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a b s t r a c t

Heavy metal pollution of water poses a severe threat to the environment and public health. In this 
research, a novel heavy metal ions wastewater treatment agent, magnetic (acrylamide-co-maleic 
anhydride) grafted gelatin [magnetic poly (AM-co-MA)-g-gelatin], was synthesized using aqueous 
solution polymerization. Factors affecting Cr3+ removal efficiency, including the amount of gelatin, 
Fe3O4 and citric acid, were optimized by orthogonal experiments to gain the optimum synthesis con-
dition. The obtained magnetic composite was characterized by FTIR, TEM, XPS and SQUID, which 
showed a core/shell structure and good magnetic properties. The experimental results showed that 
the removal process was rapid and completed within 10 min. The residual concentration of Cr3+ in 
the solution decreased from 30 mg·L–1 to 1.3 mg·L–1 under the optimum condition. The magnetic com-
posite significantly improves the removal efficiency of the Cr3+ by comparison with the conventional 
flocculants. The intensified removal performance can be due to the good magnetic separability. 
Therefore, the magnetic poly (AM-co-MA)-g-gelatin is a promising treatment agent for Cr3+-contam-
inated water.

Keywords:  Heavy metal ions; Wastewater treatment agent; Magnetic composite; Synthesis; Magnetic 
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1. Introduction

With the rapid growth of industrialization, contami-
nation of water has received extensive attention [1,2]. One 
major type of water contaminants is heavy metal ions [3].
In aquatic environments, they have posed a great threat 
to human health due to their toxicity, abundance and per-
sistence, and they can accumulate in aquatic habitats [4,5]. 
There are many sources of heavy metals in the water envi-
ronment, such as combustion of fossil fuels [6], leather 
production, electroplating production, mining and other 
metallurgic activities [7]. Heavy metals in industrial waste-
waters include zinc, copper, cadmium, chromium [8] and 

so on. Chromium is a highly toxic pollutant mainly from 
leather tanning, textile dyeing, electroplating [9]. In aque-
ous system, chromium has two main states: Cr3+ and Cr6+ 
[10]. Chromium affects human physiology health and bring 
about severe health problems [8]. Therefore, removing 
heavy metal ions from effluents is an important problem of 
global concern.

Up to now, a number of techniques have been devel-
oped to remove heavy metal ions from wastewater, such as 
adsorption, chemical precipitation, membrane filtration, ion 
exchange [11,12], reverse osmosis and electrochemical treat-
ments [13]. Among these methods, chemical precipitation 
has attracted wide attention because of its simplicity and 
low cost [14]. The conventional heavy metal ions wastewater 
treatment agents include lime, sodium hydroxide [15], cal-



N. Gu et al. / Desalination and Water Treatment 116 (2018) 170–178 171

cium sulphide, sodium sulphide [16] and so on. In addition, 
the application of heavy metals capturing agents has been 
developed such as Na2EDTA [17], DTC [18,19]. However, the 
forming precipitates rely only on gravity settling to achieve 
the purpose of separation from water, and most of the agents 
show low water solubility, environmentally unfriendly 
[20,21] and other defects [22]. Therefore, the development of 
low-pollution heavy metal ions wastewater treatment agent 
with excellent removal efficiency and fast solid-liquid sepa-
ration has been listed as an advanced research hotspot.

Nowadays, magnetic nanoparticles have been the focus 
of attention owing to its unique magnetic behavior [23]. 
They have a promising potential for various technological 
application such as targeted drug delivery, MR imaging 
[24], ferrofluids technology [25] and so on. Besides, mag-
netic nanoparticles are also being used for water treatment 
like efficient adsorption of cationic dyes [26] and separa-
tion of radionuclides [27]. In order to overcome the disad-
vantages of the existing chemical precipitants, a magnetic 
metal-organic macromolecule complex with many anionic 
functional groups, was prepared as heavy metal ions 
wastewater treatment agent. Magnetic nanoparticles is 
mixed with anionic polyacrylamide to form heavy metal 
ions wastewater treatment agent. This agent shows many 
excellent properties. On one hand, Fe3O4 has the advantage 
of magnetic response, which can improve the processing 
efficiency and shorten the action time under the synergistic 
effect of gravity field. On the other hand, the N atoms in the 
anionic polyacrylamide can form coordination bonds with 
metal cations, and lead to electrostatic interactions between 
the treatment agent and heavy metal ions. Therefore, it 
combines physical and chemical actions to achieve more 
thoroughly removal of heavy metal ions. Furthermore, the 
prepared magnetic composite has the advantages of no res-
idue and no need of adjusting pH value.

The aim of the present study was to synthesize a novel 
heavy metal ions wastewater treatment agent, which facil-
itates the separation of magnetically precipitates from the 
aqueous solution by the application of an external mag-
netic field. Herein, anionic polyacrylamide was firstly syn-
thesized and then coated onto Fe3O4 by aqueous solution 
polymerization. The synthesis conditions including mono-
mer concentration, AM/MA mass ratio,initiator dosage 
and reaction time were investigated for anionic polyacryl-
amide’s intrinsic molecular weight. 

In this paper, the effects of gelatin, Fe3O4 and citric acid 
on the Cr3+ removal efficiency of magnetic poly (AM-co-
MA)-g-gelatin were analyzed by orthogonal experimental 
design, and then the optimum overall performance ratio was 
selected. The structure, particle size, and magnetic proper-
ties of the product were characterized by FTIR, TEM, and 
SQUID. The most common heavy metal ion Cr3+, was used as 
the model to evaluate the removal performance of the newly 
prepared heavy metal ions wastewater treatment agent. 

2. Experimental

2.1. Materials 

All chemicals used in this study were of analytical grade, 
and were used without further purification. Acrylamide 
(AM), maleic anhydride (MA), Fe2(SO4)3, FeSO4·7H2O were 

purchased from Sinopharm Chemical Reagent Co., Ltd, 
Shanghai, China. Sodium bisulfite, citric acid were obtained 
from Nanjing Chemical Reagent Co., Ltd, Nanjing, China. 
Ammonium persulfate, chromium chloride, gelatin were 
purchased from Shanghai Macklin Biochemical Co., Ltd, 
Shanghai, China. Deionized water (DI) was used through-
out the study.

2.2. Synthesis of poly (AM-co-MA)

Poly (AM-co-MA) was synthesized by aqueous solution 
polymerization which using ammonium persulfate and 
sodium bisulfate as redox initiator. In brief, predetermined 
amounts of AM and MA were put into a 250 mL three-
necked flask and dissolved in 30 mL deionized water. After 
that a predetermined redox initiator dosage were added to 
the solution. Then the reaction mixture was stirred at 80°C 
for a period of time, followed by washing the polymer with 
excess amount of ethanol. The copolymer was then dried in 
the oven at a constant temperature of 70°C. 

2.3. Measurement of intrinsic viscosity and molecular weight

A point method was used to measure the intrinsic vis-
cosity of poly (AM-co-MA). The flow time of the solvent 
and the solution were measured by using Ubbelohde vis-
cometer with capillary diameter of 0.5–0.6 mm, and the 
intrinsic viscosity was calculated from the measured value. 
The temperature was maintained at 30 ± 0.05°C during the 
measurement. After obtaining the intrinsic viscosity value, 
the molecular weight of the polymer was calculated by the 
following equation:

M = 802 [η]1.25  (1)

where M is the molecular weight (g·mol–1), [η] is the intrin-
sic viscosity (mL·g–1).

The parameters affecting polymerization was studied, 
such as monomer concentration, AM/MA mass ratio, initi-
ator dosage and reaction time,by measure the intrinsic vis-
cosity of poly (AM-co-MA).

2.4. Synthesis of magnetic poly (AM-co-MA)-g-gelatin

Fe3O4 magnetic nanoparticles was prepared by chemical 
co-precipitation method. The magnetic poly (AM-co-MA)-
g-gelatin was synthesized by aqueous solution copolymer-
ization method. A 250 mL three-neck flask was placed in an 
oil bath, 1 g of gelatin, 12.0 g of AM and 1.2 g MA were dis-
solved in 35 mL deionized water. In a separate beaker, 0.5 g 
citric acid was dissolved in 5 mL deionized water and put 
2 g of Fe3O4 into it. Then the mixture was poured into the 
flask. After that, the redox initiator solution was dropwise 
added to the solution with stirring and the reaction mix-
ture was stirred 90 min at 80°C. Extraction of the polymer 
was executed in ethanol and the copolymer was dried in the 
oven at a constant temperature of 40°C. 

2.5. Orthogonal experimental design

The objective of orthogonal experimental design is to 
find an optimal production condition through a minimum 
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number of experiments using neatly orthogonal table. 
Magnetic poly (AM-co-MA)-g-gelatin specimens with dif-
ferent various mixture ratios were obtained by altering the 
amount of gelatin (factor A), the amount of Fe3O4 (factor 
B), the amount of citric acid (factor C). Amount of gelatin, 
Fe3O4 and citric acid were decided as three tests factors of 
orthogonal experimental and each element had three levels. 
It was supposed that there was no correlation between any 
two factors. The orthogonal matrix L9 (3

3) was used and test 
procedure is given in Table 1.

2.6. Range analysis

There are two important arguments in the range analysis: 
ki and Rj. ki is defined as the average value of the total num-
ber of removal efficiency of Cr3+ in the equal level (i, i = 1, 2, 
3) of each factor (j, j = A, B, C). The alterational trend of ki can 
be used to define the optimal level. Rj represents the scope of 
the maximum value and minimum value of ki. The order of 
Rj can be used to assess the extent that each factor affects the 
removal efficiency of Cr3+. A larger Rj value means a greater 
effect on the removal efficiency [28]. For L9 (3

3) matrix, the 
calculations formula are as follows (for the factor of C):

K1 = Y1 + Y5 + Y9   (2)

K2 = Y3 + Y4 + Y8  (3)

K3 = Y2 + Y6 + Y7  (4)

k
K

1
1

3
=  (5)

k
K

2
2

3
=  (6)

k
K

3
3

3
=   (7)

RC  = max(ki) – min(ki) (8)

where the value of ki is the value of factor C at i level; Y is 
the value of the removal efficiency of trivalent chromium in 
each test of orthogonal experiment. The other k values of 
the factor can be calculated by the same steps.

2.7. Characterizations 

The functional groups of magnetic poly (AM-co-MA)-g-
gelatin were distinguished by shimadzu IRA-1S WL FT-IR 

spectra (Kyoto, Japan). Firstly, magnetic poly (AM-co-MA)-
g-gelatin and KBr were mixed by triturating with mass ratio 
of 1:99, and then the mixture was pressed to sheet samples 
for FT-IR analysis. The scan wave numbers of FT-IR ranged 
from 500 to 4000 cm–1. The size and structure of magnetic 
poly (AM-co-MA)-g-gelatin and Fe3O4 were characterized 
by FEI Tecnai G20 transmission electronic microscopy 
(TEM). The magnetic properties of magnetic poly (AM-co-
MA)-g-gelatin were investigated by Superconducting 
Quantum Interference Device (SQUID MPMSXL), supplied 
by the Quantum Design Company (U.S.A.). X-ray photo-
electron spectroscopy (XPS) measurements were carried 
out on a Thermo ESCALAB 250Xi using Al Kα (hv = 1486.6 
eV) X-ray as the excitation source for composition analysis 
in the precipitate. 

2.8. Cr3+removal experiments

The removal of Cr3+(30 mg·L–1) by the magnetic poly 
(AM-co-MA)-g-gelatin was investigated in aqueous solu-
tion at 25°C. Then, 5 ml of poly (AM-co-MA) stock solu-
tion (1 g·L–1) was added to 200 ml Cr3+ aqueous solution 
(No. a), and 5 ml of magnetic poly (AM-co-MA)-g-gelatin 
stock solution (1 g·L–1) was added to 200 ml Cr3+ aqueous 
solution (No. b). They were stirred at 200 rpm for 3 min. 
Aftermixing, No. a was settled by gravity, No. b was placed 
on a magnet and settled by magnetism. The supernatant 
was taken and the concentration of Cr3+ was measured by 
1,5-diphenylcarbohydrazide spectrophotometric method. 
Thereinto, absorbance value measurements were carried 
out using TU-1901 double beam UV-visible light spec-
trophotometer (Beijing, China) under 540 nm. The initial 
Cr3+ concentration of the solutions was controlled from 20 
mg·L–1 to 1000 mg·L–1 for studying the effect of the initial 
Cr3+ concentration on the removal efficiency. All experi-
ments were conducted in triplicate.

3. Results and discussions

3.1. Poly (AM-co-MA) of synthesis conditions optimization

Before synthesis of magnetic poly (AM-co-MA)-g-gel-
atin, optimization of polymerization conditions  for  poly 
(AM-co-MA) should be determined. The optimization con-
ditions were based on the monomer concentration, AM/
MA mass ratio, initiator dosage and reaction time.

3.1.1. Effect of monomer concentrationon polymerization

The polymerization experiments were conducted with 
varying monomer concentration from 36 to 42%, whereas 
the concentrations of AM/MA mass ratio, initiator dosage 
and reaction time were kept constant at 10:1, 0.6% and 30 
min, respectively. The effects of monomer concentration on 
intrinsic viscosity and molecular weight were researched 
as shown in Fig. 1A. The intrinsic viscosity and molecu-
lar weight of poly (AM-co-MA) were obviously improved 
with the increase of monomer concentration. At the mono-
mer concentration of 40%, the intrinsic viscosity extended 
the maximum of 0.401 mL·g–1 and the molecular weight 
1.905×106 g·mol–1. Nevertheless, continue increased mono-

Table 1
Levels and factors in orthogonal experiment design

Factors Levels

Factors 1 2 3

Amount of gelatin, (g) A 0.2 1 1.8
Amount of Fe3O4, (g) B 0.5 1 2
Amount of citric acid, (g) C 0.2 0.5 0.8
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mer concentration evidently reduced the intrinsic viscosity 
and the molecular weight. At low monomer concentrations, 
free radicals and monomer can be generated fewer collision. 
Monomer concentration is increasing and promoting the 
efficiency of chain growth, which more collision happened 
between monomers and free radicals. Thus, a prominent 
increase in intrinsic viscosity and molecular weight were 
observed in the experiment when the monomer concen-
tration increase from 36% to 40%. However, chain transfer 
and chain termination appeared under excessive monomer 
concentration, resulting in decreased intrinsic viscosity and 
molecular weight [29]. Therefore, the optimum monomer 
concentration accustomed in this study was 40%.

3.1.2. Effect of AM/MA mass ratio on polymerization

The effect of AM/MA mass ratio on intrinsic viscos-
ity and molecular weight are shown in Fig. 1B. The mass 
ratio of AM to MA was selected as 3:1, 4:1, 5:1,6:1, 7:1, 8:1, 
9:1 and 10:1. The experiment was conducted with mono-
mer concentration of 40%, initiator dosage of 0.6%, and 
reaction time of 30 min. The result indicated that intrinsic 
viscosity continuously increased to 400.6 mL·g–1 and molec-
ular weight  increased to 1.905×106 g·mol–1 as the AM/MA 
mass ratio mass ratio was increased from 3:1 to 10:1. The 
intrinsic viscosity is decided by the quantity of monomeric 
free radicals in the initiation of reaction according to the 
free radicals mechanism of polymerization [29]. Compared 
with other monomers, AM has a better reactivity ratio. With 

the increase of AM dosage, the monomer polymerization 
rate gathered more and opportunity of collision raised 
between AM and main free radicals. The suitable amount 
of AM monomer concentration can cause chain propa-
gation, resulting in increased intrinsic viscosity of poly 
(AM-co-MA). Thus, the intrinsic viscosity and molecular 
weight of the polymer were relatively improved. In addi-
tion, insufficient MA concentration leads to the difficulty 
in grafting anionic monomers to the main chain. Thus, the 
optimal AM/MA mass ratio of synthetic poly (AM-co-MA) 
was deemed to be 10:1.

3.1.3. Effect of initiator dosage on polymerization

The redox initiation system of ammonium persul-
fate/sodium bisulfite was used in the experiment. Fig. 1C 
shows the effect of initiator concentration on the intrinsic 
viscosity and molecular weight of the polymer, in which 
the monomer concentration, AM/MA mass ratio, reaction 
time, were 40%, 10:1, 30 min, respectively. The results were 
gained as the initiator dosage was changed from 0.5% to 
0.8%. Results reveal that the intrinsic viscosity and molec-
ular weight greatly increase with increased initiator dos-
age, but initiator dosage further increases, then decreases 
distinctly the intrinsic viscosity and molecular weight. In 
addition, the increased initiator dosage leads to the forma-
tion of primary free radicals, and  anionic groups from MA 
are constantly grafted onto the AM which increase intrin-
sic viscosity and molecular weight. The maximum intrinsic 

Fig. 1. Effect of monomer concentration (A), AM/MA mass ratio (B), initiator dosage (C), reaction time (D) on intrinsic viscosity and 
molecular weight of poly (AM-co-MA).
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viscosity of 501.75 mL·g–1 was obtained at initiator dosage 
of 0.6%. However, an obvious decrease of these two param-
eters was observed as the dosage was changed from 0.6% 
to 0.8%. A potential explanation is that too much free rad-
icals can be generated at an excessive initiator concentra-
tion, so that a large number of active centers collide with 
each other. In this situation the chance of chain termination 
is increasing, resulting in reduction of molecular weight of 
poly (AM-co-MA). Accordingly, initiator dosage of 0.6% 
was favorable in this research.

3.1.4. Effect of reaction time on polymerization

The effect of reaction time on polymerization was 
appraised from Fig. 1D whereas other factors remained con-
stant with best values. Results showed that the intrinsic vis-
cosity and molecular weight of poly (AM-co-MA) evidently 
increased with the increase of reaction time and eventually 
remains stable after 30 min. The molecular weight of the 
polymer increases with reaction time. This process indicates 
the reaction is continuing. When the reaction time reached 
30 min and continued to increase, the molecular weight of 
the product did not increase significantly, indicating that the 
polymerization reaction has been basically completed. Con-
sequently, the best reaction time in this study was 30 min. 

Basically, monomer concentration of 40%, initiator dos-
age of 0.6%, AM/MA mass ratio of 10:1 and reaction time 
of 30 min were employed for optimizing the polymeriza-
tion conditions of poly (AM-co-MA). The optimized poly 
(AM-co-MA) was then used in subsequent preparation and 
characterization of magnetic poly (AM-co-MA)-g-gelatin.

3.2. Optimization strategy of orthogonal experiment

An L9 (33) orthogonal experiment was accomplished 
and the consequences are listed in Table 2. All the experi-
ments were designed to increase the removal efficiency of 
Cr3+ by using magnetic poly (AM-co-MA)-g-gelatin.

It can be perceived that the maximum and minimum 
Cr3+ removal efficiencies of magnetic poly (AM-co-MA)-
g-gelatin are 94.8% and 81.7%, respectively. Owing to the 
larger Rj indicates that the factor has a more significant effect 
on the removal rate. So among the three kinds of raw mate-
rials, the amount of Fe3O4 has the strongest impact on the 
Cr3+ removal efficiency, followed by the amount of gelatin, 
and the amount of citric acid has the weakest impact. The 
optimum conditions were amount of gelatin 1 g, amount of 
Fe3O4 2 g and amount of citric acid 0.5 g.

The k value of each factor is revealed in Fig. 2. On 
the basis of the changes in the k value of each factor, the 
removal efficiency increased from 86.4% to 93.4% with the 
the amount of Fe3O4 increased from 0.5 g to 2 g, suggest-
ing that the amount of Fe3O4 had a significance effect on the 
removal rate of Cr3+. Meanwhile, it can be speculated that 
the impact of gelatin and citric acid is not obvious.

It can be speculated that the amount of Fe3O4 is the 
weightiest factor that affects the removal efficiency of Cr3+ 
by means of the orthogonal experiment and the range anal-
ysis. Magnetic poly (AM-co-MA)-g-gelatin was reprepared 
according to the optimum formula parameters. Thus veri-
fied the stability and dependability of the orthogonal exper-
iment. The results showed that the Cr3+ removal efficiency 

of the magnetic poly (AM-co-MA)-g-gelatin prepared under 
the optimum conditions was 95.5%. The optimized magnetic 
poly (AM-co-MA) was then used in subsequent experiments.

3.3. Characterizations

3.3.1. Characterization of FT-IR spectrum analysis

A comparative studies on functional groups was carried 
out by FT-IR characterization of poly (AM-co-MA) and mag-

Table 2
L9 (3

3) orthogonal experiment list

Experimental 
number

Factors result (Yi)

Amount 
of gelatin 
(g)

Amount 
of Fe3O4 
(g)

Amount 
of citric 
acid (g)

Cr3+ removal 
efficiency 
(%)

1 0.2 0.5 0.2 81.7
2 0.2 1 0.8 83.9
3 0.2 2 0.5 92.1
4 1 1 0.5 92.3
5 1 2 0.2 94.8
6 1 0.5 0.8 88.9
7 1.8 2 0.8 93.2
8 1.8 0.5 0.5 88.5
9 1.8 1 0.2 90.9

K1 257.7 259.1 267.4
K2 276 267.1 272.9
K3 272.6 280.1 266
k1 85.9 86.4 89.1
k2 92.0 89.0 90.9
k3 90.8 93.4 88.6
Range 6.1 7 2.3

Influence degree 
of factors

Fe3O4>Gelatin>Citric acid

Best level amount of gelatin 1 g   amount of Fe3O4  
2 g amount of citric acid 0.5 g

Best group amount of gelatin 1 g-amount of Fe3O4  
2 g-amount of citric acid 0.5 g

Fig. 2. Relationship between mean value of each factor and the 
Cr3+ removal effciency.
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netic poly (AM-co-MA)-g-gelatin as shown in Fig. 3. For the 
spectra of magnetic poly (AM-co-MA)-g-gelatin, the charac-
teristic absorption peaks at around 1195.0 cm–1 was assigned 
to carboxylate anion (-coo–), the broad peak from 3400 cm–1 
to 3500 cm–1 was observed as N-H stretching. The charac-
teristic absorption peaks at around 1458.0 cm–1 and 1670.0 
cm–1 were attributed to the stretching of C-N and C=O plane 
bending vibration of amide group, respectively. The peaks at 
1458 cm–1 and 1319 cm–1 belonged to CH2 scissoring and CH2 
twisting [30]. In the spectra of magnetic poly (AM-co-MA)-
g-gelatin, both the absorption peaks of C-O and C=O were 
enhanced due to the addition of citric acid. The spectra of 
poly (AM-co-MA) and magnetic poly (AM-co-MA)-g-gelatin 
almost exhibited identical characteristic peaks. Compared 
with poly (AM-co-MA), the peaks assigned to Fe-O vibration 
at 590 cm–1 [31]. The results indicate that Fe3O4 was existed in 
the magnetic poly (AM-co-MA)-g-gelatin.

The analyses of the FT-IR spectra provide sufficient evi-
dence that Fe3O4 was coated by the poly (AM-co-MA)-g-gel-
atin. During the treatment process, the precipitates rely on 
the synergistic effect of gravity settling and external mag-
netic field to achieve the purpose of separation from water, 
which can improve the processing efficiency and shorten 
the solid-liquid separation time.

3.3.2. Characterization of TEM analysis

To give insight into shape and average size of the Fe3O4 
magnetic nanoparticles and magnetic poly (AM-co-MA)-g-
gelatin, TEM images of product are given in Fig. 4. Fig. 4A 
shows the representative TEM images for Fe3O4 magnetic 
nanoparticles. As can be seen from Fig. 4A, Fe3O4 are nearly 
spherical and cubic shape, having a mean diameter of about 
10 nm. The TEM image of the magnetic poly (AM-co-MA)-
g-gelatin prepared under the optimum conditions is shown 
in Fig. 4B and C. It is clear that the structure of the magnetic 
poly (AM-co-MA)-g-gelatin is a core-shell configuration, of 
which the core and the coating layer are assigned to Fe3O4 
and poly (AM-co-MA)-g-gelatin, respectively. The shape of 
the magnetic poly (AM-co-MA)-g-gelatin is nearly spheri-
cal and cubic shape, which is similar to that of the Fe3O4 
magnetic nanoparticles. The above results also indicate that 
the Fe3O4 is coated by poly (AM-co-MA)-g-gelatin, and its 
structure is core-shell structure.

3.3.3. Characterization of magnetic property

The characteristic of magnetism offers an easy and 
efficient method to separate the magnetic poly (AM-co-
MA)-g-gelatin from aqueous solutions. With the help of 
carboxylic group, magnetic poly (AM-co-MA)-g-gelatin 
can be disperse in water after shaking violently and can be 
separated by placing a magnet on the side of the bottle as 
shown in Fig. 5A, indicating that magnetic poly (AM-co-
MA)-g-gelatin has good dispersity and magnetic separation 
properties. This merit further promoted the practical use of 
magnetic poly (AM-co-MA)-g-gelatin in the enrichment of 
heavy metal ions from effluent.

Magnetization property of magnetic poly (AM-co-MA)-
g-gelatin was investigated by measuring the hysteresis loop. 
A series of polymers with different amount of Fe3O4 (0.5 g, 
1 g and 2 g) were prepared, and other factors remained 
constant with best values. The detailed synthesis methods 
were previously described. The amount of Fe3O4 were var-
ied as 0.5 g, 1 g and 2 g, which were denoted as magnetic 
poly (AM-co-MA)-g-gelatin-1, magnetic poly (AM-co-MA)-
g-gelatin-2 and magnetic poly (AM-co-MA)-g-gelatin-3, 
respectively. The magnetic hysteresis loop reveals that the 
magnetic poly (AM-co-MA)-g-gelatin is super paramag-
netic. As shown in Fig. 5B, the saturation magnetization 

Fig. 3. FT-IR spectra of poly (AM-co-MA) and magnetic poly 
(AM-co-MA)-g-gelatin.

Fig. 4. TEM images of Fe3O4 magnetic nanoparticles (A) and magnetic poly (AM-co-MA)-g-gelatin (B, C).
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value of magnetic poly (AM-co-MA)-g-gelatin-1, magnetic 
poly (AM-co-MA)-g-gelatin-2 and magnetic poly (AM-co-
MA)-g-gelatin-3 were 15.29 emu·g–1, 26.07 emu·g–1 and 26.83 
emu·g–1, respectively. The saturation magnetization value 
increases with rising amount of Fe3O4, a possible explana-
tion is that the magnetic response is related to the amount of 
Fe3O4. The prominent magnetic property ensured the con-
venient separation in removal application.

The magnetic property analysis indicating that mag-
netic poly (AM-co-MA)-g-gelatin has good magnetic sepa-
ration properties. Magnetic poly (AM-co-MA)-g-gelatin has 

the advantage of good magnetic response, which can effec-
tively implement rapid solid-liquid separation.

3.3.4. Characterization of XPS analysis

Surface measurements by XPS were carried out for 
precipitate and poly (AM-co-MA)-g-gelatin. Then the XPS 
spectrum was analyzed to investigate the composition of 
precipitate. Fig. 6 shows the XPS spectra of magnetic poly 
(AM-co-MA)-g-gelatin and magnetic poly (AM-co-MA)-

Fig. 5. Separation/redispersion property of magnetic poly (AM-co-MA)-g-gelatin under external magnetic field (A). Magnetic hys-
teresis loop of magnetic poly (AM-co-MA)-g-gelatin-1, 2, 3 (1, 2, 3) (B).

Fig. 6. Full range (A), Cr 2p (B), Fe 2p (C), N 1s (D) XPS spectra of magnetic poly (AM-co-MA)-g-gelatin (a) and magnetic poly (AM-
co-MA)-g-gelatin-Cr3+ (b).
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g-gelatin with Cr3+ species. After the removal process, the 
magnetic poly (AM-co-MA)-g-gelatin with Cr3+ adsorbed 
was gathered by magnetic separation. A typical Cr XPS 
peak appears in Fig. 6A after Cr adsorption. XPS of Cr 2p 
of magnetic poly (AM-co-MA)-g-gelatin with Cr3+ species 
(Fig. 5B) shows a peak located at 577.6 eV, and the spin 
orbit splitting is 9.9 ± 0.1 eV, which is typical of Cr3+ [32].
The results confirmed the Cr3+ adsorption occurred on the 
magnetic poly (AM-co-MA)-g-gelatin. XPS of Fe 2p of all 
samples (Fig. 5C) show a peak located of Fe 2p1/2 at 724. 5 
eV and Fe 2p3/2 at 710.4 eV, which are corresponded to the 
characteristic binding energies of Fe3O4 [33].

Fig. 6D shows the typical N 1s XPS spectra of magnetic 
poly (AM-co-MA)-g-gelatin before and after Cr3+ adsorp-
tion. Before Cr3+ adsorption, the peak at 399.6 eV was due 
to the nitrogen atoms in poly (AM-co-MA) [34]. After Cr3+ 
adsorption, however, a higher BE peak appeared in the N 1s 
spectrum. This was due to the magnetic poly (AM-co-MA)-
g-gelatin and Cr3+ coordination to form a coordination com-
plexes, in which a lone pair of electrons in the N atoms was 
offered to the shared bond between N and Cr3+ [35]. Conse-
quently, the electron cloud density of the N atom reduces 
and leads to a higher BE peak observed. The XPS analysis 
thus provide evidence of Cr3+ binding to nitrogen atoms.

3.4. Removal effect of magnetic poly (AM-co-MA)-g-gelatin 
on Cr3+

In order to assess the advantages of heavy metal ions 
wastewater treatment agent, the separation speed of poly 
(AM-co-AM) and magnetic poly (AM-co-AM)-g-gelatin 
were compared. The variation of the Cr3+ concentration as 
a function of time at stirring time of 3 min is shown in Fig. 
7A. The initial concentration of Cr3+ was 30 mg·L–1. It can be 
seen that the Cr3+ content decreases sharply to 2.97 mg·L–1 
within 2 min under magnetic poly (AM-co-MA)-g-gelatin 
treatment. When the Cr3+ wastewater was treated with 
magnetic poly (AM-co-MA)-g-gelatin, after 2, 4, 6, 8 and 10 
min, the residual concentration of Cr3+ were 2.97, 2.46, 1.98, 
1.35, 1.41 mg·L–1, respectively. After 10 min, the removal 
efficiency had variance insignificantly, thus the best Cr3+ 

removal efficiency can be achieved in 10 min. When the Cr3+ 
wastewater was treated with poly (AM-co-MA), the change 

in Cr3+ concentration was not significant in 1 min and only 
decreased to 26.8 mg·L–1 at 10 min. These results demon-
strate that the magnetic poly (AM-co-AM)-g-gelatin can 
remove Cr3+ from water in shorter settling time. This is due 
to the good magnetic response of magnetic poly (AM-co-
MA)-g-gelatin, which is easy to separate under the effect 
of an external magnetic field. The magnetic poly (AM-co-
AM)-g-gelatin settled rapidly after adsorbing Cr3+ under 
magnetic force, greatly reducing the processing time.

As depicted in Fig. 7B, when the initial Cr3+ concen-
tration was 20 mg·L–1, Cr3+ removal efficiency was above 
97%. The Cr3+ removal efficiency was reduced as the ini-
tial concentration of Cr3+ increased from 20 mg·L–1 to 1000 
mg·L–1. However, the minimum removal efficiency in this 
concentration range was also higher than 90%. The anionic 
functional groups in the magnetic poly (AM-co-MA)-g-gel-
atin forms a complex with the heavy metal ions to separate 
the heavy metal ions from the aqueous solution under the 
action of magnetism. Since the existence of a certain chem-
ical quantitative relationship between ligands and heavy 
metal ions, the concentration of Cr3+ increases will lead to 
reach the coordination saturation. When reaching the coor-
dination saturation,excess Cr3+ can not be combined with 
the ligand and result in Cr3+ removal efficiency becomes 
stable.

4. Conclusions

A novel heavy metal ions wastewater treatment agent 
that had good magnetism was synthesized through aque-
ous solution polymerization method. Several parameters 
affecting the molecular weight of poly (AM-co-MA) were 
investigated. It was proved that the optimum conditions 
for the preparation of poly (AM-co-MA) were monomer 
concentration of 40%, AM/MA mass ratio of 10:1, initiator 
dosage of 0.6% and reaction time of 30 min. An orthogo-
nal experiment about the determination of optimal plan 
with the orthogonal matrix L9 (33) was designed, and the 
optimized strategy was achieved with 1ggelatin, 2 g Fe3O4 
and 0.5 g citric acid. The as-obtained products have core/
shell structure and excellent magnetic properties. The mag-
netic poly (AM-co-MA)-g-gelatin are very attractive for the 

Fig. 7. Variation of the residual concentration of Cr3+ as a function of time (A). The effect of initial concentration of Cr3+ on the re-
moval efficiency (B).
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removal of Cr3+ because the precipitate could be easily sep-
arated from polluted water by means of a magnet.

Under the optimum condition, Cr3+ removal efficiency 
was 95.5% for simulated Cr3+ wastewater with initial con-
centration of 30 mg·L–1. Compared to conventional floccu-
lants, magnetic poly (AM-co-MA)-g-gelatin significantly 
increases the Cr3+ removal efficiency. The suggested method 
provides some critical advantages, including no residue, no 
need of adjusting pH value, as well as low Cr3+ concentra-
tion removal without complicated process. All these show 
that the prepared magnetic poly (AM-co-MA)-g-gelatin has 
great potential in treating Cr3+-contaminated water.
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