Cellulose/PEI composites were stable, reusable

and would be potential candidates for environmental

applications.

Adsorption property of Cellulose/PEI composite (CP-

2) towards Zn(II), Ni(II), Cr(III), Pb(II)

The adsorption ability towards other heavy metal ions,

such as Zn(II), Ni(II), Cr(III), Pb(II) were also

investigated. As shown in Fig. 8, the adsorption

values towards Zn(II), Ni(II), Cr(III) and Pb(II) were

148.4, 112.2, 30.4 and 248.2 mg/g, respectively. It’s

obvious that Cellulose/PEI composite is suitable for

the removal of divalent heavy metal ions because the

amino groups are more inclined to chelate with diva-

lent metal ions. Compared with other low-cost

sorbents, the adsorption capacities of Cellulose/PEI

composite towards Zn(II), Ni(II) and Pb(II) are

definitely higher (Babel and Kurniawan 2003; Ngah

and Hanafiah 2008; Sehaqui et al. 2014). The excellent

adsorption property indicates that Cellulose/PEI com-

posites have a wide application potential for removal

heavy metal ions from waste water.

Conclusions

In this study, a series of Cellulose/PEI composites with

different Cellulose/PEI ratio were synthesized by ‘‘one

step’’ method. The composites maintained porous

structure and showed better mechanical property. All

the Cellulose/PEI composites showed excellent

adsorption abilities towards Cu(II) ions. With the

increasing of the content of PEI in the composites,

amino groups as absorption sites increased and both

the maximum adsorption capacity and equilib-

rium time increased. The maximum adsorption capac-

ity towards Cu(II) reached 285.7 mg/g when PEI

content achieved to 20 %. The adsorption kinetics

fitting results showed that the adsorption behavior of

Cellulose/PEI composites followed the pseudo-

Fig. 7 The adsorption capacity of Cellulose/PEI composite on

Cu(II) during regeneration cycles. Conditions: Cellulose/PEI

composite (CP-2); initial concentration, 500 mg/L; eluent pH,

2; adsorption contact time, 80 h; desorption contact time, 24 h;

room temperature

Fig. 8 The adsorption capacity of Cellulose/PEI composite on

Zn(II), Ni (II), Cr(III), Pb(II) and Cu(II). Conditions: Cellulose/

PEI composite (CP-2); initial concentration, 1000 mg/L;

adsorption contact time, 80 h; room temperature
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second-order model. Both the Langmuir and Fre-

undlich models correlated with the adsorption exper-

imental data, namely a combination of physical

adsorption and chemical adsorption. The adsorption

ability maintained a high level in a wide temperature

range (from 278 to 323 K). Strong acid condition

benefits the regeneration of the adsorbents. Even after

five adsorption/desorption cycles, the adsorption

capacity of regenerated samples still maintained more

than 86 %. Furthermore, Cellulose/PEI composite

could also adsorb some other heavy metal ions such

as Zn(II), Ni (II) and Pb(II) effectively. In brief,

owning to high adsorption ability, environmentally

friendly components and simple preparation process,

Cellulose/PEI composites may be potential materials

for waste water treatment and heavy metal ions recycle

applications.
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