Catalytic reduction of 4-nitrophenol using Cu/Cu2O nanocomposites based on magnetic maize straw
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S1 Adsorption studies
S1.1 Adsorption experiments
Batch adsorption experiments were performed on a thermostat water-wash shaker (SHZ-82 A, China) with a shaking speed of 150 rpm. After shaking, the adsorbent was separated from the solution by an external magnetic field, and the residual concentrations of Cu(II) were determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Perkin-Elmer, USA).
The amount of Cu(II) adsorbed per mass unit of adsorbent and the percentage removal efficiency (% R) were calculated based on the following expressions.

   (1)

 (2)
Where qe (mg/g) is the equilibrium adsorption capacity, C0 and Ce (mg/L) are the initial and equilibrium Cu(II) concentrations in the aqueous solution. V (L) is the volume of the experimental solution and W (g) is the weight of the adsorbent.
S1.2 Adsorption kinetics
FigS1(a) shows the time profiles of Cu(II) removal by Mag-NaS-MS at two initial Cu(II) concentrations (44.7 and 106.4 mg/L). The sorption process was fast in the initial stage because of the presence of enough available adsorption sites for Cu(II). Thereafter, the adsorption rate increased slowly until adsorption equilibrium was reached in 2 h. In addition, the adsorption data were simulated with three kinetics models, namely, the pseudo-first- and second-order kinetics (Yang et al. 2005) and the intraparticle diffusion model (Walter J. Weber et al. 1963) shown in Eqs. (3–5).
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Intra-particle diffusion model:     (5)
where qe and qt (mg/g) are the adsorption capacity at equilibrium and time (t), respectively. k1 (min−1), k2 (g/(mg min)), and kp (g/(mg min0.5)) are the rate constants of the pseudo-first-order model, pseudo-second-order, and intraparticle diffusion models, respectively. Z is the constant (mg/g) of the boundary layer thickness.



Fig S1 Effect contact time on the adsorption capacity of Cu(II) (panel a) and intra-particle diffusion plots (panel b) by Mag-NaS-MS (C0 = 44.7 and 106.4 mg/L, original pH 6.0, adsorbent dose = 1 g/L, T=298 ± 2K)
All corresponding kinetic parameters are provided in Table S1. The pseudo-second-order model provides higher correlation coefficients (R2) than the pseudo-first-order model, and the calculated qe (qe, cal) values are more consistent with the experimental qe (qe, exp) values. This result indicates that the adsorption data of Cu(II) are well represented by the pseudo-second-order model. Thus, Cu(II) adsorption by Mag-NaS-MS is a chemical adsorption process (Ho et al. 1999).
Table. S1 
Adsorption kinetics parameters obtained from pseudo-first-order model, pseudo-second-order and intra-particle diffusion model in the adsorption of Cu(II) onto Mag-NaS-MS (C0 = 44.7 and 106.4 mg/L, original pH 6.0, adsorbent dose = 1 g/L, T=298 ± 2K)
	Kinetics models
	C0 (mg/L)
	R2
	parameters

	Pseudo-first-order model
	
	
	k1 (min-1)
	qe, cal (mg/g)
	qe, exp (mg/g)

	
	44.7
	0.46
	0.043
	1.426
	44.69

	
	106.4
	0.91
	0.032
	14.82
	84.26

	Pseudo-second-order model
	
	
	k2 (g/mg min)
	qe, cal (mg/g)
	qe, exp (mg/g)

	
	44.7
	1.00
	0.25
	44.64
	44.69

	
	106.4
	0.99
	0.0075
	85.47
	84.26

	Intraparticle diffusion model
	
	
	kp (g/mg min0.5)
	Z2

	
	44.7
	0.14
	44.17

	
	106.4
	1.49
	70.632


The intraparticle diffusion model illustrates the diffusion of the adsorbed Cu(II) from the adsorption sites on the surface to the available sites of the inside pores. Fig S1(b) shows that the data points are related by three straight lines. The first straight portion (sharpest) is the adsorption onto the external surface, the second indicates the gradual adsorption of Cu(II), where the intraparticle diffusion is the rate-limiting step. According to the assumption of the intraparticle diffusion model, if qt versus t1/2 passes through the origin, the intraparticle diffusion would be the sole rate-limiting process. However, the plots of this study do not pass through the origin (Fig S1(b)), indicating that the intraparticle diffusion is not the only rate-limiting step in this sorption process. Moreover, the Z2 values can be obtained from the intercepts of lines, which provide the boundary layer thickness (Vimonses et al. 2009). Table S1 shows that the Z2 values increase with the increase in the initial concentration, which reflects the decrease in the chance of external mass transfer and the increase in the chance of internal mass transfer. The last straight portion is the adsorption equilibrium process between the adsorbate adsorption and desorption.
S1.3 Adsorption isotherms
The adsorption isotherm of copper onto Mag-NaS-MS, which is characterized by a shape with an initial steep slope, is shown in Fig S2. The adsorption capacity (qe) of Mag-NaS-MS quickly increased at the low equilibrium concentration (Ce) values. However, it increased slowly once Ce was greater than 23.98 mg/L, which clearly indicates that Mag-NaS-MS has a high affinity for copper ions at low adsorbate concentration.


Fig S2 Adsorption isotherm of copper onto Mag-NaS-MS
(original pH 6.0, adsorbent dose = 1 g/L, T=298 ± 2K, t =2 h)
The equilibrium data were simulated by the Langmuir and Frendlich models. The Langmuir isotherm model is based on the assumption that a monomolecular layer is formed during adsorption without any interaction between the adsorbed molecules (Irving 1915).
The Freundlich isotherm model is used for multilayer adsorption involving a heterogeneous surface energy system (Treybal 1980). The models can be expressed as Eqs. (6)–(7).

   (6)

   (7)
where Ce (mg/L) and qe (mg/g) are the Cu(II) concentration and adsorption capacity at equilibrium, respectively, and Qmax (mg/g) is the maximum theoretical adsorption capacity. KL (L/mg) is the equilibrium constant related to the adsorption energy (Irving 1915). KF (L/mg) is the Freundlich adsorption constant. 1/n is the Freundlich constant that measures the adsorption intensity, which determines whether the adsorption is favorable (0.1 < 1/n < 0.5) or unfavorable (1/n > 2) (Treybal 1980). 
The parameters derived from the two models are summarized in Table S2. Based on the correlation coefficients (R2), the adsorption data fit the Langmuir model better than Frendlich isotherm model. This result demonstrates that the adsorption process of Cu(II) onto Mag-NaS-MS is a monolayer adsorption, and all the adsorption sites are homogeneously distributed over the external surface of the magnetic adsorbent.
In the Langmuir model, the constant KL is related to a dimensionless constant separation factor, RL, which is obtained from Eq. (8) (Weber et al. 1974).

   (8)
where C0 (mg/L) is the initial copper concentration in the solution. The value of RL can be used to indicate whether the adsorption is favorable (0 < RL < 1) or unfavorable (RL > 1). In Table S2, the RL values illustrate copper adsorption on Mag-NaS-MS is a favorable process. Meanwhile, the value of 1/n from the Freundlich model is < 1, also indicative of a high adsorption intensity.
Table S2 Isotherm parameters obtained for the adsorption of Cu(II) onto Mag-NaS-MS
 (original pH 6.0, adsorbent dose = 1 g/L, T=298 ± 2K, t =2 h)
	Langmuir isotherm model
	
	
	Freundlich isotherm model

	b (L/mg)
	Qmax (mg/g)
	R2
	
RL range

	
	KF ((mg/g)(L ·mg)1/n)
	1/n
	R2

	0.485
	86.21
	0.996
	0.0072-0.062
	
	58.76
	0.1004
	0.782


Table S3 shows the Qmax of Cu (II) from the Langmuir isotherm model compared to the other magnetic adsorbent. The magnetic adsorbent obtained in this study is an effective magnetic adsorbent for the removal of Cu(II) from the aqueous solution.
Table S3 Comparison of the Qmax of Cu(II) by various magnetic adsorbent
	Name of the adsorbent
	Qmax (mg/g)
	Ref.

	Magnetic nanoparticles
	10.88
	(Giraldo et al. 2013)

	Fe3O4@SiO2-NH2-pyridine
	82.00
	(Chen et al. 2016)

	Polyacrylamide-modified Fe3O4/MnO2
	30.29  
	(Liu et al. 2018)

	Magnetic calcium alginate
	63
	(Lim et al. 2008)

	Magnetic NaS-MS
	86.21
	This work


S1.4 Thermodynamic study
The effect of temperature on the adsorption of Cu(II) onto Mag-NaS-MS was estimated. Three basic thermodynamic parameters were calculated by the following equations. 
G = −RTln Kc’   (9)
G = H − TS   (10)
where Kc’ is the distribution coefficient, that is, the ratio of the equilibrium concentration of Cu(II) on Mag-NaS-MS to that in the solution. The values of △H and △S can be obtained from the slope and intercept of the plots of △G versus T.
The thermodynamic parameters are listed in Table S4. The negative values of △G indicate that the adsorption process was spontaneous. Moreover, the decrease of △G with the increasing temperature indicates that the adsorption was favorable at higher temperatures (Singh et al. 2004), hence, the adsorption capacity of Cu(II) increased with the increase in temperature. Besides, the positive value of △H illustrates the endothermic nature of adsorption, and the positive value of △S reveals that the order degree decreased at the solid/solution interface during the adsorption process (Sun et al. 2015).
Table S4. The adsorption capacity and thermodynamic parameters for the adsorption of 
Cu(II) by Mag-NaS-MS
(C0 = 106.4 mg/L, adsorbent dose = 1 g/L, original pH 6.0, t =2 h)
	T (K)
	Qe (mg/g)
	△G (KJ/mol)
	△H(KJ/mol)
	△S (KJ/mol K)

	298
	84.26
	-3.37
	18.73
	
7.28×10-2

	303
	85.51
	-3.61
	
	

	313
	88.13
	-4.09
	
	


S2.1 Adsorption mechanism


Fig S3 FTIR spectra of Mag-NaS-MS (a) and copper ions loaded- Mag-NaS-MS (b) 
FT-IR spectra were performed to study the adsorption mechanism. As shown in FigS3, the strong asymmetric and symmetric stretching bands of carbonyl groups were at 1580 and 1418 cm-1 before Cu(II) adsorption, respectively. After contacting with Cu(II), both bands changed to some extent. The wavenumbers of asymmetrical stretching shifts to a higher frequency (from 1580 to 1623 cm-1), while the peak at 1418 cm-1 shifted to 1431 cm-1. According to the literature(Deacon et al. 1980), the coordination status of carboxylate was identified by the different value of Δv (vasym-vsym). When the value was more than ΔNa salt (Δcomplex > ΔNa salt), it was demonstrated that monodentate complexes were formed between heavy metal ions and carbonyl groups, while bidentate chelating complexes exhibited a lower value than ΔNa salt (Δcomplex < ΔNa salt). In this case, the values for Mag-S-MS and Cu(II) loaded Mag-S-MS were 162 and 192 cm-1, respectively. Therefore, it could be concluded that Cu(II) with carboxyl groups formed a monodentate structure.
The wide-scan XPS spectra of the original, depronated and Cu(II) loaded Mag-S-MS were shown in FigS4 In curve b, the peak intensity of Na 1S at 1070 eV, respectively. After adsorbing Cu(II), the Na peaks disappeared and was replaced by the new peak of Cu2p3/2 and Cu2p1/2 at 934 and 954 eV, which indicated that Na ions could be exchanged by the copper ions during the adsorption process (Yu et al. 2018).


Fig S4 Wide scan-xps spectra of adsorbents Mag-S-MS(a), Mag-NaS-MS(b) and 
copper ions loaded- Mag-NaS-MS (c)
The high-resolution spectra of the C 1S, O 1S, and N 1S regions are illustrated in FigS5. As shown in Fig S5a, the C 1S peak was deconvoluted to three peaks with BE of 284.6, 286.2, and 288.3 eV, which corresponded to C–C, C–O (alcoholic or ether), and C=O (carboxylate groups), respectively (Liu et al. 2018). After Cu(II) adsorption, the binding energy of C–O and C=O shifted to 286.2 and 288.6 eV, respectively, which demonstrated that the ether and carboxylate groups in Mag-S-MS were involved in metal ion adsorption. The peak of the O1S spectra was resolved into three major components at 530.3, 532.3, and 534.4 eV, which corresponded to C=O, C–O, and COO−, respectively. After the interaction with Cu(II), the peaks had a certain degree of shift, which reflected that the oxygen atoms participated in the Cu(II) adsorption and reduced its electron density (Lim et al. 2008). Furthermore, the N 1S peak could be fitted into two components. The peaks at 399.6 and 401.3 eV were ascribed to −NHCO− and −NH2, respectively. After the adsorption of Cu(II), the peak with the binding energy of 399.6 eV shifted to 400 eV (Fig S5f), which can be attributed to the adsorption of copper cation on the amino groups (Singh et al. 2004). Therefore, on the basis of the above analyses, carboxylate and the amino groups on the magnetic adsorbent were both involved in the adsorption of Cu(II). 





   



Fig S5. XPS spectra of adsorbent: C 1s of M-S-MS (a); C 1s of copper ions-loaded M-S-MS (b); O 1s of M-S-MS (c); O 1s of copper ions-loaded M-S-MS (d); N 1s of M-S-MS (e); N 1s of copper ions-loaded M-S-MS (f)
The molar of the amino groups (0.074 mmol/g) was also lower than that of the carboxylate groups (4.2 mmol/g) in Mag-S-MS, which illustrated that only a few amino groups on the surface of the magnetic adsorbent had the chance of exposure to Cu(II). Therefore, the carboxylate groups on Mag-NaS-MS played a critical role in adsorbing Cu(II) and the possible adsorption mechanism of Mag-NaS-MS and copper ions was shown in FigS6.


Fig S6 The possible adsorption mechanism of Mag-NaS-MS and Cu(II)
Table S5 The reduction rate constants of 4-NP with different factors catalyzed by Cu/Cu2O NCs-loaded-Mag-S-MS
	C NaBH4
(mmol/L)
	C 4-NP
(mmol/L)
	Dose of Cu/Cu2O NCs-loaded Mag-S-MS (mg)
	k (10-3 s-1)

	4.0
	0.05
	2
	2.8

	4.0
	0.05
	4
	4.0

	4.0
	0.05
	5
	5.5

	4.0
	0.017
	4
	7.7

	4.0
	0.033
	4
	5.5

	4.0
	0.05
	4
	4.0

	3.3
	0.05
	4
	3.5

	4.0
	0.05
	4
	4.0

	4.7
	0.05
	4
	5.7

	5.3
	0.05
	4
	9.0





Fig S7 Cu LMM XAES spectrum of Cu/Cu2O NCs-loaded-Mag-S-MS after being used in the fifth cycles
[bookmark: _GoBack]


Fig S8 Cycling catalysis of 4-NP by Cu/Cu2O NCs-loaded-Mag-S-MS



12


References
Chen D, Awut T, Liu B et al. (2016) Functionalized magnetic Fe3O4 nanoparticles for removal of heavy metal ions from aqueous solutions.  16: 313-322.https://doi.org/10.1515/epoly-2016-0043.
Deacon G B, & Phillips R J. (1980) Relationships between the carbon-oxygen stretching frequencies of carboxylato complexes and the type of carboxylate coordination. Coordin Chem Rev  33: 227-250.https://doi.org/10.1016/S0010-8545(00)80455-5
Giraldo L, Erto A, & Moreno-Piraján J C. (2013) Magnetite nanoparticles for removal of heavy metals from aqueous solutions: synthesis and characterization. Adsorption 19: 465-474.https://doi.org/10.1007/s10450-012-9468-1
Ho Y S, & McKay G. (1999) Pseudo-second order model for sorption processes. Process Biochem  34: 451-465.https://doi.org/10.1016/S0032-9592(98)00112-5
Irving L. (1915) The Constitution and Fundamental Properties of Solids and Liquids. Part I. Solids. J Am Chem Soc  38: 2221-2295.https://doi.org/10.1016/s0016-0032(17)90938-x
Lim S-F, Zheng Y-M, Zou S-W et al. (2008) Characterization of copper adsorption onto an alginate encapsulated magnetic sorbent by a combined FT-IR, XPS, and mathematical modeling study. Environ Sci Technol  42: 2551-2556.https://doi.org/10.1021/es7021889.
Liu Z, Li X, Zhan P et al. (2018) Removal of cadmium and copper from water by a magnetic adsorbent of PFM: Adsorption performance and micro-structural morphology. Sep Purif Technol  206: 199-207.https://doi.org/10.1016/j.seppur.2018.06.007.
Singh T S, & Pant K K. (2004) Equilibrium, kinetics and thermodynamic studies for adsorption of As(III) on activated alumina. Sep Purif Technol  36: 139-147.https://doi.org/10.1016/S1383-5866(03)00209-0
Sun X, Yang L, Li Q et al. (2015) Polyethylenimine-functionalized poly(vinyl alcohol) magnetic microspheres as a novel adsorbent for rapid removal of Cr(VI) from aqueous solution. Chem Eng J  262: 101-108.https://doi.org/10.1016/j.cej.2014.09.045.
Treybal R E (1980). Mass-transfer operations /-3rd ed.McGraw-Hill New York
Vimonses V, Lei S, Jin B et al. (2009) Adsorption of congo red by three Australian kaolins. Appl Clay Sci  43: 465-472.https://doi.org/10.1016/j.clay.2008.11.008
Walter J. Weber J, & Morris J C. (1963) Kinetics of Adsorption on Carbon from Solution. J Sanit Eng Div  SA2: 31-59.https://doi.org/10.1061/JSEDAI.0000467.
Weber T W, & Chakravorti R K. (1974) Pore and solid diffusion model for fixed bed absorbers. ALCHE Journal  20: 228-238.https://doi.org/10.1002/aic.690200204
Yang X, & Al-Duri B. (2005) Kinetic modeling of liquid-phase adsorption of reactive dyes on activated carbon. J Colloid Interf Sci  287: 25-34.https://doi.org/10.1016/j.jcis.2005.01.093.
Yu W, Lian F, Cui G et al. (2018) N-doping effectively enhances the adsorption capacity of biochar for heavy metal ions from aqueous solution. Chemosphere  193: 8-16.https://doi.org/10.1016/j.chemosphere.2017.10.134

13
image1.wmf
W

V

C

C

q

e

e

)

(

0

-

=


oleObject1.bin

image2.wmf
%

100

*

%

0

0

C

C

C

R

e

-

=


oleObject2.bin

image3.wmf
t

k

q

q

q

e

t

e

1

ln

)

ln(

-

=

-


oleObject3.bin

image4.wmf
e

e

t

q

t

q

k

q

t

+

=

2

2

1


oleObject4.bin

image5.emf
0 20 40 60 80 100 120

0

20

40

60

80

Q

t

 (mg/g)

Time (min)

 44.7 mg/L

 106.4 mg/L

(a)


oleObject5.bin

image6.emf
0 2 4 6 8 10 12

0

20

40

60

80

 44.7 mg/L

106.4 mg/L

Q

t

 (mg/g)

Time

0.5

 (min

0.5

)

(b)


oleObject6.bin

image7.emf
0 30 60 90 120 150 180 210

30

40

50

60

70

80

90

100

Q

e

 (mg/g)

C

e

 (mg/L)


oleObject7.bin

image8.wmf
L

e

e

e

K

Q

Q

C

Q

C

max

max

1

+

=


oleObject8.bin

image9.wmf
n

e

F

e

C

K

Q

/

1

=


oleObject9.bin

image10.wmf
0

1

1

C

K

R

L

L

+

=


oleObject10.bin

image11.emf
2000 1750 1500 1250 1000 750 500

25

30

35

40

45

a

1431

1623

1418

 

 

Tranmittance %

Wavenumbers (cm

-1

)

1580

b


oleObject11.bin

image12.emf
1000 800 600 400 200

c

a

Na 1S

Cu 2p

3/2

Cu 2p

1/2

Fe 2p

O 1S

N 1S

 

 

Binding energy (eV)

C 1S

b


oleObject12.bin

image13.emf
290 288 286 284 282

288.3

286.2

Binding energy (eV)

(a)

C 1S

284.6


oleObject13.bin

image14.emf
292 290 288 286 284 282

288.6

286.6

Binding energy (eV)

284.6

(b)

C 1S


oleObject14.bin

image15.emf
540 538 536 534 532 530 528 526

534.4

532.3

Binding energy (eV)

(c)

530.3


oleObject15.bin

image16.emf
538 536 534 532 530 528

534.5

532.7

530.7

Binding energy (eV)

(d)


oleObject16.bin

image17.emf
406 404 402 400 398 396 394

401.3

Binding energy (eV)

(e)

399.6


oleObject17.bin

image18.emf
404 402 400 398

Binding energy (eV)

(f)

400


oleObject18.bin

image19.emf
N

H

NH

2

H

2

N

H

N

HN

NH

O

C

O

COO

O

C

O

OOC

O

C

O

OOC

O

C

O

OOC

O C

O

C

O

C

O

C

O

O

O

C

O

COO

NH

NH

2

HN

H

2

N

H

2

N

NH

2

O

C

O

OOC

O

C

O

OOC

O

C

O

C

O

C

O

COO

O

C

O

C

O

C

O

COO

O

C

O

OO

C

O

O

O

Fe

3

O

4

maize straw

Cu(II)



image20.emf
925 920 915 910 905

918.3

   

 

Kinetic Energy (eV)

914.1


oleObject20.bin

image21.emf
0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

A

t

/A

0

Time (min)


oleObject21.bin

