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1. Preparation of cross-linked magnetic chitosan particles
1.1. Synthesis of magnetite Fe3O4 from steel slag 
The magnetite particlas were synthesized using modified method reported by Giri et al. [1]. A weighed amount of the crushed steel slag was digested in HCl 50% (v/v) with the solid/liquid ratio of 1/6 under continuous stirring using a magnetic stirrer at 80oC for 90 min to leach out the iron content. The liquid part was separated from the acid insoluble by filtration. A measured amount of H2O2 30% was added to the filtrate to convert all the Fe2+ ions into Fe3+ ions. After that, concentrated ammonia solution was slowly dropped under stirring into the filtrate until the pH of solution became about 4 to yield ferric hydroxide Fe(OH)3. The precipitate was washed repeatedly with 1.0% HCl followed by distilled water and ﬁnally dried in vacuum oven at 100°C for 2 h. The dried ferric hydroxide was mixed with charcoal powder with ratio 1:1 (w/w) in a closed crucible and then the mixture was heated in a furnace at 1000oC for 4 h without maintaining inert atmosphere. The obtained powder was washed thoroughly with distilled water and finally magnetically separated from impurities in aqueous medium to get pure magnetite particles. 
1.2. Synthesis of chitosan from shrimp shells
Chitosan was obtained from shrimp shells by traditional method including demineralization, deproteination and deacetylation. Fresh shrimp shells were washed with water to remove any insoluble material on the shell, dried under the sun, and then cut into small pieces. Demineralization of shrimp shell has been carried out with 7% HCl for 24 h in the solid to solvent ratio of 1:40 (w/v) at room temperature. Deproteinization was done with 10% NaOH at 60°C for 24 h with a ratio of 1:20 (w/v). After each step, the shrimp shells were washed with water until neutral pH and dried. The deproteinized shells were then deacetylated to obtain chitosan by using 50% NaOH solution with a ratio of 1:20 (w/v) for 48 h at 60oC. The resulting product was washed to neutrality in running tap water and rinsed with distilled water, and then dried in a vacuum oven at 60oC. 
1.3. Synthesis of crosslinked magnetic chitosan particles
The chitosan solution was prepared by dissolving chitosan into 3% CH3COOH with a ratio of 1:20 (w/v). A measured amount of magnetic powder (30% by weight of chitosan) was dispersed in distilled water (1 g Fe3O4/20 mL H2O) with ultrasound for 30 min, and then the suspension was mixed with prepared chitosan solution by a mechanical stirrer for 1 h. After that, 5 M NaOH was added dropwise to the mixture under continuous stirring until pH 9-10 was achieved to form magnetic chitosan particles which were then filtered and washed with water to neutral pH. The obtained magnetic chitosan particles were crosslinked with green tea extract under mechanical stirring at 60oC for 24 h. The green tea extract was prepared by boiling green tea in distilled water with a solid to solvent ratio of 1:20 (w/v) for 15 min. The resulting MCPs were collected by filtration, and washed thoroughly with hot water, ethanol and then distilled water. The product was dried in a vacuum oven at 60oC overnight, and finally crushed and sieved through a 125 µm sieve to obtain particles.
2. Effects of experimental conditions on adsorption
2.1. Effect of pH
The pH of the metal ion solution can significantly affect the sorbent surface charge, as well as, the level of ionization of chitosan derivatives and thereby the removal efficiency of the heavy metals [2,3]. Therefore, we consider the effects of pH on removal efficiency and stability of MCPs is the most importance. Here, we demonstrated the effect of pH on removal efficiency of typical metal ions, Ni2+ and Cu2+ ions, by MCPs as models. The uptake experiments were performed at different pH levels in the range of 2-8 by shaking 0.1 g of MCPs with 25 mL metal ion solution (100 mg/L for Ni2+ and 200 mg/L for Cu2+) for 1 h at room temperature and 150 rpm. As shown in Figure 2(a) (in the manuscript), the removal efficiency of metal ions by MCPs were higher than 90% for wide range of pH from 2 to 8 (except for Ni2+ at pH=2) and increased with increasing of pH. Notably, the maximum of removal efficiency was achieved about 99% at pH 5 for both of Ni2+ and Cu2+. At low pH (<5), the removal efficiency of MCPs was low due to the protonation of amino groups (-NH2) of chitosan, which would be presented in the positively charged form (-NH3+) causing electrostatic repulsion between metal ions and sorbent surface [4]. The low removal efficiency at lower pH level can also be associated with the increased concentration of hydronium (H3O+) ions, which compete for Сu (II) and Ni(II) adsorption sites on the crosslinked magnetic chitosan [5]. According to our control experiment, at pH was higher than 6, precipitate Cu(OH)2 started to appear and this phenomenon also takes place for Ni(II) when pH higher 8. The precipitation of metal ions in high pH could lead to inaccurate interpretation of adsorption process. Thus, the pH of 5 was chosen as the optimum pH for the following adsorption experiments. 
2.2. Effect of contact time
The effect of contact time was studied at contact time ranging from 5 to 120 min under the conditions of 0.1 g adsorbent amount, pH 5, room temperature (25oC ± 2◦C), 150 rpm, 100 mg/L Ni(II) and 200 mg/L Cu(II). The results are shown in Fig. 2b. It can be seen that the removal efficiency of Ni(II) and Cu(II) by MCPs increases with an increase of contact time and reaches equilibrium within 30 min for Cu(II) and 60 min for Ni(II). There is over 99% of Ni(II) and Cu(II) adsorbed onto the MCPs when the adsorption equilibrium was reached. Moreover, it shown that the adsorption of Ni(II) and Cu(II) had taken place in two stages: the initial rapid stage within 5 min where adsorption was fast and could be associated with diffusion of metal ions on the adsorbent surface, and the slower second stage where intra-particle diffusion controls the adsorption rate until system reached equilibrium. Thus, the contact time selected for adsorption of Cu(II) and Ni(II) in the further experiments was 30 min and 60 min, respectively.
2.3. Effect of temperature
The effect of temperature on the adsorption of Ni(II) and Cu(II) onto the MCPs was studied in the temperature range of 25-40oC using the following conditions: adsorbent dose of 0.1 g, stirring speed of 150 rpm, 25 mL metal ion solution with concentration of 200 mg/L for Cu(II) and 100 mg/L for Ni(II), and the selected optimum values of pH and contact time. As can be seen in Figure 2(c), the removal efficiency of metal ions was clearly dependent on the temperature and it tended to reduce when temperature increased. The removal efficiency of the MCPs for Ni2+ and Cu2+ decreased respectively from 99.68 to 93.35% and from 99.91 to 88.50% with increase in temperature from 25 to 40oC. This can be explained by exothermic nature of adsorption process, which is favored at low temperatures. Thus, based on above investigation and possibility for real applications, the room temperature (25oC ± 2oC) was considered as optimum temperature for the next experiments. 
2.4. Effect of adsorbent dose
It is well-known that the adsorption efficiency is determined by surface properties and available active sites on adsorbent, which depend on the its mass amount [6]. Therefore, the effects of adsorbent dose on Cu(II) and Ni(II) removal were studied. The relationship between adsorbent dose in a range of 0.5-6 g/L and the removal efficiency of metal ions adsorbed onto MCPs is presented in Figure 2(d). It can be seen that the removal efficiency of Cu(II) and Ni(II) was only about 76% at adsorbent dosage 0.5 g/L, but it achieved over 98% when adsorbent dose increased to 3 g/L and slightly increased at the higher values of the dose. Such, the removal efficiency increases with the increase in the MCP dose. This can be attributed to that at the higher adsorbent dose due to increased surface area, more binding sites are available for adsorption [7].
2.5. Effect of initial concentration
The effect of various initial metal ion concentrations (50–400 mg/L for Ni2+ and 50–1000 mg/L for Cu2+) on removal efficiency of the MCPs at the selected optimum conditions was studied. The obtained results indicate that an increase in the initial concentration of Cu(II) and Ni(II) leads to decrease in the their adsorption efficiency (Figure 2(e)). For instance, at a lower initial concentration (100 mg/L), the adsorption efficiency was pretty high over 99%. With further increase of metal concentration up to 200 mg/L, the removal efficiency of Ni2+ slowly decreased (to 92%) while the removal of Cu2+ ions almost not changed. When the initial concentration increased up to 400 mg/L (for Ni2+) and 1000 mg/L (for Cu2+) the adsorption efficiency of MCPs  reduced to about 66% and 51%, respectively. At the low concentration of the Ni(II) and Cu(II), due to the their high mobility in the diluted solutions, the interaction of these ions with the adsorbent was great, which leads to higher adsorption efficiency. In addition, the shortage of the adsorption sites for the bonding all metal ions on the MCP surface when the initial Cu(II) and Ni(II) concentration in the aqueous solution increased with the same mass of adsorbent causes a decrease in the removal efficiency. Our results agree well to that reported by other authors [3,8,9].
3. Kinetics and thermodynamics of adsorption
3.1. Adsorption kinetics
The kinetics rate of Ni2+ and Cu2+ ion adsorption onto MCPs was analyzed with the pseudo-ﬁrst-order and pseudo-second-order models using the adsorption data obtained from the effect of contact time. The first- and second-order kinetic models are described respectively by equation 1 and equation 2 [10,11]: 
Log(qe - qt) = Logqe – (k1.t/2.303)  	    (1)
  	   (2)
where qt and qe are the amount of metal ions adsorbed on the MCPs at any time t and at equilibrium, respectively (mg/g),  k1 (min-1) and k2 (g.mg-1.min-1) the ﬁrst and second order rate constant. 
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Figure S1. (a) Pseudo-ﬁrst-order kinetic plot and (b) pseudo-second-order kinetic plot for adsorption of Ni(II) and Cu(II) ions onto crosslinked magnetic chitosan.
Table S1. Kinetic parameters of Ni(II) and Cu(II) adsorbed onto crosslinked magnetic chitosan.
	Kinetic model
	Value

	
	Ni(II)
	Cu(II)

	                    Pseudo-ﬁrst-order
	
	

	k1 (min-1)
	0.0866
	0.0805

	qe, cal (mg/g)
	15.8
	5.67

	qe, exp (mg/g)
	24.99
	50.00

	R2
	0.8648
	0.8801

	                    Pseudo-second-order
	

	k2 (g mg-1 min-1)
	0.012
	0.034

	qe, cal (mg/g)
	26.04
	50.25

	qe, exp (mg/g)
	24.99
	50.03

	R2
	0.9981
	0.9999



The plots of Log(qe – qt) versus t and t/qt versus t are shown in Figure S1, and the calculated kinetic parameters for adsorption of Ni2+ and Cu2+ are listed in Table S1. The pseudo-second-order plot is pretty linear with correlation coefﬁcients of 0.9981 (for Ni2+) and 0.9999 (for Cu2+), which were closer to 1 than the pseudo-ﬁrst-order plot (R2 = 0.8648 for Ni2+ and 0.8801 for Cu2+). Moreover, the adsorption capacities calculated from the pseudo-second-order equation (50.25 mg/g for Cu2+ and 26.04 mg/g for Ni2+) is very close to the value of experimental adsorption capacities (50.03 mg/g for Cu2+ and 24.99 mg/g for Ni2+), while these values of the pseudo-ﬁrst-order model were significantly different. Therefore, the adsorption of Ni(II) and Cu(II) on the MCPs followed pseudo-second-order better than pseudo-ﬁrst-order model. In other words, the rate of adsorption of Ni(II) and Cu(II) on the MCPs is proportional to the square of the number of unoccupied sites. Moreover, the second order rate constant of Cu(II) is about three times higher that of Ni(II), proving that the adsorption of Cu(II) ions onto MCPs occurred faster compared to Ni(II). 
3.2. Adsorption thermodynamics
The thermodynamic parameters of Ni(II) and Cu(II) adsorption on MCPs, such as change in Gibbs free energy (Go), enthalpy (Ho) and entropy (So) were determined using followed equations: 
 	(3)
Go = - RTlnKc   	 (4)
 	(5)
where Kc is the equilibrium adsorption coefﬁcient, Cad and Ce are equilibrium concentrations (mg/L) of Ni(II) and Cu(II) on the MCPs and in the solution, respectively, R is the universal gas constant (8.314 J.mol-1K-1), T is the absolute temperature (K). Ho and So were calculated from the slope -Ho/R and intercept So/R of the plot of ln Kc with the reciprocal of the temperature (1/T) as shown in Figure S2. The obtained values of the thermodynamic parameters are presented in Table S2. 
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Table S2. The thermodynamic parameters for Ni(II) and Cu(II) adsorption on crosslinked magnetic chitosan.
	
	∆G0
(kJ/mol)
	∆H0
(kJ/mol)
	∆S0
(J/mol)

	
	298
	303
	308
	313
	
	

	Ni(II)
	-10.74
	-7.22
	-4.95
	-3.27
	- 158.2
	- 496.42

	Cu(II)
	-13.94
	-6.45
	-3.61
	-1.72
	-212.3
	- 675.42



As can be observed from Table S2, the values of Go for Ni(II) and Cu(II) adsorption at all temperatures studied were negative, indicating that the adsorption mechanism is a general spontaneous process and thermodynamically favorable. The negative values of Ho and So reﬂect the exothermic nature and the decrease in the degree of freedom at the solid–liquid interface during the adsorption of Ni(II) and Cu(II) on crosslinked magnetic chitosan, i.e. the whole system is more ordered after the adsorption [4].

Table S3. Adsorption capacities and kinetic and thermodynamic parameters of MCPs for the removal of Cu(II) and Ni(II) from aqueous solutions in several published works.
	Adsorbent
	Metal
ion
	Nature of
adsorption
	Adsorption
capacity
(mg/g)
	Kinetic model
	H◦
(J/mol)
	Ref

	MCPs
	Cu(II)
Ni(II)
	Exothermic
	126.28
66.23
	pseudo-second-order
	- 158.2
-212.3
	[bookmark: _GoBack]In this study

	Cross-linked magnetic chitosan beads
	Cu(II)
	-
	78.13
	pseudo-first-order
	-
	[12]

	Magnetic chitosan nanoparticles
	Cu(II)
	Endothermic
	35.5
	-
	-
	[13]

	Magnetic chelating resin based on chitosan
	Cu(II)
Ni(II)
	Exothermic
	95
47
	pseudo-second-order
	-25
-4
	[14]

	Chitosan-bound
Fe3O4 magnetic nanoparticles
	Cu(II)
	Exothermic
	21.5
	
	−6.14
	[15]

	Cross-linked 
magnetic
chitosan
	Cu(II)
Ni(II)
	Exothermic
	124
67
	pseudo-second-order
	−78.71
-4.75
	[16]

	Magnetic chitosan composite bead
	Cu(II)
	Endothermic
	121.9
	Intra-particle
diffusion
	6.34
	[17]



Table S4. Several regeneration studies examples of metals loaded MCCs.
	Adsorbent
	Eluent
	Metal ion
	Number of cycle (n)
	Adsorption efficiency after n cycles (%)
	Ref.

	CMPs
	EDTA
	Cu(II)
Ni(II)
	5
5
	85.45
83.83
	In this study

	Magnetic chitosan nanoparticles
	EDTA
	Cu(II)

	4
	>90
	[13]

	Cross-linked magnetic chitosan beads
	Distilled water
	Cu(II)

	10
	61.3
	[12]

	Cross-linked 
magnetic
chitosan
	EDTA
	Cu(II)
Ni(II)
	5
5
	88.5
88.3
	[16]

	
	HCl
	Cu(II)
Ni(II)
	5
5
	74.3
69.2
	

	Magnetic chelating resin based on chitosan
	EDTA
	Cu(II)
Ni(II)
	5
5
	90.9
90.6
	[14]

	Magnetic chitosan nanocomposite
	Distilled water
	Cu(II)
	5
	25
	[18]
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