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Abstract
Research on  Ca2+ adsorption onto the mineral surface is of significant importance with regard to geochemical processes. 
Sverjensky (Geochim Cosmochim Acta 70(10), 2427–2453, 2006) assumed that alkaline earths form two types of surface 
species on oxides: tetranuclear (> SOH)2(>  SO−)2_M(OH)+ and mononuclear > SO−_M(OH)+. To look into the above 
assumption we investigated calcium adsorption on  SiO2 and  Al2O3 because they are the most widespread minerals in the 
environment. We have determined the proton surface charge, electrokinetic potential and metal adsorption as a function of 
pH. The  Ca2+ uptake and concentration in the system were monitored by the calcium ion-selective electrode (Ca-ISE). The 
Ca-ISE measurements indicated a similar affinity of  Ca2+ for both materials despite their differently charged surface, nega-
tive for silica and mainly positive for alumina. This may suggest that simple electrostatic interactions are not the primary 
driving force for calcium adsorption, and that solvation of calcium ions at the surface may be crucial. We have analyzed our 
experimental data using the 2-pK triple-layer model (2-pK TLM). Three calcium complexes on the mineral surface were 
reported. Two of them were the same for both oxides, i.e. the tetranuclear ( > SOH)2(> SO−)2_Ca2+ and mononuclear com-
plexes >  SO−_CaOH+. Additionally, minor contribution from >SOH…Ca2+ for silica was assumed. In the case of  Al2O3 
the hydrolyzed tetranuclear complexes ( > SOH)2(> SO−)2_CaOH+ at pH > 7.5 occurred based on the modeling results. Two 
types of surface complexes suggested by Sverjensky allowed for the correct description of proton and calcium uptake for 
alumina. However, the electrokinetic data excluded hydrolyzed tetranuclear surface species for this oxide.
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1 Introduction

In the soil and water environment calcium ions are of great 
importance (Stumm and Morgan 1996). They are crucial 
for the functioning of living organisms, the stability of 
natural systems and soil fertility (Wuddivira and Camps-
Roach 2006; Clapham 2007; Eijsink et al. 2011; McGrath 
et al. 2014). Therefore, calcium has been commonly inves-
tigated, among others, with regard to adsorption on dif-
ferent metal oxides. It was shown that the latter process 
evidently depends on many factors, for instance, pH, tem-
perature, ionic strength, and the presence of organic matter 
(Atesok et al. 1988; Ridley et al. 1999; Weng et al. 2008; 
Lee et al. 2014; Allen et al. 2017; Cherian et al. 2018; Jia 
et al. 2019).

Minerals such as silica and alumina constitute particles 
widely spread in the Earth’s crust (Sparks 2003). From the 
point of view of  SiO2 application, it is an efficient sealant, 
food additive, adsorbent and common filler for drugs and 
cosmetic powders and can be also applied as clinical mate-
rials (Barbé et al. 2004; Regi-Vallet and Balas 2008; Bui 
and Choi 2010; Fruijtier-Pölloth 2016; Floch et al. 2018; 
McCarthy et al. 2018; Steiling et al. 2018). Aluminum(III) 
oxide is useful in terms of catalysis, adsorption, pig-
mentation of paints and cosmetics as well as constitut-
ing electronic devices (Cheah et al. 1998; Teaney et al. 
1999; Kasprzyk-Hordern 2004; Chasserio et al. 2009). 
The particles of both oxides remaining in water are in 
a continuous contact with  Ca2+ in the soil environment. 
Remembering that assemblages of these oxides from the 
industry sector are still released into the natural system 
(Kasprzyk-Hordern 2004; Lee et al. 2010), research on 
their behavior towards calcium ions was carried out over 
the past decades (Roach and Himmelblau 1961; Huang 
and Stumm 1973; Meng and Letterman 1993; Brigante 
and Avena 2016; Ragab et al. 2017; Wan et al. 2019). 
For example, Tadros and Lyklema (1969) investigated cal-
cium adsorption on silica using potentiometric titrations 
and the Eppendorf flame photometer. They concluded that 
physical sorption of  Ca2+ on the silica surface appeared at 
pH below 7.5. Above this pH region specific adsorption 
occurred. Meng and Letterman (1993) characterized silica 
via the deuterium exchange, TEM, electrokinetic meas-
urements and performed adsorption experiments using 
the atomic absorption spectrophotometer. Lützenkirchen 
and Behra (1997) modeled the latter experimental data 
using the modified FITEQL program (Westall 1982). A 
different method of calcium determination in the silica 
dispersion was used by Janusz et al. (2003), i.e. the radi-
otracer technique. Those investigations showed that the 
higher  NaClO4 electrolyte concentration, the lower  Ca2+ 
adsorption occurred confirming the earlier findings by 

Kosmulski (1994) who used the same technique for both 
alumina and silica in NaCl solution. Previously, the distri-
bution of the alkaline earth ions at the alumina–electrolyte 
interface was estimated using alkalimetric and acidimet-
ric titration curves (Huang and Stumm 1973). The most 
recent research discussed divalent (among others  Ca2+) 
and monovalent adsorption affinity for the α-Al2O3/water 
interface using the vibrational sum frequency generation 
(vSFG) (Piontek et al. 2019).

Besides the studies cited above, there does not seem to be 
any report about research on calcium adsorption in the above 
mineral systems in particles sizes in the range of nanometers 
applying the calcium ion-selective electrode (Ca-ISE). There-
fore, in this study an attempt was made to characterize the 
mineral/water interface concerning the  Ca2+ adsorption on 
 SiO2 and  Al2O3 in a wide pH range using the Ca-ISE. Apply-
ing Born solvation and crystal-chemical theory Sverjensky 
(2006) assumed that alkaline earths adsorbed on minerals 
forming tetranuclear (> SOH)2(> SO−)2_M(OH)+ and mono-
nuclear > SO−_M(OH)+ surface complexes. Our aim was to 
examine whether in our systems the same adsorption mecha-
nism could be applied. For this purpose the methods applied 
in our recent paper (Szymanek et al. 2020), i.e. direct potenti-
ometry for monitoring  Ca2+ concentration, ζ-potential meas-
urements, and surface complexation 2-pK TLM (triple-layer 
model) with the GEOSURF program developed by Sahai and 
Sverjensky (1998) were used.

2  Experimental section

The materials that are the commercial hydrophilic fumed 
silica  (SiO2, AEROSIL 200, 99.8%) and alumina  (Al2O3, 
AEROXIDE Alu C, 99.8%) were obtained from the Evonik 
Company. The detailed properties of these solids were pro-
vided by the manufacturer. The specific surface area (BET) 
of  SiO2 was equal to 200 ± 25 m2 g−1 and for  Al2O3 it was 
100 ± 15 m2 g−1. Nanopowder of silica had an amorphous 
form and its average size of elementary particles was about 
14 nm. The applied alumina nanoparticles were composed 
of γ (66%) and δ (33%) structures of the particle size in 
the range of 7 to 20 nm. The raw materials were subjected 
to the experiment without further purification. The applied 
chemicals, the experimental setup and the conditions were 
the same as described in our previous paper (Szymanek et al. 
2020).

The acid-base properties of 10 g  dm−3 of oxides in the 
KCl solutions were determined using potentiometric titra-
tions at three ionic strengths (0.1, 0.01, 0.001 M) starting 
from the acidic pH. The net proton consumption curves 
were also determined for the same samples in 0.1 M and 
0.01 M KCl with 1 mM  Ca2+ and also with 10 mM  Ca2+ in 
the case of silica. This amount of calcium was compared 
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to that found in the surface waters. The surface charge 
σH was calculated in the way presented by Piasecki et al. 
(2019). Next, the samples were subjected to  Ca2+ uptake 
experiments in which the concentration of free calcium 
ions was checked every 0.5 pH unit by Ca-ISE used also 
in our previous study (Prus et al. 2019) as well as applying 
the spectrophotometric method (Kendrick et al. 1977) as 
a reference. In a separate experiment the dependence of 
the electrokinetic potential (ζ) of the dispersions with and 
without 1 mM  Ca2+ in 0.01 M KCl as a function of pH at 
25 °C was determined using the Malvern Zetasizer Nano 
ZS equipped with the MPT-2 autotitrator and a high con-
centration zeta cell. The ζ-potential was calculated from 
the electrophoretic mobility using the Smoluchowski equa-
tion (Pashley and Karaman 2004). Diluted samples and 
lower ionic strength were tested to ensure optimal particle 
mobility (1 g  dm−3 of oxide in the 0.01 M KCl) (Delgado 
et al. 2005). The results obtained from the Medusa specia-
tion program (Puigdomenech 2001) indicate that in the 
studied system  CaCl+ ions are present at a constant con-
centration of about 2 ×  10−5 M, and the concentration of 
 CaOH+ ions is negligible.

In this study theoretical investigations were carried out 
using the 2-pK TLM modeling approach (Yates et al. 1974; 
Davis et al. 1978; Sverjensky 2005, 2006) in accordance 
with our recent paper (Szymanek et al. 2020).

3  Results and discussion

3.1  Net proton consumption

The examined oxides exhibited quite different behavior in 
terms of the proton consumption function in KCl solutions 
(Fig. 1). The precise location of the silica PZC could not be 
observed since the proton surface charge density curves did 
not intersect at one exact point, but remained superimposed 
(a plateau was observed at pH 3–5). Previous literature pro-
vided many varying assumptions of PZC value from titra-
tions in the case of silicon dioxide showing the difficulties 
in its determination (Tadros and Lyklema 1969; Sahai 2002; 
Milonjić et al. 2007; Kosmulski 2009).

One could observe that the surface of  SiO2 was nega-
tively charged nearly in the whole studied pH range start-
ing with about 3 up to 9. Silica may dissolve at alkaline 
pH (Eikenberg 1990) and in our case at pH > 9 this could 
lead to a large base consumption. Hence there was no point 
in performing titration in that pH region. In the case of 
 Al2O3 the determined PZC corresponding to the common 
intersection point of the charge curves was about 8.8 con-
sistent with the values in the range 8.4–9.4 reported in the 
literature (Huang and Stumm 1973; Regalbuto et al. 1999; 
Szekeres and Tombácz 2012). Contrary to silica, the alu-
mina surface was positively charged under most measured 
pH conditions. According to the paper by Tombácz and 

Fig. 1  The pH dependence of the proton surface charge density 
σH  (C/m2) of  SiO2 and  Al2O3 in the 0.1  M (red triangles), 0.01  M 
(blue circles), and 0.001  M KCl (green squares) likened with the 
GEOSURF model fitting (continuous line) for the oxide concentra-

tion of 10 g  dm−3. The PZC corresponding to the common intersec-
tion point of charge curves (CIP) was not clearly defined for  SiO2 
(PZC = 3–4) and for  Al2O3 it was equal to 8.8 (Color figure online)
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Szekeres (2001) in this type of measurements,  Al2O3 par-
ticles can undergo dissolution at low (pH < 4.5) and at high 
pH (pH > 9.5) which is shown here by the steepness of the 
proton surface charge curves. In order to avoid dissolution 
in acidic region, titrations were performed from pH > 5. 
Due to the formation of Al(OH)−

4
species, the consumption 

of hydroxide ions may take place.
The theoretical calculations fitted sufficiently the experi-

mental data for both oxides at 0.1 and 0.01 M ionic strengths. 
The most visible discrepancy was noted at the lowest ionic 
strength (0.001 M KCl), possibly as a result of the change 
in ionic strength during titration. To keep a constant value 
of PZC we assumed symmetric constants for adsorption of 
electrolyte ions (i.e. cation and anion have the same affinity 
for the surface). However, using symmetric constants it was 
difficult to obtain a good fit to the asymmetric experimen-
tal data. Nonetheless, this was not of much significance for 
our experiment on calcium adsorption conducted for 10 g 
 dm−3 of oxides at 0.1 M ionic strength. Modeling for silica 
was presented previously in several articles (Sahai and Sver-
jensky 1997; Atalay et al. 2014) in which the trend of the 
proton surface charge density curves partially corresponded 
to ours. The assumed capacitance  c1 in 2-pK TLM for  SiO2 
was about 1.3 F  m−2, similar to that found by Sverjensky 
(2005), and the  c2 value of 0.1 F  m−2 was smaller than that 
commonly applied in other papers, i.e. 0.2 F  m−2 (Sahai and 
Sverjensky 1997; Villalobos and Leckie 2001; Sverjensky 
2005), but inevitable in order to obtain well fit in the case of 
the ζ-potential data shown in the further part of this study 
(Fig. 5). As regards  Al2O3, the value for both capacitances 
was equal to 1.2 F  m−2. Similar values of  c1 were also used 
previously (Davis et al. 1978; Toner and Sparks 1995; Tom-
bácz and Szekeres 2001). On the negatively charged surface 
of the alumina (above PZC) at the ionic strengths 0.01 and 
0.001 M the model did not work properly demonstrating 
higher values of the proton surface charge.

The next experiment provided an interesting insight into 
the influence of calcium on the proton surface charge den-
sity σH for both oxides as a function of pH (Fig. 2). First 
of all, it demonstrated that the presence of calcium in the 
dispersion of silica did not change the net proton charge in 
a significant way at higher ionic strength (Fig. 2, top left 
panel). An increase in the calcium concentration led to evi-
dent extra release of  H+ from the silica surface. Moreover, 
the pronounced  H+ release was attributed to the decrease of 
the proton surface charge density caused by  Ca2+ sorption in 
the 0.01 M KCl (Fig. 2, bottom left panel). The separation 
of the charge curves started at pH > 6. Comparing the pro-
ton surface charging of silica at two ionic strengths and two 
different concentrations of calcium ions it can be concluded 
that  K+ and  Ca2+ compete for the silica surface.

In the case of alumina (Fig. 2, top right panel) the calcium 
influence became evident above pH about 8 independently 

of the ionic strength. In this range the value of the net pro-
ton surface charge decreased more significantly due to the 
 H+ release into the dispersion medium compared with that 
of silica. This indicates the onset of  Ca2+ adsorption onto 
the positively charged alumina surface. Moreover, one could 
observe that at the lower ionic strength at pH > 9 the model 
did not fit the data from titration. This may results from 
the troubles with the electrode readings, among others, due 
to the dissolving effect of the oxide. Among others, a rel-
evant change of the ionic strength was possible there. Also 
at lower ionic strength in the high pH range the net proton 
charge for the system of  Al2O3 with  Ca2+ revealed the most 
negative value (− 0.226 C  m2 at pH 10), which confirms 
possible dissolution of aluminum oxide particles at this pH 
value.

3.2  Ca2+ uptake experiment

The  Ca2+ uptake data as a function of pH in the oxide dis-
persions in the form of adsorption edges are presented com-
pared with the modeling in Fig. 3. The results from both Ca-
ISE and spectrophotometry were consistent. Surprisingly, 
the trend of the adsorption edges of both oxides revealed 
a similarity. One could observe a comparable amount of 
adsorbed  Ca2+ (about 30%) at pH 9 for both silica and 
alumina. Despite the oppositely charged surface of oxides 
(except for pH ≥ 9), they exhibit a similar affinity for calcium 
ions. In the case of silica small  Ca2+ uptake (less than 5%) at 
pH ranging from 3 to 6 was reported. Above this pH range 
the adsorption started to increase more significantly. Janusz 
et al. (2003) observed almost the same amount of calcium 
adsorption as in our case at pH from 6 to 9 even using a dif-
ferent technique. However, unlike us, he demonstrated zero 
level  Ca2+ uptake at pH up to 6. Although Kosmulski (1994) 
investigated silica at a different temperature from ours and 
washed minerals with nitric acid, and then with water, his 
results are analogous at pH from 4 to 8. The negatively 
charged silica surface showed weak binding of the calcium 
ions contrary to the expectations related to their strong Cou-
lombic attraction. This can be explained by the impeding 
 Ca2+ adsorption due to the tighter hydration shell of some 
sorption sites than that of adsorbate (steric hindrance for the 
ion hydration shells) (Döpke et al. 2019).

As regards alumina, calcium ion adsorption appeared at 
pH > 6 and thus below its PZC, which is in agreement with 
the literature reports (Huang and Stumm 1973). Above pH 
8, the adsorption edge was steeper showing stronger adsorp-
tion. This experiment corroborated findings of Piontek et al. 
(2019) that divalent and monovalent cations demonstrated 
a similar behavior towards  Al2O3 at low pH, however, at pH 
10 the calcium ions predominated in terms of the adsorption 
affinity for the mineral surface. These authors also found 
that  Ca2+ rearranges extensively the interfacial hydrogen 
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bonding environment near the negatively charged alumina 
surface which was practically not observed on the positively 
charged surface.

As results from the theoretical investigations properly 
fitted to the experimental data, calcium speciation shown 
in the right panels of Fig. 3 was obtained. Kosmulski 
(1994) suggested the reaction of simple monodentate 
species ≡SiO–Ca+ formation on the silica surface, but 
that did not coincide with our findings. At the lower end 
of the pH range for the silica system, calcium would be 

adsorbed only at the onset of the diffuse layer (DL) in 
the form of > SOH…Ca2+ which was assumed by Sver-
jensky (2006). At pH > 7 the tetranuclear complexes 
( > SOH)2(> SO−)2_Ca2+ on the β-plane were formed and 
they predominated in the pH range 8–9 in which also the 
mono-species >SO−_CaOH+ appeared (β-plane). Accord-
ing to Sverjensky (2006) the hydrolyzed tetra-species 
( >  SOH)2(>  SO−)2_CaOH+ were mostly responsible 
for the adsorption process. Again, this was not consist-
ent with our observations considering modeling of the 

Fig. 2  The pH dependence of the proton surface charge density 
σH  (C/m2) of  SiO2 and  Al2O3 in the 0.1  M (top panel) and 0.01  M 
KCl (bottom panel) with 1  mM  Ca2+ (blue squares), 10  mM (vio-

let circles) and without (red triangles) likened with the GEOSURF 
model fitting (continuous line) for the oxide concentration of 10 g 
 dm−3 (Color figure online)
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results from the electrokinetic measurements presented 
in Sect. 3.3 of this study. In the  Al2O3 system unhydro-
lyzed tetra-species, present also in the case of silica, were 
initially formed remaining at a low level (not exceeding 
10%) till the end of the measurement. The hydrolyzed 
tetranuclear complexes ( > SOH)2(> SO−)2_CaOH+ were 
present at pH > 7.5 and prevailed at pH of about 8.5 to 10. 
In addition, our calculations suggested minor occurrence 

of mononuclear species > SO−_CaOH+ at pH > 9. All these 
complex structures appeared at the β-plane and they were 
in accordance with the assumptions by Sverjensky (2006) 
considering the tetranuclear complexes occurrence in the 
case of strontium ions based on the spectroscopic data 
from Fenter et al. (2000).

Fig. 3  Ca2+ adsorption edges on  SiO2 and  Al2O3 in the 0.1  M 
KCl + 1 mM  Ca2+ determined by the Ca-ISE and spectrophotometric 
method likened with the GEOSURF model fitting (continuous line) 

for the oxide concentration of 10 g  dm−3. The predicted calcium spe-
ciation as a function of pH (right panel) (Color figure online)
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From the data fitting presented in Figs. 1, 2 and 3 the 
equilibrium constants (log K) shown in Table  1 were 
obtained.

The pH-dependence of surface coverage by  Ca2+ ions 
is presented in Fig. 4 for four oxides. The total number of 
the adsorption sites in millimoles in the adsorption system 
was calculated and it was equal for  SiO2 to 1.53 mmol, 
 Al2O3 1.33 mmol,  TiO2 1.04 mmol,  Fe2O3 1.20 mmol. This 
confirms that the amount of calcium added into the experi-
mental system (0.1 mmol) could be completely adsorbed by 
each of four oxide dispersions.

SiO2 and  Al2O3 have similar and fairly low ability to 
adsorb  Ca2+ ions at pH up to 9 (Fig. 4) compared with the 
other oxides. In Fig. 4 one can notice that the surface cover-
age curves for silica and alumina almost overlap. It would 
seem that the negatively charged surface of silica strongly 
adsorbs  Ca2+ and thus an opposite effect can be expected for 
the positively charged alumina. This means that electrostatic 
interactions between the calcium ions and the surface of both 
oxides are not crucial for adsorption. Additionally, it follows 
from Fig. 2 that a high concentration of electrolyte weakens 
the interactions between  Ca2+ and the surface. For  Fe2O3 
(maghemite) adsorption of  Ca2+ is slightly higher than for 
silica and alumina. Interestingly, maghemite and to a small 
extent silica are capable of  Ca2+ sorption even in the acidic 
range of pH (for  Fe2O3 below its PZC).

On the other hand,  TiO2 is the most efficient adsorbent 
for calcium ions. These observations suggest that there could 
be another factor than electrostatics which controls calcium 
adsorption on oxides. The Born solvation and crystal-
chemical theory of ion adsorption on metal oxides enables 
explanation of these observations (Sverjensky 2005, 2006). 

Titanium dioxide has a very high dielectric constant (com-
pared with those of silica and alumina) which indicates that 
the solvation contribution opposing adsorption disappears 
in this case.

Kosmulski (1994) noted that the adsorption of calcium on 
silica and alumina was independent of temperature. It means 

Table 1  The predicted equilibrium constants (log K) of the assumed surface reactions used in the GEOSURF program

a SiO2 properties:  Ns = 4.6 sites  nm−2;  c1 = 1.3 F  m−2,  c2 = 0.1 F  m−2

b Al2O3 properties:  Ns = 8 sites  nm−2;  c1 = 1.2 F  m−2,  c2 = 1.2 F  m−2

c These parameter values for silica have no effect on the quality of the fit and have been chosen arbitrarily since the exact PZC value for this oxide 
is unknown
Where  Ns denotes the site density,  c1,  c2 are the inner-layer and outer-layer capacitances in 2-pK TLM, respectively
> SOH represents the surface hydroxyl groups on the oxides
The equilibrium constants refer to the hypothetical 1.0 M standard state

Reaction SiO2
a Al2O3

b

log K log K

> SOH + H+ → > SOH2
+ − 0.1c 6.1

> SOH → > SO− +  H+ − 7.0 − 11.5
> SOH + K+ → > SO−_K+ +  H+ − 6.8 − 9.2
> SOH + H+ +  Cl− → > SOH2

+_Cl− 0.1c 8.3
> SOH + Ca2+ +  H2O → > SO−_CaOH+ +  2H+ (mononuclear complex on β-plane) − 14.5 − 16.8
4(> SOH) +  Ca2+ → ( > SOH)2(> SO−)2_Ca2+ +  2H+ (tetranuclear complex on β-plane) − 7.0 − 10.0
4(> SOH) +  Ca2+ +  H2O → ( > SOH)2(> SO−)2_Ca(OH)+ +  3H+ (tetranuclear complex on β-plane) – − 18.2
> SOH + Ca2+ → > SOH…Ca2+ (mononuclear complex on d-plane) 0.0 –
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Fig. 4  The pH-dependence of  Ca2+ surface coverage in the 0.1  M 
KCl + 1 mM  Ca2+ for the oxide concentration of 10 g  dm−3. The sur-
face coverage was calculated by dividing the number of adsorbed cal-
cium ions (in millimoles) by the total number of adsorption sites. The 
adsorption data for titania and maghemite are taken from the paper by 
Szymanek et al. (2020) (Color figure online)
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that the enthalpy of this process is close to zero. It follows 
that calcium adsorption occurs as a result of an increase in 
entropy in the system during the accumulation of calcium 
ions at the surface. This confirms the importance of changes 
in solvation for the adsorption of these ions.

In the alkaline environment (pH > 9) there is observed 
strong calcium binding to the oxide surface probably due 
to enhanced formation of hydrolyzed species Ca(OH)+ at 
the surface.

As can be seen calcium adsorption depends on differ-
ent factors influencing its magnitude and mechanism (e.g. 
ionic strength (Kosmulski 1994), the presence of other ions 
(Döpke et al. 2019)).

3.3  Electrokinetic potential

In order to study the adsorption phenomenon more pro-
foundly, electrokinetic measurements were conducted. The 
experimental data are shown in Fig. 5 versus the modeling 
results. In the case of amorphous silica the negative value of 
the ζ-potential was reported in the almost entire pH range of 
3–9. The determined IEP for alumina was equal to the PZC 
value of 8.8 which was within the range of the previously 
investigated IEP values (Izrael Živković et al. 2015; May-
ordomo et al. 2018; Ruchomski et al. 2018). Moreover, the 
results reported in the literature for silica (Kosmulski et al. 
2002) and alumina (Izrael Živković et al. 2015) were quite 
consistent with the zeta potential curves obtained by us. 

Comparing the results with and without calcium ions, rais-
ing of the ζ-potential curves was found for both oxides due 
to the calcium adsorption. In the case of silica, a decrease in 
the zeta potential absolute value was observed. For alumina 
the electrokinetic potential became positive in the whole 
studied pH range. Moreover, the silica system with  Ca2+ 
showed negative zeta potential values as presented also in 
the paper by Janusz et al. (2003). As regards  SiO2 the curves 
from the electrokinetic measurements overlapped up to pH 
about 6 and then started to separate where the significant 
 Ca2+ sorption occurred in compliance with the adsorption 
experiment (Fig. 3, left top panel) and with the net proton 
surface charge data (Fig. 2, left bottom panel). In the case 
of  Al2O3 the curve separation was observed at pH above 
7.5 which also confirmed the beginning of the adsorption 
process presented in Sect. 3.2 as well as in the proton con-
sumption curves (Fig. 2).

The model fitted the electrokinetic data excellently for the 
mineral systems without calcium. Furthermore, the validity 
of recalculation procedure proposed by Sverjensky (2006) 
for the equilibrium constants for the formation of the tetra-
species depending on the solid concentration was confirmed. 
Due to the lower oxide content used in this part of experi-
ment, the surface complexation constants were converted 
for ( > SOH)2(> SO−)2_Ca2+ (log K = − 4.0 for silica, log 
K = − 7.0 for alumina) and for ( > SOH)2(> SO−)2_CaOH+ 
(log K = 15.2). It was found that to obtain the better fit of 
the electrokinetic data for silica in the presence of calcium 

Fig. 5  The pH dependence of ζ-potential of  SiO2 and  Al2O3 disper-
sions with  Ca2+ (filled gray squares) and without (open gray squares) 
likened with the GEOSURF model fitting using the calcium specia-
tion from Fig. 3 (solid line), and the modified speciation (dashed line) 

excluding the tetra-species ( >  SOH)2(>  SO−)2_Ca(OH)+ in the case 
of alumina. The oxide concentration was equal to 1 g  dm−3 and the 
ionic strength to 0.01 M (Color figure online)
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ions, there should be increased the value of log K for the 
formation of the complex ( > SOH)2(> SO−)2_Ca2+. How-
ever, a worse fit of the other data would be obtained (not 
shown in this study). Such an increase of Ca complexation 
constant could be attributed to the higher calcium adsorption 
at a lower ionic strength according to the findings by Kos-
mulski (1994). For  Al2O3 the exclusion of the hydrolyzed 
tetra-species presented in Fig. 5 helped with fitting notice-
ably as it was in the case of maghemite in the previous paper 
(Szymanek et al. 2020). According to Sverjensky (2006) the 
adsorption mechanism may depend on ionic strength and 
solid concentration. It should be mentioned here that GEO-
SURF applies Gouy–Chapman theory of DL, but diffuse 
layer charge is calculated taking into account all aqueous 
ion species, including  Ca2+.

4  Conclusions

We determined the proton surface charge, metal uptake and 
electrokinetic potential for  Ca2+ adsorption on silica and 
alumina because the basic condition for obtaining reliable 
results applying surface complexation modeling is integra-
tion of many types of experimental data for the studied 
system. In our recent paper we made similar measurements 
for calcium adsorption on titanium dioxide and maghemite. 
The applied methodology led us to interesting observations. 
Firstly, the extent of calcium adsorption as a function of 
pH for silica and alumina is very similar and rather low. 
This means that electrostatic interactions between  Ca2+ and 
the oxide surface are not a main driving force for adsorp-
tion because these two oxides are oppositely charged in the 
almost whole investigated pH range. Secondly, calcium ions 
have high affinity for  TiO2. As titanium dioxide has a very 
high dielectric constant compared with silica and alumina, 
this suggests that the changes in calcium ion solvation near 
the surface may have considerable influence on  Ca2+ adsorp-
tion. In our research the modeling of the ζ-potential data 
was the key of verifying the adsorbed metal species. The 
electrokinetic data excluded some  Ca2+ surface complexes 
that appeared necessary to fit other experimental data. Prob-
ably, this discrepancy could be resolved by spectroscopic 
measurements (e.g. EXAFS). The stoichiometry of the cal-
cium complexes on the oxide surface should be considered 
hypothetical, unless it has been verified by spectroscopic 
measurements.

Finally, we would like to mention some limitations of 
the TLM. This model does not take into account the change 
in the structure of interfacial water during ion adsorption. 
Variable surface charge and the accumulation of ions near 
the surface certainly affect the molecular properties of water. 
The 2-pK TLM also assumes that the entire charge of the 
adsorbed ion is located in one plane and not distributed 

between the ions and the oxide surface as suggested by the 
CD-MUSIC model (Hiemstra and Van Riemsdijk 1996).
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