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Abstract 1 

 2 

In this study, despite the high adsorption ability, efficient catalytic activity of chitosan-metal 3 

complex has been developed through the chelation of chitosan polymer with bimetals Cu(II) and 4 

Fe(III). The removal of C. I. Reactive Black 5 (RB 5) by chitosan-Cu-Fe complex/H2O2 system 5 

was studied in the pH range from 4 to 12. The maximal dye removal rate was achieved at an 6 

optimal concentration of Cu and Fe in the chitosan-Cu-Fe matrix, demonstrating the combination 7 

of sorptive enrichment and catalytic degradation. The results indicated that TOC removal and 8 

discoloration of dye achieved 89.9% and 96.5% in a short reaction time. pH sensitivity of 9 

chitosan complex, the effect of the coexisting ions and the adsorption of other anionic dyes were 10 

also studied. X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy 11 

(FTIR), scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) 12 

were analyzed to study the structure of chitosan bi-metal complex and the possible mechanism 13 

was proposed. 14 

 15 

Keywords: Chitosan complex; Dyes removal; Adsorption; Catalytic oxidation; H2O2 16 

  17 
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1. Introduction 1 

According to the literature, 700,000 tons of synthetic dyes and dying materials are produced 2 

annually
1
, and a large portion of them (about 2~50%) are released into the ecosystem as 3 

generated industrial wastewater due to various applications
2, 3

. It is known that wastewaters 4 

containing dyes are very difficult to treat since the dyes are recalcitrant molecules, which are 5 

resistant to aerobic digestion, and stable to oxidizing agents
4
. To face these current challenges, 6 

many non-conventional low-cost adsorbents, including natural materials, biosorbents and waste 7 

materials from industries and agriculture have been proposed for the development of cheaper and 8 

effective adsorbents
5
. 9 

Among these low-cost adsorbents, chitosan, a polysaccharide composed of polymers of 10 

glucosamine and N-acetyl glucosamine, has received a great deal of attention due to its 11 

advantages, such as biodegradable, nontoxic and high chemical stability
6
. Most importantly, the 12 

chemically reactive hydroxyl and amine groups in chitosan make it a versatile candidate for 13 

adsorption of dyes
7
. Recently, metal-binding chitosan has received a great deal of attention due 14 

to its high efficiency in the removal of contaminants from water. For example, Fe-crosslinked 15 

chitosan complex was prepared and used as an efficient adsorbent for the removal of heavy 16 

metals from aqueous solutions
8
. Besides, As(V) sorption in the chitosan complexed with 17 

different metal ions like Cu(II), Fe(III), La(III), Mo(VI) and Zr(IV) were studied by Shinde and 18 

co-workers
9
. Meanwhile, we found that chitosan-Fe(III) could efficiently remove the dyes via 19 

chelation between sulfonic groups of the dye and Fe(III) centers in chitosan-Fe(III) complex with 20 

high maximum adsorption capacity of 294.5 mg/g under pH 12
4
. 21 

Although chitosan-metal complexes have shown high performance for pollutant adsorption, 22 

some limitations still exist. During the regeneration of adsorbents, large amount of strong acid or 23 
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alkaline elution reagents need to be used, which may induce secondary pollution and even 1 

produce large amounts of solid wastes due to the leftovers of used adsorbents. Unlike adsorption, 2 

advanced oxidation processes (AOPs) are promising technologies for the treatment of 3 

wastewaters containing non-easily removable organic compounds, because they can effectively 4 

mineralize the contaminants or transform them into harmless products
10, 11

. Correspondingly, 5 

chitosan-Cu(II) complex was found to catalyze H2O2 for the degradation of azo dyes and the ·OH 6 

radical played the main role in dye oxidation. But this  rate of dye oxidation depends directly on 7 

the dye structure and the removal efficiency of the dye with large molecular weight still needs to 8 

be improved
12

. Chitosan-TiO2 has been used to enhance the photocatalytic activity of chitosan 9 

composite for the degradation of the dyes
13, 14

. Besides, silver, gold and platimum nanoparticles 10 

were also synthesized in chitosan for improved catalyst formation
15, 16

. If this kind of catalytic 11 

activity of chitosan metal composite can be combined with high adsorption ability, the naturally 12 

abundant biopolymer will imply attractive potential on dye removal processes.  13 

Recently, many researchers concluded that the adsorption ability of catalyst support also 14 

contribute a lot to the catalytic efficiency enhancement
17

. For example, Guo et al. reported that 15 

the enhancement of the degradation activity of TiO2/Na-HZSM-5 was attributed to the 16 

adsorption of the dye by the medium strong acid sites in the zeolitic supports
18

. Gonzalez-Olmos 17 

et al. indicated that the stronger adsorptive enrichment of MTBE on the Fe-Beta zeolite played a 18 

positive role for the degradation reaction
19

. Meanwhile, Han et al. reported that Cu
2+

 and Fe
3+

 19 

ions have synergetic effect in the bimetal modified PAN fibers for dye degradation
20

. 20 

Considering the cost of the materials, we planned to prepare a kind of bimetal chitosan complex 21 

in order to combine the catalytic activity of chitosan-Cu(II) with the high adsorption ability of 22 

chitosan-Fe(III). 23 
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Herein, a kind of chitosan-Cu-Fe bimetal complex was proposed for the removal of dyes with 1 

H2O2. The removal efficiency of dye pollutants was evaluated in view of kinetics and isotherms 2 

of RB 5 adsorption, the heterogeneous catalytic oxidation by chitosan complex, pH sensitivity of 3 

chitosan complex, effect of the coexisting ions, adsorption of other anionic dyes and reusability 4 

experiments. The possible mechanism proposed in this study may also be used to account for the 5 

high efficiency of dye removal by chitosan bimetal complex. 6 

2. Materials and Methods 7 

2.1. Chemicals 8 

Glutaraldehyde, CuSO4·5H2O, FeCl3·6H2O and ethanol were attained from National 9 

Medicines Corporation Ltd. of China. Chitosan was purchased from Zhejiang Golden-shell 10 

Biochemical Co., Ltd, Zhejiang, China (deacetylation degree = 91.04%). Reactive Black 5 (RB 11 

5) and other dyes were bought from Sigma-Aldrich. During all experiments, doubly distilled 12 

water was used and other chemicals were of laboratory reagent grade which were used without 13 

any further purification. 14 

2.2 Preparation of Chitosan Metal Complex 15 

Chitosan-Cu-Fe complex was prepared by the following procedure
21

. Chitosan powder (0.83 16 

g) was dissolved in 50 mL water containing 0.4 mL acetic acid. Subsequently, 0.1 mol/L 17 

FeCl3·6H2O aqueous solution, and 0.1 mol/L CuSO4·5H2O aqueous solution (50 mL) were 18 

added into dissolved chitosan and the mixture was stirred at room temperature for 4 h. Next, the 19 

chitosan-Cu-Fe complex precipitation was obtained after the addition of ethanol (150 mL). The 20 

solid was then washed with ethanol to remove the excess of FeCl3 and CuSO4, and finally dried 21 

at 80°C. Chitosan-Cu-Fe complex powders were prepared with different ratios of copper and iron 22 
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as given in Table 1. It is well known that the high hydrophilicity of chitosan due to the primary 1 

amine group makes chitosan easily soluble in dilute acid solutions to yield a hydrogel in water
22

. 2 

The swelling characteristics of chitosan hydrogels are dominated by the nature of the polymer 3 

and the state of water
23, 24

. In our study, when the Fe
3+

 ions bonded to chitosan polymer with a 4 

relative high ratio (the molar ratio of chitosan, Cu(II), Fe(III) in chitosan-Cu-Fe complexes are 5 

1:1:2 and 1:0.5:1), chitosan complex became swelling, which might be due to the changes of the 6 

chitosan structures. The less swelling behavior of chitosan complex was important so they can be 7 

used in column research for our further studies. Therefore, we chose the less swelling bimetal 8 

complexes and studied their catalytic properties. For simplicity, here after these catalysts are 9 

abbreviated as CS-Cu-Fe-1, CS-Cu-Fe-2 and CS-Cu-Fe-3. Additionally, chitosan-Cu and 10 

chitosan-Fe complexes were prepared by modifying this procedure (Text S1 in supporting 11 

information). Here after chitosan-Cu and chitosan-Fe will be mentioned as CS-Cu and CS-Fe for 12 

simplicity’s sake. 13 

2.3. Removal Procedures of dyes  14 

Dye removal experiments were performed using 100 mL flasks, which were sealed and 15 

agitated at 100 rpm in a thermostatic shaker maintained at 25 °C. The typical reaction mixture 16 

was initiated with 50 mL of dye at 100 mg/L and 0.1 g of the chitosan complex. The catalytic 17 

oxidation of RB 5 and other different dyes were carried out in a 100 mL flasks in the presence of 18 

H2O2. During pH study, the initial pH value of the dye solution were adjusted from 4 to 12 by 19 

addition of 0.01 mol/L HCl and 0.01 mol/L NaOH, respectively. The reusability experiment of 20 

chitosan complex was performed with the same conditions, and the dyes were added after each 21 

catalytic degradation experiment. 22 

2.4. Characterization  23 
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Fourier Transform Infrared Spectroscopy (FTIR) of chitosan complexes were recorded by a 1 

Shimadzu 8900-FTIR spectrometer (Shimadzu, Japan) using KBr power containing ca. 1% 2 

(w/w) of sample. X-ray Photoelectron Spectroscopy (XPS) Analysis of the CS-Cu, CS-Fe and 3 

CS-Cu-Fe complex was performed on a Thermo ESCALAB 250 electron spectrometer (Thermo 4 

Electron, US). The samples were excited with X-rays over a specific 400 µm area using 5 

monochromatic Al Kα radiation (1486.6 eV) at 150 W. Due to the maximum measurable depth 6 

of XPS is less than 20 nm, it could not detect the background signal in our analysis. The XPS 7 

spectra were fitted assuming Gaussian-Lorentzian distribution for each peak, with a linear 8 

background in order to determine the binding energy of the various element core levels, and all 9 

binding energies were referenced to the neutral carbon peak at 284.8 eV. All of the XPS spectra 10 

were normalized. The surface morphology of chitosan-Cu-Fe complex was examined using the 11 

scanning electron microscopy (SEM) Quanta 250 (FEI, USA)) equipped with an energy-12 

dispersive X-ray spectrometer (EDX) X-Max 80 (Aztec, Oxford). 13 

2.5. Analysis 14 

Dye concentrations were analyzed using a Shimadzu UV-2401PC UV-vis spectrometer 15 

(Shimadzu, Japan) at its absorbance maximum. H2O2 content was measured by photometric 16 

measurements using the solution of titanyl sulfate
25

 and Shimadzu UV-2401PC UV-vis 17 

spectrometer (Tokyo, Japan) at its absorbance maximum. TOC (total organic carbon) analysis 18 

was performed using a Shimadzu TOC-V CPH (Shimadzu, Japan), aliquots of 10 mL sample 19 

were periodically withdrawn, filtrated through 0.22 µm syringe filter and measured immediately. 20 

3. Results and Discussion 21 

3.1. Effect of Cu and Fe ions in the polymer matrix of chitosan  22 
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CS-Cu, CS-Fe and CS-Cu-Fe (1, 2 and 3) were prepared with different ratios of Fe and Cu in 1 

the polymer matrix (Table 1). It can be observed from the Figure 1a that RB 5 adsorption on CS-2 

Cu-Fe-1 was a very fast process (88.6%) as compared with two other complexes CS-Cu-Fe-2 3 

(57.6%) and CS-Cu-Fe-3 (53.6%), and reached equilibrium in 10 min. Whereas in the presence 4 

of H2O2 (Figure 1b), the concentration of RB 5 in CS-Cu-Fe-1 and CS-Cu-Fe-2 group declined 5 

very rapidly in the first 5 min, finally contributing to 96.5% and 84.6% removal efficiency, and 6 

approached the equilibrium in about 10 min. While in the case of CS-Cu-Fe-3, where it was a 7 

very slow process but eventually reached equilibrium with the removal efficiency as 82.2 %. In 8 

the group of initial chitosan, the adsorption efficiency of RB 5 reached 32.2% in 10 min, while 9 

the concentration of RB 5 declined 38.5% in the presence of H2O2, which was little higher than 10 

the adsorption efficiency. Meanwhile, clear difference can be seen in adsorption (17.1%) and 11 

oxidation (64.6%) properties of CS-Cu complex, where as CS-Fe have very little difference 12 

between adsorption (93%) and oxidation (95.5%), indicating the high adsorption capacity of CS-13 

Fe complex and the evident catalytic activity of CS-Cu. 14 

From these results, noteworthy conclusions were derived. The catalytic activity and the 15 

adsorption ability of the CS-Cu-Fe-1 complex depends directly on the content of Cu and Fe ions. 16 

It’s clear from the graph that adsorption efficiency of CS-Fe complex (93.1%) is greater than CS-17 

Cu complex (17.1%) which supports the fact that complex CS-Cu-Fe-1 (88.6%) have greater 18 

adsorption efficiency due to the presence of Fe in the complex as compared to Cu. While, CS-19 

Cu-Fe-2 (1:2:1) and CS-Cu-Fe-3 (1:1:0.5) which have higher ratio of Cu content as compared to 20 

Fe content showed the adsorption efficiencies as 57.6% and 53.6% respectively. Thus, the 21 

presence of more copper and less iron content have contributed to lower the adsorption 22 

efficiency of these two complexes. On the other hand, during oxidation reaction in the presence 23 
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of H2O2, higher removal efficiencies of 96.5% (CS-Cu-Fe-1), 84.6% (CS-Cu-Fe-2) and 82.2% 1 

(CS-Cu-Fe-3) confirm that the catalytic properties of these three complexes are due to the 2 

presence of copper. Thus, Cu content is responsible for increased dye removal rate by the CS-3 

Cu-Fe (1, 2 and 3) complexes in the presence of H2O2. But when Cu content is more as 4 

compared to Fe, it decreases the amount of adsorbed dye. Therefore, the maximal dye removal 5 

rate can be achieved at an optimal concentration (CS-Cu-Fe-1 (1:1:1)) of Cu and Fe in the 6 

chitosan-Cu-Fe matrix, which shows the combination of sorptive enrichment and catalytic 7 

degradation. 8 

3.2. Kinetics and Isotherms of RB 5 adsorption by chitosan complex 9 

Rapid interaction of the pollutants to be removed is desirable and beneficial for practical 10 

adsorption applications. The kinetic adsorption behavior of the dye removal process without 11 

H2O2 was studied at different initial dye concentrations using CS-Cu-Fe-1 (Figure 2a). It is 12 

observed from the figure that the adsorption of RB 5 by CS-Cu-Fe-1 was a very fast process and 13 

approached the adsorption equilibrium in about 10 min. Besides, the total amount of RB 5 14 

adsorbed increased with the increasing initial dye concentrations. In order to further determine 15 

mass transfer mechanism and factors which are responsible for rate controlling, kinetic data were 16 

correlated to linear forms of the pseudo-first-order rate model and the second-order rate model 17 

(Text S2 in supporting information). By correlating kinetic data with two rate models, it was 18 

observed that high degree of nonlinearity suggests the incapability of the pseudo-first-order 19 

model to describe the kinetic profile of the adsorption process, whereas it was found that the plot 20 

of t/qt against time using different initial dye concentrations for adsorption process gives straight 21 

lines (Figure 2b) with high correlation coefficients (Table S1 in supporting information). This 22 
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shows that the present sorption system follows chiefly the second-order rate model and gives the 1 

impression that this reaction is controlled by chemisorption
26

. 2 

The adsorption isotherm of RB 5 on chitosan complex under various initial dye 3 

concentrations in the presence of 0.05g/L of the CS-Cu-Fe-1 powder was measured. Freundlich, 4 

Langmuir and Langmuir-Freundlich isotherms were used to fit the experimental data (Text S3 in 5 

supporting information). The results of the experimental data were fitted to these three equations 6 

and the results are shown in Figure 3. The Langmuir-Freundlich isotherm fits best with the 7 

experimental data (correlation coefficient R
2
 = 0.9743), whereas the low correlation coefficients 8 

(R
2
 = 0.9278) show less agreement of Freundlich isotherm with the experimental data. The 9 

sorption capacity of the CS-Cu-Fe-1 was found to be 527.3305 mg/g according to Langmuir-10 

Freundlich equation and this value is very high so far reported in previous literatures as 11 

compared to other sorption capacities of chitosan adsorbents. 12 

3.3. Heterogeneous catalytic oxidation with chitosan complex 13 

The effect of various initial dye concentrations on the degradation of RB 5 in the presence of 14 

CS-Cu-Fe-1/ H2O2 were also analyzed. Even at various initial dye concentrations (Figure 4a), the 15 

removal efficiency was above 80%. The effect of various H2O2 concentrations on the 16 

degradation of the dye in the presence of CS-Cu-Fe-1 were also analyzed, showing an increase of 17 

removal efficiency with the increase of H2O2 concentration. Figure 4(b) shows the removal 18 

efficiency of RB 5 was 86.3% with a volume of 0.1 mL hydrogen peroxide and achieving a 19 

degradation higher than 90% when the volume of hydrogen peroxide was increased up to 0.6 mL. 20 

With increasing the concentrations, H2O2 itself may become a relevant consumer of hydroxyl 21 

radicals. The observed trend cannot be arbitrarily extrapolated rather the existence of an 22 

optimum H2O2 concentration is to be expected.  23 
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Figure 5a shows the decomposition of H2O2 at various time intervals with CS-Fe, CS-Cu and 1 

CS-Cu-Fe-1. The decomposition of H2O2 in the presence of CS-Fe nearly remained constant 2 

which confirms that H2O2 decomposition is negligible during the dye removal process. Whereas 3 

in the presence of CS-Cu and CS-Cu-Fe-1, the concentration of H2O2 continuously decreased 4 

with the increase of time interval. While in the presence of CS-Cu-Fe-1, the decomposition of 5 

H2O2 was highest after 6 hours. This decomposition of H2O2 in the presence of the catalyst CS-6 

Cu and CS-Cu-Fe-1 may be attributed to the catalytic properties of copper in chitosan complex.  7 

As Figure 5b shows, the decomposition of H2O2 on CS-Fe, CS-Cu and CS-Cu-Fe-1 followed 8 

pseudo-first-order kinetics.  The catalytic activity (A) expressed as 9 

1

cat

k
A

C
=                                                                                                                                   (1) 10 

The catalytic activity of CS-Cu-Fe-1 and CS-Cu from the pseudo-first-order rate constant (k1) 11 

of the reaction and the catalyst concentrations (Ccat) are 3.29×10
-3

 L/g�min and 1.50×10
-3

 12 

L/g�min for H2O2 decomposition. For CS-Fe, it is lower by about one order of magnitude 13 

(3.54×10
-4

 L/g�min). The present data helps us to assume that H2O2 is decomposed at Cu sites on 14 

CS-Cu-Fe-1 and CS-Cu, thus resulting in the formation of hydroxyl radicals
25, 27-30

. And these 15 

hydroxyl radicals result in the oxidation of organic dyes which are adsorbed on catalyst or 16 

dissolve in water. H2O2 decomposition with CS-Cu and CS-Cu-Fe-1 cannot be simply explained 17 

by the total amount of Cu content alone or both Cu and Fe present in these catalyst (Table 1). 18 

Although Fe sites in CS-Fe complex showed lower catalytic activity, its speciation effect which 19 

is reflected in CS-Cu-Fe complexes cannot be ignored. 20 

3.4. pH Sensitivity of chitosan complex 21 
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The influence of pH on the adsorption of RB 5 was studied by evaluating the performance of 1 

adsorbent at pH values 4, 6, 8, 10 and 12. The removal ratio of RB 5 for different pH was shown 2 

in Figure 6a. It was observed that the removal ratio of dye by CS-Cu-Fe-1 increased significantly 3 

with the decrease of pH from 8 to 4 and decreased with the increase of pH from 8 to 12. One 4 

reason behind this decrease is that free amino groups of chitosan under alkaline conditions were 5 

not protonated as a result the electrostatic interactions could not play their part between 6 

negatively charged anionic dye and chitosan. Therefore, it can be deduced that chelating 7 

interactions play the main role between CS-Cu-Fe complex and dye molecules instead of 8 

electrostatic interactions. 9 

Further, it can be observed that the reaction can proceed at a wide pH range from acidic to 10 

alkaline in the CS-Cu-Fe-1/H2O2 catalytic system (Figure 6b). Even though, lower pH resulted in 11 

higher oxidation rate. This outcome is distinctive from the Fenton system where the oxidation 12 

can only take place at pH lower than 3. The removal efficiency increased at all pH conditions 13 

from 4 to 12 with removal efficiency greater than 80 % and with highest removal efficiency at 14 

pH 4 as 94%. It is important to indicate that catalytic degradation of RB 5 in CS-Cu-Fe-1/H2O2 15 

system was independent of the pH. 16 

3.5. Structure study of chitosan-metal complex 17 

The SEM of CS-Cu-Fe-1 are shown in Figure 7a and 7b at different magnification. It 18 

illustrates that the shape of the complex powders are irregular and relatively nonporous. The 19 

EDX analysis data for the CS-Cu-Fe-1 is shown in Figure 7c, which confirms the presence of Cu 20 

and Fe in these complexes. 21 

The Fourier-transform infrared (FT-IR) spectra of pure chitosan, CS-Cu, CS-Fe and CS-Cu-22 

Fe-1 are shown in Figure 8, respectively. For pure chitosan, a strong and broad absorbent band 23 
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centered at 3458 cm
−1

 is ascribed to hydroxyl asymmetrical stretching vibration and –NH2 1 

stretching vibration
31

. The absorption band at 1643 cm
−1

 is assigned as amide I vibrations. The 2 

absorption band at 1394 cm
−1

 is caused by the coupling of–C–N–stretching vibration, and the 3 

band which appears at 1085 cm
−1

 corresponds to the stretching of –C–O– bond. The absorption 4 

band at 588 cm
−1

 is due to –N–H stretching vibration
32, 33

. FTIR spectrum of CS-Cu, CS-Fe and 5 

CS-Cu-Fe-1 complex show much similar bands of chitosan. The major differences were: the 6 

wide peak at 3458 cm
−1

, corresponding to the stretching vibration of hydroxyl, amino and amide 7 

groups became weaker and sharper which indicated the strong interaction between these groups 8 

and copper or iron. 9 

X-ray photoelectron spectroscopy (XPS) is used to identify particular elements and to 10 

determine the valence state of metals dispersed. To further investigate the interactions among Fe, 11 

Cu and chitosan, XPS studies of chitosan before and after chelation of copper and/or iron were 12 

conducted. The high-resolution N 1s XPS spectra of  different types of chitosan are shown in 13 

Figure 9. There are three N1s peaks located at 399.8 eV, 400.8 eV and 401.8 eV for initial 14 

chitosan, which are attributed to the existence of the nitrogen atoms in the –NH2, NH–C=O and –15 

NH3
+
 groups, respectively. While, a new sub-bands around 398.8 eV was found in the spectrum 16 

of CS-Cu, CS-Fe and CS-Cu-Fe-1 complex which might be attributed from the interaction 17 

between –NH2 group and Cu
2+

 or Fe
3+

 metal ions
34-36

. Through detailed peak fitting using the 18 

XPS peak software package, the peak intensities were assigned to the existence of C-metal (C-M, 19 

530.9 eV) arranged in the following order: CS-Fe ˃ CS-Cu-Fe-1 ˃ CS-Cu, which indicated that 20 

Fe ions were more likely to bond with –NH2 groups of chitosan. The peak intensity of –NH3
+
 21 

group could be arranged in the following order: CS-Cu-Fe-1 ˃ CS-Cu ˃ CS-Fe, suggesting that 22 

the bimetal chitosan complex have the most protonated amine group (–NH3
+
). For the spectrum 23 
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of O 1s, the band of the initial chitosan was composed of two sub-bands, which are attributed to 1 

the existence of OH, or bound H2O (532.6 eV) and the –O– in the ring and possibly –O– between 2 

the rings (531.9 eV) which exist in chitosan structure
4, 37

. While in case of chitosan-metal 3 

complexes (CS-Fe, CS-Cu, and CS-Cu-Fe -1), new sub-bands at the lower energy (around 530.9 4 

eV) were found in the spectrum of complex, which might be attributed from the interaction 5 

between oxygen atom and metal
38

. Different from the interaction between –NH2 group and 6 

metals, the peak intensity of –OH could be arranged in reverse order: CS-Cu ˃ CS-Cu-Fe-1 ˃ 7 

CS-Fe, indicating that the Cu ions were more likely to bond with –NH2 groups of chitosan. 8 

Meanwhile, the high-resolution XPS spectra of the Fe 2p and Cu 2p region are also shown in 9 

Figure 9. Fe 2p1/2 and Fe 2p3/2 line peaks are located at 724.6 and 711.5 eV, which are the 10 

characteristic peaks of Fe(III) and satellite, respectively
39

. Additionally, Cu 2p1/2 and Cu 2p3/2 11 

line peaks are located at 953.3 and 933.6 eV, which are the characteristic peaks of Cu(II) and 12 

satellite, further suggesting that both Fe(III) and Cu(II) chelate with the chitosan polymer. 13 

According to the literature Bhatia et al. and Hernandez et al.
40, 41

 and our previous work, 14 

chitosan-Fe(III) complex is hexacoordinated and there is entrance of two or three moles of 15 

monomeric sugar units of the ligand in the coordination sphere of Fe
3+

. The complexation is 16 

mainly through the amino group (–NH2) and the hydroxyl group (–OH) of chitosan. Water 17 

molecules or other ions in solution would complete the coordination sphere of chitosan-Fe(III) 18 

complex with different stability. According to the literature reported by Rhazi et al., two 19 

structures for chitosan-Cu(II) have been proposed as {[Cu(–NH2)]
2+

, 2OH
−
, H2O} and {[Cu(–20 

NH2)2]
2+

, 2OH
−
}

42
. From 5.0 ~ 5.8 pH range the first complex is more stable and for pH values 21 

larger than 5.8 the second structure is more predominant. In our study, the pH of the solution was 22 

acidic due to addition of acetic acid and FeCl3 so the formation of second type of chitosan 23 
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structure is ruled out. Lu et al. proposed that the optimized interaction structure of chitosan-Cu 1 

complex was tetracoordinated and copper(II) was coordinated with –NH2, C3–OH and H2O
43

. By 2 

combining the FTIR and XPS results above, we speculated that Fe(III) was hexacoordinated to 3 

chitosan molecules, complexing through equal O and N atoms of the chitosan polymer and water 4 

molecule, while Cu(II) was tetracoordinated to chitosan molecules and chelated with more O 5 

atoms than N atoms of the chitosan polymer (Figure 10).  6 

3.6. Effect of the Coexisting Ions and Adsorption of Other Anionic Dyes 7 

The fact that practically in industries high concentration of salts are also applied to enhance 8 

the bath dye exhaustion, which cannot be neglected in this study
44

. Different salts were added to 9 

the dye solution under optimal experimental conditions (salt concentration: 50 mg/L, 100 mg/L 10 

and 200 mg/L) and the results were shown in Figure 11. The influences of NaCl, NaNO3, 11 

MgSO4, KCl, and CaCl2 on RB 5 removal was negligible, suggesting that these common 12 

coexisting salts almost had no negative effect on dye removal by CS-Cu-Fe-1 bimetal complex in 13 

the presence of H2O2. From a practical point of view, these results imply that CS-Cu-Fe-1 14 

complex can be used for the removal of RB 5 from salt-containing wastewaters. The complicated 15 

structures of dye molecules which vary with respect to the organic chains and the numbers and 16 

positions of functional groups is directly related to their adsorption behaviors. Thus, the same 17 

conditions as RB 5 removal were applied to other two different anionic dyes, C. I. Acid Red 73 18 

and C. I. Reactive Blue 19 which showed the removal efficiency of 97.38% and 92.39%. 19 

3.7. The Reusability of chitosan-Cu-Fe complex 20 

The reusability of the new catalyst cannot be ignored for practical applications and economic 21 

demand
45

. Figure 12 shows the reusability of CS-Cu-Fe-1 complex on catalytic degradation of 22 

RB 5 in the presence of H2O2. Results show that the removal efficiency was above 80 % even 23 
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after 15 cycles indicating that CS-Cu-Fe-1 complex had good reusability and is suitable for 1 

practical applications. 2 

3.8. A Possible Mechanism 3 

According to our previous studies, chitosan-Fe(III) complex efficiently removed the dyes via 4 

chelation between sulfonic group of dye and Fe(III) center in chitosan-Fe(III) complex 
4
. 5 

Meanwhile, the above structural study suggests that the addition of Cu(II) had no significant 6 

effect on the interaction between Fe(III) and chitosan polymer. In CS-Cu-Fe-1 bimetal complex, 7 

Fe(III) was still hexacoordinated to chitosan molecules, complexing through equal O and N 8 

atoms of the chitosan polymer and water molecule while Cu(II) was tetracoordinated to chitosan 9 

molecules and chelated with more O atoms than N atoms of the chitosan polymer. Hence, it 10 

could be induced that the chelating interactions play an important role in dyes adsorption.  The 11 

electrostatic interactions between protonated amine groups (–NH3
+
) in chitosan with the 12 

sulfonate groups (–SO3
-
) of RB 5 also account much for dye adsorption. 13 

In order to extend the application of chitosan-Fe(III) complex with catalytic property, 14 

chitosan-Cu-Fe bimetal complex was prepared. The reported study  shows that  the matrix of 15 

heterogeneous chitosan is able to stabilize and retain isolated Cu
2+

 ions in highly unsaturated 16 

coordinative state
46

. Further, Kucherov et al. reported that chitosan-Cu complex is a kind of 17 

heterogeneous catalysts for the decolourisation of azo dyes
12

. Nevertheless, there was still room 18 

for further improvement in removal efficiency of chitosan-Cu(II) complex. Different from 19 

chitosan-Fe(III) complex, the adsorption ability of chitosan-Cu(II) was quite low (Figure 1a) due 20 

to its coordination structure. When the Fe(III) ions have been introduced to the chitosan-Cu(II) 21 

complex, its adsorption efficiency increased noticeably (Figure 1a) and the removal efficiency of 22 

chitosan-Cu-Fe bimetal complex in the presence of H2O2 increased accordingly (Figure 1b). In 23 
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the group of CS-Cu-Fe-1, the removal efficiency of RB 5 reached nearly 80% in only 2 minutes. 1 

According to the study reported by Gonzalez-Olmos et al. sorptive enrichment of the 2 

contaminant on the surface of the catalyst might lead to higher rate and a more efficient 3 

utilization of the formed hydroxyl radicals in contaminant degradation
19

. Additionally, Guo et al. 4 

highlighted the significance of the reversible adsorption of the substrate by support improved 5 

photocatalytic activity of supported catalyst. Hence, we speculated that the good adsorption 6 

ability of chitosan-Fe(III) could promote the catalytic activity of chitosan-Cu(II). In Figure 1b, 7 

CS-Cu-Fe-1 shows the higher removal efficiency in first 2 minutes than both CS-Fe and CS-Cu 8 

complex, suggesting that the appropriate combination of Fe(III) and Cu(II) ions in chitosan 9 

bimetal complex could achieve high efficiency of dye removal. 10 

Further, we employed active species trapping experiment by using methanol as the scavenger 11 

for ·OH radical. Figure 13 shows that the addition of excessive methanol made the degradation 12 

efficiency decreased, putting it almost on same rate with efficiency in adsorption test. The 13 

scavenging effects of excessive methanol on the RB 5 degradation suggested that the major 14 

oxidative species in the system were hydroxyl radicals both in the system of CS-Cu-Fe-1 and 15 

CS-Cu. These results are corresponding with the results of the published study where the 16 

hydroxyl radicals have played an important role in chitosan-Cu catalytic degradation
12

. Similar 17 

results have been reported by Han and coworkers. They prepared a kind of Cu-Fe bimetal AO-18 

PAN complexes, which exhibited high activity and stability for the oxidative decomposition of 19 

the dye because of the existence of synergetic effect. And the important origin of synergetic 20 

effect in Cu–Fe bimetal AO-PAN complexes is considered as the joint action of copper and iron 21 

species facilitating the Fe
3+

/Fe
2+

 cycle and exciting the Cu
2+

/Cu
+
 redox, followed by the increase 22 

in the •OH radicals generation
20

. 23 
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The removal of total organic carbon (TOC) of chitosan-metal complex/H2O2 system was also 1 

measured. The results showed that TOC removal rate of dye under CS-Cu/H2O2 and CS-Cu-Fe-2 

1/H2O2 systems reached 49.5% and 89.9% respectively, while the TOC of CS-Cu/H2O2 and CS-3 

Cu-Fe-1/H2O2 systems without dye were only 1.33 and 1.18 mg/L after 30 minutes reaction, 4 

which indicated that the chitosan-metal complex polymers were stable under this oxidative 5 

condition. 6 

4. Conclusion 7 

Despite the high adsorption ability, efficient catalytic activity of chitosan-metal complex has 8 

been developed through the chelation of chitosan polymer with bi-metals Cu(II) and Fe(III). It 9 

efficiently remove the dyes (> 90% removal rate in 10 minutes) under wide range of pH 10 

(pH=4~12) via combination of catalytic activity and high adsorption ability of chitosan bimetal 11 

complex. The effect of Cu and Fe ions in the polymer matrix of chitosan, pH sensitivity of 12 

chitosan complex, the effect of the coexisting ions, adsorption of the anionic dyes and the 13 

reusability have been studied. Further, the possible mechanism for dye removal was also 14 

proposed. This technically feasible, highly efficient and cost effective material is very attractive 15 

for dyeing effluent treatment.  The challenge for research to figure out the detailed catalytic 16 

mechanism needs to be further studied in our future work. 17 
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Table 1. The molar ratio of CS, Cu(II), Fe(III) of prepared chitosan-Cu-Fe complexes 1 

 2 

  3 

Chitosan complex Ratio Stability in water 

CS-Cu-Fe-1 1:1:1 Stable 

CS-Cu-Fe-2 1:2:1 Stable 

CS-Cu-Fe-3 1:1:0.5 Stable 

CS-Cu-Fe-4 1:1:2 Swelling 

CS-Cu-Fe-5 1:0.5:1 Swelling 
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Figure Captions 1 

Figure 1. The effect of Cu and Fe ions in the polymer matrix of chitosan on the removal of RB 5 2 

(a) adsorption reaction (initial concentration 100 mg/L, 50 mL, chitosan complex 0.1g, T = 25°C, 3 

pH = 6.5); (b) catalytic oxidation (initial concentration 100 mg/L, 50 mL, chitosan complex 0.1g, 4 

0.4 mL H2O2, T = 25°C, pH = 6.5). 5 

Figure 2. Adsorption kinetics of dyes (initial concentrations ranged from 50 mg/L to 300mg/L, 6 

50 mL) with CS-Cu-Fe-1 complex (0.05 g); (a) time profile showing adsorption process with 7 

pseudo first order; (b) fitting curve of adsorption process with pseudo-second order. 8 

Figure 3. Adsorption isotherms fitted to Langmuir model (the dotted line), Freundlich equation 9 

(the dashed line) and Langmuir-Freundlich model (the real line). 10 

Figure 4. (a) The effect of various initial dye concentrations (ranged from 50 to 300 mg/L, 50 11 

mL) on RB 5 oxidation in the presence of CS-Cu-Fe-1 (0.05 g) with H2O2 (0.4 mL); (b) The 12 

effect of H2O2 concentration (ranged from 0.1 to 0.6 mL) on RB 5 oxidation (initial 13 

concentration 100 mg/L, 50 mL) in the presence of CS-Cu-Fe-1 (0.05g). 14 

Figure 5. (a) Decomposition of H2O2 (C0 = 80 mmol/L) in chitosan complex suspension (initial 15 

concentration of dye is 100 mg/L, 50 mL, chitosan complex 0.05g, pH = 6.5, T = 25°C); (b) 16 

fitting curve of the decomposition of H2O2 with pseudo-first-order model. 17 

Figure 6. pH sensitivity of (a) CS-Cu-Fe-1 complex without H2O2; (b) CS-Cu-Fe-1 complex 18 

with H2O2 (initial concentration of dye 100 mg/L, 100 mL, T=25°C, chitosan complex 0.05g, 19 

H2O2 0.4 mL, pH = 6.5). 20 

Figure 7. SEM-EDX of  CS-Cu-Fe-1 at different magnifications. 21 
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Figure 8. FTIR spectra of pure chitosan, CS-Cu, CS-Fe, CS-Cu-Fe-1 chitosan complex. 1 

Figure 9. N 1s (a), O 1s (b), Fe 2p (c), and Cu 2p (d) XPS spectra of pure chitosan, CS-Cu, 2 

CS-Fe, CS-Cu-Fe-1 complex. 3 

Figure 10. Proposed chemical structure of chitosan-Cu-Fe bimetal complex. 4 

Figure 11. Effect of the coexisting ions on the removal efficiency of the dye in the presence of 5 

CS-Cu-Fe-1 with H2O2 (initial concentration ranged from 50 mg/L to 200 mg/L, T = 25°C, 50 6 

mL, adsorbent 0.05g, 0.4 mL H2O2, pH = 6.5 ). 7 

Figure 12. Effect of adsorbent reusability on the catalytic degradation and removal percentage 8 

(chitosan complex dose 0.1 g, T = 25°C, initial concentration 100 mg/L, 50 mL, 0.4 mL H2O2, 9 

pH = 6.5). 10 

Figure 13. Effect of methanol and role of hydroxyl radical on the oxidative degradation of the 11 

dye in the presence of CS-Cu-Fe-1 (a) and CS-Cu (b) (initial dye concentrations 100 mg/L, 50 12 

mL, T = 25°C, chitosan complex 0.1g, 0.4 mL H2O2, pH = 6.5). 13 

 14 
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Figure 7 
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