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Abstract
Contamination of water with heavy metals as lead (Pb2+) is a relevant problematic issue. In this work, we have tested dif‑
ferent types of dendritic materials for lead removal from water and further recovery. The systems employed are magnetic 
nanoparticles (MNP) modified with monocarboxylate and dendritic carboxylate ligands, and they are compared to pristine 
MNP and carbosilane dendrimers. They are all effective at removing Pb2+, but the key variations are in their recyclability. 
The usage of a filtering membrane was required for dendrimers, which was significantly degraded by the acidic media. In 
terms of MNP, those that were covered by dendritic molecules were clearly less damaged in acidic media. Finally, isotherm 
analysis revealed that Pb2+ interacts differently with unmodified and modified MNP.

Keywords  Magnetic nanoparticle · Lead removal · Water purification · Carbosilane dendrimer · Magnetic nanoparticle 
stability

Introduction

Water is the main essential good for humans, and obtain‑
ing water of adequate quality for the different uses is a 
must (Wang et al. 2021). The increase of human popula‑
tion implies an increase in the demand of water for direct 
human consumption and also for agriculture, stockbreed‑
ing and industry. However, this fact involves environmental 
problems that affect directly the quality of water (Wang et al. 
2021).

Heavy metals are an important concern with respect 
to water pollution. Contamination can arise from natural 
sources (e.g. arsenic) (Hare et al. 2019) or from human 
manipulation. Several of them are very toxic in rather low 
concentrations (e.g. cadmium, mercury, lead) (Masindi and 
Muedi 2018). In the particular case of lead, it was widely 
employed in the past decades, as for example in water pipes. 
Although their uses have been forbidden in most of the coun‑
tries, still lead pipes can be found in old systems. Hence, 
avoiding the release of lead to urban water is nowadays a 
public health problem.

Heavy metals differ in physical and chemical properties, 
and therefore, purification processes for them are variable, 
e.g. ion exchange, precipitation, reverse osmosis, electro‑
chemical treatment, filtration, floatation and adsorption 
(Joseph et al. 2019), (Shen et al. 2019) being the last one 
the most attractive in the last years. This process consists on 
coordination of metal ions to functional groups on a material 
surface (Khan et al. 2020).

Nanotechnology has become very attractive and use‑
ful for this particular field due to properties such as high 
surface area, photosensitivity, electrochemical, optical 
and magnetic properties and others (Hairom et al. 2021; 
Jassby et al. 2018; Qu et al. 2013). For water purifica‑
tion, the nanoparticles have to be easily removed from 
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the medium and magnetic nanoparticles (MNP) are the 
most suitable for this purpose. Among MNP, iron-based 
materials, especially, iron oxide NP, are the dominant spe‑
cies (Martinez-Boubeta and Simeonidis 2019; Moosavi 
et al. 2020; Wadhawan et al. 2020; Zhang et al. 2016) with 
important affinity to a variety of metals through their Fe–O 
bridges (Liosis et al. 2021). However, free iron oxide MNP 
are present as drawbacks that modification of the surface 
by their interaction with the environment can modify nota‑
bly their behaviour (aggregation, magnetic properties) (Zia 
et al. 2016). Thus, modification of the surface with ligands 
can avoid this problem and if the ligands are able to trap 
pollutants, the system improves their water purification 
ability (Khatibikamal et al. 2019).

Multivalent ligands are very attractive for the above appli‑
cation to reinforce the interaction between the substrate and 
the contaminants. In this way, polymers have also been 
widely studied for trapping water impurities such as metals 
(Sajid et al. 2018; Sohail et al. 2020). Within this type of 
compounds, dendrimers stand out by their globular and well-
defined structure, which allow the establishment of better 
structure/activity relationships than polydisperse polymers 
(Malkoch and García-Gallego 2020). For water purification, 
dendrimers have been incorporated to filtration membranes 
to enhance their efficacy by interaction with their functions 
(Gao et al. 2013; Li et al. 2017; Liu et al. 2018; Manna et al. 
2019) or by creating porous layers onto them (Allabashi 
et al. 2007; Yuan et al. 2020).

Incorporation of polymers or dendritic ligands to MNP 
leads to materials that combine properties of both systems 
(Kim and Park 2017; Yen et al. 2017; Zarei et al. 2018). On 
the one hand, the adsorption can be improved due to the pres‑
ence of multivalent ligands on the surface. On the other hand, 
the magnetic properties are preserved and the system can be 
separated from a complex mixture by an external magnetic 
field. These systems may show a synergistic effect between 
ligand complexation and electrostatic interaction, as proposed 
for MNP covered with PAMAM dendrimers (Chou and Lien 
2011). Also, this type of dendrimer-modified MNP has been 
applied for extraction of rivaroxaban from biologic human 
liquids (Parham et al. 2018) or for efficient DNA purifica‑
tion (Tanaka et al. 2012). Our group has recently anchored 
carbosilane (CBS) dendritic systems (Ortega et al. 2020) to 
MNP, showing the ability to trap proteins (Prados et al. 2022), 
viruses (Barrios-Gumiel et al. 2019) or bacteria (Quintana-
Sánchez et al. 2021) depending on the type of ligand.

Herein, we have analysed the ability to retain lead cations 
by CBS dendrimers with carboxylate moieties, MNP cov‑
ered with multifunctional dendritic carboxylate ligands and 
with no-functionalized iron oxide MNP. Studies of recovery 
and stability of dendrimers and MNP have been also carried 
out. Finally, isotherm analyses were evaluated to determine 
the type of coordination of lead to the MNP.

Results and discussion

The nanosystems employed to retain lead cations have been 
the carbosilane (CBS) dendrimer with carboxylate moieties 
(Galán et al. 2014b) (Fig. S1), the pristine (MNP-0) (Bar‑
rios-Gumiel et al. 2019), the MNP covered with carboxylate 
moieties (MNP-1b) and the MNP covered with the CBS 
dendrimer (MNP-5b), and their behaviour has been com‑
pared. The CBS systems were used as model of a multivalent 
trapping system, which could be employed as purification 
system by itself, or alternatively, anchored to a surface, as 
in the case of MNP-5b.

Synthesis of MNP modified with monocarboxylate 
(MNP‑1) and dendritic carboxylate ligands (MNP‑1)

Click reactions are very attractive for functionalization of a 
widespread type of substrates, among other reasons due to 
the variety of functional groups that are available through 
this type of reactions (Tremblay-Parrado et al. 2021; Xi et al. 
2014). In the particular case of CBS systems, the generation 
growth is made through the presence of olefin functions, 
which can also be used for modification of the structure 
with thiol-ene click reactions (Galán et al. 2014a; Vasquez-
Villanueva et al. 2019). In our case the carboxylic groups, as 
active trapping groups of lead cations, have been introduced 
by means of thiol-ene addition. On the other hand, since the 
surface of iron oxide MNP is covered with hydroxyl groups, 
one of the procedures for their functionalization is by silani‑
zation (Bruce and Sen 2005). For these reasons, herein we 
have designed a ligand and a dendritic ligand containing 
one (EtO)3Si-moiety in order to anchor it to the MNP and 
carboxylic groups to retain metal cations (Fig. 1).

Synthesis of carboxylic ligands

The synthesis of the monocarboxylic ligand (1) was achieved 
(Scheme S1) by reaction of 3-mercaptopropionic acid and 
triethoxyvinylsilane, using DMPA as photoinitiator, under 
UV irradiation. 1H- and 13C-NMR spectroscopy clearly 
showed the disappearance of the vinyl groups in triethoxy‑
vinylsilane and the formation of the new chain SiCH2CH2S 
(1H-NMR: 0.91 ppm for SiCH2 and 2.60 ppm for SCH2; 
13C-NMR: 11.8 for SiCH2 and 26.5 ppm for SCH2) (Fig. S2).

The heterofunctionalized dendrimer (5) was produced 
following a process described in our research group for 
analogous CBS dendrimers of higher generation (Galán 
et al. 2014a). In our case (Scheme S2), we started from a 
dendrimer containing eight allyl groups. Initially only one of 
these allyl functions was reacted with one mol of cysteamine 
hydrochloride (HS(CH2)2NH3Cl). Next, neutralization and 
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reaction of the primary amine group with 3-(triethoxysilyl)
propyl isocyanate led to a dendrimer with the triethoxysilyl 
moiety in the outer sphere (4). Finally, a second thiol-ene 
addition of the remaining allyl functions with 3-mercapto‑
propionic acid afforded the desired dendrimer (5).

All these steps were checked by NMR spectroscopy (Figs. 
S2–S5). The incorporation of the first group was observed by 
the resonances of the systems Si(CH2)3S (similar to ligand 1) 
and the new chain introduced SCH2CH2N (1H-NMR: 2.91 
for SCH2 and 3.19 for CH2N; 13C-NMR: 29.4 for SCH2 and 
39.3 ppm for CH2N). The introduction of the triethoxysilyl 
moiety was done through formation of a urea bond. The 
resonances related to this group were the new CH2N (at ca. 
3.36 ppm in the 1H NMR spectrum) and the urea carbonyl 
group (158.9 ppm in the 13C NMR spectrum). The last trans‑
formation led to the total disappearance of the allyl reso‑
nances and the observation of new alkyl chains Si(CH2)3S, 
again similar to ligand (1), together with SCH2CH2N reso‑
nances (2.73 and 2.57 ppm in the 1H NMR spectrum).

Synthesis of carboxylate MNP

The starting Fe3O4 MNP were prepared following a well-
known procedure described in bibliography (Barrios-Gumiel 

et al. 2019) (see experimental part). These MNP only con‑
tain Fe3O4, with no additional ligands on their surface and 
are named as MNP-0 for further discussions.

The modification of the MNP-0 surface with the mono‑
functionalized carboxylic ligand (1) or the dendritic CBS 
carboxylic ligand (5) was done using a 1:1 molar ratio 
Fe3O4:ligand and carried out in EtOH under inert atmos‑
phere. Once these ligands were incorporated to the iron 
oxide surface, these new MNP (MNP-1a and MNP-5a) 
were transformed to carboxylate MNP by addition of excess 
Na2CO3 (Scheme 1 and S3, Fig. 1). The MNP-1b and MNP-
5b thus obtained were characterized by infrared spectros‑
copy (IR), Z potential, electron microscopy (TEM) and ther‑
mogravimetric analysis (TGA) (Figs. S6–S12).

The sizes of the modified MNP were about 12  nm 
(Figs. 2, S13). With these data and those obtained by TGA 
(Fig. S12), information about the degree of functionaliza‑
tion of the MNP can be obtained (Table 1). The density 
of ligands on the MNP surface is higher for the modified 
MNP with the smaller monofunctional ligand (MNP-1b). 
However, the density of carboxylate moieties is more than 
twofold for the modified MNP with the dendritic CBS sys‑
tem (MNP-5b). Probably, the higher number of carboxylate 
moieties available in MNP-5b, together with the fact that 

Fig. 1   Drawing of pristine MNP-0 and MNP modified with monocarboxylate (MNP-1b) or dendritic carboxylate ligands (MNP-5b)

Scheme 1   Synthesis of MNP modified with monocarboxylate ligands (MNP-1b) or dendritic CBS carboxylate ligands (MNP-5b). (i) 1 or 5 
EtOH, 16 h; (ii) Na2CO3, H2O
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monocarboxylate ligand can fold over the nanoparticle sur‑
face decreasing the negative charge in the surface of MNP-
1b, implicates that the Z potential values were more negative 
for the dendritic MNP-5b than for the MNP-1b.

As can be seen in Table 1, the final relationship Fe3O4/L 
is clearly far away from the one used for the synthesis of the 
modified MNP-1b and MNP-5b, because the reaction only 
proceeds on the MNP surface. However, it is necessary to 
work with such excess to maximize functionalization. With 
the aim to leverage the excess of dendritic ligand used in the 
synthesis of the modified MNP-5b, the supernatant solution 
of the reaction was recycled and employed in new synthesis 
of MNP-5b. The amount added of MNP-0 for the following 
syntheses was about 10% less than the used in the previous 
batch in order to keep the same ratio MNP:ligand. The den‑
dritic MNP-5b obtained in all these syntheses present same 
characteristics, the procedure can be repeated several times, 
and even the solution can be stored for several days before 
repeating the procedure.

Capture of Pb2+ with carboxylate dendrimers

These assays of lead capture with anionic dendrim‑
ers Gn-(CO2

−)m (n = 0, m = 4; n = 1, m = 8; n = 2, m = 16) 
(Fig. S1) (Galán et al. 2014b) were done with different rela‑
tionships –CO2

−:Pb2+ (see Table 2). Mixing solutions of ter‑
minated carboxylate CBS dendrimers and Pb(NO3)2 led to 
formation of white precipitates that were removed from the 
solution by centrifugation. These solids corresponded with 
dendrimers complexing Pb2+. The data collected in Table 2 
indicated that for all –CO2

−:Pb2+ ratios, dendrimers were 
able to coordinate almost the maximum lead possible but not 
for G2-(CO2

−)8 using a 8:1 relationship. In this case, the high 
number of carboxylate units not coordinated to lead cati‑
ons afforded a high concentration of anionic groups making 
these dendritic systems soluble in water avoiding removal 
by precipitation.

With the aim to separate dendrimers from extracted Pb2+ 
for their recyclability, a suspension formed with G2-(CO2

−)8 

Fig. 2   TEM images of A MNP-0, B MNP-5b and C MNP-1b 

Table 1   Data of 
functionalization of MNP

a Final molar ratio Fe3O4/L obtained by TGA (L = monocarboxylate ligand or dendritic carboxylate ligand)
b Mass percentage of ligand in the MNP
c Diameter obtained by TEM
d Number of functions per MNP
e Density of ligands per nm2

f Density of functions per nm2 (number of functions per ligand: one for monocarboxylate ligand and seven 
for dendritic ligand)
g Z potential

MNP Molar ratioa 
Fe3O4/L

TGA​b (% L) Dc (nm) NL
d ρL

e (L/nm2) ρfunc
f 

(CO2
−/

nm2)

ZPg (mV)

MNP-0 – 14.3 – – – − 22
MNP-1b 23.8/1 4.9 12.1 524.1 1.14 1.14 − 11.6
MNP-5b 70.9/1 9.1 12.2 180.5 0.39 2.70 − 20.5
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and Pb2+ (–CO2
−:Pb2+ 8:1) was treated with 0.01 M solu‑

tion of HNO3 and filtered through a nanofiltration membrane 
(1000 kDa). Due to the size of dendrimer, it was retained 
in the membrane and the filtered solution was analysed by 
ICP. Less than 2% of lead was recovered from this process, 
mainly due to the instability of the nanofiltration membrane 
towards high acidic pH, which is necessary for the decoor‑
dination of Pb2+ from carboxylic dendrimers. Therefore, the 
instability of the membrane, the difficulty to separate small 
dendrimers and the high solubility of formed lead metallo‑
dendrimers in low concentrations of lead respect carboxy‑
late groups, moved us to study MNP as support platform to 
dendrimers for lead removal from water.

Capture of Pb2+ with MNP

For this purpose, two types of tests of lead capture were 
performed, always with a constant Pb2+ concentration 
(16.7 mg/L), using the three MNP, unmodified MNP-0 and 

modified MNP-1b and MNP-5b. In the first assay, the con‑
centrations of each nanoparticle were calculated consider‑
ing a constant ratio of the Fe3O4 core in each MNP respect 
Pb2+. The chosen concentrations of Fe3O4 core in the three 
MNP were 0.1, 0.2, 0.4 and 0.8 g/L. In the second, the influ‑
ence of the carboxylate/lead ratio was analysed employing 
different molar ratios –CO2

−:Pb2+ (1:1, 2:1, 4:1, 8:1). For 
both types of experiments, the MNP were dispersed in a 
water solution of Pb(NO3)2 (pH 6.5) and, after treatment, the 
supernatant was analysed by ICP to determine the amount 
of Pb2+ retained by MNP.

Regarding experiments of lead capture with respect 
to Fe3O4 concentrations (Fig. 3), the results showed that 
the capture increased with the amount of Fe3O4 present 
in the solution for all MNP, clearly as a consequence of 
the higher surface accessible to interact with lead cations. 
The most active MNP at a sonication time of 1 min was 
the unmodified MNP-0. However, increasing sonication 
time up to 15 min equals lead capture ability of MNP-0 

Table 2   Data of lead capture in with anionic CBS dendrimers Gn-(CO2
−)m (n = 0, m = 4; n = 1, m = 8; n = 2, m = 16) obtained by ICP from the 

remaining lead in solution

G0-(CO2
−)4 G1-(CO2

−)8 G2-(CO2
−)16

–CO2
−:Pb2+ 2:1 4:1 2:1 1:1 8:1 2:1 1:1

Pb2+ capture 100.0 98.5 98.9 99.7 63.9 97.1 97.8

Fig. 3   Pb2+ capture with MNP: A using equivalent amounts of Fe3O4 per MNP; B at fixed –CO2
−:Pb2+ relationships (MNP-0 corresponds with 

Fe3O4 concentrations equal to that present in MNP-1b). Optimization of the time that the system is sonicated C for MNP-0 and D for MNP-5b 
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and MNP-5b while clearly increases degradation of MNP-
0. On the other hand, it should also be noted that MNP-1b 
recovering from the initial suspension was less efficient, 
requiring longer magnetic separation time (from 5 to 30 min, 
Fig. S14).

The results for lead capture with the different –CO2
−:Pb2+ 

ratios (Fig. 3) indicated very similar behaviour for both 
modified MNP-1b and MNP-5b. If the carboxylate moi‑
ety is considered as the active group, this function behaves 
similarly independent of being part of a monoligand or of a 
multiligand. However, as mentioned before, the recovering 
of MNP-1b from suspension was less efficient, needing a 
longer period to be completed.

MNP recyclability

Since the MNP are easily set aside from the suspension by 
applying an external magnetic field, it is very interesting 
to investigate their recyclability. For this purpose, the three 
MNP, MNP-0, MNP-1b and MNP-5b, containing the lead 
retained in the previous assays, were treated with HNO3 
(1 M and 3 M) and stirred for 5 and 15 min. Then, the MNP 
were deposited via an external magnetic field and again the 
supernatant was analysed by ICP to determine the amount 
of lead released from the MNP. In Fig. 4A, it can be noticed 
that the recovery is around 90–100% for all the MNP, the 
conditions of HNO3 concentration and agitation time.

These solutions were also tested by ICP to analyse the 
presence of iron cations to figure out MNP degradation or 
a possible bad separation (Fig. 4B). As can be expected, 
degradation increased for higher nitric acid molarity and 
exposure time. This phenomenon was clearly more notice‑
able for MNP-1b. In this case, it was observed that this MNP 
dispersed easily than MNP-0 and MNP-5b, so probably 
interact better with the acidic solution. Moreover, MNP-1b 
precipitated more difficultly from the solution, remaining 
in the water suspension after magnetic separation. In this 
experiment, the presence of the dendritic ligand was positive 
for the longer contact time when a 3 M solution of HNO3 
was employed, since MNP-5b were the MNP that were less 
degraded.

These experiments demonstrate the importance of pH 
in the interaction of lead cations and the MNP surface. 
A capture test was done at pH 3.0 and 4.5 with MNP-0 
and MNP-5b to confirm this observation. MNP-1b were 
excluded because of its higher degradation, as a consequence 
of longer magnetic separation times needed for it (as men‑
tioned before). The results showed that at the most acidic pH 
(3.0), the capture was insignificant because the carboxylic 
groups and the surface were protonated: 12% for MNP-0 and 
5% for MNP-5b. At pH 4.5, capture values of 30% for MNP-
0 and 51% for MNP-5b were obtained due to partial proto‑
nation of the anionic groups. These data are in accordance 

with the recovery experiments carried out at pH = 0.5, where 
all the anionic groups are totally protonated and the interac‑
tion between MNP and metal cations are broken. Basic pH 
tests were ruled out since insoluble lead species are formed.

Once the ability of MNP to capture and release Pb2+was 
observed, the possibility to recycle the MNP was tested 
using MNP-0 and MNP-5b. First, the conditions of sonica‑
tion time with lead (1 min, Fig. S15), magnetic separation 
time (20 min, Fig. S16), acid nitric concentration (0.1 M, 
pH 0.5, Fig. S17) and nitric acid contact time (1 min, Fig. 
S18) were optimized. Then, the capture and release process 
was repeated for 10 cycles, starting with 250 μg of MNP in 
1.5 mL and 10 μg of Pb2+ for each cycle. The release of Pb2+ 
was done with 1.5 mL HNO3 0.1 M, and the carboxylate 
groups were recovered with 1.5 mL Na2CO3 5 mM. This 
recycling experiment (Fig. 5) showed that MNP-5b was 
almost no affected during this process, whereas for MNP-0, 
Pb2+ capture diminished after 5 cycles. However, in both 
cases the Pb2+ recovery was close to 100%. Regarding 

Fig. 4   A Percentage of MNP recovered, depending on acid molarity 
and agitation time. B Degradation of MNP after acid treatment (Fe ng 
determined by ICP)
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degradation, Fig. 5C, it was higher during the 10 cycles 
for MNP-0 with respect to MNP-5b, especially in the first 
cycle. Apparently, this fact could be fitted with the release of 
iron cations adsorbed on MNP surface from their synthesis, 
which must be less strongly attached to the MNP.

Adsorption isotherms

The interaction of the Pb2+ cations with the adsorbent MNP 
can be analysed by their adsorption isotherms. Two of 
the main models are Langmuir and Freundlich isotherms. 
Langmuir’s model assumes a homogeneous surface, a single 
cation occupies a single site, there is no lateral interaction 
between adjacent cations, and if the surface is completely 
covered, the adsorption reaches the maximum (monolayer 
adsorption). For the Freundlich model, the surface is hetero‑
geneous and then there are different affinities for the cations 
depending on the surface site (multilayer adsorption) (Saadi 
et al. 2015). For these assays we have chosen MNP-0 and 
MNP-5b.

In the case of adsorption with MNP-0 (Fig. 6) this pro‑
cess fits better with the Langmuir model, while for MNP-5b 

(Fig. 7) the data support a Freundlich model. While for 
MNP-0 lead cations find all interaction sites equal, for 
MNP-5b the presence of the dendrimer on the surface 
implies different positions, the iron oxide surface and the 
carboxylate groups.

From these experiments we calculated the maximum 
absorption of lead for both MNP. In both cases, this value 
was very similar, 74.7 mg Pb2+/g MNP for MNP-0 and 
74.5 mg Pb2+/g MNP for MNP-5b. Apparently, the pres‑
ence of the dendrimer did not modify the amount of Pb2+ 
on the MNP surface. 

Test in saline water

Capture and recovery tests were also carried out in the 
presence of NaCl and CaCl2 to determine the influence 
of salt concentration on lead trapping with MNP (MNP-0 
and MNP-5b). Figure 8 shows that Pb2+ coordinates to the 
MNP even in very high concentration of both salts (NaCl 
and CaCl2). However, while increasing concentrations of 
NaCl hamper Pb2+ capture, the presence of CaCl2 did not 
impact on the capture power of both MNP. Regarding the 

Fig. 5   A Percentage of lead captured for each cycle. B Percentage of lead recovered. C Degradation of the MNP in each step
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preference of Pb2+ trapping, it is justified by the softer acid 
character of Pb2+, which facilitates the establishment of a 
single covalent bond with the carboxylate anions in MNP-5b 
or with the hydroxyl groups in MNP surface (Pereira et al. 
2014). Comparing Na+ with Ca2+, both hard acids, possibly 
the monovalent charge of the sodium cation is more easily 
compensated by electrostatic interaction with the carboxy‑
late anion or with the hydroxyl groups on the MNP surface, 
thus affecting more to lead capture (Zheng et al. 2017).

In the recovery process, the saline medium with NaCl 
does not facilitate the release of Pb2+ cations from the MNP 
surface. However, if CaCl2 is used, the recovery of the MNP 
improves (Fig. 8).

Conclusions

MNP functionalized with CBS dendrimers containing 
carboxylate groups in the periphery (MNP-5b) have been 
synthetized, characterized and tested in the removal of 
lead cations from water. The modified MNP-5b have been 
easily separated from the medium applying a magnetic 
field, and lead has been removed from the MNP in acidic 

media. After treatment with a soft base to regenerate the 
carboxylate groups, these nanosystems have been reused 
in several cycles maintaining their ability to trap lead, 
but specially, maintaining their stability. These systems 
improve the performance of CBS carboxylate dendrim‑
ers due to the easiness separation of MNP. Comparing 
the behaviour of the MNP with a monofunctional ligand 
(MNP-1b) and the MNP modified with a CBS dendrimer 
(MNP-5b), MNP-1b degraded easier and precipitated 
more difficultly from the solution, remaining in the water 
suspension after magnetic separation hampering their use 
in the process. Pristine MNP-0 performed a very good 
lead-capturing ability, but after some cycles, these MNP 
started to degrade. The absorption process fits better for 
MNP-0 with the Langmuir model, where lead cations find 
all interaction sites equal, while for MNP-5b, the data 
support a Freundlich model where the presence of the den‑
drimer on the MNP surface implies different positions, the 
carboxylate groups and the iron oxide surface. Finally, due 
to the more covalent nature of the bonds between carboxy‑
late and lead, the MNP clearly retain Pb2+ in the presence 
of large excess of NaCl or CaCl2, even about 1000 fold 
than Pb(NO3)2, as found in salt water.

Fig. 6   Adsorption isotherms for MNP-0: Langmuir (A), Freundlich 
(B)

Fig. 7   Adsorption isotherms for MNP-5b: Langmuir (A), Freundlich 
(B)
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Experimental section

Methodology

The synthesis of the ligands or dendrimers and its function‑
alization were carried out under inert conditions using dry 
solvents. Triethoxyvinylsilane (Merck, 97%), 3-mercapto‑
propionic acid (Aldrich, > 99%), DMPA (Acros Organics, 
99%), 2-aminoethanethiol hydrochloride (Acros Organics, 
98%), Na2CO4 (Panreac, pure), (3-isocyanatopropyl)trieth‑
oxysilane (Alfa Aesar, 95%), triethylamine (Thermo Scien‑
tific, 99.7%), FeCl2·4H2O (Panreac, pure) and FeCl3·6H2O 
(Sigma-Aldrich, > 99%) were obtained from commercial 
sources. Carboxylate dendrimers were synthesized accord‑
ing to the literature (Barrios-Gumiel et al. 2019; Galán et al. 
2014b). The NMR spectra (Nuclear Magnetic Resonances) 
1H and 13C, HSQC (Heteronuclear Single Quantum Corre‑
lation), HMBC (Heteronuclear Multiple Bond Correlation) 
and DOSY (Diffusion-Ordered Spectroscopy) were recorded 
on Bruker Avance Neo 400 at ambient temperature. The 
elemental analyses were carried out on a PerkinElmer 240C 
instrument, UV–Vis measurements using UV–Vis spectro‑
photometer PerkinElmer Lambda 35 and mass spectra in a 

Thermo Scientific, TSQ Quantum LC–MS. The amount of 
metals in the supernatant were analysed by an ICP Varian 
720-ES instrument. IR spectra were obtained in a Perki‑
nElmer spectrometer, and to obtain the TEM images, a ZEIS 
EM TEM equipment with 30-μm lenses and 1-K CCD cam‑
era on the lateral was used.

Synthesis of compounds and MNP

Monofunctional ligand (EtO)3Si(CH2)2S(CH2)2CO2H (1)

A dry THF solution of triethoxyvinylsilane (525  mg, 
2.76 mmol, 1 equiv), 3-mercaptopropionic acid (242 µL, 
2.70 mmol, 1 equiv) and DMPA (2%) was stirred under 
ultraviolet light for 1 h. Afterwards, the volatiles were 
removed under vacuum and compound 1 was obtained as 
yellowish oil, which was used without additional purifi‑
cation for next reaction steps (yield 95%). Data for 1: 1H 
NMR ((CD3)2CO) δ: 0.95 (t, 2H, SCH2CH2Si), 1.20 (t, 2H, 
OCH2CH3), 2.64 (m, 4H, SH2), 2.77 (t, 2H, COCH2CH2S), 
3.80 (q, 3H, OCH2CH3) 13C{1H NMR ((CD3)2CO) δ: 11.8 
(SCH2CH2Si), 18.4 (OCH2CH3), 26.5 (COCH2CH2S), 26.5 
(SCH2CH2Si), 34.6 (SOCH2CH2Si), 58.7 (OCH2CH3), 177.5 

Fig. 8   Influence of NaCl and CaCl2 concentration on Pb2+ capture (A, B) and recovery (C, D) ([Pb2+] = 16.7 mg/L)
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(CO). Elemental analysis for C11H24O5SSi (296.11 g/mol): 
Calcd.: C, 44.57; H, 8.16; O, 26.98; S, 10.81; Si, 9.47.

G1Si(A)7(Si(OEt)3) (4)

This compound was obtained following the synthetic routes 
described below. The intermediate compounds 2 and 3 were 
not isolated, and NMR characterization was done to con‑
firm the formation of these intermediates. These steps are 
described as follows:

(a)	 G1Si(A)7(S-NH3Cl) (2): Compound 2 was prepared 
from G1SiA8 (403 mg, 0.50 mmol, 1 equiv), 2-ami‑
noethanethiol hydrochloride (58 mg, 0.50 mmol, 1 
equiv) and DMPA (2%) in a solution of THF:MeOH 
(3:1). The solution was stirred and irradiated with 
ultraviolet light during 30 min. Afterwards, volatiles 
were removed under vacuum leading to a yellowish oil 
which was used for the next step. Data for 2: 1H NMR 
(CDCl3) δ: − 0.04 (s, 12H, SiCH3), 0.51–0.62 (m, 18H, 
SiCH2CH2), 1.31 (m, 8H, SiCH2CH2CH2Si), 1.52 (d, 
14H, SiCH2CHCH2), 1.56 (m, 2H, SiCH2CH2CH2S), 
2.57 (t, 2H, SiCH2CH2CH2S), 2.91 (t, 2H, 
SCH2CH2NH3), 3.19 (t, 2H, SCH2CH2NH3), 4.80 (dd, 
14H, SiCH2CHCH2), 5.74 (m, 7H, SiCH2CHCH2), 
8.32 (s, 3H, NH3); 13C{1H} NMR (CDCl3) δ: − 5.7 
(SiCH3), 13.6 (SiCH2CH2), 17.8 (SiCH2CH2), 18.5 
(SiCH2CH2), 18.7 (SiCH2CH2CH2Si), 21.8 (SiCH‑
2CHCH2), 24.4 (SiCH2CH2CH2S), 29.4 (SiCH2CH2N), 
35.8 (SiCH2CH2CH2S), 39.3 (SiCH2CH2N), 113.4 
(SiCH2CHCH2), 135.2 (SiCH2CHCH2). Elemental 
analysis for C41H82NSSi5Cl (795.47 g/mol): Calcd: C, 
61.78; H, 10.37; N, 1.76; S, 4.02; Obt: C, 61.97; H, 
9.36; N, 4.23; S, 3.33.

(b)	 G1Si(A)7(S-NH2) (3): A THF/MeOH (1:1) solution 
of compound 2 (344 mg, 0.43 mmol, 1 equiv) and 
excess of Na2CO4 (5 equivalents per carboxyl group) 
was stirred during 1  h. The solvent was removed 
under vacuum to obtain white solid. This solid was 
dissolved in ether and filtered. Then, the solvent was 
removed under vacuum obtaining 3 as yellowish oil 
(96%). Data for 3: 1H NMR (CDCl3) δ: − 0.04 (s, 
12H, SiCH3), 0.51–0.63 (m, 18H, SiCH2CH2), 1.31 
(m, 8H, SiCH2CH2CH2Si), 1.53 (d, 14H, SiCH-
2CHCH2), 1.58 (m, 2H, SiCH2CH2CH2S), 2.49 (m, 2H, 
SiCH2CH2CH2S), 2.58 (m, 2H, SCH2CH2NH2), 2.85 
(t, 2H, SCH2CH2NH2), 4.83 (dd, 14H, SiCH2CHCH2), 
5.75 (m, 7H, SiCH2CHCH2; 13C{1H}0.0 NMR (CDCl3) 
δ: − 5.4 (SiCH3), 13.6 (SiCH2CH2), 17.8 (SiCH2CH2), 
18.5 (SiCH2CH2), 18.7 (SiCH2CH2CH2Si), 22.0 
(SiCH2CHCH2), 24.8 (SiCH2CH2CH2S), 36.0 
(SiCH2CH2CH2S), 36.7 (SiCH2CH2N), 41.6 

(SiCH2CH2N), 113.4 (SiCH2CHCH2), 135.2 
(SiCH2CHCH2). Elemental analysis for C41H81NSSi5 
(759.49 g/mol): Calcd: C, 64.75; H, 10.37; N, 1.84; S, 
4.22; Obt: C, 64.97; H, 10.32; N, 1.75; S, 2.56.

(c)	 G1Si(A)7(Si(OEt)3) (4): Under an inert atmosphere, 
compound 3 (313 mg, 0.41 mmol, 1 equiv) dissolved 
in THF, (3-isocyanatopropyl)triethoxosilane (105 
µL, 0.41 mmol, 1 equiv) and triethylamine (57 µL, 
0.41 mmol) were stirred during 16 h. Then the solvents 
were removed under vacuum obtaining compound 4 as 
yellowish oil (51%). Data for 4: 1H NMR ((CD3)2CO) δ: 
0.01 (s, 12H, SiCH3), 0.57 (m, 2H, NCH2CH2CH2Si), 
0.67 (m, 20H, SiCH2CH2), 1.19 (t, 9H, OCH2CH3), 
1.45 (m, 8H, SiCH2CH2CH2Si), 1.59 (d, 14H, SiCH-
2CHCH2), 1.62 (m, 2H, SiCH2CH2CH2S), 1.71 (m, 
2H, NCH2CH2CH2Si), 2.57 (m, 2H, SiCH2CH2CH2S), 
2.64 (m, 2H, SCH2CH2N), 3.10 (m, 2H, NCH-
2CH2CH2Si), 3.36 (t, 2H, SCH2CH2N), 3.81 (q, 6dH, 
OCH2CH3), 4.84 (dd, 14H, SiCH2CHCH2), 5.81 
(m, 7H, SiCH2CHCH2); 13C{1H} NMR ((CD3)2CO) 
δ: − 5.5 (SiCH3), 8.2 (NCH2CH2CH2Si), 13.8 
(SiCH2CH2), 18.4 (OCH2CH3), 18.2 (SiCH2CH2), 
18.8 (SiCH2CH2CH2Si), 19.6 (SiCH2CH2), 23.9 
(SiCH2CHCH2), 24.5 (SiCH2CH2CH2S), 26.0 
(NCH2CH2CH2Si), 31.9 (SiCH2CH2N), 36.0 
(SiCH2CH2CH2S), 43.4 (NCH2), 46.0 (NCH2), 
58.8 (OCH2CH3), 113.5 (SiCH2CHCH2), 135.8 
(SiCH2CHCH2), 158.9 (CO). Elemental analysis for 
C51H102N2O4SSi6 (1006.62 g/mol); Calcd: C, 60.77; 
H, 10.20; N, 2.78; O, 6.35; S, 3.18; Si, 16.72.

G1Si(CO2H)7(Si(OEt)3) (5)

To a THF solution of compound 4 (210 mg, 0.21 mmol) 
under inert conditions were added 3-mercaptopropionic 
acid (127 µL, 1.47 mmol, 7 equiv) and DMPA (2%). The 
solution was stirred and irradiated under ultraviolet light 
during 4 h. Then the solvents were removed under vacuum 
obtaining a yellowish oil that was used in situ for MNP 
functionalization. Data for 5: 1H NMR ((CD3)2CO) δ: 
0.01 (s, 12H, SiCH3), 0.65 (m, 34H, SiCH2), 1.15 (t, 9H, 
OCH2CH3), 1.41 (m, 8H, SiCH2CH2CH2Si), 1.60 (m, 16H, 
SiCH2CH2CH2S), 1.76 (m, 2H, NCH2CH2CH2Si), 1.91 (t, 
4H, H), 2.57 (m, 30H, SCH2), 2.73 (m, 16H, SCH2CH2N, 
SCH2CH2CO), 3.09 (m, 2H, NCH2CH2CH2Si), 3.31 (m, 
2H, SCH2CH2N), 3.76 (m, 6H, OCH2CH3). 13C{1H} NMR 
((CD3)2CO) δ: − 5.6 (SiCH3), 7.4 (C), 13.2 (C), 17.4 (C), 
17.8 (C), 17.9 (C), 18.6 (C), 19.1 (C), 24.3 (C), 26.6 (C), 
34.4 (C), 35.4 (C), 37.7 (C), 56.7 (NCH2), 57.9 (NCH2), 
172.4 (CO). Elemental analysis for C65H130N2O18S8Si6 
(1650.57 g/mol); Calcd: C, 47.24; H, 7.93; N, 1.70; O, 
17.42; S, 15.52; Si, 10.20.
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MNP‑0

The coprecipitation method was used to prepare these MNP. 
FeCl2·4H2O (478 mg, 2.42 mmol, 1 equiv) and FeCl3·6H2O 
(1313 mg, 4.86 mmol, 2 equiv) were dissolved in distilled 
water under inter atmosphere. Then 17.5 ml of ammonia 
solution (35%) was added drop by droop. The solution was 
stirred for 2 h at 90 °C. The black precipitated was washed 
three times with water and other three more with ethanol 
(yield 95%). Separation of MNP-0 from suspension can be 
done with a magnet or by centrifugation. Data for MNP-
0: TGA (%): (Fe3O4) 96.6, (L) 3.4; ζ potential: − 22.0 mV; 
mean diameter core (TEM): D = 14.3 nm.

MNP@(CO2H)1 (MNP‑1a)

For 10 min an ethanol suspension of MNP-0 (127 mg, 
0.54 mmol) was sonicated. Then was added the THF solu‑
tion of compound 1 (163 mg, 0.54 mmol), and the suspen‑
sion was sonicated again for 10 min. The mixture was stirred 
for 16 h at room temperature, and then the solid was washed 
3 times with ethanol, 3 more with water and dried under 
vacuum (MNP-1a, 62%) (separation of MNP from sus‑
pension can be done with a magnet or by centrifugation). 
Data for MNP-1a: TGA (%): (Fe3O4) 93.5, (L) 5.4; ζ poten‑
tial: − 16.7 mV; mean diameter core (TEM): D = 13.4 nm.

MNP@(CO2H)7 (MNP‑5a)

These MNP were prepared as described above, starting from 
5 (562 mg, 0.34 mmol) and MNP-0 (79 mg, 0.34 mmol) 
(MNP-5a, 64%). Data for MNP-5a: TGA (%): (Fe3O4) 88.7, 
(L) 11.3; ζ potential: − 39.2 mV; mean diameter core (TEM): 
D = 12.2 nm.

MNP@(CO2Na)1 (MNP‑1b)

MNP-1a (80 mg) in water were sonicated for 10 min, and 
then, Na2CO3 (7 mg, 0.06 mmol) was added. The suspension 
was sonicated during 10 min and stirred for 2 h. Then MNP-
1b were separated by centrifugation (24 000 rpm, 20 min). 
The solid was washed 3 times with water, 3 more with etha‑
nol and dried under vacuum (MNP-1b, 1%). Data for MNP-
1b: TGA (%): (Fe3O4) 93.4, (L) 6.6; ζ potential: − 11.6 mV; 
mean diameter core (TEM): D = 12.1 nm.

MNP@(CO2Na)7 (MNP‑5b)

These MNP were prepared as described above, starting 
from starting from MNP-5a (80 mg) and Na2CO3 (20 mg, 
0.18 mmol) (MNP-5b, 85%). Data for MNP-5b: TGA (%): 
(Fe3O4) 90.1, (L) 9.9; ζ potential: − 20.5 mV; mean diameter 
core (TEM): D = 12.2 nm.

General procedure for lead capture with MNP

First, a solution of Pb(NO3)2 in water (final concentration of 
Pb2+ 0.5 g/L) and a suspension of MNP in water (1.0 g/L) 
were prepared. To achieve different Pb2+ and MNP con‑
centrations the corresponding volume from each solution 
was added to an Eppendorf of 200 μL for a final volume of 
150 μL. Then it was sonicated (check time for each experi‑
ment below). After that, the MNP were separated with a neo‑
dymium magnet from the supernatant that was withdrawn. 
Finally, the amount of lead and iron cations remaining in the 
supernatant was analysed by ICP.

General procedure for MNP recovery

Over the MNP obtained in the previous assays (after addi‑
tion of Pb2+ and elimination of the supernatant) a specified 
volume of water and of a HNO3 solution (3 M) was added. 
The final volume was 200 μL, and the final concentrations 
are indicated on each experiment (see below) (final pH 
0.5). Then it was sonicated (check time for each experiment 
below). After that, the MNP were separated with a neo‑
dymium magnet from the supernatant that was withdrawn. 
Finally, the amount of lead and iron cations remaining in the 
supernatant was analysed by ICP.

MNP capture capacity of Pb2+ and recovery

Study of MNP capture capacity

For this purpose, several tests of lead capture were per‑
formed with a constant Pb2+ concentration (16.7 mg/L) and 
different MNP concentrations of the three synthesized MNP, 
unmodified MNP-0, modified MNP-1b and MNP-5b. To 
analyse the influence of the functionalization, two types of 
studies were carried out. In the first one, the concentration 
of Fe3O4 was kept constant for each MNP (0.10, 0.20, 0.40 
and 0.80 g/L). In the second one, the amount of MNP was 
dependent on the equivalents of carboxylate groups, employ‑
ing different molar ratios –CO2

−:Pb2+ (1:1, 2:1, 4:1, 8:1). 
Thus, in these assays, the final concentrations for MNP-0 
were 0.10, 0.20, 0.40 and 0.80 g/L; for MNP-1b were 0.105, 
0.21, 0.42, 0.84 g/L; and for MNP-5b were 0.11, 0.22, 0.44, 
0.88 g/L.

MNP recovery study

After the process of capture, the aim is to recover MNP in 
order to carry out another capture process. Thus, a test of 
MNP recovery is carried out on the previous samples using 
a relationship –CO2

−:Pb2+ of 4:1 (MNP-0 0.40 g/L, MNP-
1b 0.42 g/L, MNP-5b 0.44 g/L and Pb2+ 16.7 mg/L). These 
relationships assure the surface saturation in the first capture 
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process. The effect of acid concentration (1 M and 3 M) and 
stirring time (5 and 15 min) was also studied. By ICP, Pb2+ 
values were obtained to determine the amount of released 
and the Fe values were determined to check degradation of 
MNP.

Cycles of lead capture and MNP recovery

For the first cycles, the conditions of the assays were differ‑
ent. For the first capture, it was added 20 μL of Pb2+ solu‑
tion (0.5 Pb2+ g/L), 250 μL of MNP suspension (for MNP-0 
1.0 g/l; for MNP-5b 1.1 g/L) and water to achieve a final 
volume of 1.5 mL. It was sonicated 1 min and 20 min for the 
magnetic separation. After that, the supernatant was isolated 
and analysed the amount of lead and iron cations by ICP.

Over the MNP with the lead adsorbed was added 1.5 mL 
of HNO3 0.1  M. The suspension was sonicated 1  min. 
The supernatant was analysed by ICP once the 20 min of 
magnetic separation. To complete the recovery, the MNP 
undergo a basic treatment with 1.5 mL of Na2CO3 5 mM, 
during 1 min of sonication and 20 min of magnetic separa‑
tion, to eliminate de supernatant.

To the next cycles, in the capture only was added the 20 
μL of Pb2+ and water to achieve 1.5 mL. And for the MNP 
recovery and the basic treatment, the protocol was the same 
as that used for the first cycle.

Optimization of Pb2+ capture process and recovery 
of MNP

Once it was observed in preliminary assays that functionali‑
zation with dendritic systems had advantages with respect 
to MNP covered with monofunctional ligand, several func‑
tionalization experiments to anchor dendrimer on MNP 
were carried out taking into account magnetic separation 
time, capture time, stirring and acid concentration time for 
recovery and sonication time for dispersion (see supporting 
information).

Optimization of sonication time for lead capture

Capture tests are performed by keeping constant the con‑
centration of MNP (0.40 g/L for MNP-0 and 0.44 g/L for 
MNP-5b) and Pb2+ (16.7 mg/L) and varying the sonica‑
tion time. Once the solution is prepared, it is placed in the 
ultrasonic bath for 1, 5 or 15 min; then, the supernatant is 
separated and analysed by ICP for the presence of lead and 
iron cations (Fig. S15).

Optimization of magnetic separation time

First, the time needed to achieve complete magnetic sep‑
aration is optimized. Tests of capture are performed with 

constant concentrations of MNP-0 (0.40 g/L) and MNP-5b 
(0.44 mg/L) and sonicated for 5 min. After this time, they 
are placed in the magnet rack, and samples are taken at 1, 
5, 15 and 30 min. To take the samples, the supernatant is 
removed from the Eppendorf, and the amount of Fe remain‑
ing in suspension is analysed by ICP (Fig. S16).

Optimization of acid concentration in recovery

Capture tests are performed with a concentration for Pb2+ of 
16.7 mg/L and 0.40 g/L for MNP-0 and 0.44 g/L for MNP-
5b. Afterwards, the test of MNP recovery is performed 
where the final concentration of the acid solution is varied 
using concentrations of 0.001, 0.0025, 0.01, 0.1, 1.0 and 
3.0 M. The supernatants are analysed by ICP for the pres‑
ence of lead and iron cations (Fig. S17).

Optimization of sonication time in the recovery of MNP

As well as for optimization of sonication time, the test of 
capture is carried out with constant concentrations of Pb2+ 
(16.7 mg/L) and 0.40 g/L for MNP-0 and 0.44 g/L for MNP-
5b. The MNP recovery test is carried out on these samples, 
where the sonication time is modified with ultrasound at 1, 
5 and 15 min. The effect of this variable is analysed accord‑
ing to the ICP data performed on the supernatant (Fig. S18).

Adsorption isotherms

In this case, the concentration of the MNP suspensions was 
kept constants (MNP-0 0.40 g/L and MNP-5b 0.44 g/L) and 
lead concentrations were modified (3.3, 10.0, 16.7, 23.3, 
30.0 mg/L). Each suspension was sonicated for 10 min, and 
then, the MNP were separated with a magnet. The superna‑
tant was analysed by ICP to quantify the presence of lead 
cations (Figs. 6, 7).
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