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1. Synthesis of macroporous foams 

Ionotropic gelation was applied for the preparation of pure alginate discs but also for the 
gelation of alginate extracted from algal biomass (for AB foams). A given volume (i.e., 600 mL) of 
alginate solution (1%, w/w) or suspension (AB) was first homogeneously mixed with 20 mL of 
CaCO3 suspension (1%, w/w). Then the mixture was dipped into the molds (diameter: 50 mm, 
height: 4.0 mm), stored in a freezer at −80 oC for 1 h and freeze-dried (−52 °C, 0.1 mbar, 48 h). The 
dried discs were immersed in a solution containing both CaCl2 (1%, w/w) and formic acid (1%, v/w) 
under shaking (20 rpm) for 24 h, washed 4 times with 4 L (in total) of pure water and freeze-dried 
(−52 °C, 0.1 mbar, 24 h). 

Specifically, the algal biomass suspension was prepared by adding 15 g of L. digitata (dry) and 
3 g of Na2CO3 into 576 mL of pure water. The mixture was then maintained at 50 °C for 24 h. All 
other steps were similar to the procedure followed for alginate material. 

2. Modeling of sorption isotherms and uptake/desorption kinetics in batch experiments 

Uptake kinetics have been modeled using both the pseudo-first order rate equation (PFORE) 
[1], and the pseudo-second order rate equation (PSORE) [2]. 

PFORE:      (1) 

PSORE:
 

                (2) 

with; q(t) and qeq (mmol g−1): sorption capacities adsorbed at t and at equilibrium, respectively. 
The parameters k1 and k2 are the apparent rate coefficients of PFORE (min−1) and PSORE (g 

mmol−1 min−1), respectively. 
It is noteworthy that the PFORE and PSORE models have been initially designed for the 

description of reaction kinetics in homogeneous systems. These equations are commonly used now 
for fitting uptake kinetics in heterogeneous systems. This means that the kinetic parameters (k1 and 
k2) that can be derived from the mathematical fits should be considered as apparent rate coefficients 
that take into account the specific limitations associated to the mechanisms of resistance to diffusion 
(film diffusion, intraparticle diffusion).  
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Desorption kinetics were also fitted by PSORE: 

          (3) 

Where k2d is rate constant of pseudo-second-order desorption (g mmol−1 min−1), q0 is the initial 
sorption capacity before desorption process (mmol g−1) and qe is the equilibrium sorption capacity 
after desorption process (mmol g−1). The parameters of PFORE and PSORE equations (i.e., qeq, k1, k2 
and k2d) were determined by non-linear regression analysis using Mathematica software. 

Sorption isotherms describe the distribution of metal ions between the liquid and the solid 
phases (when varying metal concentration in the system). They plot sorption capacity (i.e., qeq) vs. 
residual metal concentration (i.e., Ceq). Non-linear (4) and linear (5) Langmuir equations was used 
to fit the experimental data. 

Non-linear Langmuir equation:      (4) 

Linear Langmuir equation:          (5) 

The parameters of Non-linear Langmuir equation were determined by non-linear regression 
analysis using Mathematica software. 

2. Modeling of breakthrough curves 

The data obtained in column in one-pass mode were modeled by the Thomas equation, which 
is one of the most general and widely used methods in column performance theory. The expression 
by Thomas [3] for a sorption column is given as follows: 

   

       (6) 

where KTh is the Thomas rate constant (L min−1 mmol−1), qTh  is equilibrium sorption capacity 
for Pb(II) (mmol g−1), m is the mass of sorbent in the column (g), C0 is the feed Pb(II) concentration 
(mmol Pb L-1), Ct the effluent concentration at time t (mM) and F is the flow rate (L min−1).  

Yan model [4] helps to overcome some of the drawbacks associated to Thomas model, like 
serious deficiency in predicting the effluent concentration during the second phase phase of the 
sorption process (i.e., close to the saturation of the breakthrough curve). The equation is as follows:  

         (7) 

where, aY is the Yan's model constant (dimensionless), qY is the maximum sorption capacity 
(mmol g-1), m is the mass of adsorbent (g), F is flow rate (L min-1) and t is the time (min), Ct and C0 
are the concentrations of effluent and feed (mmol L-1), respectively. 
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The Adams–Bohart model was used for the description of the initial part of the breakthrough 
curve: 

 

         (8) 

where kAB is the kinetic constant (L mmol−1 min−1), v is the linear velocity calculated by dividing the 
flow rate by the column section area (cm min−1), Z is the bed depth of column and N0 is the 
saturation concentration (mmol L−1). 

 

 
Figure S1. EDX analysis of raw, Pb(II)-loaded, Pb(II)-desorbed and recycled alginate and AB foams. 
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Figure S2. FT-IR spectra of raw, Pb(II)-loaded, Pb(II)-desorbed and recycles alginate (a) and AB foams (b). 

 

 

 

Figure S3. Sorption isotherms of Pb(II) onto alginate and AB foams (Dose: 0.4 g L−1, initial metal concentration 

varied between 0.05 and 1.5 mmol Pb L−1, solution pH: 4, contact time: 48 h, room temperature). 
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Figure S4. Comparison of the experimental and predicted breakthrough curves obtained at various conditions 

according to the Adams–Bohart model. 

 

 

a b 

Figure S5. (a) Breakthrough curves and (b) eluate curves of Cu(II) on/from alginate and AB foams (C0: 0.5 

mmol Cu L-1; flow rate: 2 mL min-1; solution pH: 4; mass: 100 mg). 

 

 

Figure S6. Breakthrough curves for Pb(II) sorption onto alginate foams prepared at different times (pH: 4; 

sorbent mass: 100 mg). 
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5. Tables 

Table S1: Determination of the pHPZC, porosity and bulk density of the sorbents. 

Sorbents Alginate AB 

Porosity (%) 90.9±0.4 93.2±1.0 

Bulk density (g/cm3) 0.031±0.0002 0.032±0.0004 

pHPZCa 4.45 5.09 

Thickness (cm) 0.319±0.003 0.257±0.001 
a: The pHPZC (point of zero charg) of the sorbents were determined by the pH drift method – pH variation after 

contact of the sorbents with 0.1 M NaCl solutions and variable initial pH [5]. The pHPZC corresponds to the pH 

value where pHeq=pH0, and to the pH conditions for charge neutralization at the surface of the materials. 
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Table S2. Experimental frequencies of the bands observed for raw, Pb-loaded, Pb-desorbed and recycled alginate and AB foams. Unit: cm-1. 

Vibration In reference 
Alginate AB  

Raw Pb-loaded Pb-desorbed Recycled Raw Pb-loaded Pb-desorbed Recycled Reference 

–OH stretching 3500-3000 3240 3209 3386 3404 3260 3276 3285 3335 [6] 

CH stretching 2928 2928 2927 2925 2923 2920 2923 2961 2961 [7] 

Carboxylic acid C=O 

stretching 
1730 – – 1728 1728 – – 1723 1725 [8] 

COO− asymmetric stretching 1650-1580 1592 1568 – – 1595 1573 1633 1630  [9] 

COO− symmetric stretching 1429 1415 1404 1399 1398 1415 1404 – – [10] 

CH3 symmetric bending 1260 – – 1253 1250 – – 1259 1260 [11] 

C−O−C antisym. stretching 1025 1025 1021 1028 1029 1030 1028 1023 1025 [12] 

CH3 rocking 810 813 812 788 789 816 814 796 797 [13] 
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Table S3: Sorption isotherms – Modeling parameters for Langmuir equation (non-linear and linear). 

Model Parameter Alginate AB 

Experiment qeq,exp (mmol Pb g−1)  2.24 1.22 

Langmuir 

(Non-linear) 

qeq,calc (mmol Pb g−1) 2.09 1.15 

b (L mmol−1) 232.3 582.7 

R2 0.900 0.949 

Langmuir (Linear) 
qeq,calc (mmol Pb g−1)  2.26 1.22 

b (L mmol−1) 193.0 204.9 

 R2 0.999 0.999 

 

 

Table S4. Desorption kinetics – Modeling parameters for PFORE and PSORE. 

Sorbent k2d× 102 (g mmol−1 min−1) q0 (mmol g−1) qe (mmol g−1) R2 
Alginate 2.86 1.89 0.21 0.992 
AB 22.9 1.01 0.11 0.944 

Note: q0− amount loaded per gram sorbent before desorption; qe−metal amount loaded per gram sorbent after 

desorption. 

 

Table S5. The constants of Thomas and Yan models for Pb(II) onto alginate and AB foams at flow rates of 0.5 

mL min−1 and 5 mL min−1 (C0: 0.5 mmol Pb L-1, number of foam: 1, pH: 4, room temperature). 

Velocity 

(mL min-1) 
Sorbent

Experiment Thomas model Yan model 

qe,exp 

(mmol g−1) 

kTh×103 

(L min−1 mmol−1)

qTh 

(mmol g−1)
R2 aY 

qY 

(mmol g−1) 
R2 

5 Alginate 2.11 67.9 2.49 0.73 2.99 1.86 0.95

 AB 1.08 72.1 0.95 0.87 2.07 0.80 0.97

0.5 Alginate 2.12 8.94 2.47 0.88 3.85 1.99 0.95

 AB 1.12 8.47 1.13 0.82 2.15 0.85 0.98
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Table S6. Parameters of the Adams–Bohart model for Pb(II) sorption onto alginate and AB foams at different 

feed concentration and bed height (Flow rate: 5 mL min−1, pH: 4, room temperature). 

Sorbent
C0 

(mmol Pb L-1) 

Bed height 

(cm) 

kAB×103 

(L min−1 mmol−1)

N0 

(mmol L−1) 
R2 

Alginate

0.5 0.32 94.2 122.5 0.93 

 0.64 44.2 136.2 0.96 

0.25 0.32 96.1 126.7 0.98 

 0.64 51.4 104.1 0.92 

AB 

0.5 0.26 143.1 74.9 0.89 

 0.52 66.1 88.4 0.89 

0.25 0.26 129.5 76.9 0.90 

 0.52 88.1 62.4 0.93 
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