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The theoretical basis of the sorption isotherms and kinetic models 

The experimental adsorption data were compared with the Langmuir, Freundlich, 

and Dubinin–Radushkevich (D–R) isotherm models. The Langmuir model is expressed 

as 
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where De is the equilibrium concentration of HM and NM ions in the solution (mg g−1), Fe 

is the adsorption capacity of HM and NM ions adsorbed at equilibrium (mg g−1), Fmax is 

the theoretical maximum adsorption capacity (mg g−1), and K is the Langmuir constant 

related to the affinity of the binding sites (L mg−1). The slope and intercept of the plots of 

De/Fe versus De were used to calculate constants K and Fmax. The Langmuir equation was 

analyzed using a dimensionless equilibrium parameter, RL, which is also known as the 

separation factor. This parameter was used to evaluate whether the influence of the 

adsorption isotherm is favorable or unfavorable, and it can be expressed by the following 

equation: 

𝑅𝐿 =
1
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where K is the Langmuir constant (L mol−1), and D0 is the initial concentration (mol L−1). 

RL > 1 denotes unfavorable adsorption, RL = 1 represents linear adsorption, and RL = 0 

indicates irreversible adsorption. 

 

The Freundlich model can be applied for non-ideal sorption on heterogeneous 

surfaces and multilayer sorption. The linear form of the Freundlich isotherm model is 

represented as 

𝑙𝑜𝑔𝐹𝑒 = 𝑙𝑜𝑔𝐾𝑓 + 1

𝑛
 𝑙𝑜𝑔𝐷𝑒  (3) 

where Fe and De have the same definitions as those in Eq. (1). Kf (mg g−1) (L mg-1)1/n and n 

are the Freundlich constants related to adsorption capacity and adsorption intensity, 

respectively. The values of n and Kf were calculated from the slope and intercept of the 

plot of log Fe versus log De.  

The D–R isotherm was used to determine whether the adsorption processes are 

physical or chemical. The linearized D–R equation is expressed as 

𝑙𝑛𝐹𝑒 = 𝑙𝑛𝐹𝐷−𝑅 − 𝛽𝜀2  (4) 

where Fe is the adsorption capacity at equilibrium (mg g−1), FD-R is the maximum 

monolayer adsorption capacity (mg g−1), β is the activity coefficient related to adsorption 

mean free energy (mol2 J−2), and ɛ is the Polanyi potential as represented by 

𝜀 = 𝑅𝑇𝑙𝑛(1 +
1

𝐷𝑒
) (5) 

where R is the gas constant (J mol−1 K−1), T is the absolute temperature (K), and De is the 

equilibrium concentration of the adsorbate in aqueous solution (mg L−1). The mean free 

energy of adsorption E (kJ mol−1) can be calculated using the previously determined 

coefficient β in accordance with 

𝐸 =
1

√−2𝛽
 (6) 



The sorption energy E provides insight into whether the adsorption mechanism is 

physical or chemical. When E < 8 kJ/mol, physisorption may affect adsorption. If E is in 

the range of 8–16 kJ/mol, then adsorption is governed by chemisorption. 

 

Pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetic models 

were applied. Eqs. (7)–(9) show the equations of the three kinetic models. 

Pseudo-first-order kinetic model: 

log (𝐹𝑒 − 𝐹𝑡) = 𝑙𝑜𝑔𝐹𝑒 − 𝑘1𝑡

2.303
    (7) 

Pseudo-second-order kinetic model: 

𝑡
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Intraparticle diffusion kinetic model: 

𝐹𝑡 = 𝑘𝑖√𝑡   (9) 

where Fe and Ft (mg g−1) are the amounts of HM and NM ions adsorbed at equilibrium 

and at time t, respectively; k1 is the rate constant of pseudo-first-order adsorption (min−1); 

k2 is the pseudo-second-order adsorption rate constant (g mg−1 min−1); and ki is the 

intraparticle diffusion rate constant (mg g−1 min−0.5).  

 

  



Table S1. Operation parameters of IRIS Advantage ICP-OES. 

Parameter Value 

RF power  (W) 1150 

Auxiliary gas flow rate (L min-1) 0.5 

Carrier gas flow rate (L min-1) 0.6 

Coolant gas flow rate (L min-1) 12 

Frequency of RF generator (MHz)  27.12 

Exposure time (s) Axial Low (UV) High (Visible) 

20 10 

Analytical wavelength (nm) Au 242.795    Pd 324.270 

Pt 265.945     Pb 220.353    

Cd 226.502    Cu 324.754 

 

 



Table S2. Comparison of the maximum adsorption capacities of DTC-g-PE-DA@GB@PU 

and PE-DA@GB@PU with other adsorbents. 

Adsorbent 

Maximum adsorption capacity (mg/g) 

Ref. 

Au Pd Pt Cu Pb Cd 

Mesoporous carbons 492.5 63.6 78.0 — — — [1] 

DPTH-magnetic 

nanoparticles 

6.2 7.7 0.4 — — — [2] 

Functionalized vinylbenzyl 

chloride–acrylonitryle–

divinylbenzene copolymers 

bearing amino and guanidine 

ligands 

190.0 280.0 245.0 — — — [3] 

L-lysine-modified 

crosslinked chitosan resin 

70.3 109.5 129.3 — — — [4] 

Polyethyleneimine algal-

based beads 

— 136.2 115.1 — — — [5] 

Ethylenediamine modified 

persimmon tannin 

1150.

4 

112.6 — — — — [6] 

Polyethyleneimine modified 

core–shell type anion 

exchange resins 

31.0 23.0 14.0 — — — [7] 

Cysteine modified silica gel 155.6 88.3 144.4 — — — [8] 

PE-DA@GB@PU 384.6 285.7 185.2 — — — Present 

work 

Sulfur-Functionalized 

Ordered Mesoporous Carbon 

— — — — 29.98 4.96 [9] 

Meranti sawdust — — — 32.1 34.2 — [10] 

PVA/graphene oxide 

nanofiber 

— — — 32.4 — 44.9 [11] 



Dithiocarbamate CNTs — — — 101.5 — 202.4 [12] 

Graphene oxide membrane — — — 72.4 — 84.3 [13] 

Carboxylated magnetic iron 

oxide nanoparticles 

— — — 
41.9 177.2 58.2 

[14] 

Chitosan/Sulfydryl-

functionalized GO composite 

— — — 235 226 117 [15] 

Silica-supported 

dithiocarbamate adsorbent 

— — — 
20.3 70.4 40.5 

[16] 

Hydrogel-supported 

nanosized hydrous 

manganese dioxide 

   

54.3 201.4 93.8 

[17] 

DTC-g-PE-DA@GB@PU    28.7 113.9 57.1 Present 

work 

 

 

  



 

Figure S1. Raman spectra of PU, APU, GO, GB@PU, PE-DA@GB@PU and DTC-g-PE-

DA@GB@PU. 

 

 

 
 

Figure S2. The acid decomposition of dithiocarbamate compound. 

 

 

 

Figure S3. The Langmuir sorption isotherm for batch method of (a) DTC-g- PE-

DA@GB@PU for HM ions and (b) PE-DA@GB@PU for NM ions; (25 °C). 

 

 



 

 

Figure S4. The Freundlich sorption isotherm for batch method of (a) DTC-g- PE-

DA@GB@PU for HM ions and (b) PE-DA@GB@PU for NM ions; (25 °C). 

 

 

 

 

Figure S5. The D–R sorption sorption isotherm for batch method of(a) DTC-g- PE-

DA@GB@PU for HM ions and (b) PE-DA@GB@PU for NM ions; (25 °C). 

  



 
 

Figure S6. Pseudo-first-order plots for (a) HM ions on DTC-g- PE-DA@GB@PU and (b) 

NM ions on PE-DA@GB@PU at 25 °C. 

 

 

 

 

Figure S7. Pseudo-second-order plots for (a) HM ions on DTC-g- PE-DA@GB@PU and 

(b) NM ions on PE-DA@GB@PU at 25 °C. 

 

 
 

Figure S8. Intraparticle diffusion plots for (a) HM ions on DTC-g- PE-DA@GB@PU and 

(b) NM ions on PE-DA@GB@PU at 25 °C. 

  



 

 
 

Figure S9. The pH levels of 1000-ppm solutions of Cu2+, Pb2+, and Cd2+ after some NaOH 

solution was added to adjust the pH to 6. (For Cu2+, the color changed darker and blue 

precipitation appeared, while, for Pb2+, and Cd2+, white precipitation appeared. Pb2+ is 

easier to precipitate.) 
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