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Abstract Four kinds of NH2-functionalized nano magnetic

polymer adsorbents (NH2-NMPs) coupled with different dia-

mino groups, i.e., ethylenediamine (EDA), diethylenetriamine

(DETA), triethylentetramine (TETA), and tetraethylenepent-

amine (TEPA), named as EDA-NMPs, DETA-NMPs, TETA-

NMPs, and TEPA-NMPs, respectively, have been prepared

and characterized by transmission electron microscopy (TEM),

X-ray diffractometer (XRD), vibrating sample magnetometer

(VSM), elementary analyzer (EA), Brunauer, Emmett, Teller

surface area analyzer (BET), and Fourier transform infrared

spectroscopy (FTIR). The sorptive characteristics of the

NH2-NMPs intended for removal of chromium(VI) was inves-

tigated. Batch adsorption studies were carried out to optimize

adsorption conditions. The evaluation of the adsorption

kinetics, isotherm, and thermodynamics was deeply investi-

gated. The results showed the adsorptive properties of the

NH2-NMPs were highly pH dependent. Adsorption of Cr(VI)

reached equilibrium within 30 min. The data of adsorption

kinetics obeyed pseudo-second-order rate mechanism well.

The adsorption data for Cr(VI) onto NH2-NMPs were well

fitted to the Langmuir isotherm. The maximum adsorption

capacities (qm) of the NH2-NMPs to Cr(VI) were 136.98,

149.25, 204.08, 370.37 mg g-1, for EDA-NMPs, DETA-

NMPs, TETA-NMPs, and TEPA-NMPs, respectively. Ther-

modynamic parameters like DHh, DSh, and DGh for the

adsorption of Cr(VI) onto the NH2-NMPs have been esti-

mated, which suggested that the adsorption processes of

Cr(VI) onto the NH2-NMPs were endothermic and entropy

favored in nature. The adsorption mechanism studies showed

that the adsorption of Cr(VI) onto the NH2-NMPs could be

related with electrostatic attraction, ion exchange, and coor-

dination interactions.

Introduction

With the rapid development of global industrialization,

more and more chromium, which has been placed on the top

of the priority list of toxic pollutants by the U. S. EPA, has

been applied in a wide range of industries, such as electro-

plating and metal finishing processes, tanning of leather,

pigment and chemical industry, etc [1–3]. It is known that

chromium has two main oxidation states, i.e., Cr(III) and

Cr(VI), in aqueous systems. It has been reported that Cr(VI)

is about 500 times more toxic than Cr(III) [3]. Several

Cr(VI) compounds are toxic and act as carcinogens, muta-

gens, and teratogens in biological systems [4]. According to

the reports of U. S. EPA, 97379 lb of chromium is released

from surface water discharges and 29 million pounds is

released due to dissolution from rain [5]. It is reported

that the common concentrations of Cr(VI) found in waste-

water are around 50–100 mg L-1[6], which are over

1,000 times higher than the maximum allowed concentra-

tion (0.05 mg L-1) in drinking water [7]. Therefore, more

and more attention has been paid to develop an effective

approach for the treatment of Cr(VI)-contained wastewater.
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Some conventional methods [3], such as reduction,

reverse osmosis, electrodialysis, ion exchange, and adsorp-

tion, have been used for this purpose. However, among these

methods, few could achieve the discharge standards alone,

and some of them even generated a large amount of sec-

ondary waste.

Relatively, adsorption is a conventional but efficient

technique. Many kinds of adsorbents for wastewater treat-

ment have been developed, such as activated carbon [8],

activated alumina [9], coated silica gel [10], hydroxyapatite

(HA)-based materials [11], peat moss [12], and raw rice bran

[13]. However, how to separate the adsorbents quickly from

the solution and shorten the separation time [14] are still the

difficulties to be overcome. The features of magnetic

adsorbents that can be subsided rapidly under a magnetic

field provide an effective approach via magnetic separation

[15]. Recently, Hu et al. reported a kind of magnetite

(c-Fe2O3) which was used for the removal of Cr(VI) ions

from wastewater. Although this adsorbent could be sepa-

rated rapidly from post-treatment wastewater system, its

maximum adsorption capacity was only 17.0 mg g-1 [16].

In order to achieve high maximum adsorption capacity,

various functional groups, including carboxylate, hydroxyl,

sulfate, phosphate, amide, and amino groups, have been

used to modify the conventional adsorbents [17, 18]. The

surface functionalization of magnetic nanoparticles can be

tailored if a chemical modification of polymeric shells is

elaborately designed. Thus, selective adsorption on different

metal ions can be realized [14, 19]. Amino-functionalized

materials would be expected to be effective ones for

removing heavy metals, since the removal of anionic metal

species could not only be achieved via electrostatic inter-

action [20] or ion exchange [7] but also be realized via

coordination interaction between metal ions and amino

groups [21, 22]. However, reports on the preparation and

application of NH2-NMPs for the removal of Cr(VI) ion

from wastewater were limited. Moreover, after modification

with amino groups, the maximum adsorption capacity of the

absorbents to the target heavy metal ions was not always

improved as expected. For instance, the maximum adsorp-

tion capacity, for Cr(VI) ions, of the ethylenediamine-

functionalized polymer, i.e., poly(GMA-co-MMA)-EDA,

reported by Bayramoglu et al. [21], amino-functionalized

magnetic nano-adsorbent, reported by Huang et al. [19],

and the non-functional NMPs, reported by Hu et al. [16],

was found to be 0.441 mmol g-1 (22.93 mg g-1) [21],

11.24 mg g-1[19], and 17.0 mg g-1[16], respectively.

Thus, to obtain novel NMPs with high adsorption capacity

for heavy metal ions is still facing great challenges.

In this study, a series of novel NH2-functionalized nano-

sized magnetic polymer adsorbents (NH2-NMPs) have

been synthesized via the suspension polymerization fol-

lowed by ring-opening reactions with different diamines,

i.e., EDA, DETA, TETA, and TEPA, as illustrated in Fig. 1,

named as EDA-NMPs, DETA-NMPs, TETA-NMPs and

TEPA-NMPs, respectively. They were characterized by

transmission electron microscopy (TEM), X-ray diffrac-

tometer (XRD), elementary analyzer (EA), Teller surface

area analyzer (BET), Fourier transform infrared spectros-

copy (FTIR), and vibrating sample magnetometer (VSM).

The effectiveness of the NH2-NMPs for the removal Cr(VI)

from wastewater was verified from laboratory batch tests.

Some important variables, e.g., the effects of pH value, the

initial concentration of Cr(VI) solutions, were intensively

investigated. The adsorption kinetics, thermodynamics, and

adsorption isotherm were studied. Presumed mechanism of

Cr(VI) adsorption onto NH2-NMPs was also discussed.

Some promising results were reported.
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Fig. 1 A scheme for the

binding and amino-

functionalization procedure of

NH2-NMPs nanoparticles
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Experimental section

Synthesis

All the necessary chemicals were of analytical grade and

were purchased from the Sinopharm Chemical Reagent

Co., Ltd. All the dilutions were prepared by ultrapure

water.

Fe3O4 magnetic nanoparticles were prepared according

to a reported procedure [23, 24] after minor modification.

1.0 g of Fe3O4 nanoparticles was dispersed in 200 mL

ethanol under ultrasonication, then 5 mL of oleic acid was

added dropwise under stirring at 80 �C for 1 h. The oleic

acid-coated Fe3O4 nanoparticles (OA-M) were isolated in

the magnetic field and washed with water and ethanol to

remove redundant oleic acid.

The NH2-NMPs were prepared by the following steps

based on the suspension polymerization and ring-opening

reactions. The preparation procedure of TEPA-NMPs was

taken as an example for discussion.

2.0 g of polyglycol was dissolved into 200 mL hot

water, followed by adding 4 mL (0.04 mol) methyl meth-

acrylate (MMA) and 8 mL (0.05 mol) glycidylmethacry-

late (GMA). Then 1.0 g of OA-M was dispersed to the

above system under ultrasonication. Finally, 1.0 g of ben-

zoyl peroxide (BPO) dissolved in 20 mL ethanol was

added dropwise under vigorous stirring. The mixture was

continuously reacted at 80 �C for 3 h, yielding M-co-

(GMA-MMA) polymer. The resulting M-co-(GMA-MMA)

was isolated under magnetic field and washed with water

and ethanol to make it free from redundant GMA and

MMA.

1.25 g of the M-co-(GMA-MMA) was dispersed into

50 mL methanol in a 100-mL flask. 15 mL of TEPA

(0.08 mol) was added dropwise under stirring. The flask

was then fitted with a water condenser and heated at 80 �C

for 8 h. The final NH2-NMPs were isolated under magnetic

field and washed with water and methanol to pH value at

*7.0 to remove redundant diamines. The NH2-NMPs were

dried in a vacuum oven at 60 �C and stored in a sealed

bottle for further use.

Characterization

The morphology and dimensions of the synthesized NH2-

NMPs were examined by a TEM (Hitachi H-7650) at

80 kV. Each sample was prepared by placing a very dilute

particle suspension onto 400 mesh carbon grids coated with

copper film. The structures of NH2-NMPs were determined

by an XRD (Bruker D8 Advance) at ambient temperature.

The instrument was equipped with a copper anode gener-

ating Cu Ka radiation (k = 1.5406 Å). Magnetic behavior

was analyzed by a VSM (Lake Shore 7410). The surface

area of the particles was measured by a BET (ASAP-2020)

surface area analyzer. FTIR spectra were recorded on a

Thermo Nicolet (NEXUS-470) FTIR spectrometer. Nitro-

gen percentage of NH2-NMPs was analyzed with an ele-

mentary analyzer (EA) (ThermoFisher Flash-1112). Fe3O4

percentage was calculated via the content of the Fe in NH2-

NMPs, which was obtained by analysis of the total iron

concentration according to the standard colorimetric

method [25] by using a spectrophotometer (722, Shanghai,

China). The concentration of Cr(VI) ions in the aqueous

solution was analyzed by the standard colorimetric method

[26] at a wavelength of 540 nm after acidification of

samples with 1 N H2SO4 and reaction with 1,5-diphenyl

carbazide to produce a purple color complex for colori-

metric measurement.

Adsorption experiments

A stock solution of chromium(VI) at concentration of

1000 mg L-1 was prepared by dissolving a known quantity

of potassium dichromate (K2Cr2O7) in ultrapure water.

Batch adsorption studies were performed by mixing 0.05 g

NH2-NMPs with 40 mL K2Cr2O7 solution of varying

concentration from 50 to 1000 mg L-1 in a 100-mL stop-

per conical flask. 1.0 mol L-1 HCl and 0.5 mol L-1 NaOH

solutions were used for pH adjustment. To investigate the

effect of pH value, 40 mL of 50 mg L-1 Cr(VI) with pH

ranging from 2.0 to 9.0 was mixed with 0.05 g NH2-NMPs

for 24 h to reach equilibrium. For the adsorption kinetic

studies, 0.05 g NH2-NMPs was added into 40 mL

of 50 mg L-1 Cr(VI), samples were taken for Cr(VI)

concentration measurements at specific time intervals.

Adsorption isotherm studies were conducted by varying the

initial Cr(VI) concentration from 50 to 1000 mg L-1 at

temperature of 308.15 K and pH value at 2.0–2.5. For the

thermodynamics studies, 0.05 g NH2-NMPs was added

into 40 mL of 200 mg L-1 Cr(VI) with temperature

ranging from 298.15 to 338.15 K.

Adsorption data analysis

The equilibrium adsorption capacity for each adsorbent, qe

(mg g-1), was determined by analyzing Cr(VI) concen-

tration before and after the treatment and calculated by

using the Eq. 1

qe ¼
C0 � Ceð ÞV

m
ð1Þ

where C0 and Ce are the initial and equilibrium Cr(VI)

concentrations in the solution (mg L-1), m is the adsorbent

dosage (mg), and V is the volume of the solution (mL), the

same hereinafter.

J Mater Sci (2010) 45:5291–5301 5293

123



The adsorption kinetic data obtained from batch exper-

iments were analyzed by using a pseudo-second-order rate

expressed as Eq. 2 [14]

t

qt
¼ 1

k2q2
e:c

þ t

qe:c
ð2Þ

where qt is the amount of Cr(VI) adsorbed onto adsorbent

any time t (mg g-1) and k2 is the second-order rate constant

at the equilibrium (g mg-1 in-1). Thus, by plotting t/qt

against t, the values of k2 (slope2/intercept), qe.c (1/slope)

and k2qe.c
2 (the initial adsorption rate (mg g-1 min-1),

1/intercept) can be determined graphically from the slope

and intercept of the revealed plots.

The Langmuir model was used to characterize the

maximum adsorption capacity of the given adsorbents,

which is expressed as Eq. 3 [19]

Ce

qe

¼ 1

Kqm

þ Ce

qm

ð3Þ

where qm and K are the Langmuir constants, which are

related to the maximum adsorption capacity and apparent

heat change, respectively.

The adsorption thermodynamic data obtained from

batch experiments were analyzed by using Eq. 4 [27]

ln KD ¼ �
DHh

RT
þ DSh

R
ð4Þ

where DHh and DSh are the values of standard enthalpy

change, and standard entropy change, respectively. KD is

the distribution coefficient, which is defined as Eq. 5 [27]

KD ¼
Amount of Cr VIð Þ adsorbed on NH2-NMPs

Amount of Cr VIð Þ in solution equilibrium
� V

m

ð5Þ

Results and discussion

Characterization of adsorbents

The TEM, VSM, BET, XRD, and FTIR spectra of the NH2-

NMPs were recorded. The characterization of TEPA-NMPs

was taken as a representative discussed as follows. The

TEM image of TEPA-NMPs was shown in Fig. 2a. It

revealed that the TEPA-NMPs particles were multidi-

spersed with an average diameter of around 30 nm. It is

known that magnetic particles of less than 30 nm will

exhibit paramagnetism [28]. The paramagnetic properties of

the TEPA-NMPs were verified by the magnetization curve

measured by VSM, and the saturation moment of the syn-

thesized particles obtained from the hysteresis loop was

found to be 3.79 emu g-1. The TEPA-NMPs were expected

to respond well to magnetic fields without any permanent

magnetization, therefore making the solid and liquid phases

separate easily. The surface area measured by BET (SBET) of

TEPA-NMPs was measured to be 0.09 m2 g-1, which

indicated that TEPA-NMPs were non-porous.

The XRD patterns of TEPA-NMPs were shown in

Fig. 2b. Six characteristic peaks of Fe3O4 at 2h of 30.1�,

35.5�, 43.1�, 53.4�, 57.0�, and 62.6� corresponding to their

indices (220), (311), (400), (422), (511), and (400) were

observed, which revealed that the binding and amino-

functionalization did not cause any measureable change in

the phase property of Fe3O4 cores. This could be attributed

to the fact that the binding and amino-functionalization

occurred only on the surface of the Fe3O4 cores to form a

core–shell sturcture.

The IR spectra of OA-M, M-co-(GMA-MMA) and

TEPA-NMPs were shown in Fig. 3. In the IR spectra of

OA-M (Fig. 3a), the characteristic band of Fe3O4 occurs at

*589 cm-1. Other typic bands can be assigned as follows:

m(–OH): *3446 cm-1, m(–CH2, –CH3): *2924 cm-1,

*2853 cm-1, m(C=O): *1630 cm-1 and m(C=C): *1429 cm-1.

These revealed that the Fe3O4 was coated with oleic acid.

After co-polymerization, the characteristic absorptions of

C=O groups at *1730 cm-1, C–O–C groups at *1265

and *1149 cm-1 appeared, as shown in Fig. 3b. After

further amino-functionalization, the characteristic peaks of

–NH– and –NH2– groups at *1576 and *3365 cm-1

appeared, shown in Fig. 3c. This revealed that the epoxyl-

of M-co-(GMA-MMA) had been functionalized success-

fully with the amino groups via ring-opening reaction.

Effect of initial concentration and pH value

on the adsorption properties

The effect of initial concentration on the adsorption prop-

erties was intensively investigated for TEPA-NMPs by

varying C0 of Cr(VI) at 50, 500, and 1000 mg L-1. The

results were shown in Fig. 4a. Under corresponding pH

value from 2.0 to 9.0, the adsorption efficiency of Cr(VI)

decreased with the increase of the initial Cr(VI) concentra-

tion. The percentage of uptake Cr(VI) for TEPA-NMPs

decreased from 99.9% to 16.5%, 73.9% to 11.5%, and

47.2% to 9.4% gradually with an increase of pH value from

2.0 to 9.0 for the concentration of Cr(VI) at 50, 500, and

1000 mg L-1, respectively. The phenomenon could be

attributed to the fact that for a fixed adsorbent dosage, the

total available adsorption sites would be relatively settled,

thus leading a decrease in adsorption percentage of adsorbate

corresponding to the increased initial Cr(VI) concentration.

The effect of pH value on the adsorption properties was

studied by mixing 40 mL of 50 mg L-1 Cr(VI) with 0.05 g

different NH2-NMPs by varying pH ranging from 2.0 to 9.0

for 24 h. The results were shown in Fig. 4b. As shown in

Fig. 4b, the adsorption efficiency was highly pH depen-

dent. The adsorption efficiency reached a maximum (over
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123



99.9%) at pH of 2.0 for TEPA-NMPs, and pH of 2.5 for

EDA-NMPs, TETA-NMPs, and DETA-NMPs, respec-

tively. The effect of pH value on the adsorption efficiency

was due to its influence on the surface properties of the

adsorbent as well as different species of the Cr(VI) in

aqueous solution. The species of the Cr(VI) are not only

related to its concentration but also the pH value of the

solution. In the case of the initial concentration of the

Cr(VI) solution from 50 to 500 mg L-1, Cr(VI) exists

mainly in the soluble form of HCrO4
- with pH from 2.0 to

6.5 [29]. However, Cr(VI) exists mainly in the soluble

forms of both HCrO4
- and Cr2O7

2- at pH from 2.0 to 6.5

with the initial concentration of the Cr(VI) solution from

500 to 1000 mg L-1[29]. In both cases, Cr(VI) exists

mainly in soluble form of CrO4
2- at pH value above 6.5.

The main factor affecting this variation of adsorption

efficiency in different pH value may be due to the fact that

the adsorption free energy of different chromium species

(HCrO4
-, H2CrO4, and CrO4

2-) varied with pH [8]. The

adsorption free energy of HCrO4
- and CrO4

2- is -2.5 to

-0.6 kcal mol-1 and -2.1 to -0.3 kcal mol-1, respec-

tively [30]. The adsorption free energy of HCrO4
- is lower

than that of CrO4
2-, and consequently HCrO4

- is more

favorably adsorbed than CrO4
2- at same concentration.

From the above discussion, it can be educed that Cr(VI)

Fig. 2 TEM image (a) and

XRD (b) of TEPA-NMPs

nanoparticles
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T
(%

)

Wave numbers(cm -1)
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1645.28
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Fig. 3 FTIR adsorption spectra of (a) OA-M, (b) M-co-(GMA-

MMA), and (c) TEPA-NMPs
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was adsorbed by this adsorbent mainly in the soluble form

of HCrO4
-.

Adsorption kinetic studies

The effect of time on the adsorption of Cr(VI) by NH2-

NMPs was shown in Fig. 5a. It can be seen that the rate of

Cr(VI) uptake was initially quite high, followed by a much

slower subsequent adsorption capacity leading gradually to

an equilibrium condition. Though it took 0.5 h to reach

equilibrium, adsorption capacity obtained at any time (qt)

got to *95% of the adsorption capacity at equilibrium (qe)

during the first 5 min. Since NH2-NMPs are non-porous as

characterized by BET, rapid adsorption of Cr(VI) can be

realized by external surface adsorption. Because almost all

of the adsorption sites exist in the exterior of the adsorbent,

it is easier for the adsorbent to access these active sites,

thus resulting in a rapid approach to equilibrium. At

equilibrium, the adsorption capacities of Cr(VI) at initial

concentration of 50 mg L-1 for any kind of the NH2-NMPs

were found to be at around 39.9 mg g-1, therefore, the

residue concentration of Cr(VI) can be reduced to less than

0.05 mg L-1. This result is very promising for practical

applications because there would be no need for a further

treatment since the concentration of Cr(VI) in the effluent

undergoing adsorption can meet the discharge requirement.

Furthermore, comparing to other adsorbents such as acti-

vated carbon [31], the present NH2-NMPs had great

advantages with much shorter adsorption equilibrium time.

In order to investigate the mechanism of adsorption and

potential rate-controlling steps, the adsorption kinetic data

obtained from batch experiments were analyzed by using a

pseudo-second-order rate equation. The linear plots of

t � qt
-1 versus t for NH2-NMPs were shown in Fig. 5b.

Some important parameters, i.e., the rate constant (k2) and

the calculating equilibrium adsorption capacities (qe.c), etc.

were listed in Table 1, which indicated that the data fit the

pseudo-second-order rate equations well. The values of qe.c

obtained from the pseudo-second-order model (37.6, 37.9,

38.5, and 40 mg g-1) agreed perfectly to the experimental

values of qe (37.49, 37.79, 38.47, and 39.96 mg g-1) for

EDA-NMPs, DETA-NMPs, TETA-NMPs, and TEPA-

NMPs, respectively. Based on the assumption of pseudo-

second-order model [32], the rate limiting step may be a

chemical adsorption involving valence forces through

sharing or exchange of electrons between adsorbent and
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adsorbate. This further indicated that the adsorption

capacities of the NH2-NMPs adsorbents were proportional

to the number of active sites on the surface [14]. It was

obvious to see that the functional groups of amine

increased, the number of active sites on their surface

increased as well, which led to a increase in qe for NH2-

NMPs. The initial adsorption rates decreased from 1111.1

to 166.6 mg g-1 min-1 with the functional groups of

amino increased for NH2-NMPs. These results were con-

sistent with the findings that appeared in a chemisorption-

controlled mechanism between the adsorbents surface and

adsorbate ions as well [32].

Adsorption isotherms

Adsorption isotherms of NH2-NMPs with different amino

groups were obtained at the optimized temperature and pH

with the initial concentration of Cr(VI) varying from 50 to

1000 mg L-1. The results were shown in Fig. 6. The

experimental data of all the NH2-NMPs were well corre-

lated with the Langmuir isotherm equation (R2 [ 0.99).

The qm and K values for the adsorption of Cr(VI) were

listed in Table 2. It can be seen that the values of qm

increased with the increasing of nitrogen percentage in the

NH2-NMPs, i.e., the more amino groups of the NH2-NMPs

had, the higher maximum adsorption capacity would be

able to be achieved, which indicated that the amino groups

played a very important role in the adsorption process of

Cr(VI) in aqueous solution.

The fundamental characteristics of Langmuir equation

can be interpreted in terms of a dimensionless constant

separation factor RL, defined by Eq. 6 [33]

RL ¼
1

1þ KC0

ð6Þ

where K is Langmuir constant, and C0 is initial concen-

tration of Cr(VI). The value of RL indicated the types of

Langmuir isotherm of irreversible (RL = 0), favorable

(0 \ RL \ 1), linear (RL = 1), or unfavorable (RL [ 1). By

calculation, RL was between 0 and 1 for the present NH2-

NMPs with any initial concentration of Cr(VI). For

instance, for the initial concentration of Cr(VI) at 50 mg/L,

the RL was 0.11, 0.04, 0.21, and 0.14 for EDA-NMPs,

DETA-NMPs, TETA-NMPs, and TEPA-NMPs, respec-

tively, which indicated that the adsorption isotherms

obeyed the Langmuir rules.

Adsorption thermodynamic studies

In order to evaluate the thermodynamic parameters for

adsorption of Cr(VI) on NH2-NMPs, the adsorption stud-

ies were carried out at temperature from 298.15 K to

338.15 K, and the results were shown in Fig. 7. It can be

seen that the value of distribution coefficient (KD) for NH2-

NMPs increased with the increasing of temperature. This

indicated that adsorption of Cr(VI) on NH2-NMPs was

endothermic and entropy favored in nature. The values of

standard enthalpy change DHh and standard entropy change

DSh, which were related to distribution coefficient (KD),

were calculated and presented in Table 3. Using the values

of DHh and DSh, standard free energy changes DGh at

308.15 K for NH2-NMPs were evaluated and the results

were tabulated in Table 3 as well.

Adsorption capacity comparison

The comparison of the adsorption capacity of NH2-NMPs

with other adsorbents examined for the removal of Cr(VI)

under similar conditions reported in literature were sum-

marized in Table 4. As shown in Table 4, the present NH2-

NMPs had a much higher maximum adsorption capacity

Table 1 The pseudo-second-order rate equations and constants of NH2-NMPs

NH2-NMPs Pseudo-second-order

rate equations

k2

((g mg-1) min-1)

qe

(mg g-1)

qe.c

(mg g-1)

k2qe
2

((mg g-1) min-1)

R2

EDA-NMPs t/qt = 0.0266t ? 0.0009 0.7862 37.49 37.6 1111.1 1

DETA-NMPs t/qt = 0.0264t ? 0.0019 0.3668 37.79 37.9 526.3 1

TETA-NMPs t/qt = 0.026t ? 0.0021 0.3219 38.47 38.5 476.2 1

TEPA-NMPs t/qt = 0.025t ? 0.006 0.1042 39.96 40 166.7 1
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Fig. 6 Langmuir isotherms for Cr(VI) adsorption
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comparing to other adsorbents reported in literature. They

should be very promising particles for the removal of

Cr(VI) in wastewater.

Adsorption mechanisms

The adsorbent properties, particularly the functional groups

on the adsorbent surface, play a crucial role on the adsorp-

tion mechanisms. The most commonly reported mecha-

nisms for adsorption of metal ions included ion exchange,

electrostatic interaction, chelation, precipitation, and com-

plexation [18, 44]. For anions, electrostatic interaction plays

an important role in allowing the approach of the ions to the

adsorbent surfaces. The amino groups on the adsorbent

surface are easily protonated under acidic condition and are

favorable for anion adsorption [45].

As aforementioned, the adsorption properties of the

NH2-NMPs were highly pH dependent, therefore, there

could be electrostatic attraction and ion exchange during

the process of removing Cr(VI) from wastewater by NH2-

NMPs.

The surfaces of NH2-NMPs were covered with amino

groups (–NH–, –N\, and –NH2). The forms of amino

groups varied at different pH. Amino groups would be

protonated at pH below 10.4 as well [20]. As shown in

Fig. 4b, the optimized pH value decreased from 2.5 to 2.0

for EDA-NMPs, DETA-NMPs, TETA-NMPs, and TEPA-

NMPs, respectively. This phenomenon could be attributed

to the fact that the more amino groups in the NH2-NMPs

there were, the more H? used for protonation, leading a

lower optimized pH value. Under acidic conditions, amino

Table 2 The Langmuir isotherms, constants and nitrogen percentage of NH2-NMPs

NH2-NMPs Nitrogen percentage

obtained from EA (%)

Langmuir isotherms Langmuir constants

K (L mg-1) R2 qm (mg g-1)

EDA-NMPs 6.09 Ce/qe = 0.0073Ce ? 0.0443 0.1648 0.9997 136.98

DETA-NMPs 7.94 Ce/qe = 0.0067Ce ? 0.015 0.4467 0.9999 149.25

TETA-NMPs 9.08 Ce/qe = 0.0049Ce ? 0.0653 0.0750 0.9989 204.08

TEPA-NMPs 9.89 Ce/qe = 0.0027Ce ? 0.0219 0.1233 0.9991 370.37

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
1.0

1.5

2.0

2.5

3.0

3.5

4.0
 EDA-NMPs
 DETA-NMPs
 TETA-NMPs
 TEPA-NMPs

ln
K

D

1/T

Fig. 7 Plot of ln KD versus 1/T for adsorption of Cr(VI) on NH2-

NMPs samples

Table 3 Thermodynamic

parameters for the adsorption of

Cr(VI) onto NH2-NMPs

NH2-NMPs Cr(VI)

concentrations

(mg L-1)

DH
(kJ mol-1)

DS
(J mol-1 K-1)

DG (kJ mol-1)

at 308.15 K

EDA-NMPs 200 14.15 58.52 -3.88

DETA-NMPs 200 16.09 66.5 -4.39

TETA-NMPs 200 28.53 112.5 -6.14

TEPA-NMPs 200 28.93 119.06 -7.76

Table 4 Adsorption capacities of various adsorbents for Cr(VI)

Adsorbents pH T
(�C)

qm

(mg g-1)

Ref.

EDA-NMPs 2.5 35 136.98 This work

DETA-NMPs 2.5 35 149.25 This work

TETA-NMPs 2.5 35 204.08 This work

TEPA-NMPs 2.0 35 370.37 This work

Rice bran 2.0 30 294.1 [34]

Seed of Ocimum basilicum 2.0 25 205.0 [35]

Eucalyptus bark 2.0 32 45.0 [36]

Wheat bran 2.0 r.t. 35.0 [37]

Green algae Spirogyra species 2.0 18 14.7 [38]

Chlamydomonas reinhardtii 2.0 25 18.2 [39]

Maghemite nanoparticles 2.0 25 19.2 [40]

Modified jacobsite 2.0 25 31.55 [41]

Imidazole functionalized 2.5 25 152 [5]

Iron humate *4.0 r.t. 20.0 [42]

Biomass of Rhizopus nigrificans 2.0 45 43.5 [43]
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groups were easier to be protonated and electrostatic

attraction happened as in Eq. (7) [20]. Here, –NH3
? and

HCrO4
- were taken as representatives

�NH3
þ þ HCrO4

� ! �NH3
þ � � � � � �HCrO�4 ð7Þ

–NH3
? can also contact with Cl-, and then ion exchange

took place between HCrO4
- and Cl- as described in Eq. 8

[7]

�NH3
þCl� þ HCrO4

� ! �NH3
þHCrO4

� þ Cl� ð8Þ

With the increasing of the pH value, the concentration of

H? was decreased, while the concentration of OH- which

competed with HCrO4
- was increased. So the ability of

–NH2 to be protonated was weakened, resulting in the

decline of removal efficiency.

However, it can be seen from Fig. 4a that there was a

flat for each curve with different initial Cr(VI) concentra-

tion. The higher the initial Cr(VI) concentration was, the

longer the pH range of the flat appeared. This phenomenon

was similar to the adsorptive behavior of poly(GMA-co-

MMA)-EDA[21] and amino-functionalized magnetic nano-

adsorbent [19] to Cr(VI) under different pH. If only elec-

trostatic attraction and ion exchange existed, the removal

efficiency should be decreased gradually with pH value

increased. In order to illuminate the phenomenon, we

supposed there was another interaction, i.e., coordination

interaction, which compensated the lose of the removal

efficiency resulting from electrostatic attraction and ion

exchange with the increasing of the pH value. The pre-

sumed process of the coordination interactions for the

removal of Cr(VI) by TEPA-NMPs was taken as an

example and illustrated in Scheme 1.

To get a further understanding of the adsorption mech-

anism in this work, the FTIR (shown in Fig. 8) of K2Cr2O7

(a), TEPA-NMPs-fresh (b), Cr-TEPA-NMPs (c), TEPA-

NMPs-used (d) were recorded for comparison, where

TEPA-NMPs-fresh were freshly prepared TEPA-NMPs,

Cr-TEPA-NMPs were the TEPA-NMPs after adsorption to

Cr(VI), as described in 2.2.2, and TEPA-NMPs-used were

the TEPA-NMPs after desorption of Cr-TEPA-NMPs by

0.2 mol L-1 NaOH.

In the spectrum of Fig. 8a, the FTIR adsorption spectra

of K2Cr2O7, there were four characteristic bands at 950.15,

884.47, 761.52, 557.94 cm-1 which can be assigned to the

absorptions of Cr=O and Cr–O–Cr groups.

Compared to the spectrum of K2Cr2O7 (a), in the spec-

trum of Cr-TEPA-NMPs (c), the characteristic bands at

941.58 and 779.84 cm-1, assigned to Cr=O and Cr–O

groups, had been broadened. This may be attributed to

the electrostatic attraction and ion exchange interactions

between amino groups and HCrO4
- at acidic conditions.

These interactions distorted the symmetric of the CrO4
2-

and resulted in broadening the characteristic bands of

CrO4
2-. Compared with the spectrum of TEPA-NMPs-fresh

(b), in the spectrum of Cr-TEPA-NMPs (c), the character-

istic bands of –NH– groups at 1575.67 cm-1 disappeared

along with the appearance of the bands at 1635.78 cm-1,

which may be attributed to the formation of the N ? Cr

coordination bonds, subsequently weakened the –NH–

bonding and resulted in a large shift (*60 cm-1). Besides, a

new band at 517.81 cm-1 appeared, which may be attrib-

uted to the vibration of N–Cr bond.

Moreover, compared with the two spectra of the TEPA-

NMPs before adsorption (b) and after desorption (d), the

Fe3O4
HO

HN

HN

HNNH

NH2

Cr (VI)

Fe3O4
O

NH

NH

NHNH

H2N Cr

Scheme 1 The presumed

process of the coordination

interactions for the removal of

Cr(VI) by TEPA-NMPs

4000 3500 3000 2500 2000 1500 1000 500
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T
(%

)
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Fig. 8 FTIR adsorption spectra of (a) K2Cr2O7, (b) TEPA-NMPs-

fresh, (c) Cr-TEPA-NMPs, and (d) TEPA-NMPs-used
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spectrum (d) was not fully resumed to (b). In the spectrum

(d), the disappearance of the bands at 950.15, 884.47,

761.52 cm-1, which were assigned to Cr=O and Cr–O–Cr

groups, supported the adsorption mechanism involving the

electrostatic attraction and ion exchange interactions

between amino groups and HCrO4
-. While, the bands at

1663.16 cm-1, which was attributed to the characteristic

bands of the –NH– groups after the formation of the

N ? Cr coordination bonds, still remained. This phe-

nomenon was also observed in the cases of the other three

used NH2-NMPs. Moreover, the bands at *510 cm-1,

which can be assigned to absorption of Cr–N groups,

remained as well. The FTIR spectra of the used NH2-NMPs

were summarized in Fig. 9.

From the FTIR studies discussed above, we can get a

conclusion that there were coordination interactions

between Cr(VI) and NH2-NMPs during the adsorption.

Overall, the adsorption mechanism of Cr(VI) by the NH2-

NMPs could be related with electrostatic attraction, ion

exchange and coordination interactions.

Conclusion

In this study, a series of core–shell-structured NH2-NMPs

with different amino groups were synthesized and charac-

terized. The effectiveness of the present NH2-NMPs for the

removal of Cr(VI) from wastewater was verified from

laboratory batch tests. The removal efficiency was highly

pH dependent and the optimal adsorption occurred at pH

2.0–2.5. The adsorption of Cr(VI) reached equilibrium

rapidly within 30 min, and the adsorption process fol-

lowed by magnetic separation leads to the rapid and

inexpensive removal of Cr(VI). The data of adsorption

kinetics obeyed pseudo-second-order rate mechanism

well with an initial adsorption rate of 1111.1, 526.3,

476.2, and 166.7 mg g-1 min-1, for EDA-NMPs,

DETA-NMPs, TETA-NMPs, and TEPA-NMPs, respec-

tively. The adsorption data for Cr(VI) onto NH2-NMPs were

well fitted to the Langmuir isotherm, and the adsorption

process was endothermic and entropy favored in nature.

Adsorption mechanism studies suggested that the adsorption

of Cr(VI) onto NH2-NMPs involved electrostatic interaction,

ion exchange, and coordination interactions.
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