Electronic Supplementary Material (ESI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2018

10

11

12

Supporting Information

Experimental and theoretical investigations on Se(IV) and Se(VI) adsorption to UiO-66-
based metal-organic frameworks
Jingmiao Wei 2, Wei Zhang b, Weiyi Pan ¢, Chaoran Li¢ and Weiling Sun *2

2 College of Environmental Sciences and Engineering, Peking University, The Key Laboratory of
Water and Sediment Sciences, Ministry of Education, Beijing 100871, China

b Department of Plant, Soil and Microbial Sciences; Environmental Science, and Policy Program,
Michigan State University, East Lansing, Michigan 48824, United States

¢ Shenzhen Key Laboratory for Heavy Metal Pollution Control and Reutilization, School of
Environment and Energy, Peking University Shenzhen Graduate School, Shenzhen 518055, China

d College of Life and Environmental Sciences, Minzu University of China, Beijing 100081, China

S1



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Preparation of adsorbents

To synthesize UiO-66, 0.204 g of 1,4-benzenedicarboxylic acid (H,BDC) was dissolved in 9.4 mL
N,N-dimethylformamide (DMF) under vigorous stirring. After 15 minutes, 2.3 mL of CH;COOH
was added dropwise to the solution at a rate of ~1 drop per second to accelerate the formation of
crystals. Then, 0.318 g ZrCly was dissolved in 9.4 mL DMF under vigorous stirring for 30
minutes.! Afterwards, the two solutions were mixed in a beaker and vigorously stirred for another
20 minutes. The obtained mixture was sealed into a Teflon-lined autoclave and maintained in a
pre-heated oven at 120 °C for 24 h. After cooling to room temperature, the obtained crystals were
centrifugalized at 5000 rpm for 30 min and immersed in 100 mL of ethanol for 5 days. The ethanol
was replaced 3 times per day. After that, the crystals were separated from the ethanol by
centrifuging at 5000 rpm for 30 min. Finally, the synthesized material was freeze-dried at —60 °C
for 3 h in vacuum. To synthesize UiO-66-NH, the same method was used, but NH,-BDC (0.2466
g) was used in place of H,BDC.?

Data analysis

Adsorption Kinetics

The adsorption amount of Se(IV) or Se(VI), Q. (mg/g), was calculated as follows:?
CO — Ce

m

0. =

(S1)
where Cy (mg/L) and C, (mg/L) are the initial and final concentrations of Se, respectively. m (g/L)
is the dosage of MOFs.

The experimental data were described by the widely used pseudo-first order and pseudo-
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second order models, as shown in Eq. (S2) and (S3), respectively.4©
1
g, =q.(1-— (S2)
e
7= t
FER
ke 4.

where ¢, is the amount of Se adsorbed at time 7 (mg/g), g. is the equilibrium adsorption amount
(mg/g), k; is the pseudo-first order rate constant (1/min), and k; is the pseudo-second order rate
constant (g/(mg-min)).
The intra-particle diffusion model in Eq. (S4) was used to determine whether intraparticle
diffusion was the rate-limiting step:’
g =k +C (s4)

where £, is the intraparticle diffusion rate constant (mg/(g-min®%)), C is the instaneous adsorption

amount on the external surface and a constant related to the boundary layer thickness. If the rate-
limiting step is the intra-particle diffusion, the plot of ¢, against the square root of time should be
a straight line and pass through the origin (C = 0). Otherwise, the deviation of the plot from the
linearity indicates the rate-limiting step should be the boundary layer (film) diffusion.
The Elovich model in Eq. (S5) was used to describe the kinetic experiments:®
% =aexp(—bq,) (S5)

where a is the initial adsorption rate (mg/g min), b is a constant related to the surface coverage

(g/mg). When ¢, = 0, dg,/dt = a, given that g, =0 at =0, if ¢ ? ¢, the equation S5 becomes S6:
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aq, = %ln(ab) +%lnt (S6)
the equation S6 can be simplified to S7:
q, = A+2.303Blogt (S7)
where 4 and B are two constants represent %ln(ab) and %, respectively.
Adsorption isotherm
Adsorption isotherms were fitted using the Langmuir and Freundlich models.’
K. C
Q. = Onax W (S8)
where QOn.x (mg/g) 1s the adsorption capacity and K (L/mg) is the Langmuir adsorption affinity
parameter.
Ry is a constant to describe the adsorption in Langmuir model.’
R = ﬁ (S9)
)
Freundlich models?:
K. C
Qe = Orax ﬁ (510)
where Ky (mg/g (mg/L) ") is the Freundlich distribution coefficient, and 1/n is the empirical

Freundlich constant describing the adsorption intensity or surface heterogeneity.’
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68 Table S1 The XPS Elemental Analysis of the MOFs

Sample C%) O(%) Zr(%) N(%) Se(%)
Ui0-66 59.61  35.63 4.76 - -
Ui0-66-NH, 5789  33.14 3.98 4.99 -
Se(IV)-adsorbed UiO-66 51.09 4091 5.19 - 2.81
Se(VI)-adsorbed Ui0-66 5489  40.61 4.19 - 0.31
Se(IV)-adsorbed Ui0-66-NH, 5200 3584  4.43 5.53 2.20
Se(VI)-adsorbed Ui0-66-NH, 5789  32.95 3.92 5.00 0.24

69

S5



70 Table S2 The XPS Peak Composition Analysis of the MOFs

C Is (%) O 1s (%) Zr 3d (%) N 1s (%)
C-C/C=C C-N cC-O0O -COO O-Zr O0=C O-C  Zr3d5/2 Zr 3d3/2 Ph NH, N Ph NH3;" N
284.8 eV 284.9 eV 286.2 ¢V 288.7 eV 530.2 eV 531.8 eV 533.1eV 182.7¢eV 185.1 eV 399.2eV 400.4 eV

Ui0-66 68.37 - 11.15 2049 16.13  77.09 6.78 61.09 38091
Ui0-66-NH, 46.20 5.98 22.15  25.67 11.89  76.55 11.56 60.59  39.41 31.40 68.60
Se(I'V)-adsorbed
68.43 -- 10.90 20.67 1237  73.43 1420 5393  46.07
Ui0-66
Se(VI)-adsorbed
74.55 -- 7.06 1839 1099 63.17 2583 6237 37.63
Ui0-66
Se(I'V)-adsorbed
59.40 -- 19.35 21.26 1232  73.63 14.05 5458 4542 44.74 55.26
Ui0O-66-NH,
Se(VI)-adsorbed
61.51 -- 17.63  20.86 13.29 68.16 18.54 60.57 39.43 46.83 53.17

UiO-66-NH,

S6



72 Table S3 Kinetic Parameters for Se(IV) and Se(VI) Adsorption by MOFs

Pseudo-first-order Pseudo-second-order Intra-particle Elovich model
Sorbates Sorbents Geexp”
qe k 1 b R2 qe kzc R2 kp C R2 A B R2
Ui0-66 29.1 3.51 0.0033 0.629 28.0 0.0325 0.901 0.253 234 0.592 204 143 0.878
Se(IV)
UiO-66-NH, 25.7 2.03 0.0020 0.223 25.1 0.0354 0977 0.197 212 0445 185 120 0.775
Ui0-66 5.88 0.597 0.0036 0.360 5.84 0.0555 0.999 0.042 493 0454 493 0.0180 0.454
Se(VI)
UiO-66-NH, 3.16 0.687 0.0014 0.298 3.08 0.0472 0996 0.013 2.70 0.523 2.70 0.00560 0.523

73 2mg/g,® 1/min, ¢ g/(mg-min), and 9 mg/(g-min’3)
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74 Table S4 Parameters of the Isotherm Models for Se(IV) and Se(VI) adsorption by MOFs

Langmuir Freundlich
Sorbates Sorbents
Qmaxa kLb RZ RL KFC 1/n R2
Ui0-66 59.9 0.223 0.961 0.0360-0.473 13.1 0.395 0.908
Se(1V)
Ui0-66-NH, 26.8 0.356 0.993 0.0229-0.360 7.38 0.352  0.962
Original
Ui0-66 37.3 0.0299 0.938 0.218-0.870 1.50 0.690 0.986
Se(VI)
UiO-66-NH, 11.9 0.103 0.994 0.0749-0.660 1.63 0.471 0.954
Ui0-66 0.0426 0.404 0.941 -- 0.0142  0.306 0.955
Se(1V)
BET surface area Ui0O-66-NH, 0.0399 0.358 0.960 -- 0.0140  0.269 0.962
normalized Ui0-66 0.0364 0.0247 0.984 -- 0.0020  0.560 0.963
Se(VI)
UiO-66-NH, 0.0186 0.0913 0.981 -- 0.0038 0.350 0.939

75 2mg/g, ® L/mg, and ¢ mg/g (mg/L)"'/»
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77 Table S5 Comparison of Se(IV) and Se(VI) Adsorption Capacity for Various Adsorbents

Adsorption Initial Adsorbent
Adsorbents Adsorbates capacity concentration concentration  pH
(mg/g) of Se (mg/L) (g/L)
CuFe,04° Se(IV & VD) 14.1 &5.97 1-25 0.4 7.4
Coal fly ash/cement g1y g vy 158&388  3.95-118.5 20 11
composite
MnFe,O,NM!? Se(IV & VI) 6.6&0.8 0.25-10 2.5 4
Magnetic nanoparticle—
graphene oxide Se(IV& VD) 238 & 15.1 0.05-500 1 6-9
composites'?
n-Al,O3 impregnated
chitosan beads! Se(IV & VI) 11.08 &20.11 1 1.75 6.7-6.8
Eggshell membranes!> Se 0.16 0.8 5 8.5
Chitosan—
montmorillonite Se(IV & VI) 18.4 0.11-10 0.5 4-7
composite!®
_MBHB incorporated =g 1y, 9356 2027416 1.0 L5
into mesoporous silica
_ DSDH incorporated = g 1) HLI2 1027024 05 2.0
into mesoporous silica
HMBA incorporated
into mesoporous Se(1V) 103.73 1-80 0.5 2.5
inorganic silica'®
Nano-magnetite?’ Se(IV & VI) 6 0.1-5 0.1 4
Fe;04 nanomaterials?!  Se(IV & VI)  2.38 & 2.37 0.25-10 2.5 4
Nano TiO; colloid?? Se(IV) 27.1 0.1-1.5 2 6-7
Mg-Al-COj; layered
double hydroxide? Se(IV & VI) 160 & 90 5-500 2 5
Mg—Fe—COj; layered
double hydroxide Se(IV) 32.05 30-70 1 6
na-Fe,O; synthesized
from FeCl,2S Se(IV & VI)  40.2 &15.6 --- 0.005 5.5-6.6
FeMnhydrous  gorv & vI) 41.02&1984  5-500 2 4
oxides
Nano-TiO,%’ Se(IV) 8.46 10-54 5 5
NU-1000% Se(IV & VI) 95&85 100 2 6
Ui0-66-HCI? Se(VI) 86.8 150 1 6.8
Uncultivated soils
under Cerrado biome™ Se(VI) 0.008 0-2 100 5.5
Ui0-66 Se(IV& VI) 599 &37.3 5-120 0.5 6
Ui0-66-NH, Se(IV&VI) 268&11.9 5-120 0.5 6
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79 Table S6 Binding Energy of Se(IV) Adsorbed on UiO-66 and UiO-66-NH,

E Binding Bond
Species Adsorption sites E (Hartree) energy  length/Dist
(Hartree)
(kJ/mol)  ance (A)
Ui0-66 -6842.00
-7439.81 -135.45 2.03
OI_
Zr—0-Se=0
SeO;>  -597.76 o -7439.77 -27.36 -
[
benzene —0O=Se-O-
o -7439.78 -70.83 2.15/2.07
[
benzene-H —O-Se=0
OH -7440.28 -59.36 2.20
|
Zr—0-Se=0
O -7440.27 -48.84 2.21
[
Zr-O—HO-Se=0
HSeO;~  -598.26 ¢
QH -7440.27 -26.40 --
benzene —0O=Se-O-
-7440.27 -34.97 2.65/2.18

O|H
benzene-H —O--Se=0

S10



e Binding Bond
Species Adsorption sites E (Hartree) energy  length/Dist
(Hartree)
(kJ/mol)  ance (A)
A OH -7440.72 -11.36 3.37
[
Zr—0OH-Se=0
B -7440.72 -29.79 1.77/1.76
O|H
Zr-O—HO-Se=0
HzSCOg, -598.71
C -7440.71 -4.96 -
CI)H
benzene —O=Se-OH
D OH -7440.71 -2.93 2.97/2.99
SeO4”  -673.00 A -7515.01 -50.58 2.10
Ui0O-66-
-6897.37
NH,
A -7495.19 -141.89 2.05
Se0y>  -597.76
C -7495.14 -13.12 -

S11



e Binding Bond
Species Adsorption sites E (Hartree) energy  length/Dist
(Hartree)
(kJ/mol)  ance (A)

D “ -7495.16 -67.61 2.26/2.28
Q_
.benzene-H —O-Se=0
E e -7495.15 -57.50 2.88
H @
benzene-N-H=—0O"-Se=0
A OH -7495.66 -70.60 2.21
|
Zr—0O--Se=0
B o -7495.65 -39.54 3.37
[
Zr-O=—HO-Se=0
HSeOw 59826 H -7495.64 -28.61 --
e e benzene —0=Se-O-
D -7495.65 -36.52 2.54/2.45
(I)H
benzene-H —0O--Se=0
E -7495.65 -47.63 2.90

(I)H
benzene-N-H —0--Se=0
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e Binding Bond
Species Adsorption sites E (Hartree) energy  length/Dist
(Hartree)
(kJ/mol)  ance (A)

A -7496.09 -20.00 3.74
B -7496.09 -24.38 1.82/3.36
(I)H
Zr-O—HO-Se=0
HzSCO3 -598.71
-7496.09 -5.32 --
CI)H
benzene —0O=Se-OH
D g O|H -7496.09 -8.43 3.05/3.15
benzene-H =—OH-Se=0
E }II II{ O|H -7496.09 -14.99 2.97
benzene-N-H —0-Se=0
SeO,2~ -673.00 A -7570.39 -62.07 2.21

80
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82 Fig. S1 N, adsorption-desorption isotherm plot (a) and BJH pore size distribution (b) of UiO-66

83 and UiO-66-NH,.
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90 Fig. S3 Adsorption kinetics of Se(IV) (a) and Se(VI) (b) to UiO-66 and UiO-66-NH,.
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92 Fig. S4 Species distribution of (a) Se(IV) and (b) Se(VI) as a function of pH.
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98 Fig. S6 Size of H,SeO; molecule compared to the distances of the hole of UiO-66.
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