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The effects of univalent metals’ chlorides (LiCl, NaCl, KCl) at different 
concentrations (0.001–0.1 M) on the behaviour of nanosilica (0.5–5 wt.%) 
in aqueous medium are analysed using photon correlation spectroscopy 
(particle size distribution—PSD) and electrophoresis (zeta potential, ). 
The shift of dissociation constant (Ka) estimated for fumed silica hydroxyl 
sites is observed. Such a change in the pKa value is established via quan-
tum-chemical study of the electrolyte–silica surface interaction. The cor-
relation dependence associated with pKa, an effective diameter, and -
potential of silica nanoparticles is demonstrated. 

Методою фотон-кореляційної спектроскопії досліджено вплив концент-
рації (0,001–0,1 M) хлоридів лужних металів (LiCl, NaCl, KCl) на сту-
пінь аґреґації та дзета-потенціял частинок пірогенного кремнезему 
(0,5–5% мас.) у водному середовищі. На основі результатів квантово-
хемічного моделювання взаємодії розчинів електролітів із поверхнею 
кремнезему проведено оцінювання величини зсуву константи дисоція-
ції (рKа) силанольних груп поверхні у присутності гідратованих йонів 
таких солей. Показано кореляційну залежність між цією величиною, 
значеннями ефективного діяметра та дзета-потенціялом наночастинок 
кремнезему, що досліджувався у зазначених розчинах. 

Методом фотон-корреляционной спектроскопии исследовано влияние 
концентрации (0,001–0,1 M) хлоридов щелочных металлов (LiCl, NaCl, 
KCl) на степень агрегации и дзета-потенциал частиц пирогенного 
кремнезёма (0,5–5 масс.%) в водной среде. На основании результатов 
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квантово-химического моделирования взаимодействия растворов элек-
тролитов с поверхностью кремнезёма оценены величины сдвига кон-
станты диссоциации (pKa) силанольных групп поверхности в присут-
ствии гидратированных ионов таких солей. Показана корреляционная 
зависимость между этой величиной, значениями эффективного диамет-
ра и дзета-потенциала наночастиц исследуемого кремнезёма в указан-
ных растворах. 

Key words: nanosilica, metal chlorides, aqueous suspension, particle size 
distribution, zeta potential. 
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1. INTRODUCTION 

Pyrogenic (fumed) silica (PS200) is widely used as sorbent and car-
rier in drug delivery (medicine, biotechnologies, etc.) due to its 
physical and chemical properties, such as well-developed surface, 
chemical inertness, significant adsorption capacity [16]. Addition-
ally, it can interact with different biomolecules. For instance, ami-
no acid, bilious acid and proteins depending on the method of appli-
cation [3–7]. The buffer solution of NaCl (CNaCl0.9 wt.%) is often 
used in various studies of interactions of silica surface with these 
molecules because sodium chloride is present both in blood plasma 
and histic liquid of organism (at the concentration of CNaCl0.9 
wt.%). It is the most important inorganic compound keeping osmot-
ic blood pressure and extracellular liquid [8, 9]. Thus, the investi-
gations of mechanisms of the silica surface interaction with electro-
lytes in aqueous media are of principal importance and actual at 
present time. 
 Electrical double layer (EDL) is the thin surface layer, which con-
sist of separated oppositely charged ionic sites. EDL occurs on in-
terface of two or more different phases. Formation of EDL can sig-
nificantly affect the rate of electrode processes (i), adsorption of 
various ions and neutral molecules (ii), dispersion system stability 
(iii), wettability (iv), and so forth. In biological systems, the for-
mation and destruction processes of the EDL on cellular membranes 
are associated with the propagation of electrical pulses inside nerve 
and muscle fibres [1017]. 
 Zeta potential () is one of the key parameters of EDL. It is a 
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physical quantity characterizing the slipping plane. The value of  
is determined by free counterions localized within the diffusion lay-
er. Furthermore,  enables evaluating electrokinetic phenomena in 
the interface [10–14], depends on the morphology and nature of sil-
ica surface [3]. Both sign (/) and magnitude of  derived from the 
study of electrokinetic phenomena are used for the characterization 
of surface electrical properties in the cases of adsorption, adhesion 
and aggregative stability of colloid systems. Therefore, the value of 
zeta potential of nanoparticles allows making a conclusion about 
both of their potential activity and adsorption ability [3, 4, 10–14]. 
 EDL can be described in terms of proton-donor parameters of sili-
ca surface, such as a dissociation constant (pKа) of silanol sites in 
the presence of electrolytes. For accurate grasp of the silanol-sites’ 
ionization mechanisms and impact of a variety of salts, it is neces-
sary to study processes at the molecular level. The information can 
be obtained with quantum-chemical calculations of spatial and elec-
tronic structure of certain molecular models corresponding to the 
adsorption complex of a hydrated ion on the fumed silica surface. 
Thus, the influence of the hydrated chloride alkaline metal ions up-
on the structure and protolytic properties of silanol sites is mod-
elled here. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Pyrogenic (fumed silica (nanosilica) PS200 (pilot plant at the Insti-
tute of Surface Chemistry, Kalush, Ukraine; 99.8% purity) has the 
specific surface area SBET232 m2/g corresponding to the average 
radius of primary nanoparticles aav3000/(0SBET)5.88 nm, where 
0 is the density of fumed silica (02.2 g/cm3). 

2.2. Experimental Setup 

Electrophoretic mobility and particle size distribution (PSD) inves-
tigations were performed using a Zetasizer 3000 or a Zetasizer 
Nano ZS (Malvern Instruments) apparatus using a universal dip cell 
(ZEN1002) and a disposable polystyrene cell (DTS0012) for zeta po-
tential measurements [4, 18]. Distilled water with certain amounts 
of dissolved salt (0.001–0.1 M LiCl, NaCl, KCl) and nanosilica 
PS200 (5–50 g per 1 dm3 of aqueous solution of a salt) were utilized 
to prepare suspensions sonicated for 2 min using an ultrasonic dis-
perser (Sonicator Misonix; 500 W power, 22 kHz frequency). The 
suspensions were equilibrated for 24 h. 
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 According to the Smoluchowski theory [12–17], there is a linear 
relationship between the electrophoretic mobility Ue and the  po-
tential: 

 Ue , (1) 

where  is a constant for a thin EDL at a1 (where a denotes the 
particle radius, and  is the Debye–Hückel parameter). For a thick 
EDL (a1), e.g., at pH close to the isoelectric point (IEP), the 
equation with the Henry correction factor is more appropriate: 

 Ue2/(3), (2) 

where  is the dielectric permittivity; and  is the viscosity of the 
liquid [10–17]. Numerical values of  and  are set during the 
measure. 
 Ohshima obtained a general mobility expression for a swarm of 
identical spherical colloidal particles in the concentrated suspen-
sions [16, 17], which gives the results close to Eq. (1) at a100 
(this is typical for other theories of electrophoresis more exact than 
the Smoluchowski theory; i.e., under this condition, the Smolu-
chowski equation is well suited and, therefore, widely utilized, but 
strongly differ at a10 [3, 4, 19–23]. 
 The photon correlation spectroscopy (PCS) is a powerful physical 
method successfully applied to solve various problems in many 
technological and scientific branches such as colloidal chemistry, 
biochemistry, biophysics, molecular biology, food technology, etc. 
PCS is based on measurement of spectral characteristics of induced 
monochromatic coherent light after passing it through liquid with 
possibility of particles registration due to the Doppler effect. The 
hydrodynamic diameter (or effective diameter, Def) of particles can 
be 10–15% more than geometrical one [4], and it also can get var-
ied in range from 2.0 tо 10000.0 nm. 
 An average size value can be estimated in respect to the intensi-
ty: 

  6 5

ef
/

i i i i

i i

D Nd Nd , (3) 

and particle volume (or weight): 

 4 3
/

V i i i i

i i

d Nd Nd  , (4) 

where di and Ni are diameter and number of i-th particles, respec-
tively [3, 4, 23]. 
 The quantum-chemical calculations of spatial and electronic 
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structures of the molecular models attributed to the adsorption 
complex of hydrated salt ions on the fumed silica surface were per-
formed by means of the theory electron density functional in com-
bination with the exchange–correlation functional B3LYP and split 
valence basis set 6-31++G(d, p). The influence of aqueous medium 
was taken into consideration involving the model of solvent SMD 
(CPCM). As the model of silica surface was chosen the Si8O12(OH)8 
cluster (Figs. 3–5). All calculations were made via the US GAMESS 
program packages. The methods of the calculation are described in 
detail in [24]. 
 The Gibbs free energy of reaction (Greac) of acid dissociation of 
silica surface silanol sites at 298 K was calculated according to the 
equation (5) [25–27]: 

 GreacGtransGrotGvib; (5) 

in this formula, GreacG
0
298(products of reaction)  G

0
298(reactants), 

G0
298EtotZPEG0298 K, and Etot is the full energy of correspond-

ing optimized structure, energy of zero-point oscillations (ZPE) and 
the value adjustments G0298 K. The values above were obtained by 
diagonalization of the Gauss matrixes of reaction products and rea-
gents. Within the fixed rotor and harmonic oscillator approxima-
tion, these values were determined as the sum of the contributions 
of translational, rotational and vibrational motions at design tem-
perature. The interaction of vibrational and rotational degrees of 
freedom was neglected. 
 Acid dissociation constant (pKа) is connected with the Gibbs en-
ergy (Greac) of reaction SiOH SiOH


s according to the equa-

tion: 

 рKаGreac/(2.303RT), (6) 

where R is universal gas constant and Т is absolute temperature. 

3. RESULTS AND DISCUSSION 

3.1. Results 

The investigations of PS200 aqueous suspensions at concentrations 
of solid phase from 0.5 wt.% to 5 wt.% (in absence of any indiffer-
ent electrolytes [10, 11]) indicate negative values of zeta potential 
which are changed vs. increase of solid phase concentration in the 
range from 30 tо 10 mV, respectively (Fig. 1, а). It can be at-
tributed to the presence of ionogenic hydroxyl sites on the silica 
surface. It is precisely the surface density of ionized sites that is 
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responsible for specific silica-surfaces’ charge. 
 Addition of alkaline metal chlorides into the silica suspension 
strongly affects influences the zeta potential of SiO2–water–MeCl 
system. A growth of the salt concentration is accompanied by a de-
crease in the negative value of the zeta potential toward zero (Fig. 
1, b). This can be caused by the adsorption of metal cations onto the 
silica surface or their distribution in the EDL near the slipping 
plane at the highest concentration of nanosilica (5 wt.%). 
 The effect of cation K


 on -potential is stronger than that of Li


 

and Na

 (Fig. 1, b). This is due the increase of ion exchange effi-

ciency with increasing cation radius according to the well-known 
lyotropic series (Li


Na


K


) [10–15]. 

 These ions are more inclined to polarization and exhibit a marked 
ability to be attracted toward oppositely charged surface. Moreover, 
there are the bigger radius of the ion and the less radius of its hy-
dration shell at the constant charge. The presence of that hydrated 
sheath reduces the electrostatic interaction between cations and 
particles surface preventing adsorption of the ions. 
 The PSD demonstrate the formation of primary silica nanoparti-
cles (10 nm), their aggregates (30 nmdv1 m) and agglomer-
ates (dv1 m) with the main contribution of aggregate (Fig. 2) [2, 
23]. Bi- and trimodal size distribution of silica particles in aqueous 
suspension without addition of any electrolyte is observed (Fig. 2, 
a). It is obvious that there are individual primary particles (16 nm), 
their aggregates and agglomerates thereof (300–1000 nm) also 
formed. 
 Aggregation degree of nanosilica particles depends on both the 

  
    a    b 

Fig. 1. Zeta potential as a function of PS200 concentration in electrolyte-
free aqueous suspension (a) and in the presence of electrolytes (b): ●—LiCl, 
■—NaСl, or ▼—KCl (in solution at СPS2005 wt.%). 
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dispersion media and particle characteristics—particles’ size distri-
bution and рН, which influences degree of dissociation of surface 
silanols, i.e., affects the surface charge density. In fact, chemical 
bonds between particles of PS200 found in aggregates are absent. 
Mainly, the interactions are provoked by the van der Waals attrac-
tion and electrostatic repulsion [3, 23]. Electrolyte addition into the 
SiO2–water system results in irregular charge distribution (1) and 
change of EDL thickness (2) in contradistinction from those of salt-
free SiO2–water. It makes an impact on the interaction between sili-
ca nanoparticles. 
 The addition of alkaline metal chlorides leads to significant 
changes in nanosilica particles distribution in the SiO2–water–MeCl 
system and causes the aggregation of primary PS200 particles (Fig. 
2, b). The size of the aggregates considerably depends on the cation 

  
a      b 

 
c 

Fig. 2. Particle size distributions with respect to: (a) the light scattering 
intensity, particles volume and number at CPS2005 wt.% in electrolyte-
free aqueous suspension; (b) the particle volume at CPS2005 wt.% and 
CMeCl0.01 M; (c) effective diameter of particles (determined from the 
light scattering intensity) as a function of the salt content (0.001–0.1 M) 
for LiCl, NaCl, and KCl at CPS2005 wt.% in the suspensions. 
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character. Li

 cation is the largest in line R(Li


)R(Na


)R(K


). 

Hence, the aggregates of size less than 330 nm do not exist in the 
presence of more hydrated Li


 cations (Fig. 2, b). The diminution of 

cation hydrated radius leads to two phenomena: (i) conversion in 
the PSD from monomodal (LiCl)-to-bimodal (NaCl, KCl) distribution 
profiles; (ii) addition of NaCl, KCl result in aggregates size chang-
ing vs. cation hydrated radius: 50 nm for R(Na


) and 33 nm for 

R(K

) (Fig. 2, b). 

 It is worth noting that the salt addition into SiO2–water system 
causes destruction of large aggregates (of about 1 µm), which are 
observed in this system without any electrolytes and formation of 
stable PS200 aggregates (of 330 nm) (Fig. 2, b). 
 The conversion of MeCl concentration from 0.001 tо 0.1 М in the 
SiO2–water–MeCl system leads to the diminution of the average ef-
fective diameter (Def) of nanosilica particles down to 180–270 nm. 
(Fig. 2, c). The maximal value of Def at СМеСl0.1 М is observed. 
The values of the average effective diameter of nanosilica aggre-
gates are increased with cation hydrated radius in the order 
R(Li


)R(Na+)R(K


) (at СМеСlсоnst; Fig. 2, c). 

3.2. Quantum-Chemical Calculations 

Modelling the structure of the hydration shells of alkaline earth 
chlorides and chlorine anion were found that Li


 cation is surround-

ed with water molecules (n4) in the first hydration shell. Howev-
er, surrounding of Na


 and K+ cations is characterized by higher 

amount of H2O molecules (n6). Previously, the dissociation of si-
lanol groups without any electrolyte was discussed in [24]. Since 
cations of alkaline metal chlorides can interact with non-dissociated 
(similar contacts are present in the crystal structure of sodium hy-
drosilicates) as well as with deprotonated silanols according to the 
scheme: 

SiO

Na


 SiO---Na


, 

it is essential to consider both cases in order to compute the disso-
ciation constant value and its change in the presence of electrolyte 
ions. Thus, as a result of the calculation, true values of the dissoci-
ation constants will not be obtained, but they may be apparent. The 
difference between these results is caused by polarization effect of 
electrolyte ions. By means of this one, the change in ionic strength 
in the electrolyte solution is reflected. 
 Figure 3 shows the equilibrium complex structure consisting of 
Li


, Cl


, nine water molecules and silica cluster with eight silicon-

oxygen tetrahedra. 
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 The distance between Li

 cation and oxygen atom of non-

dissociated silanol group is 4.46 Å (Fig. 3, а), and in the case of the 
deprotonated silanol group, it is equal to 4.43 Å (Fig. 3, b). The 
length of the bond between Li


 cation and O atom of water molecule 

in the first hydration shell is 1.96–1.97 Å (Fig. 3). This result sup-
ports the suggestion that oxygen atom of silanols does not enter the 
coordination sphere of Li


 cation. This can be explained by Li


 cati-

ons ability to coordinate a water molecule, which the presence pre-
vents the formation of bonds between Li+ cation and oxygen atom of 
Si–OН group on the nanosilica particle surface. Hence, Li


 cation 

interacts with active centres of nanosilica surface (Si–OН) by water 
molecules from its hydration shell, in other words, by way of elec-
trostatic mechanism. Unlike complex having Li+ and Cl– ions, the 
distances between Na+ cation and oxygen atom in non-dissociated 
(Fig. 4, а) and deprotonated (Fig. 4, b) silanols in the complex with 
hydrated Na+ and Cl– ions are 2.50 Å and 2.36 Å, respectively. It is 
should be noticed the distance between Li+, Na+ cations and oxygen 

 
a      b 

Fig. 3. The equilibrium complex structure containing Si8O8(OH)8 cluster, 
nine water molecules, and Li+Cl– ion pair: (а) molecular state, (b) dissociat-
ed silanol state. The bond lengths are expressed in Å. 

http://www.multitran.ru/c/m.exe?t=4541604_1_2&s1=%F2%EE%20%E5%F1%F2%FC
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atom of non-dissociated silanol is larger than that between cation 
and oxygen atom of water molecule in the first hydrated shell 
(2.420.02 Å). It points to the fact of incorporation of silanol oxy-
gen atom into the coordinating sphere of Na


 cation. 

 This process is accompanied by the dissociation of silanol sites at 
high рН values (more than 7) according to the scheme: 

SiOHNa

 SiO---Na


H


. 

 A similar dependence for complexes having hydrated cations K

 

and Cl– (Fig. 5) is observed. The distance K+-----O(H)–Si is 2.96 Å 
(Fig. 5, а). The distance from K-----O--Si is 2.81 Å (Fig. 5, b). 
Since the distance between cation and oxygen atom of water mole-
cule in the first hydrated shell is 2.800.04 Å, we are can to con-
firm that silanol oxygen atom has to do with the first coordinating 
sphere of this cation. 

 
a      b 

Fig. 4. The equilibrium complex structure containing Si8O8(OH)8 cluster, 
nine water molecules, and Na


Cl


 ion pair: (а) molecular state, (b) dissoci-

ated silanol state. The bond lengths are expressed in Å. 



 ZETA POTENTIAL AND DEGREE OF THE AGGREGATION OF NANOPARTICLES 399 

 Calculated values of dissociation constants of cluster silanols 
Si8O12(OH)8 in the presence of hydrated ions of alkaline chloride 
metal are shown in the Table (nine water molecules were taken into 
consideration too). The obtained values of apparent pKa are func-
tions of chemical character of cations (Li


Na


K


). This gives 

 
a      b 

Fig. 5. The equilibrium complex structure containing Si8O8(OH)8 cluster, 
nine water molecules, and K


Cl– ion pair: (а) molecular state, (b) dissociat-

ed silanol state. The bond lengths are expressed in Å. 

TABLE. The Gibbs free-energy change (Greac) of deprotonation, and disso-
ciation constant (рKа) of silanol of Si8O12(OH)8 cluster under the interac-
tion with hydrated complexes of LiCl, NaCl, KCl. 

Complex Greac, kJ/mole pKa 

LiCl9Н2ОSi8O12(OH)8 39.76 6.97 

NaCl9Н2ОSi8O12(OH)8 35.65 6.25 

KCl9Н2ОSi8O12(OH)8 32.61 5.71 
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reason to conclude that acidic properties of the silica surface silanol 
groups are enhanced with increasing of cation radius (Li


Na


K


). 

 It should be noticed that the values of silica pKa in the presence 
of alkaline chloride metals correlate with the values of average ef-
fective diameter Def at СМеСlconst (Fig. 2, Table). 
 Thus, the negative charge of silica surface will increase and it 
results in less degree of aggregation of silica nanoparticles (primary 
and aggregates) due to the Coulomb repulsion. The measurements of 
the рН values of aqueous nanosilica suspension were performed in 
the presence of LiCl, NaCl, KCl (Fig. 6). 
 The data obtained confirm the increase of negative charge on the 
silica surface accompanied by changing nature and concentration of 
electrolyte. Therefore, experimental and quantum-chemical methods 
provide the results, which give us grounds to expect that the main 

  
a      b 

 
c 

Fig. 6. рН as a function of electrolyte concentration (МеСl, МеLi

, Na


, 

K

) at СPS2000.5 and 5 wt.% in the SiO2–water–MeCl system. 

http://www.multitran.ru/c/m.exe?t=3502081_1_2&s1=%F3%F1%E8%EB%E8%E2%E0%F2%FC%F1%FF
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case of electrolyte native influence on aggregation and zeta poten-
tial of nanosilica particles in aqueous media is the different effects 
of Li+, Na+ and K+ cations on apparent dissociation constant value 
of nanosilica surface silanols. Based on the results of this investiga-
tion, we can formulate that it is possible to exert control of the ac-
tivity and sorption capacity of silica nanoparticles by the variation 
of the electrolyte concentration in the silica suspension. Further-
more, the morphological properties of the particles in an aqueous 
medium can be also operated by this way. 

4. CONCLUSIONS 

The results indicate that nanosilica particles distribution, the 
change of average effective diameter (Def) of nanosilica particles in 
the SiO2–water–MeCl system, and electrokinetic behaviour (zeta po-
tential) of suspensions considerably depend on the salt concentra-
tion and the types of cations (LiCl, NaCl, KCl). The value of zeta 
potential has been shown to approach zero with increase of the mo-
lar electrolyte concentration to 0.1 М in the case of univalent cati-
ons. It should be noted that Def and zeta potential are symbately 
changed in the order as follows: R(Li+)R(Na


)R(K


). This is also 

confirmed with results of quantum-chemical calculations and esti-
mated thermodynamic parameters agreeably to the lyotropic series 
shown above. 
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