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Abstract
Contamination with Cd, Cu and Pb is a major environmental issue. Cations of those metals may adsorb on negatively charged 
surfaces of polymeric silicic acid (pSi), altering their environmental fate. Aiming to elucidate the underlying mechanisms 
and the extent of adsorption, we conducted batch adsorption experiments at pH 4 to 6 and concentrations that excluded 
precipitation of solid phases. Zeta-potential measurements were conducted to monitor surface charge changes. In addition, 
isothermal titration calorimetry (ITC) was used to derive thermodynamic parameters of the interaction between the metals 
and pSi. Surprisingly, neither did batch-adsorption experiments reveal any metal adsorption on pSi after 24 h reaction time, 
nor did ITC experiments show any evidence for chemical adsorption of the metals, as no heat was released or absorbed dur-
ing the experiments. However, zeta-potential measurements indicated weak electrostatic interactions between the negatively 
charged silanol groups and the metals. These electrostatic interactions may be the initial step of metal incorporation into the 
matrix of polymerizing silicic acid, which were spectroscopically proven in long-term experiments.
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1 Introduction

Soil and water contamination with potentially toxic elements 
(PTEs) has become a serious problem for ecosystem func-
tioning [1]. Most recently, the potential of silicon (Si) to 
decrease the mobility of PTEs such as Cd, Cu, and Pb in the 
environment was found [2].

Silicon, the second-most abundant element in the earth’s 
crust (elemental content 28.8 mass-%) [3], occurs in most 

primary minerals such as feldspars, micas, and quartz as well 
as in secondary clay minerals, and as amorphous Si (ASi), 
either biogenic (e.g., as phytholite) and minerogenic [4]. Dis-
solved Si species in the environment comprise monomeric 
silicic acid (mSi), an isolated molecule  (H4SiO4) and its 
polymers, designated as polymeric silicic acid (pSi). Mineral 
weathering and dissolution control the release of mSi and 
pSi into solution [5]. Total Si concentrations in soil solutions 
range from 0.4 to 2000 µmol  L− 1, mostly between 100 and 
500 µmol  L− 1 [6]. In early stages of weathering ~ 50 mol-% 
of total dissolved silicic acid might be in the form of pSi [4]. 
Polymerization and depolymerization of silicic acid control 
Si availability and transport in soils. These processes depend 
on the chemical composition of the solution and are mainly 
driven by its initial silicic acid concentration, pH, and ionic 
strength [5]. Polymerization of silicic acid increases from pH 
3 to 6, has its maximum at pH 7 to 8, and decreases at more 
alkaline pH [4, 7]. The reaction releases molecular water and 
forms dimers, trimers, oligomers, and finally nano-particulate 
pSi bearing negative surface charge [8]. In contrast, mSi may 
be uncharged at pH 2 to 7 [7]. In pure water and at room 
temperature, mSi polymerizes at c > 1 mM, but at alkaline pH 
and increasing temperature, its solubility increases as polym-
erization decreases [4]. Additionally, cations such as  Na+,  K+, 
 Ca2+,  Mg2+,  Pb2+,  Cu2+, and  Cd2+ decreased the solubility 
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of mSi by favouring its polymerization [2, 5]. It is assumed 
that monomeric silicic acid protonates at pH < 2, forming cati-
onic Si(OH2)+, and at pH > 7, the weakly acidic silanol group 
deprotonates, forming an anion Si(OH)3O− [7]. Dissolved Si 
adsorbs reversibly on Fe and Al oxides/hydroxides whereby 
pSi has a higher affinity than mSi. Thus, mSi is the dominant 
species in the soil solution [4]. Polymeric silicic acid depo-
lymerizes after adsorption on soil constituents, releasing mSi 
into the soil solution [5]. At very acidic pH (< 3.6), silicic 
acid may precipitate on surfaces of soil constituents forming 
minerogenic ASi coatings [9] from which mSi is released in 
solution as desorption of mSi is favoured at decreasing pH [5].

Interactions between silicic acid and PTEs such as Cd, 
Cu, and Pb comprise various processes that may contrib-
ute to the mobility of these PTEs in the environment. Some 
studies [e.g., 10–12] suggest metal adsorption on the weakly 
acidic silanol group  (pKa = 7.2) on the pSi surface, assum-
ing ion exchange between  H+ and the metal cations. Gener-
ally, the adsorption of metal cations on pSi increases with 
increasing pH, as deprotonation of the silanol group also 
increases with increasing pH [7, 12]. Consequently, adsorp-
tion of  Zn2+,  Ni2+, and  Cd2+ on pSi surfaces increased 
with increasing pH. Moreover, adsorption increased with 
increasing temperature and ionic strength of the solution 
[13]. Adsorption kinetics may depend on ion hydrolysis, 
as strongly hydrolysed ions may adsorb more slowly than 
non-hydrolysed ions [14]. Copper adsorption on silica sur-
faces was modelled to occur already close to the point of 
zero charge, but Cu may also precipitate as Cu(OH)2 on 
pSi surfaces, even at low concentrations [15, 16]. As mSi is 
uncharged between pH 2 and 7 [7], Cu may not interact with 
mSi in this range of pH. Applying the Poisson-Boltzmann 
equation on published data, Pivovarov (2010) reported that 
especially Cd adsorption on silicic acid is electrostatic [17]. 
Flow microcalorimetry analyses also indicated that interac-
tions between Cd and pSi surfaces may be mainly electro-
static, as the heat of Cd adsorption was negligibly low [18]. 
Coagulation experiments with pSi and Cu showed increasing 
interactions between pSi and Cu between pH 5.5 and 7, fol-
lowed by a sharp decrease from pH 7.25 to 7.5 [19]. Thus, 
the affinity of Cu for silicic acid increased with its increasing 
polymerization.

However, most experiments were conducted at pH ≥ 6 
[e.g., 11, 15, 16], high background electrolyte concentra-
tion [12], temperature above ambient conditions [13], and 
with silanized or functionalised precipitated silicic acid [14]. 
In some studies [e.g., 13], precipitation of minerals was 
excluded because of initial Si and metal concentration, while 
other studies did not check the possibility of precipitation 
[e.g., 11]. In a study on the interactions between Cu and Cd 
and silicic acid at initial concentrations that excluded min-
eral precipitation, Cu was structurally incorporated into the 
polymeric network of pSi or formed inner-sphere complexes, 

while Cd formed weaker outer-sphere complexes [2]. None-
theless, their experimental approach excluded the quantifi-
cation of metal adsorption. Stein et al. (2021) showed that 
interactions of silicic acid with  Cd2+and  Cu2+ under acidic 
conditions were not restricted to the aqueous phase, as they 
occurred in soil as well. Potential processes detected in long-
term experiments (up to 211 days) included adsorption on 
external surfaces, diffusion/occlusion of the metals in the 
interior of polymerizing silicic acid, and structural incorpo-
ration [20]. The precondition of these processes expressed 
in the long-term is that  Cd2+,  Cu2+, and  Pb2+ have interacted 
with pSi surfaces at acidic pH (4–6) by adsorption, that is, 
at low concentrations that prevented mineral precipitation. 
Therefore, the objective of this study was to elucidate the 
extent and the mechanisms of the adsorption of  Cd2+,  Cu2+, 
and  Pb2+ on pSi under these experimental conditions. We 
focussed on adsorption on pSi, as mSi is uncharged at pH 
4–6, which excludes electrostatic attraction of the cations, 
and when mSi tends to polymerize to pSi. We hypothe-
sised that adsorption of divalent Cd, Cu and Pb cations on 
pSi occurs under acidic conditions (i) and increases with 
increasing pH (ii). Hence, we conducted batch experiments 
to quantify metal adsorption on pSi, which bears negative 
charge at pH 4–6. In terms of mechanistic interpretation of 
the possible adsorption processes, we determined the surface 
charge (zeta potential) before and after the batch experi-
ments and used isothermal titration calorimetry (ITC) to 
derive the thermodynamic parameters ΔH (enthalpy), ΔS 
(entropy), binding affinity, and the stoichiometry [21] of the 
interaction between the metals and pSi.

2  Materials and Methods

2.1  Synthesis of pSi from mSi

Polymeric silicic acid was synthesized at ambient tempera-
ture and pressure using a 10 mmol tetraethyl orthosilicate 
solution (TEOS; p.a. grade, Merck, Darmstadt, Germany), 
which hydrolyses to mSi and ethanol in aqueous solu-
tion (Belton et al., 2012). The mSi solution (pH 5.8–6.0) 
was allowed to polymerize for 211 days. Residual mSi 
was removed from the pSi suspension by dialysis using a 
chemically pre-treated regenerated cellulose membrane 
with a molecular weight cut-off of 1000 Da (Spectra/Por 
7, Repligen, Rancho Dominguez, USA). We freeze-dried 
the dialyzed pSi to obtain a porous cryogel for the batch 
experiments and characterization. For batch-adsorption 
experiments, we dispersed the cryogel in deionised water 
(3 g  L− 1) and used it as stock suspension.

For microcalorimetry, pSi was synthesized using 10 
mmol TEOS. After hydrolysis, the solution was allowed to 
polymerize for 60 days, and subsequently dialysed.
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2.2  Physical and Structural Characterization of pSi

The specific surface area (SSA) was derived by the 
Brunauer-Emmet-Teller (BET) equation after  N2 adsorp-
tion and desorption at 77 K using a Quantachrome Autosorb 
iQ (Anton Paar Quanta Tec Inc., USA). The samples were 
degassed prior to analysis for 8 h at 60 °C. Particle charge 
(zeta potential), particle-size distribution and the intensity 
weighted mean hydrodynamic diameter (z-average) of pSi 
were measured before and after the batch experiments using 
a Zetasizer Nano ZSP (Malvern Panalytical, Herrenberg, 
Germany) equipped with a He-Ne laser (λ = 633 nm) and a 
non-invasive backscatter detector at a fixed angle of 173°.

The structure of the freeze-dried pSi was analysed using 
transmission Fourier transform infrared (FTIR) spectros-
copy. 120 spectra were collected in the range of 4000 to 
500  cm− 1 at a resolution of 4  cm− 1 using the transmission 
accessory of a LUMOS infrared microscope (Bruker, Ettlin-
gen, Germany). Prior to analysis, the sample was ground in 
an agate mortar together with KBr (1 mg pSi and 400 mg 
KBr) and pressed into pellets.

2.3  Batch‑Adsorption Experiments

Batch experiments were conducted at initial pH 4 and 5 with 
all metals and additionally at pH 6 with Cd, and 24 h contact 
time at ambient temperature. The experiments were performed 
in triplicate at a solid to solution ratio of 1:200. We prepared 
a pSi stock suspension (3 g  L− 1) and metal stock solutions 
(20 mmol  L− 1 as their nitrate salts (Cu  (NO3)2 ×  3H2O (ACS 
grade, ABCR, Karlsruhe, Germany), Cd  (NO3)2 ×  4H2O 
(Puratronic, ABCR) and Pb  (NO3)2 (ACS grade, ABCR)). 
The pH was adjusted in both the pSi suspension and the metal 
solutions by dropwise adding dilute NaOH (AppliChem 
GmbH, Darmstadt, Germany) or HCl (Chemsolute, Th. Geyer 
GmbH & Co. KG, Renningen, Germany), respectively. Ten 
mL of the pSi stock suspension were pipetted into 25 mL 
polycarbonate bottles. Subsequently, varying amounts of the 
metal stock solutions were added resulting in initial concen-
trations of 2, 4, 6, 8 and 10 mmol  L− 1 and a final volume of 
25 mL. Samples were shaken at 20 rpm using an over-head 
shaker (GFL 3040, Burgwedel, Germany). Subsequent phase 
separation was conducted using an ultra-centrifuge (Beckman 
Coulter, Krefeld, Germany) at 300,000 g to ensure complete 
separation of pSi. Metal and Si concentrations in the super-
natants were measured by inductively coupled plasma optical 
emission spectrometry (ICP-OES, Horiba Ultima 2, Kyoto, 
Japan) using their most sensitive atomic bands. The detection 
limits (DL) of the metals under study were 0.019 µmol  L− 1 
for Cu, 0.0059 µmol  L− 1 for Cd, and 0.016 µmol  L− 1 for Pb. 
In addition, the pH was measured before and after the experi-
ments, as proton release upon adsorption is known for metal 
binding on silanol groups [12].

2.4  Microcalorimetric Study

Thermograms of the reaction (heat flux as a function of 
time) between pSi and  Me2+ were obtained in an isothermal 
titration calorimeter (Affinity ITC, TA Waters, New Castle, 
USA) at 25 °C by multiple-injection and single-injection 
measurements. We set the pH to 4.6, similar to the batch-
adsorption experiments. For the multiple-injection measure-
ments, 30 injections of 3 µL of a 50 mmol Cu(NO3)2 or 
Cd(NO3)2 solution were added into the sample cell contain-
ing 182 µL of a 10 mmol pSi suspension. The metal concen-
tration in the sample cell increased by 0.81 mmol with each 
injection, resulting in a final metal concentration of 16.36 
mmol. Every injection was followed by 200 s delay time 
allowing the baseline to return to equilibrium. Heat effects 
of dilution (enthalpy of mixing) of the metal nitrates were 
assessed by blank experiments. Blanks were determined by 
titrating the metal solutions into deionised water with the 
same pH using the same procedure as described above. For 
single-injection experiments, a single volume of 10 µL of a 
50 mmol Cu(NO3)2 solution was titrated into 182 µL of a 10 
mmol pSi suspension resulting in a metal concentration of 
2.74 mmol in the sample cell and a decrease in Si concen-
tration by 0.67 mmol. The heat rate was monitored for 60 h 
after the injection. Each experiment was at least duplicated, 
and all samples were degassed prior to the experiment.

3  Results and Discussion

3.1  Physical and Structural pSi Characteristics

Transmission FTIR spectra of the pSi (Fig. 1) revealed 
absorption bands of -OH bending close to 3450  cm− 1. These 
groups are part of water molecules and of silanol groups 
(Si-OH), which are mostly located on the surfaces of pSi 
[22]. The band at 955  cm− 1 is also characteristic of silanol 
groups (Si-O stretching vibration). The most important spec-
tral region for Si at 1111  cm− 1 is attributed to asymmetric 
stretching vibrations of Si-O-Si. Broadening of this band is 
caused by lower internal order of the Si structure [2, 22]. 
The narrow shape of the band indicates high internal order. 
Signals observed at 790  cm− 1 are attributed to symmetrical 
Si-O stretching vibrations [22]. Infrared spectra of the mate-
rial under study correspond to those of ASi phases (e.g., 
precipitated silicic acid and pyrogenic silica) [22].

The SSA of pSi was 550  m2  g− 1, which exceeds that of 
other ASi samples studied, 14.29 to 431.4  m2  g− 1 [23]. The 
larger surface may be explained with the small particle size 
(45 nm) of the pSi measured in solution before freeze-drying. 
The zeta potential at pH 6 was − 26.3 mV, which is more 
negative than that of other ASi nanoparticles at pH 6 [24, 25].



7208 Silicon (2023) 15:7205–7212

1 3

3.2  Batch‑Adsorption Experiments

In contrast to our expectations that were based on published 
studies [e.g., 10–12], the batch experiments did not reveal any 
adsorption of  Cd2+,  Cu2+, and  Pb2+ on pSi at pH 4 to 6 and 
after 24 h reaction time, as the concentrations in the super-
natants after the experiments equalled the initial ones. Con-
sidering the DLs of metal analysis, the minimum detectable 
metal adsorption would have been 0.042 µmol  Me2+  g− 1 pSi. 
Furthermore, no dissolved Si was present in the supernatants, 
indicating complete separation of pSi and no depolymerization 
of mSi from pSi. Divalent cations such as  Cd2+,  Cu2+ and  Pb2+ 
promote the polymerization of silicic acid [2] and thus, may 
stabilize pSi against depolymerization. Additionally, no Si was 
found in the supernatants of the control samples confirming 
that depolymerization of pSi is a slow process not occurring 
within 24 h under the experimental conditions.

Our findings do not fully support previous research, where 
adsorption of divalent cations on silica surfaces was detected 
[e.g., 11–14]. This discrepancy can be attributed to differences 
in experimental conditions especially pH, ionic strength, type 
of adsorbent (e.g., functionalized or acidified ASi), adsor-
bent concentration, and temperature. The previous studies 
were conducted at pH > 6, where silanol groups are increas-
ingly deprotonated, providing more negative surface charge. 
Besides determining the physicochemical properties of silicic 
acid, the pH has a strong influence on the speciation and thus 
solubility of the metals. The solubility of the metals decreases 
with increasing pH as they precipitate in solution [26] or on 
mineral surfaces [27], or both. Moreover, metals are prefer-
entially adsorbed in their  MeOH+ state, which also increases 
with increasing pH [27]. Thus, at pH > 6, the removal of the 
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Fig. 1  Fourier transform infrared spectra of freeze-dried polymeric 
silicic acid, produced from 10 mmol tetraethyl orthosilicate
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Fig. 2  Zeta potentials as a function of initial metal concentrations 
in batch experiments with polymeric silicic acid and a Cd, b Cu, 
and c Pb



7209Silicon (2023) 15:7205–7212 

1 3

metals by adsorption of divalent cations may be of minor 
importance. More likely, the decrease of metal concentration 
observed in other studies (e.g., [11]), may be attributed to pre-
cipitation of the metals. To test this hypothesis, we calculated 
the chemical speciation based on published data using Visual 
MINTEQ 3.0) [28]. In this study [11], Zn was oversaturated 
with respect to precipitation of  Zn5(OH)8Cl2 reducing both, 
 Zn2+ and  OH− concentration in the solution. Thus, a decrease 
in solution pH, which was attributed to ion exchange between 
 H+ and the divalent metal cations [11], could also be explained 
by consumption of  OH−. In our study, the geochemical spe-
ciation was calculated using Visual MINTEQ 3.0 to exclude 
precipitation of minerals especially silicates and hydroxides 
under the used experimental conditions. In addition to pH, 
controlling the interactions between silicic acid and the metals, 

temperature has an influence on metal adsorption too. Mustafa 
et al. (2003) showed that the adsorption of divalent cations on 
pSi at pH 5 strongly increased with temperature in the range 
of 30–50 °C [13]. Copper ions were not adsorbed on pSi at 
pH < 5 and pH > 8 [19]. In long-term experiments in acidic 
aqueous solution,  Cd2+,  Cu2+, and  Pb2+ did not interact with 
silicic acid within 35 days, as it was predominantly present as 
mSi [2], which was also shown by Yates et al. (1998) for  Cu2+ 
[19]. Then, the PTEs successively interacted with the progres-
sively polymerizing silicic acid [2, 19]. However, pSi bound 
only traces of the metals [2].

Even though the batch experiments revealed no metal 
adsorption within 24 h, zeta potentials of the pSi decreased in 
the course the experiment (Fig. 2). The initial zeta potentials 
increased with increasing pH, -20.3 mV at pH 4, -24.4 at pH 5 
and − 26.3 mV at pH 6. This pH dependency is common with Si 
nanoparticles [24, 25] and explained by progressive deprotona-
tion of the silanol groups with increasing pH [7]. Absolute zeta 
potentials decreased from < -20 mV to > -3 mV (pH 4) with 
increasing metal concentration and slightly differed between 
the metals (Fig. 2). The decrease was most pronounced for Cu 
and least for Pb, as the effect on the decrease of the zeta poten-
tial increases with decreasing ion size of the counter ion, since 
physical accessibility increases with decreasing hydrated ionic 
diameter (here Pb, 0.882 nm > Cd, 0.852 nm > Cu, 0.838 nm, 
[29]). Furthermore, short-range repulsion is decreased with 
decreasing size of the hydrated ion [30, 31]. Thus, smaller ions 
are attracted more strongly, consequently increasing shield-
ing of the negative surface charge. In general, changes in zeta 
potential by counter-ion shielding of the negatively charged 
silanol groups have different reasons. First, the cations are 
adsorbed within the Outer Helmholtz plane (OHP), which is 
excluded in our study because of the lack of adsorption in batch 

Fig. 3  Thermograms (heat rate as a function of time) of the interac-
tion between 10 mmol polymeric silicic acid and Cu(NO3)2 derived 
from multi-injection experiments using isothermal titration calo-
rimetry (a), and b  the integrated heat pulses, normalized per mol of 
Cu(NO3)2 as a function of the molar ratio
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between 10 mmol polymeric silicic acid and Cu(NO3)2 derived from 
single-injection experiments using isothermal titration calorimetry



7210 Silicon (2023) 15:7205–7212

1 3

experiments. Second, ions in the diffuse double layer (DDL) 
leading to its compression, consequently decreasing the magni-
tude of the zeta potential [32]. Third, as cations are electrostati-
cally attracted by negative surface charges, they accumulate in 
the DDL and the shear plane. These electrostatic interactions 
were described particularly for Cd in previous studies [17, 18]. 
Thus, divalent metal cations alter the charge of the silanol sur-
faces without forming inner spherical bonds with these surface 
groups. However, zeta potential measurements cannot be used 
to quantify the adsorption of metals like Cu on charged surfaces 
[33]. Nevertheless, it may be a simple measure to access the 
adsorption ability of charged colloidal particles [34].

Besides providing information about the surface charge 
of pSi, the zeta potential is a main indicator for the stability 
of colloidal dispersions. The higher its absolute value, the 
stronger is the electrostatic repulsion and the more stable 
the dispersion [35]. In that study, Cd, Cu, and Pb cations 
decreased the zeta potential and consequently decreased the 
stability of the colloidal pSi dispersion. Hence, attractive 
forces may prevail, and aggregation occurs resulting in larger 
units of pSi. The results of our study may be interpreted as 
the initial step of the long-term interactions between  Cd2+, 
 Cu2+, and  Pb2+ and (polymerizing) silicic acid, which were 
spectroscopically proven [2]. The accumulation of the met-
als in the shear plane of the DDL by electrostatic forces may 
foster inner-sphere complexation. Especially Cu was struc-
turally incorporated during the polymerization of silicic acid 

or formed inner-sphere complexes with deprotonated silanol 
groups [2]. The waning effect of  Cd2+,  Cu2+, and  Pb2+ on 
the zeta potential may promote polymerization of silicic acid 
[2]. However, these processes are slower than adsorptive 
interactions with other soil constituents and may not be pre-
dicted by thermodynamic equilibrium [4, 20]. Furthermore, 
only traces of the metals were bound in the long-term experi-
ments, which also accords with the current study, with no 
adsorption in the batch experiments within 24 h.

3.3  Microcalorimetric Study

We conducted ITC to assess thermodynamic parameters 
of the interaction between silicic acid and  Cu2+ and  Cd2+. 
Figure 3a shows the thermogram (heat rate as a function 
of time) for 10 mmol polymeric silicic acid and Cu(NO3)2 
in multi-injection experiments. To improve visual compa-
rability of the data, the integrated heat pulses, normalized 
per mol of Cu(NO3)2 as a function of the molar ratio are 
shown in Fig. 3b. The heat rates showed, besides a slightly 
higher baseline, no difference to the blank measurement, 
that is, Cu(NO3)2 titrated into deionized water. Thus, no 
heat was released (exothermal process) or absorbed (endo-
thermic process). Consequently, we did not detect any dif-
ference in integrated heat pulses, normalized per mol of 
Cu(NO3)2 (Fig. 3b). Similar results were observed for Cd 
(data not shown). In accordance with our study, Lantenois 

Fig. 5  Potential interactions of silicic acid and Cd, Cu, and Pb, depending on pH
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et al. (2006) showed by flow microcalorimetry that interac-
tions between Cd and pSi were mainly electrostatic, as the 
heat of adsorption was negligibly low [18]. Similarly, Pivo-
varov (2010) deduced exclusively electrostatic adsorption 
in the DDL, applying the Poisson-Boltzmann equation [17]. 
Single-injection experiments were carried out to study pro-
cesses within 60 h (Fig. 4). After the injection of 50 mmol 
Cu(NO3)2 solution, the Cu concentration in the sample cell 
reached 2.74 mmol, and the Si concentration decreased 
by 0.67 mmol. The first peak in the thermogram (Fig. 4) 
reflects the enthalpy of mixing the Cu(NO3)2 solution. The 
increasing heat rate rapidly returned to the baseline and was 
subsequently stable for 5 h at -127.5 µJ  s− 1. Then, it slowly 
increased to a maximum of -126.98 µJ  s− 1 until it fell back 
to the baseline after 25 h where it remained until the end of 
the experiment. However, these changes were very low and 
may not be attributed to Cu adsorption on pSi. More likely, 
polymerization/depolymerization of silicic acid caused the 
changes in heat rate. The decrease in Si concentration by 
0.67 mmol altered the equilibrium between mSi and pSi. 
Thus, pSi dissolved, releasing mSi, until a new equilibrium 
was reached [4]. On the other hand,  Cu2+ had a promoting 
effect on the polymerization of silicic acid [2]. This may also 
be the case in this experiment. Hence, the change in heat rate 
may be explained by the release of mSi from pSi induced by 
the change in total Si concentration or by the polycondensa-
tion of the pSi induced by Cu addition, or both.

Figure 5 summarizes possible processes of interactions 
between silicic acid and the metals depending on pH. The 
adsorption of divalent metal cations on deprotonated silanol 
groups of polymeric silicic acid can theoretically occur between 
pH 4 and 6. At more acidic pH, polymerization and deprotona-
tion of silanol groups decreases, consequently decreasing the 
abundance of negative surface charge [4]. Moreover, mSi is 
uncharged under these conditions [7]. At circumneutral pH, 
silicic acid polymerization is at its maximum and the metals 
are predominantly present in their  MeOH+ state [7, 27]. Thus, 
they can be adsorbed on pSi or even may be complexed by 
deprotonated mSi. At undersaturation with respect to precipita-
tion of silicates, divalent metal cations are incorporated into the 
polymeric network of silicic acid during its polymerization [2]. 
Moreover, metal cations favoured the polymerization of silicic 
acid and thus, promoted their own binding on negative surfaces 
of polymerizing and deprotonating silicic acid. At oversatura-
tion, metal silicates are formed [19].

Here we show that chemical adsorption of divalent cati-
ons on pSi surfaces is a slow process not occurring within 
24 h, at least under acidic pH and concentrations below 
those necessary for mineral precipitation, contradicting our 
working hypotheses. However, zeta-potential measurements 
revealed weak electrostatic interactions between the metals 
and pSi. Thus, the cations accumulate in the DDL, which 
may foster inner-sphere complexation over time.

4  Conclusion

We aimed to elucidate the extent and the mechanisms of the 
adsorption of  Cd2+,  Cd2+, and  Pb2+ on pSi surfaces at pH 4–6 
and ambient temperature. The interactions between the PTEs 
and silicic acid were mainly driven by electrostatic forces as 
revealed by zeta-potential measurements and may be explained 
by pure electrostatic adsorption in the diffuse double layer. The 
electrostatic interactions may be interpreted as the initial step 
of the interactions between  Cd2+,  Cd2+, and  Pb2+ and (polym-
erizing) silicic acid, which were spectroscopically proven in 
long-term experiments. However, metal adsorption was not 
quantifiable in batch experiments so that our hypotheses had to 
be rejected. The results underline that processes of the interac-
tions between the metals and Si phases are rather slow espe-
cially compared to the adsorption of the metals on other soil 
constituents like iron and aluminium oxides.
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