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A B S T R A C T

Sorption-based techniques have been widely studied for metal recovery. Conventionally, sorption and desorption steps are operated in fixed-bed column system 
under one-pass mode (FO); however, such sorption requires a large volume of solution passing the bed when the feed concentration is low. In this study, highly 
stable amine- coated alginate melamine (ML/APG) sponge was prepared and applied in a combined process involving sorption under fixed-bed recirculation mode 
(FR, simulating batch system) and desorption under FO for Pd(II) concen-tration. The efficiency was evaluated in terms of both recovery of Pd(II) and utilization 
of the sponge. Results show that ML/APG sponge is stable in 3 M of nitric acid, sodium hydroxide and sodium chloride after shaking at 300 rpm for 72 h with 
mass loss less than 0.9%. The maximum sorption capacity obtained by Langmuir model for Pd(II) increases from 9.7 mg g−  1 to 134.3 mg g−  1 after amine 
functionalization. The sorption equilibrium could be achieved by a less amount of solution and less time when using FR compared to FO. For example, it only 
needs 0.7 L of Pd(II) solution with a metal concentration of 20 mg L−  1 to achieve the maximum sorption capacity under FR, while the required volume is 1.8 L at 
flow rate of 1 mL min−  1 and more than 5 L at 10 mL min−  1 under FO. This means that FR improved the rational use of the sorbent and thus increased sorption 
efficiency. For elution step, FO only required 40 mL to completely desorb Pd(II) from exhausted sponge, while that needed more than 200 mL under FR. The 
combined process allows both effective sorption and elution. The reusability of ML/APG sponge and Pd(II) recovery from low-concentration solution were studied 
by combining FR for sorption step and FO for elution step. Results show that the sorption efficiency maintains more than 96% after 100 min of reaction during 10 
cycles. The elution performance is stable with a 100% desorption efficiency by passing 50 mL of acidic thiourea solution. The concentration factor (CF, ratio of 
metal concentration in the eluate over its concentration in the sorption used for sorption), is above or close to 70 for the first 10 mL-sample and much more than 
40 for the second 10 mL-sample.   

1. Introduction

Palladium (Pd), one of the platinum group metals, has been princi-
pally employed in autocatalysts. Waste catalysts are constantly being 
produced periodically because of the limitation of their lifetime. Re-
covery of the metal from the waste catalysts seems to be lucrative and 
essential for fulfilling Pd needs. The good performance of hydrometal-
lurgical leaching followed by other recovery methods makes this tech-
nique widely employed in developing countries. However, 
concentration of Pd(II) in leaching liquors resulting from waste catalysts 

is generally low (in the range of 5.6–50 mg L− 1 (Prasetyo and Anderson, 
2020; Kononova et al., 1998)), making Pd recovery process from those 
solutions rather challenging. 

Sorption has been applied not only for the removal of aqueous con-
taminants but also for the recovery of precious metals (Pinto et al., 2021; 
Garcia et al., 2021). Different modes of application of sorption tech-
niques have been tested in the laboratory and/or at pilot scale. 
Fixed-bed column has many advantages such as operation at 
quasi-isothermal condition and no requirement of solid-liquid separa-
tion. Moreover, when packed in a fixed-bed column, the sorbents are 
subjected neither to high-speed shaking nor to strong agitation, making 
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the sorption system more stable. However, the conventional fixed-bed 
system with one-pass mode (FO) requires a larger volume of feed solu-
tion to obtain the maximum sorption capacity, while a system based on 
recirculation mode (FR), which is simulating batch system, can solve 
such a problem. On the other hand, FR is not in favor of desorption 
process (Yang et al., 1989). A high desorption efficiency requires a large 
volume of desorption agent, but this, in turn, decreases CF. A combi-
nation of these two modes, to some degree, can avoid such restrictions. 
The solute can be sorbed quickly from a large quantity of dilute solution 
under FR, and the following elution stage can be processed under FO. 
Therefore, the maximum desorption efficiency can be achieved using the 
smallest volume of desorption reagent, achieving a high CF. 

Due to resistance to intraparticle mass transfer, sorbents are usually 
made into small particles to improve sorption kinetics. However, small 
particles have proved to be inappropriate for use in column systems 
since they may cause column clogging and serious hydrodynamic limi-
tations. Thus, porous polymeric beads (Gao et al., 2020) and sponges 
(Zuhra et al., 2021) are promising materials used as sorbents. However, 
to maintain the porous structure, the materials either have to be stored 
in water (Cataldo et al., 2015) or submitted to strict drying processes 
(Zuhra et al., 2021; Yang et al., 2021). This brings transportation chal-
lenges or makes preparation process energy-inefficient. 

(Yang et al., 1989)Melamine (ML) sponge, 
formaldehyde-melamine-sodium bisulfite copolymer, is a commercially 
available and inexpensive material. It has been widely chemically 
modified and applied for oil separation (Duman et al., 2021; Niu et al., 
2021) or aqueous contaminant removal (Gao et al., 2021; Li et al., 
2021). Although ML sponge does not have a high sorption capacity for 
Pd(II), it is good support for polymeric materials owing to its advantages 
such as high porosity and high resilience. The coating of active materials 
improves sorption performance for Pd(II), and the intrinsic porous 
structure of ML sponge, in turn, avoids strict drying processes. The 
composites are suitably applied in fixed-bed systems. However, to our 
knowledge, the amine functionalization of ML sponge for Pd(II) recov-
ery has not been studied so far. 

Here, we prepared a highly stable amine-functionalized ML sponge 
by a double-crosslinking process involving polyethyleneimine (PEI) 
grafting mediated by alginate and glutaraldehyde (GA) crosslinking 
processes. The sponge was tested for Pd(II) recovery. The sorption and 
desorption under different modes (i.e., FR and FO) have been compared. 
The recovery of Pd(II) from simulated leach liquors and the reusability 
of the sponge have also been evaluated though 10 cycles of sorption 
under FR and desorption under FO. The novelties of this study are: 1) 
preparing a highly stable amine-functionalized melamine sponge by a 
double-crosslinking process; 2) proposing a combined process involves 
FR for sorption and FO for elution to achieve a high concentration factor 

for Pd(II) recovery. 

2. Experimental

2.1. Materials

Melamine (ML) sponge (50 × 50 × 2 cm, 42.5 g) was obtained from a 
local supermarket in Shenzhen. Alginate, branched polyethyleneimine 
(PEI, molecular weight = 800 g mol− 1), glutaraldehyde (GA, 50% (w/w) 
in water), and palladium chloride (99.99%) were purchased from 
Macklin Biochemical Co., Ltd (Shanghai, China). The Pd(II) stock solu-
tion was prepared by dissolving 1 g Pd(II) into 1 L of 0.05 M hydro-
chloric acid solution (the ratio of chloride and palladium ions in stock 
solution is 0.05 M/1 g Pd). 

2.2. Preparation of alginate/PEI-GA melamine (ML/APG) sponge 

The preparation process of the functionalized sponge is schemati-
cally illustrated in Fig. 1a. The melamine sponge (20 × 40 × 2 cm, 13.7 
g) was firstly immersed in 300 mL alginate (1.5%). The air of the sponge
was squeezed out to ensure the pores were filled with alginate. The 
sponge fully impregnated with alginate solution was taken out and 
shook with 300 mL PEI solution (5.0%, w/w) (at pH of 6.7 adjusted by 
HNO3) at 150 rpm for 24 h to ensure the complete crosslinking. The 
mixture was transferred to 300 mL of GA solution (5.0%) and shook for 
10 h. The crosslinked alginate/PEI-GA melamine (ML/APG) sponge was 
then thoroughly washed and dried in air. The loading amount (LA, %) of 
APG on ML sponge was calculated by the following equation: LA=(m2- 
m1)/m2, where m1 and m2 refers to the mass of ML used for function-
alization and ML/APG obtained, respectively. 

2.3. Sorption and desorption processes 

Sorption: The sponge was cut into cylindrical pieces (radius = 1.0 
cm, h = 4.0 cm for ML and h = 1.0 cm for ML/APG; mass = 106 ± 2 mg) 
and packed in a suitable holder. The solution containing Pd(II) was 
pumped from bottom to top through the sponge under FR or FO (shown 
in Fig. S1, see SI). Two milliliters of the solution were taken, filtrated 
through 0.22 μm pore size membrane and analyzed by inductively 
coupled plasma optical emission spectrometer (ICP-OES, AVIO 200, 
Perkin Elmer, USA). 

Desorption: The metal-loaded sorbents were obtained under FO. The 
metal-loaded sponges were washed with pure water once prior to elution 
step under FR or FO. The eluent solutions were diluted before being 
analyzed. 

Reuse: A combination of FR for sorption step and FO for elution step 
was proposed for Pd(II) concentration and sponge recycling. For sorp-
tion step, 1 L of Pd(II) solution with a concentration of 6 mg L− 1 at pH 1 
was pumped through ML/APG sponge. For elution, 50 mL of acidic 
thiourea was used. The sponge after each desorption process was 
washed with 25 mL of pure water under FO before being used for next 
cycle. 

The characterizations of ML and ML/APG sponges are given in the 
Supplementary Information section (SI). 

2.4. Sorption modeling 

Sorption kinetics were modeled using conventional equations such as 
the pseudo-first order rate equation (PFORE) and the pseudo-second 
order rate equation (PSORE). 

The sorption processes can be controlled by a series of diffusion steps 
(including resistances to bulk diffusion, film diffusion and intraparticle 
diffusion) and by the proper reaction rate (which may obey to simple 
rate equations such as pseudo-first order rate equation (PFORE), Equa-
tion (1), or pseudo-second order rate equation (PSORE), Equation (2)) 
and the resistance to the intraparticle diffusion equation (IPD, Equation 

Abbreviations 

CF Concentration Factor 
FO Fixed-bed system with one-pass mode 
FR Fixed-bed system with recirculation mode 
ML Melamine 
PEI Polyethyleneimine 
GA Glutaraldehyde 
APG Alginate/Polyethyleneimine-glutaraldehyde composite 
SI Supplementary Information section 
LA Loading amount 
PFORE Pseudo-first order rate equation 
PSORE Pseudo-second order rate equation 
FTIR Fourier transform infrared spectrophotometer 
FESEM Field emission scanning electron microscope 
EDS Energy-dispersive X-ray spectroscopy  



(3)) 

qt = qeq(1 − e− k1 t) (1)  

qt =
q2

eqk2t
1 + qeqk2t

(2)  

qt = kid
̅̅
t

√
+ C (3)  

where qt and qeq (mg g− 1) are the sorption capacities sorbed at t (min) 
and at equilibrium, respectively. The parameters k1, k2 and kid refer to 
the apparent rate constants of PFORE (min− 1), PSORE (g mg− 1 min− 1) 
and IPD (mg g− 1 min− 0.5), respectively. C is a constant of IPD associated 

with the thickness of the boundary layer; a higher C value indicates a 
greater effect of the resistance to film diffusion (larger boundary layer). 

The data obtained in one-pass mode were fitted using the Yan 
equation (Equation (4)). Though Thomas equation is one of the most 
general and widely used methods in column performance theory, Yan 
model helps in overcoming some drawbacks associated to Thomas 
model, such as serious deficiency in predicting the effluent concentra-
tion during the first phase of sorption process (i.e., before and at the 
beginning of the breakthrough) (Yan et al., 2001). The expression is 
given as follows: 

Ct =C0 −
C0

1 + (FC0 t
qY m)

aY
(4) 

Fig. 1. (a) Preparation of ML/APG sponge; SEM images of (b) ML and (c) ML/APG sponges; (d) stability of ML/APG sponge shook in different solutions for 72 h; (e) 
XPS survey and (f) FTIR spectra for ML and ML/APG sponges. Note: the concentration of HNO3, NaOH, and NaCl used for stability test was 3 M. 



qeq =
qmbCeq

1 + bCeq
(5)  

where b (L mg− 1) is the affinity coefficient, qm (mg g− 1) is the sorption 
capacity at saturation of the monolayer in the Langmuir equation and 
qeq (mg g− 1) is the maximum sorption capacity. 

All the parameters of the models were obtained by non-linear 
regression analysis using Origin 9.0 (Origin Lab Co., Northampton, 
MA, USA). 

2.5. Pd(II) recovery from simulated leach liquors 

To test the practical potential of ML/APG sponge, Pd(II) recovery 
from two simulated leach liquors of spent catalyst and car catalyst 
converter, respectively, was studied. The former liquor contains 50 mg 
L− 1 of Pd(II) with 2 M of NaCl and 0.5 M of HCl (Kononova et al., 1998) 
and the later one has various ions including Pd(II) (30 mg L− 1), Pt(IV) 
(15 mg L− 1), Fe(III) (90 mg L− 1), Al(III) (1200 mg L− 1), Ce(III) (150 mg 
L− 1), Zn(II) (35 mg L− 1), H2SO4 (2 M) and HCl (0.5 M) (Ricoux et al., 
2017). After each batch sorption step, the sponge was washed by 20 mL 
pure water before continuous desorption step. 

2.6. Characterizations 

The apparent density and porosity of the sponges were measured by 
pycnometer measurements using ethanol as the soaking solution. The 
pHZPC of the sorbents were determined by the pH drift method – pH 
variation after contact of the sorbents with 0.1 M NaCl solutions (as the 
background salt) and variable initial pH. The surface functional groups 
were identified by Fourier transform infrared spectrophotometer (FTIR, 
IR Affinity-1, Shimadzu, Tokyo, Japan). X-ray photoelectron spectros-
copy (XPS) measurements were carried out with a K-Alpha spectrometer 
(ThermoFisher Scientific, East Grinstead, UK). The morphology and 
microstructure of the sponges were analyzed using a field emission 
scanning electron microscope (FESEM, JSM-7800F & TEAM Octane 
Plus, JEOL, Japan) equipped with energy-dispersive X-ray spectroscopy 
(EDS). The element states of the samples were detected by X-ray 
photoelectron spectroscopy (XPS, Escalab 250, Thermo Fisher Scientific, 
Waltham, Massachusetts, United States). 

2.7. Statistical analysis 

Experiments were duplicated. Average values and standard de-
viations were calculated. The parameters of modeling were obtained by 
non-linear regression analysis using Origin 9.0 (Origin software Inc., San 
Clemente, CA, USA). 

3. Results and discussion

3.1. Characterizations

By immersing the ML sponge in the alginate solution, the internal 
volume of the sponge can be fully filled with the biopolymer solution. 
This improves the dispersion of alginate-PEI all over ML sponge which 
forms through the ionic crosslinking between alginate and PEI (Fig. 1a). 
The second crosslinking between amine and aldehyde groups, forming 
the well-known colored Schiff bases, aims to strengthen the stability of 
the sponge. Alginate has been widely used as support; however, single 
crosslinked alginate is degraded in salty or alkaline solutions (Wang 

et al., 2019). The double-crosslinking process ensures the physical and 
chemical stability of ALG on ML sponge in various solutions containing 
acids, alkalines and salts. Fig. 1b and c shows the structure of ML and 
ML/APG sponges, respectively. A loose network structure with large 
pores is observed for ML sponge. The pore size is in the range of 166 ±
32 μm. After modification, the sponge skeletons are homogeneously 
coated with APG and exhibit high roughness. The calculated loading 
amount of APG on ML sponge is 73.81 ± 0.35 wt%. The homogeneous 
color indicates good dispersion of ALG on ML sponge. The whole process 
requires no heating or specific drying processes. The simplicity, easy 
operation and energy saving make the process suitable for large-scale 
preparation of ML/APG sponge. 

Fig. 1d shows the mass loss percentage of ML/APG sponges after 
shaking at 300 rpm for 72 h in pure water, 3 M of nitric acid, sodium 
hydroxide and sodium chloride, respectively. Owing to double cross-
linking, ML/APG sponges are stable in various solutions containing high 
concentration of acid, alkaline or salt under high shaking speed with the 
mass loss less than 0.9%. This means the carboxyl and amine groups 
have been firmly wrapped on ML sponges. The inserted photos confirm 
this point; no particle is observed falling off from the support. The color 
change of ML/APG sponge from dark brown to light brown in the second 
solution could be due to the high protonation state of amines in strong 
acid. To conclude, ML/APG sponge can remain stable in complex solu-
tions, which makes it practically applicable. 

Due to the decoration of APG, the porosity inevitably decreases from 
93.6% for ML to 79.9% for ML/APG sponge (Table S1, see SI). But the 
modified sponge is still highly porous with good percolation property. 
The bulk density is 0.0086 g cm− 3 and 0.0331 g cm− 3 for ML and ML/ 
APG, respectively. Moreover, the pHZPC value is 6.54 for ML and 6.32 for 
ML/APG, meaning that in a solution at pH below these values, the 
surface of the sponges is positively charged and the electrostatic 
attraction for aqueous anions (such as chloro complexes of palladium) 
will play a major role in metal binding. 

XPS was used to investigate surface composition of ML sponge before 
and after modification (Fig. 1e). As expected, the survey curve of freshly 
prepared materials reveals the presence of C, N, O, S and Na, which is in 
agreement with the composition of commercial ML sponge (Li et al., 
2019a). After the modification, the peaks corresponding to Na and S 
disappear. This means that the surface of ML sponge has been coated by 
APG. Another evidence of the successful amine modification is the 
appearance of two new bands for N 1s (shown in Fig. S2): (a) a high 
binding energy (399.1 eV) corresponding to amine or amide groups and 
(b) a lower binding energy (398.8 eV) attributed to nitrogen in the
tertiary amine groups (Ma et al., 2014). This is consistent with the
characterization of PEI-GLA resins (Wang et al., 2020a), as a confir-
mation of the successful decoration of PEI-GLA.

The decoration of APG on melamine sponge skeletons was further 
characterized by FTIR-ATR spectroscopy. The spectra are shown in 
Fig. 1f. For ML sponge, the broad peaks observed between 3500 and 
3000 cm− 1 correspond to N–H stretching. The peaks at 1541 cm− 1 and 
1320 cm− 1 represent C––N and C–N stretching vibrations of triazine 
ring, respectively. Peak at 1453 cm− 1 is attributed to vibration mode of 
the amino group C–N–H, while 971 cm− 1 and 808 cm− 1 are due to the 
aromatic rings of ML sponge. After decoration with APG, the intensity of 
these peaks decreases obviously, again, indicating that the surface of ML 
has been mostly coated with APG. The peak at 1590 cm− 1 is due to the 
formation of C––N bonds (Li et al., 2019b). This peak is commonly found 
for materials with “Schiff’s base” formed by the reaction between PEI 
and GA (Hu et al., 2019). The peak at 1396 cm − 1 can be assigned to 
COO− symmetric stretching of the carboxylate groups in alginate, while 
the one at 1031 cm− 1 represents C–O asymmetric stretching (Ren et al., 
2017). 

Despite several tries, it was not possible evaluating the textural 
properties of the material. This is probably to the large size of the pores 
that makes imprecise the determination of specific surface area. 

where, aY is the Yan model constant (dimensionless), qY is the maximum 
sorption capacity (mg g−  1), m is the mass of sorbent (g), F is flow rate (L 
min−  1) and t is the time (min), Ct and C0 are the concentrations of 
effluent and feed (mg L−  1), respectively. 

The plots of sorption isotherms were fitted by Langmuir model 
(Equation (5)). 



2017a), while it only takes less than 450 min for ML/APG (see below). 
This means that coating the materials onto ML sponge, to some degree, 
decreases Pd(II) diffusion resistance. These properties make it attractive 
for practical application. 

3.3. Comparison of recirculation and one-pass modes 

3.3.1. Sorption 
It is well-known that the sorption kinetic is normally controlled by 

resistance to external diffusion (or so-called film diffusion), surface 
diffusion, pore diffusion, or a combination of surface and pore diffusion. 
FR is a way to simulate batch system. A higher flow rate is in favor of 
reducing the resistance to film/intraparticle diffusion and thus increases 
the sorption kinetics. By contrast, a higher flow rate for FO normally 
results in a small retention time, which causes a smaller breakthrough 
point and a lower sorption efficiency. Therefore, to obtain a better 
sorption performance for both modes, we applied different flow rates (i. 
e., 10 mL min− 1 and 50 mL min− 1 for FR and 1 mL min− 1 and 5 mL 
min− 1 for FO) for the comparison of sorption kinetics and the results are 
shown in Fig. 2a and b, respectively. The profiles in Fig. 2a indicate that 
high flow rate slightly enhances sorption kinetics under FR: hence, the 
equilibrium is achieved within 450 min and 300 min at 10 mL min− 1 and 
50 mL min− 1, respectively. The curves can be better fitted by PSORE 
compared to PFORE. The apparent rate constant of Pd(II) sorption 
calculated from PSORE (shown in Table S4) supports the above results 
with a value of 3.60 × 10− 4 g mg− 1 min− 1 at 10 mL min− 1, smaller than 
6.50 × 10− 4 g mg− 1 min− 1 at 50 mL min− 1, further demonstrating the 
faster kinetic at higher flow rate. However, the equilibrium sorption 
capacities at these two flow rates show almost no difference. Although 
PSORE can adequately predict the sorption kinetics, it fails to suggest 
the sorption mechanisms, while the intraparticle diffusion model (IPD) 
can identify the sorption pathways and reveal the rate-controlling step. 
Fig. S4 presents the plot of qt against t0.5. Two main stages before 
achieving equilibrium can be identified. The first one refers to the 
sorption step controlled by the resistance to surface diffusion. During 
this step, a large amount of Pd(II) is attached to the sorption sites that 
are readily accessible. The second stage represents the mass transfer 

Fig. 2. Sorption of Pd(II) under (a) FR and (b) FO; desorption of Pd(II) under (c) FR and (d) FO (For sorption: Pd(II) concentration = 20 mg L− 1, sponge mass = 100 
mg, pH = 1 adjusted using HCl and volume = 1L; for desorption: sponge mass = 100 mg, Pd(II)-loaded amount ≈ 120 mg g− 1, flow rate under FR = 50 mL min− 1). 

3.2. The improvement of modification on Pd(II) sorption 

The comparison of raw ML sponge and modified sponge for Pd(II) 
sorption is illustrated in Fig. S3. Judging from the asymptotic trend of 
uptake found in Pd(II) sorbed by the sponges, the Freundlich equation, 
which has an exponential form (power-type function), is apparently not 
suitable for fitting the sorption isotherms. Langmuir predicts well the 
data obtained by both sorbents and the parameters shown in Table S2 
suggest a R2 of 0.83 for ML and 0.95 for ML/APG sponges. The 
maximum sorption capacity calculated is 9.7 mg g−  1 for ML and 134.3 
mg g−  1 for ML/APG sponge. This means the functionalization of ML 
sponge has dramatically improved the sorption performance for Pd(II). 
It is noted that the loading amount of APG on ML sponge is 73.81 ± 0.35 
wt%. This means the sorption capacity of APG for Pd(II) is as high as 
168.8 mg g−  1, when referred to the amount of coating. Such improve-
ment on sorption of Pd(II) is obviously attributed to the introduction of 
amine groups on APG. Indeed, Demadis et al. (2011) reported the values 
of pKa for primary, secondary and tertiary amines of PEI: 4.5, 6.7 and 
11.6, respectively. This means that in acidic solutions the amines are 
uniformly protonated and then able to bind chloro-anionic palladium 
species. Table S3 (see SI) reports Pd(II) sorption properties for a variety 
of materials. In general, phenolic hydroxyl group-based and 
carboxyl-based materials such as tannin (Can et al., 2013), moss (Sari 
et al., 2009), and alginate (da Silva et al., 2021) show the lowest sorp-
tion capacity among the listed materials. Silica-based isoBu-BTP/SiO2–P 
(Ning et al., 2020) and WS2 (Wang et al., 2020b) microcrystals The raw 
chitosan (Nagireddi et al., 2017) that contains a certain amount of amine 
groups shows much higher sorption capacity. Aminated alginate (Gao 
et al., 2020; Cataldo et al., 2015), algal biomass beads (Wang et al., 
2018), ionic liquid modified chitosan (Kumar et al., 2015) and 
amine-rich metal-organic frameworks (Chen et al., 2021; Lim et al., 
2020) possess the highest sorption capacities. Although ML/APG sponge 
only has a moderate sorption capacity in the listed materials, its specific 
form (porous sponge) and high stability in solutions with a large range of 
pH values make it more flexible for operation. Moreover, most studies 
showed that it requires more than 24 h for Pd(II) sorption equilibrium 
onto PEI-functionalized alginate materials (Wei et al., 2021; Wang et al., 



Based on the literature, the sorption of Pd(II) by functionalized 

materials may involve electrostatic attraction, coordination and ion 
exchange. However, the predominant sorption mechanism strongly de-
pends on the experimental conditions (i.e., solution pH, temperature, 
etc.), sorbate characteristics (species, pKa, etc.) and sorbent properties 
(pHZPC, surface area, functional groups, etc.). Solution pH affects both 
the species of aqueous Pd(II) and the chemical state (protonation or 
deprotonation) of functional groups; it is considered as one of the most 
important factors in Pd(II) sorption process. Therefore, the sorption 
mechanism of Pd(II) was firstly discussed through the study of pH effect 
(Fig. 3a). The effect of pH has been investigated under FR using H2SO4 
and HCl for pH adjustion in the range of pH0.5 to pH2, respectively. To 
ensure no formation of precipitable PdO, higher pH values were not 
studied (da Silva et al., 2021). The speciation of Pd(II) species shows the 
predominance of chloro-palladium complexes when using HCl for pH 
control (Fig. 3b). The percentage of PdCl42− increased from 63% at pH 
2–97% at pH 1 and the sorption capacity increased from 87 mg g− 1 at pH 
2–127 mg g− 1 at pH 1. Ricoux et al. (2015) also reported an increase in 
Pd(II) sorption capacity onto functionalized polymer with increasing 
pH. They concluded that Pd(II) sorption mainly involved ligand ex-
change mechanisms; the decreasing pH resulted in protonation of amine 
groups and thus limited the coordination of Pd(II). The opposite result of 
this study means a different sorption mechanism: electrostatic attraction 
between protonated amines and chloro-anionic complexes. Indeed, pH 
decreasing from pH 2 to pH 1 leads to a higher percentage of 
chloro-anionic complexes (i.e., PdCl42− and PdCl3− ) in HCl-adjusted 
solution and higher level of protonation of amines, but also a higher 
competition effect of chloride anions for binding on protonated amine 
groups. This is the first evidence that the primary mechanism of Pd(II) 
sorption onto ML/APG is the electrostatic attraction between protonated 
amines and chloro-anionic complexes. In the case of H2SO4-adjusted 
solutions, the concentration of chloro-anionic complexes is much lower 
and the sorption capacity significantly reduces. The uptake for Pd(II) at 
pH 0.5 is the lowest regardless of pH adjuster; this can be attributed to 
the strong competition of Cl− or SO4

2− in strong acidic solutions. Besides 
amines, carboxyl groups could also play a role in Pd(II) binding 
(Rasoulzadeh et al., 2021). It has been reported that when the pH was 
higher than pKa values of carboxyl groups (i.e., 3.38 and 3.65 for 
mannuronic and guluronic acids, respectively), the deprotonation of 
carboxylic acid groups allowed the complexation of metal cations (Pd2+

or PdCl+). Considering the low pH used in the present study, carboxyl 
groups are highly protonated and the complexation mechanism is 
strongly limited. Element mapping (Fig. 3c) shows that the distribution 
of Pd is correlated to that of Cl element; this, to some degree, further 
demonstrates that Pd(II) has been loaded under the forms of chlor-
oanionic metal complexes. 

The binding mechanism was then studied by FTIR analysis (Fig. 3d). 
After Pd(II) sorption, the shift of the band attributed to amine groups 
confirms that the groups played an important role. However, the 
disappearance of the band corresponding to carboxyl groups is a sur-
prise. Indeed, based on previous discussion, they should not be involved 
in metal binding. The disappearance of the band could be due to two 
reasons: 1) the reaction of the groups with chemicals, leading to the 
formation of new functional groups; 2) the protonation of carboxyl 
groups resulting in the band shifting and overlapping with another band. 
Since the solution only contains PdCl2 and HCl, the former reason can be 
eliminated. The peak at 1453 cm− 1, corresponding to vibration mode of 
the amino C–N–H, become wider and its intensity also increases slightly. 
This could be due to the overlapping of symmetric stretching vibrations 
of carboxylate groups (Wang et al., 2020a), which is a support for the 
latter reason. 

To verify the uptake and the valence state of the Pd, XPS analysis was 
performed (Fig. 3e). The characteristic peaks (Fig. 3f) of binding en-
ergies at 338 eV and 344 eV for Pd 3d5/2 and Pd 3d3/2, respectively, 
confirm the oxidation state of Pd is +2. The appearance of Cl element 
again verifies the loading of chloro-anionic Pd species on the sorbent. 
Moreover, a third band at 400.2 eV (shown in Fig. S8) associated with N 

controlled by the resistance to intraparticle diffusion, during which, the 
sorption rate is much slower than that at the first stage (kid,2 < kid,1 
shown in Table S4). A higher flow rate can improve diffusion properties 
at both stages. 

For FO, the flow rate also plays an important role. A higher flow rate 
normally results in a small retention time, which causes a smaller 
breakthrough point and a lower sorption efficiency. On the other hand, a 
low flow rate can provide sufficient contact time and thus improves the 
sorption efficiency, but this requires a longer processing time. As shown 
in Fig. 2b, when the flow rate decreases from 5 to 1 mL min−  1, the 
breakthrough point increases from 90 mL to 180 mL and the cumulative 
sorption capacity grew from 107.4 to 114.4 mg g−  1 when passing 1 L of 
feed solution. The result is opposite to the study of Pb(II) sorption onto 
alginate foams (Wang et al., 2017b), which was hardly affected by flow 
rate owing to easy diffusion of Pb(II) into porous structure of alginate 
foams. One reason could be the larger size of chloro-palladium complex 
(ionic radius PdCl42−  = 2.75 , Pb(II) = 1.21  (Shannon, 1976)) which 
makes it more difficult to diffuse into the sorption sites. Moreover, 
although the double crosslinking makes the structure highly stable, it 
inevitably increases the resistance to intra-particle diffusion (Zhang 
et al., 2019a) and thus prolongs the required residue time for Pd(II) 
sorption. Zhang et al. (2019b) also reported a similar phenomenon with 
the present study that a higher flow rate decreased U(VI) uptake due to 
insufficient residence time. The result means that a smaller flow rate can 
reduce the amount of feed solution to achieve the equilibrium. Indeed, 
the fitting curves by Yan model (R2 > 0.99) show that to reach the 
equilibrium, it requires 1.8 L at 1 mL min−  1, while that is more than 5 L 
at 10 mL min−  1. Under FR, it only requires 0.7 L (Fig. S5), which allows 
reaching a higher removal efficiency using the same amount of sorbent 
and a high concentration factor in the following elution step. The 
sorption efficiency under FR is more than 65%, regardless of flow rate, 
while that under FO does not exceed 60%. The same trend is observed 
when the inlet Pd(II) concentration is lower (Fig. S6): FO requires a 
much slower flow rate to get a higher sorption efficiency (90% at 1 mL 
min−  1 and 85% at 5 mL min−  1) and thus a much longer operating time, 
while almost 97% sorption efficiency is achieved within 300 min under 
FR with a flow rate of 50 mL min−  1. 

3.3.2. Desorption 
Desorption is essential for the design of sorption-based technology. 

Metal elution contributes to (a) concentrating target contaminants and 
(b) reusing spent sorbents. Experiments were firstly conducted under FR 
using 0.1 M HCl, 0.025 M thiourea and a mixture of 0.1 M HCl and 
0.025 M thiourea to confirm the choice of eluting agent. Result (shown 
in Fig. S7) confirms the best desorption performance of acidic thiourea, 
which is in agreement with previous studies (Wei et al., 2021; Li et al., 
2019c). It was then used for the comparison of Pd(II) desorption under 
FR and FO.

Different volumes of HCl/thiourea solution were used for Pd(II) 
desorption under FR. Complete desorption (100%) can be obtained 
when using 500 mL of desorption reagent, while 100 mL or 200 mL 
volumes only achieve less than 90% desorption efficiency (shown in 
Fig. 2c). However, a large volume of desorption reagent will cause a 
smaller CF. Under FO, nearly 100% of desorption has been achieved at 
40 mL at flow rate of 1 mL min−  1 (shown in Fig. 2d). The time used is 40 
min, longer than that under FR; however, the CF values are 38, 22, and 7 
for the first, second and third 10 mL-volumes of the eluent, much higher 
than those reported under FR (CF = 0.5–5). The values are also higher 
than one of our previous studies, in which, the CF values were in the 
range of 7.9–8.4, 7.8–8.1 and 4.2–6.3 for alginate, algal biomass (AB) 
and AB/PEI discs, respectively, under FR (Wang et al., 2017c). The re-
sults confirm the advantage of desorption under FO over FR. 

3.4. Pd sorption mechanism 



element appears as the bond between N and Pd (Wang et al., 2020c), 
further demonstrating the reaction between amine groups and 
chloro-anionic Pd species. It is noteworthy that a new band at 289.1 eV 
for C 1s appears. This probably means that the strongly acidic medium 
affects the chemical environment of carboxyl groups by forming car-
boxylic acid. Accordingly, a new band at 534.6 eV assigned to C–OH 
(Yadav et al., 2020) is also observed for O1s. 

3.5. Reuse of sponge for Pd(II) concentration 

The above desorption experiment has confirmed the high efficiency 
of acidic thiourea as the eluent solution for Pd(II) recovery. The reus-
ability of ML/APG sponge and Pd(II) recovery from low-concentration 
solution were studied by combining FR for sorption step and FO for 
elution step. Fig. 4 shows the sorption and desorption efficiencies for 10 
successive cycles. The sorption efficiency is more than 96% after 100 
min of reaction. Interestingly, the sorption kinetic increases slightly at 
the third cycle; this could be due to the presence of 0.025 M thiourea in 
the eluent solution, which gradually chemically modifies the surface 
functional groups of the sponge. Indeed, the FTIR spectra of raw and 
reused ML/APG sponges (shown in Fig. S9) show a new small peak at 
1396 cm− 1, corresponding to stretching vibration of C––S (Chen et al., 
2020; Cai et al., 2019). The elution performance under FO was stable 

with a 100% desorption efficiency after passing 50 mL eluent solution. 
The concentration factor (CF, ratio of metal concentration in the eluate 
over its concentration in the sorption used for sorption), shown in 
Fig. S10, was above or close to 70 for the first 10 mL-sample and much 
more than 40 for the second 10 mL-sample. Moreover, SEM images 
(shown in Fig. S11) of the sponges after Pd-loaded and 10 cycles show 
that APG is firmly attached on ML sponge after sorption and desorption. 
The high CF and good mechanical and chemical stability during 10 cy-
cles confirm the high potential of ML/APG sponge for practical appli-
cation in Pd(II) recovery from acidic solutions. 

3.6. Pd(II) recovery from simulated leach liquors 

The above results have confirmed the high efficiency of the com-
bined process involving batch sorption and fixed-bed elution for Pd(II) 
recovery. This section aims to evaluate the application potential of such 
system for recovering Pd(II) from synthesized leaching liquors using 
ML/APG sponge. 

Fig. 5a shows that the sorption efficiency of the sponge for Pd(II) 
decreases significantly: the sorption efficiency is around 80% when the 
dose is 1 g L− 1, which is due to the presence of chloride ions in excess. A 
96% sorption efficiency can be achieved when the dose increases to 2 g 
L− 1. Using 60 mL of acidic thiourea as the desorption agent, more than 

Fig. 3. (a) Effect of pH adjuster and pH values on Pd(II) sorption; (b) Pd(II) speciation at different pHs adjusted by H2SO4 or HCl; (c) FTIR spectra of ML/APG and Pd- 
loaded ML/APG; (e) XPS survey analysis and (f) Pd 3d spectra for Pd-loaded ML/APG. 



87% (cumulative desorption efficiency) of Pd(II) can be desorbed. The 
Pd(II) concentration in the first 5 mL of effluent is as high as 1178, 897 in 
the second, and 554 mg L− 1 in the third. The corresponding CF values 
are 23.7, 18.0 and 11.1, respectively. 

Fig. 5b presents the result of Pd(II) recovery from the leachate of the 
catalytic converter. The concentration of Pd(II) and Pt(IV) decreases 
from 28.6 to 12.9 mg L− 1 to 3.40 and 4.58 mg L− 1, respectively. How-
ever, the sorption of Al(III), Fe(III), Ce(III) or Zn(II) remains negligible. 
The dominant presence of Pd(II) in the eluent solutions indicates the 
selectivity of ML/APG sponge for Pd(II) over Pt(IV) and other metal 
cations. The CF value is 19.5 for Pd(II) > 14.2 for Pt(IV) ≫ 0.80 for Fe 

(III) ≈ 0.75 for Zn(II) ≈ 0.69 for Ce(III) > 0.12 for Al(III). This means a 
high selectivity of ML/APG sponge for Pd(II) over other metals. 

To conclude, ML/APG can be successfully applied in acidic solutions 
for Pd(II) recovery. Although the presence of coexisting ions negatively 
affects its sorption performance, the high stability, good operation 
flexibility (applicable in different modes) and high selectively over 
metal cations still make it promising for practical application as reusable 
sorbents. 

4. Conclusions and prospects

This study compared fixed-bed recirculation mode (FR, simulating
batch system) and one-pass mode (FO) for Pd(II) sorption and elution 
using alginate/PEI-GA melamine (ML/APG) sponge. Results show that 
the coated polymeric materials on ML sponge are stable when exposed to 
highly acidic or alkaline media. The amine-functionalization signifi-
cantly improve its sorption affinity towards Pd(II) in acidic solutions. FR 
maximizes the utilization of the sorbent, while FO minimize the required 
volume of eluent solution for metal desorption. The combined process of 
FR for sorption and FO enables the efficient concentration of Pd(II). In 
addition, ten cycles of sorption-elution demonstrated the high stability 
of the sponge in terms of both sorption and desorption and also that this 
combination allows reaching high concentration factor for Pd(II) re-
covery from synthesized leach liquors of spent catalysts. 

The high stability and good sorption affinity for Pd(II) of ML/APG 
sponge have been certified in this study. Further studies can focus on the 
possibility of using this sponge as support for catalytic metals (hetero-
geneous catalysis) by binding Pd(II). Post-reduction (with chemical 
agent) will help in designing green supported catalysts. In addition, to 
this application in heterogeneous catalysis, the concept tested with Pd 
(II) could be extended to other valuable metals having similar chemistry
(formation of metal anions), such as Pt(IV), Au(III), etc. The function-
alization of amine groups with specific grafting of new reactive groups
(amidoximation, phosphonation, sulfonation, etc.) would bring new
reactive functions, opening other applications for the recovery of valu-
able metals, combining with the superior properties of these materials in
terms of hydrodynamics (free gravity percolation).
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Fig. 4. Reuse of ML/APG sponge for Pd(II) concentration (For sorption: vol-
ume = 1 L, Pd(II) concentration = 5.7 mg L− 1, flow rate = 50 mL min− 1, pH =
1.0 adjusted using HCl; For elution: flow rate = 1 mL min− 1). 

Fig. 5. Pd(II) recovery from synthesized leachates of spent (a) catalysts (Batch sorption step: V: 0.5 L; mass: 0.5 g or 1.0 g; time: 72 h; flow rate: 50 mL min-
− 1—continuous desorption step: 0.1 M HCl/0.025 M Thiourea solution; flow rate: 1 mL min− 1); and (b) car catalyst converter (Batch sorption step: V: 0.5 L; mass: 1.0 
g; time: 72 h; flow rate: 50 mL min− 1—continuous desorption step: 0.1 M HCl/0.025 M Thiourea solution; flow rate: 1 mL min− 1). 
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