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Text S1. Swelling ratio and water content 
The swelling ratio (SR%) was determined by immersing the dried SA/NZVI-rGO 

beads in aqueous solutions of different pH at room temperature until reaching equilib-
rium and the SR was calculated using Eq. (S1). 
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where Ws is the bead weights after swelling and Wd is the bead weights in the dry 
state. 

The water content (WC%) of SA/NZVI-rGO hydrogel beads was calculated by weigh-
ing them after freeze-drying using Eq. (S2). 
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where W0 is the wet bead weights and Wd is the dry bead weights. 

Text S2. The calculation of removal capacity and removal efficiency 
The removal capacity (mg/g) was calculated using Eq. (S3).  
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where C0 and Ct are the initial concentration and the concentration after a period t 
(mg/L), respectively; V is the initial solution volume (L); and m is the adsorbent dosage (g). 

The removal efficiency of Cr(VI) is calculated by Eq. (S4).
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where C0 and Ct are the initial concentration and the concentration after a period t 
(mg/L), respectively. 

Text S3. Reusability of SA/NZVI-rGO gel beads 
Adsorbents that can be easily recovered decrease the risk of secondary pollution to 

the environment, and the recovery and reuse of adsorbents are important factors in 



 

 

reducing costs and increasing efficiency. Therefore, the SA/NZVI-rGO beads were de-
sorbed by shaking in a water-bath thermostatic oscillator for 1 h with 0.01 M HCl solution 
and washed several times with deionized water to remove the surface H+. The treated gel 
beads were re-applied and the operation was repeated several times. Fig S5 shows that 
the removal efficiency and removal capacity could reach 87.73 % and 3.59 mg/g for the 
second use, but the removal efficiency decreased to 53.27% and 28.08% for the third and 
fourth use, respectively, which could be attributed to the repeated oxidation reaction of 
the gel beads with the highly oxidizing Cr (VI) breaking the polymer chains and thus 
leading to the reduction of the active sites(Sarojini et al., 2021). SA/NZVI-rGO beads could 
be effectively utilized three times. 

Text S4. Theoretical column models of Thomas model, Adam-Bohart model and Yoon-
Nelson model 

Thomas model supposes that a flat push flow effect in the fixed bed removal pro-
cess(Thomas, 1948), and the model equation is explained by Eq. (S5) below. 
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where C0 is the influent concentration (mg/L), Ct is the effluent concentration (mg/L), 
KT is the Thomas model constant (L/mg/min), q0 is the maximum removal capacity (mg/g), 
m is the gel beads mass in the column (g) and Q is the flow rate (L/min).  

Adam-Bohart model was derived from surface theory which provides the dynamic 
relationship between Ct/C0 in column mode, the model can predict the relationship be-
tween bed depth and breakthrough occurrence time (Bohart and Adams, 1920), and the 
model can be expressed using Eq. (S6). 
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where C0 is the influent concentration (mg/L), Ct is the effluent concentration (mg/L), 
KAB is the kinetic constant (L/mg/min), N0 is the saturation concentration (mg/L), h is the 
bed depth (cm), and ν is the linear velocity (cm/min) calculated by dividing the flow rate 
of the column by the cross-sectional area.  

Yoon-Nelson model is a semi-empirical model, which is fitted without considering 
the flow rate and adsorbent dosage, requiring fewer known parameters in a simple form 
(Yoon and Nelson, 1984). The model is expressed by the following Eq. (S7). 
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where KY is rate constant (min-1), τ is the time required for 50% removal breakthrough 
(min). 

Table S1. Comparison of the removal efficiency of Cr(VI) by NZVI-based materials under alkaline 
conditions. 

Adsorbent pH range 
Minimum removal effi-

ciency (%) Reference 

P-BC/nZVI 2-11 62.82 (Yi et al., 2023) 
C-nZVI@BC 2-8 35.22 (Wang et al., 2023) 
S-nZVI@H  4-8 34.2 (Tian et al., 2023) 

Fe@LDH/rGO 3-11 29.8 (Lv et al., 2019) 



 

 

nZVI/graphene composites  2-12 24 (Phyu Mon et al., 2023) 
nZVI@LH 2.1-10.1 18.5 (Liu et al., 2022) 

SA/NZVI-rGO gel beads 3-11 82.1 Present study 

Table S2. Composition of the actual Cr(VI) wastewater before and after treatment. 

Composition Before treatment (mg/L) After treatment (mg/L) 
Cr(VI) 13.75 4.09 

Cl− 1462.9512 1091.7250 
NO3−  48.8570 40.3813 
SO42− 13.7516 28.0062 
PO43− 51.2167 45.1446 
Ca2+ 110.084 191.8199 
Cu2+  0.0013 0.0009 
K+ 314.3645 300.0982 

Mg2+ 29.8242 24.4651 
Na+ 588.8296 627.5543 
Zn2+ 0.0011 0.0026 

Table S3. Comparison of maximum adsorption capacity of Cr(Ⅵ) by NZVI-based materials. 

Adsorbent Removal capacity (mg/g) Reference 
Cit-nZVI@BC 99.73 (Zhou et al., 2022) 

AVT-nZVI 59.17 (Zhao et al., 2019) 
P-BC/nZVI composite 54.8 (Yi et al., 2023) 

NZVI/carbon/alginate composite 
gel 

35.25 (Wen et al., 2020) 

CaCO3-nZVI  31.76 (Cheng et al., 2021) 
Fe-SA-C900 hydrogel 27.9 (Zhao et al., 2021) 

S-nZVI@H  9.24 (Tian et al., 2023) 
SA/NZVI-rGO gel beads 55.42 Present study 

Table S4. Effect of bed height on column adsorption model constants. 

 Thomas Adam-Bohart Yoon-Nelson 

Bed 
height 
(cm) 

KT 
(L/mg/min

) 
(10^-3) 

q0 
(mg/g) R2 

KAB 
(L/mg/min

) 
(10^-3) 

N0 
(mg/L) R2 

KYN 
(min-1) 
(10^-3) 

τ 
(min) R2 

4.5 0.178 2.558 0.925 0.178 138.537 0.925 -1.81 230 0.887 
6.5 0.141 5.798 0.974 0.415 307.944 0.974 -1.42 1134 0.974 
8.5 0.977 7.484 0.942 0.974 396.644 0.942 -1.03 1582 0.919 

Table S5. Effect of initial concentration on column adsorption model constants. 

 Thomas Adam-Bohart Yoon-Nelson 
influent 
concen-
tration 
(mg/L) 

KT 
(L/mg/min

) 
(10^-3) 

q0 
(mg/g) R2 

KAB 
(L/mg/min

) 
(10^-3) 

N0 
(mg/L) R2 

KYN 
(min-1) 
(10^-3) 

τ 
(min) R2 

10 0.977 7.484 0.942 0.977 396.653 0.942 -1.03 1582 0.919 
30 0.479 10.655 0.913 0.479 567.720 0.913 -1.46 605 0.827 
40 0.431 9.715 0.933 0.431 514.909 0.933 -1.74 323 0.823 

Table S6. Effect of flow rate on column adsorption model constants. 

 Thomas Adam-Bohart Yoon-Nelson 
Flow 
rate 

(ml/min
) 

KT 
(L/mg/min) 

(10^-3) 

q0 
(mg/g) R2 

KAB 
(L/mg/min

) 
(10^-3) 

N0 
(mg/L) R2 

KYN 
(min-1) 
(10^-3) 

τ 
(min) R2 



 

 

0.7 0.186 2.400 0.925 0.178 138.537 0.925 -1.94 230 0.888 
2 0.41 0.370 0.905 0.410 20.257 0.905 -4.10 16.13 0.905 
4 0.428 0.571 0.827 0.478 27.811 0.836 -4.77 11.12 0.836 

 
Figure S1. Photographs of (a) SA/NZVI beads and (b) SA/NZVI-rGO beads stored under seal for 
226 days; Photographs of (c) SA beads and (d) freeze-dried SA/NZVI-rGO beads. 

 
Figure S2. SEM of NZVI. 

 
Figure S3. Ca 2p XPS spectra of SA/NZVI-rGO beads before and after removal Cr(Ⅵ). 

 



 

 

 
Figure S4. Photographs of hydrogels before, during, and after compression. 

 
Figure S5. The reuse of SA/NZVI-rGO gel beads (initial concentration 20mg/L, pH3, dosage 0.5g, 
298K). 
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