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S1. XRF spectra

 

Fig. S1 XRF spectra of dried MIL-alg. The molar ratio of Fe and Ca in dried MIL-alg was 
calculated from calibration curves, which were obtained using standard samples, iron oxide 
(Fe2O3) and calcium sulfate dihydrate (CaSO4·2H2O), to be Fe:Ca = 1:1.64.
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S2. Elemental analysis
 

Table S1. Observed weight percentage of elements in MIL, dried alg and dried MIL-alg.

From the results of elemental analysis, the formulas of MIL and dried alg were calculated to 
be [Fe3O(H2O)2(OH)0.7(NO3)0.3(1,3,5-benzenetricarboxylate)2] (C 32.54, H 1.62 and N 0.63 
%) and {[Ca(C6H7O6)2]·2H2O} (C 33.81 and H 4.26 %). It was confirmed that dried MIL-alg 
is free from CaCl2 and therefore consists of MIL and alg. In addition, nitrogen was not 
observed in MIL-alg, suggesting that NO3 anions in MIL are replaced by OH anions during 
the preparation of MIL-alg beads. Using the composition ratio of Fe:Ca = 1:1.64 (mol) 
obtained by XRF analysis and the formula of MIL ([Fe3O(H2O)2(OH)(1,3,5-
benzenetricarboxylate)2]) and alg ([Ca(C6H7O6)2]), the formula of dried MIL-alg was 
calculated to be (MIL)(alg)4.92(H2O)14 (C 32.77 and H 3.85 %). High hydrophilicity of 
alginate beads causes rapid uptake of atmospheric water during handling of dried MIL-alg in 
the atmosphere. 
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S3. Thermogravimetric curve 

Fig. S2 Thermogravimetric curves of (a) MIL, (b) sodium alginate, (c) one MIL-alg 
(hydrogel) bead and one alg (hydrogel) bead, and (d) enlarged view of Fig. S2(c). The water 
content in sodium alginate was calculated from the thermogravimetric curve to be 18.02 %, 
indicating the formula of [Na(C6H7O6)]·2.5H2O. The amount of MIL included in one MIL-
alg bead was calculated from the thermogravimetric curve and the chemical composition of 
MIL-alg (MIL:alg = 1:4.92) to be 0.15 mg. 
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S4. N2 adsorption/desorption isotherm and t-plot

Fig. S3 N2 adsorption (closed symbol)/desorption (open symbol) isotherm of MIL at 77 K.

Fig. S4 N2 adsorption (closed symbols)/desorption (open symbols) isotherms of Orange II 
adsorbed MIL (red circle) and Rhodamine B adsorbed MIL (purple circle) at 77 K. 
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Fig. S5 t-plots of N2 adsorption isotherms for (a) MIL, (b) Orange II adsorbed MIL and (c) 
Rhodamine B adsorbed MIL.

The theoretical micropore volumes of dye adsorbed MIL assuming that all dye molecules 
are adsorbed to the outer surface of MIL were calculated using the following equation,

𝑉𝑡ℎ𝑒𝑜𝑟 =
𝑉𝑀𝐼𝐿

1 + 𝑚𝑑𝑦𝑒

where Vtheor is the theoretical micropore volume of dye adsorbed MIL (cm3/g), VMIL is the 
observed micropore volume in MIL (cm3/g) and mdye is the mass of adsorbed dye (g). The 
adsorption amounts of dyes were determined in the same procedure described in the main text. 
Vexp, which is the experimental micropore volume (cm3/g), was calculated from t-plots (Fig. 
S5). The theoretical dye adsorption amounts were calculated using Vtheor and the dimensions 
of dye molecules shown in Fig. 5.
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Table S2 Micropore volumes, theoretical micropore volumes and theoretical dye adsorption 
amounts.

The theoretical dye adsorption amounts (see Table S2) were lower than the experimental 
values (424 and 164 mg/g for Orange II and Rhodamine B, respectively) probably because of 
overestimated molecular dimensions of dyes and removal of adsorbed dyes during the 
washing process.

The external surface area of MIL was calculated from the t-plot. The theoretical 
monolayer adsorption amounts of dyes on external surface of MIL were calculated using the 
external surface area and maximum cross-sectional areas of dye molecules estimated from the 
dimensions in Fig. 5. 

Table S3 External surface area of MIL and theoretical monolayer adsorption amounts of dyes 
on external surface of MIL.
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S5. SEM-EDX analysis

Fig. S6 (a) SEM image and (b-e) EDX maps ((b) C, (c) Fe, (d) O and (e) Ca) of dried MIL-
alg.

Table S4. Weight percentage data obtained from the EDX analysis (Fig. S6).
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Fig. S7 SEM-EDX point analysis of dried MIL-alg.

Table S5. Weight percentage data obtained from the point analysis (Fig. S7).
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S6. UV-vis absorption spectra

Fig. S8 UV-vis spectral change of aqueous Orange II solution (15 mg/L) in the presence of 
(a) alg (10 beads), (b) MIL-alg (10 beads) and (c) MIL (10 mg). 
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Fig. S9 UV-vis spectral change of aqueous Rhodamine B solution (15 mg /L) in the presence 
of (a) alg (10 beads), (b) MIL-alg (10 beads) and (c) MIL (10 mg).
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S7. Comparison of adsorption amounts on various adsorbents for Orange II and 
Rhodamine B

Table S6. Orange II and Rhodamine B adsorption amounts on previously reported adsorbents.
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S8. XPS analysis

Fig. S10 XPS spectra of (a) Fe 2p3/2 in MIL, Orange II adsorbed MIL and Rhodamine B 
adsorbed MIL and (b) Fe 2p3/2 in MIL-alg, Orange II adsorbed MIL-alg and Rhodamine B 
adsorbed MIL-alg.
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S9. Pseudo first-order, pseudo second-order and pseudo nth-order model analysis for 
dye adsorption on MIL and MIL-alg
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Fig. S11 Pseudo first-order, pseudo second-order and pseudo nth-order model analysis for 
dye adsorption at 30 ºC. (a) Orange II adsorption on MIL, (b) Orange II adsorption on MIL-
alg, (c) Rhodamine B adsorption on MIL and (d) Rhodamine B adsorption on MIL-alg. The 
red, blue and green lines represent fitting curves for the pseudo first-order, pseudo second-
order and pseudo nth-order models, respectively.
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S10. Adsorption isotherm models, affinity distribution function and adsorption kinetic 
models

The adsorption isotherms were fitting using the Langmuir-Freundlich (LF) model (equation 
S1),S17,S18

𝑞𝑒 =  
𝑞𝑚𝑎𝐶𝑛

𝑒

1 + 𝑎𝐶𝑛
𝑒

where qe is the adsorption amount (mg/g), qm is the theoretical maximum adsorption amount 
(mg/g), a is the affinity constant and n is the heterogeneity parameter with the range from 0 to 
1 and Ce is the equilibrium concentration (mg/L). 

The affinity distribution analysis based on the LF model was performed using the equation 
S2,S17,S18

𝑁𝑖 =  𝑞𝑚𝑎𝑛(1/𝐾𝑖)
𝑛 ×

 
(1 + 2𝑎(1/𝐾𝑖)

𝑛 + 𝑎2(1/𝐾𝑖)
2𝑛 + 4𝑎(1/𝐾𝑖)

𝑛𝑛2 ‒ 𝑎2(1/𝐾𝑖)
2𝑛𝑛2 ‒ 𝑛2

(1 + 𝑎(1/𝐾𝑖)
𝑛)4

where Ni is the number of adsorption sites and Ki is the association constant. Ki has the range 
between Kmax = 1/Cmin and Kmin = 1/Cmax, in which Cmin and Cmax are the maximum and 
minimum equilibrium concentrations, respectively.

The adsorption kinetic analysis was performed using the following pseudo first-order (eq 
S3), pseudo second-order (equation S4) and pseudo nth-order (equation S5) models,S19,S20

𝑞𝑡 =  𝑞𝑒[1 ‒ exp ( ‒ 𝑘1 𝑡)]

𝑞𝑡 =  
𝑘2𝑞2

𝑒𝑡

1 +  𝑘2𝑞𝑒𝑡

𝑞𝑡 =  𝑞𝑒 ‒ [(𝑛 ‒ 1)𝑘𝑡 + 𝑞(1 ‒ 𝑛)]1/(1 ‒ 𝑛)

where qt is the adsorption amount at time t (mg/g), qe is the equilibrium adsorption amount 
(mg/g), k1, k2 and k are the kinetic rate constants and n is the reaction order.

The adsorption kinetic data were also analyzed using the following two-compartment 
kinetic model (equation S6),S21

(S3)

(S2)

(S4)

(S1)

(S5)
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𝑞𝑒 =  𝑞𝑓𝑎𝑠𝑡[1 ‒ 𝑒𝑥𝑝( ‒ 𝑘𝑓𝑎𝑠𝑡𝑡)] +  𝑞𝑠𝑙𝑜𝑤[1 ‒ 𝑒𝑥𝑝( ‒ 𝑘𝑠𝑙𝑜𝑤𝑡)]

where qfast and qslow are the adsorption amounts of dye per gram of MIL (mg/g) at time t (min) 
of fast and slow adsorption, respectively, and kfast and kslow are the adsorption rate constants 
(1/min).

(S6)
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