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Size and roughness dependent temperature effects on surface charge of 
silica nanoparticles 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Nanoparticle surface charge increases 
with increasing temperature. 

• Temperature effects on surface charge 
change with particle size and surface 
condition. 

• Temperature dependent ionic diffusion 
and surface charge regulation were 
considered. 

• Temperature dependent solution of PNP 
with charge regulation is presented. 

• A model for nanoparticle charging is 
extended from analytical solution.  
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A B S T R A C T   

Silica nanoparticles (SNP) with different sizes and surface areas are used in numerous micro/nanofluidic ap-
plications, while their surface charge properties play a major role in their function. In many of these applications, 
SNPs also undergo temperature variation. We present that an increase in temperature yields a substantial in-
crease in SNP surface charge depending on nanoparticle size and surface roughness, which cannot be estimated 
by existing theory. As a continuation of our earlier work characterizing the deviation of SNP surface charging 
from theoretical predictions due to curvature and EDL overlap effects, this study presents the differentiation from 
the theory in temperature dependence under various conditions. As we calculate surface chemistry as a function 
of local ionic conditions (Charge Regulation), temperature variation changed the equilibrium constants of pro-
tonation/deprotonation reactions of the SNP surface, in addition to changes occurring in relative permittivity 
and ionic mobilities. Results show that variation of SNP surface charge by temperature decreases by decreasing 
particle size and/or increasing roughness size, compare to theoretical flat plate calculations considering similar 
temperature-dependent properties and charge regulation on the surface. We characterized these deviations by 
obtaining an “electrokinetic similarity” between different systems of various size and roughness at various ionic 
conditions based on the non-dimensional groups of λ/DP and λ/DR. Based on these, we devised a phenomeno-
logical model as an extension to the flat plate theory to successfully predict the surface charge of SNPs as a 
function of the particle size, roughness size, and temperature. The current findings are important for the char-
acterization of SNPs through temperature variations and can also be used to adjust the surface charge of SNPs by 
tuning the temperature.  
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Surface electric property of silica nanoparticles (SNP) plays a key 
role in numerous micro/nanofluidic applications including bio-imaging 
[1,2], bio-sensing [3], bio-catalysis [4,5], drug delivery [6–8], and gene 
delivery [9–11]. During these processes, variation in temperature de-
velops due to various forms of heat dissipation, e.g. Joule heating. By 
changing temperature, physical properties of the surrounding electro-
lyte as well as the surface chemistry of the particle undergo a 
temperature-dependent behavior which creates significant variation in 
the surface charging of SNPs. 

Strong temperature variation develops, for example, during capillary 
electrophoresis due to Joule heating when an electric field is applied 
through an electrolyte solution. During electrophoresis, the viscosity 
and permittivity of the liquid medium, the diffusivity of ionic species, 
and physicochemical reactions on the particle surface vary by temper-
ature. Multiple studies focused on the temperature dependent electro-
phoretic behavior of SNPs. For example, temperature effects on capillary 
electrophoresis as an increasing sample velocity is described theoreti-
cally [12], numerically [13], and experimentally [14]. While the vari-
ation of surface electric properties appears a complication to be 
considered for a successful electrophoresis-based application, it also 
emerges as a mechanism to control/manipulate the associated physics. 
This idea was implemented in a nanofluidic gating mechanism known as 
“Thermal Gate” where heating up and cooling down channel surface 
controls the ionic transport [15]. Similarly, temperature has been found 
to be a key determinant in salinity-gradient-driven energy conversion 
processes [16]. Simply, temperature increases the ionic transport by 
increasing the ionic mobility and silica surface charge [15,17–19]. 
Hence, multiple studies have been dedicated to investigate temperature 

dependent variation of surface charge of silica. Overall, silica surface 
charge is found to increase by increasing temperature as a result of the 
change in the association/disassociation reactions and ion adsorption on 
the surface [17]. Such response of surface physicochemistry to tem-
perature change can be captured only by considering so-called “Charge 
Regulation (CR)” nature of the surfaces [20]. CR has been observed by 
multiple experiments in surface force measurements by colloids [21,22] 
and AFM [23,24]. Since then, researchers have attempted to apply CR 
into calculations using active charge models as boundary conditions to 
resolve surface charging of silica nano-channels [25–29], nano-pores 
[30–33], mesoporous systems [34,35], and nanoparticles [36–38]. 
Specific for temperature dependence, Hsu et al. focused on a 20 nm SNP 
and showed that its electrophoretic mobility increases up to 40% with a 
5 K increase in temperature. However, temperature dependent surface 
charging of SNPs at different particle sizes and surface conditions has 
not yet been described. 

With the help of recent techniques, various forms of SNPs with 
different particle sizes and surface conditions have been synthesized. For 
such nano-systems, particle size and surface condition determine the 
local variation of the ionic concentration as well as the resulting electric 
potential at the surface. First, a decrease in overall particle size develops 
curvature effects so that the ionic condition around the particle diverges 
from a flat surface. Curvature effects are due to the decreased surface to 
volume ratio from the decrease in particle diameter as observed through 
several studies [36,39,40]. Second, the surface structures of either 
naturally developed or engineered surface patterns/roughness create 
local variation of ionic distribution which differs from existing flat 
surface theory. In the case of a nanoparticle roughness composed of 

Fig. 1. Schematic illustration of the simulation domain consisting of patterned silica surface and four different ionic species with natural silanol groups of sil-
ica surface. 
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valleys and hills, ionic layers in valleys extending from opposing convex 
surfaces overlap while curvature effects develop over the concave sur-
faces at the hills of the surface roughness. Such local variation of electric 
charge as a function of the surface nano topology was observed by a few 
studies through AFM measurements [41] and numerical simulations 
[42,43] over planar surfaces. Recently, we studied the charge of SNPs 
and planar surfaces with varying size of surface nanopatterns/roughness 
[44,45]. While lower and higher charges were observed at the pits and 
the tips of surface pattern, the average of local surface charges became 
lower than the theoretical predictions. Based on the numerical calcu-
lations, phenomenological models were developed as an extension to the 
existing flat surface theory to predict the average surface charge on a 
nano patterned flat surface and SNP as a function of the surface pattern 
size, ionic concentration and pH, and particle diameter [44,45]. 

Our objective is to resolve temperature effects on SNP surface charge 
at different particle diameters and surface conditions. Poisson-Nernst- 
Planck equations will be solved using a multi-ion charge regulation 
model [36,37]. Surface protonation and deprotonation reactions at the 
solid/liquid interface will be considered using the active charge model 
defined on surface boundaries. Temperature dependent variation in 
permittivity, ionic mobility, and equilibrium constants of the surface 
reactions are assessed coupled with CR calculations. We will provide 
general characterization for temperature dependent surface charge 
behavior of SNPs. We will test the solution of current theoretical cal-
culations and develop extended phenomenological models to correct 
them. 

1. Theoretical background and mathematical model 

We considered a rough silica nanoparticle with diameter DP while a 
representative nano-roughness/pattern in the form of repeating concave 
and convex circles were formed as a function of roughness diameter DR, 
as illustrated in Fig. 1. This surface pattern allows surface structures to 
be controlled by simply varying the single quantity DR and perform a 
parametric study by systematically varying it. Furthermore, the 
charging mechanisms developing on the circular pattern are similar to 
the flat surface nanoparticles previously studied [44] and validated with 
our earlier work [45]. The liquid phase is considered as KCl (i.e. sym-
metric 1:1) aqueous electrolyte solution consists of 4 types of ionic 
species namely; H+, K+, Cl- and OH- ions with their bulk values being 
c10, c20, c30, and c40, respectively. These bulk concentrations are taken 
as: c10 = 10− pH+3, and c40 = 10− (14− pH)+3 while c20 = cKCl, andc30 
= cKCl +c10 − c40 for pH < 7, or c20 = cKCl + c10 − c40, and c30 = cKCl for 
pH > 7 [30,46–48]. 

When a solid surface meets with an electrolyte, protonation/depro-
tonation reactions develops on the solid/liquid interface such that the 
surface will be charged due to surface chemical reactions and adsorption 
of ions. Surface charge creates an ionic accumulation on the surface. 
Generally, ionic distribution in surface normal direction can be defined 
with the Boltzmann distribution (BD) [49–51]. Combining with the 
Poisson equation, Poisson-Boltzmann (PB) equation describes the elec-
tric potential distribution through the ionic layering also called electric 
double layer (EDL). PB can be solved analytically under certain as-
sumptions. First, the Debye-Hückel simplification [52] is required which 
is valid for surface electric potentials lower than 25 mV. Second, sur-
faces should be flat without any curvature effects and overlap of EDLs of 
opposing surfaces. However, the electric potential of SNPs can get values 
higher than 25 mV while particle diameters smaller than 50 nm develop 
curvature effects and surface structures develop EDL overlaps. For this 
case, instead of Boltzmann Distribution, the Nernst-Planck equation 
should be used to calculate ionic mass transport that we will employ 
Poisson-Nernst-Planck (PNP) equations in our calculations. First, elec-
tric potential distribution within the EDL obeys the Poisson equation 
that is presented in Eq. (1). In this equation, ψ is the electric potential, 
ε0 is the permittivity of vacuum, εr is the relative permittivity of the 
electrolyte solution, F is the Faraday constant, and zi, is the valence of 

the ith ionic species (i = 1 for H+; i = 2 for K+; i = 3 for Cl-; i = 4 for 
OH-) respectively. 

− ε0εr∇
2ψ = F(zici) (1) 

The extension of EDL from surface is characterized by the debye 
length (λ). Debye length can be evaluated using Eq. (2). Boltzmann and 
Avogadro constants are denoted by kB and NA, respectively while T is the 
temperature and e is the elementary charge. 

λ =
1
κ
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε0εrkBT

NAe2
∑

cizi
2

√

(2) 

Next, ionic mass transport is governed by Nernst-Planck equation as 
shown in Eq. (3). Here, N→i is the flux density, R is the universal gas 
constant, Di is the diffusivity, and T is the temperature. Concentrations 
of ionic species are maintained at their bulk values at far ends of the 
reservoir domain and no flux of ionic species is allowed through the SNP 
surface. 

∇.N→i = ∇.

(

− Di∇ci − zi
Di

RT
Fci∇ψ

)

= 0 (3) 

Combination of Eqs. (1) and (3) forms the steady-state PNP equa-
tions. As a surface boundary condition, constant surface charge [9,53], 
or constant potential [54] are frequently employed in the solution of 
PNP equations in the literature. However, enforcing constant surface 
charge or potential at the interface does not represent physical response 
of the surface chemistry. The surface reactions develop based on the 
local ionic environment at the interface that neither surface charge nor 
potential remain constant. Instead, both of them undergo variation in 
response to the variation in ionic distribution and create a new equi-
librium accordingly. In this case, the nature of surface psychochemistry 
should be calculated using a proper CR model. We employed the pre-
viously developed multi-ion charge-regulation model [36,37]. Hence, 
electric potential and surface charge density on the surface are coupled 
as, 

− ε0εr n→.∇ψ = σw (4)  

where σw is the surface charge density. Surface charge density is defined 
by an active surface charge model to calculate CR nature of the silica as a 
function of surface psychochemistry. Silica nanoparticle’s surface in 
contact with an electrolyte solution is charged due to protonation/ 
deprotonation of ions. We considered the following two fundamental 
dissociation/association reactions at the solid/liquid interface as: 

SiOH ↔ SiO− +H+ (5)  

SiOH +H+ ↔ SiOH+
2 (6) 

The corresponding equilibrium constants can be calculated as: 

KA =
ΓSiO− [H+] w

ΓSiOH
, KB =

ΓSiOH+
2

ΓSiOH [H+] w
(7)  

where ΓSiO− , ΓSiOH and ΓSiOH+
2 

are the surface site densities of SiO-, SiOH 
and SiOH+

2 , respectively and [H+] w is the hydrogen concentration at the 
solid/liquid interface. Hence, the surface charge density of the silica 
surface can be defined as: 

σw = −
F Γtotal

NA

KA − KB[H+]
2

w

KA + [H+] w + KB[H+]
2

w
(8) 

Some of the parameters of the above listed equations develop sub-
stantial variation by temperature. First, in the description of the motion 
of a charged chemical species in a fluid medium, relative permittivity 
and ionic diffusivity of the KCl aqueous solution show temperature 
dependence. As we aim to study a relatively dilute aqueous KCl solution, 
corresponding properties are assumed to be same as those of the pure 
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water. The temperature dependence of relative permittivity can be 
expressed as [55–57]: 

εr(T) = exp
[
4.47615 − 4.60128 × 10− 3 × ΔT + 2.6952 × 10− 7 × ΔT2] (9)  

where ΔT = T − 273.15. Next, the temperature dependence of diffu-
sivity of each ionic species can be calculated by Nernst-Haskell equation 
[18,58]: 

Di =
RT
F2

(
λ0

i

|zi|

)

(10)  

where F is the Faraday constant and, λ0
i and zi are the limiting ionic 

conductance and valence of ionic species i. The λ0
i ions in aqueous so-

lution show a strong temperature dependence [59], which can be 
calculated as: 

λ0
i = λ0

i@298.15 +αi1 × ΔT + αi2 × ΔT2 + αi3 × ΔT3 (11)  

where λ0
i @298.15 is the limiting conductance at T = 298.15 K and ΔT =

T − 298.15. The corresponding values of the parameters λ0
i @298.15, ai1, 

ai2 and ai3 for H+, OH− and Cl− ions can be found from the literature as 
tabulated in Table 1 [10,60,61]. 

However, the model parameters for K+ do not exist in literature. For 
such a case, we turned to available experimental measurements. Table 2 

presents the experimental data [62]. With a slight difference, the 
limiting equivalent conductance of K+ and Cl− are very similar to each 
other. We presented the data in Fig. 2. 

Third degree polynomial models described as in Eq. (11) were 
applied to experimental data in Fig. 2. Since the variation of limiting 
equivalent conductance of K+ and Cl− by temperature are very similar, 
we employed the available model parameters for Cl− by simply updating 
the corresponding limiting conductance at temperature T = 298.15 K 
(λ0

i @298.15). Eq. (12) provides successful descriptions of experimental 
measurements where ΔT = T − 298.15. 

λ0
Cl = 76.35+ 1.54037 × ΔT + 0.00465 × ΔT2 − 0.1285 × 10− 4 × ΔT3  

λ0
K = 73.5+ 1.54037 × ΔT + 0.00465 × ΔT2 − 0.1285 × 10− 4 × ΔT3 (12) 

Secondly, the equilibrium constants given in Eq. (7) show variation 
by temperature. Since the current study mostly focused on the behavior 
through the pH range of 5–9, where charge nature of the particle is 
dominated by KA. This was also validated by titration experiments that 
proton adsorption on the surface is unlikely to occur in the normal pH 
range due to the low log KB values [63]. So, we will neglect the tem-
perature dependence of KB and use a constant value (pKB = − logKB 
= 1.9) The temperature dependence of an equilibrium constant is 
defined by the Van’t Hoff equation as a function of temperature and 
standard enthalpy change (ΔrH) of the reaction as [64]:. 

ln
K(T2)

K(T1)
=

− ΔrH
R

(
1
T2

−
1
T1

)

(13) 

Based on the Van’t Hoff isotherm, temperature dependence of KA can 
be described as: 

ln KA =
− ΔrGA

kBT
(14)  

where ∆rGA is the Gibbs energy change of the reaction which can be 
estimated as 9.60257 kcal/mol based on the reactions parameter for 
T = 300 K (pKA = 7, KA = 10-7, and KB = 0.0019872041 kcal/mol K at 
300 K). For the current temperature range (298–348 K) ∆rGA is 
considered as a constant in Eq. (14) to describe temperature dependence 
of KA. 

Finally, Eqs. (1), (3) and (8) are coupled with the Eqs. (9), (10), (12), 
and (14) as, 

− ε0exp
[
4.47615 − 4.60128 × 10− 3 × ΔT + 2.6952 × 10− 7 × ΔT2]∇2ψ

= F(zici)

(15)  

∇.N→i = ∇.

(

−
RT
F2

(
λ0

i@298.15 + αi1 × ΔT + αi2 × ΔT2 + αi3 × ΔT3

|zi|

)

∇ci

−
zi

F

(
λ0

i@298.15 + αi1 × ΔT + αi2 × ΔT2 + αi3 × ΔT3

|zi|

)

ci∇ψ
)

= 0
(16)  

σw = −
F Γtotal

NA

exp
[
− ΔrGA

kBT

]

− KB[H+]
2

w

exp
[
− Δr GA

kBT

]

+ [H+] w + KB[H+]
2

w

(17) 

Eqs. (15), (16) and (17) are solved using COMSOL Multiphysics 
software based on the finite element method. Fig. 3 explains steps of 
numerical calculations. 

The solution procedure is validated by comparing its results with Hsu 
et al. [18], where surface electric potential of a 20 nm diameter flat (no 
roughness) silica particle immersed in 10− 3 M NaCl solution is studied. 
We practiced our procedure using their parameters for NaCl. In Fig. 4, 
surface electric potentials of a 20 nm SNP at pH values of 7 and 9 

Table 1 
Limiting ionic conductance values at 298.15 K and model parameters of Eq. (11) 
to describe temperature dependence.  

Ionic species 
(i) 

λ0
i @298.15 (S × cm2 × mol- 

1)  
αi1  αi2×102  αi3×104  

H+ 349.85 4.81595 − 1.03125 − 0.7670 

OH− 199.20 3.52031 0.82700 0.7120 
K+ 73.50 – – – 

Cl− 76.35 1.54037 0.46500 − 0.1285  

Table 2 
Experimental measurements for the limiting equivalent conductance of K+ and 
Cl− in water at different temperatures from 0 to 100 ◦C from Robinson and 
Stokes [62].   

20 ◦C 25 ◦C 30 ◦C 35 ◦C 40 ◦C 45 ◦C 50 ◦C 55 ◦C 

λ0
K  66.8  73.5  82.5  89.5  97.6  107.3  115.37  123.5 

λ0
Cl  68  76.35  84.6  91  99.2  108.5  117.1  125  

Fig. 2. Variation of limiting equivalent conductance values of K+ and Cl− by 
temperature. Experimental data from Robinson and Stokes [62]. 
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calculated for two different cases. In the first case, temperature depen-
dent surface physicochemistry is neglected so that KA is kept as a con-
stant value in CR calculations. In the second case, we included variation 
of KA as a function of temperature using Eq. (14). Overall, the absolute 
values of surface electric potential of the SNP increases with an increase 
in temperature. While limited changes in surface potential are observed 
in the first case, a substantial increase develops when the temperature 
dependent CR is included. At pH = 7, surface electric potential increases 
more than 15% in the case of a 10 K increase of temperature when the 
temperature dependent KA is considered. A good agreement is observed 
between our calculations and the results of Hsu et al. [18]. This vali-
dation step also shows the importance of considering temperature 
dependent physicochemistry of CR in the characterization of SNP sur-
face electric properties as a function of temperature. 

As an addition, here, we also present the theoretical approximate 
solution for surface charging of a flat planar surface based on Pois-
son–Boltzmann solution derived by Yeh et al. [28]. Based on PB, Eq. (1) 
can be transformed into following form as, 

d2ψ
dx2 = −

1
εf ε0

∑N

i=1
FziCi0exp

(

−
ziFψ
RT

)

(18) 

An approximate solution for above given PB can be obtained by 
assuming the contributions of the ions H+ and OH− to the net charge 
density is negligible. 

d2
(

zFψ
RT

)

dx2 = κ2 sinh
(

zFψ
RT

)

(19)  

where z = z2 = − z3, C0 = C20 = C30 and λD = κ− 1 = (εf ε0RT /
2z2F2C0)

1/2 solution for a planar system yields the well-known Gouy–-
Chapman solution as, 

ψ =
2RT
Fz

ln

⎡

⎢
⎣

1 + exp(− κx)tanh
(

Fzζ
4RT

)

1 − exp(− κx)tanh
(

Fzζ
4RT

)

⎤

⎥
⎦ (20) 

For this solution, the concentration of H+ ions at the solid/liquid 
interface is assumed to obey the Boltzmann distribution as, 

[H+]s = [H+]0exp[(Fζ)/(RT)] (21) 

By substituting Eq. (21) into Eq. (8), we obtain, 

σW = − FNtotal

⎧
⎪⎪⎨

⎪⎪⎩

KA − KB

[

[H+]0exp
(

− Fζ
RT

)]2

KA + [H+]0exp
(

− Fζ
RT

)

+ KB

[

[H+]0exp
(

− Fζ
RT

)]2

⎫
⎪⎪⎬

⎪⎪⎭

(22) 

Combining Eqs. (20) and (22) in Eq. (1) provides an analytical so-
lution with charge regulation for silica surface charge as, 

Fig. 4. Comparison of the surface electric potentials of a 20 nm SNP calculated using our temperature model (markers) with the results presented by Hsu et al. [18] 
(dotted lines). Results are obtained for two different cases where temperature dependent surface physicochemistry is neglected (KA = Constant = KA@298K) and 
included (KA = KA (T)). 

Fig. 3. Numerical flow chart of temperature dependent PNP with charge regulation calculations.  
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This implicit approximation can be easily solved using a mathe-
matical solver from MATLAB or Excel toolset. Once the zeta potential of 
surface, ζ, is calculated, it can be substituted into Eq. (22) to calculate 
surface charge. Yeh et al. validated Eq. (23) by comparing its results 
with the results of numerical calculations of a full multi-ion model for all 
four ions and they obtained great agreement. Furthermore, Yeh et al. 
compared calculated surface charges for an isolated flat silica surface 
with the experimental data of Gaudin and Fuerstenau [65] which also 
showed a good agreement. We should underline here that the current 
model neglects the Stern layer. Existing literature mentioned that the 
Stern layer effect is significant for the pH range of 8–10, but for lower pH 
values, it seems it has nearly no effect on the surface charge [66]. 

We further implement temperature dependent parameters for both 

ionic transport and surface psychochemistry into calculations of Eq. 
(23). We systematically studied the contribution of each temperature 
dependent term in Fig. 5. We should underline here that Eq. (23) is only 
valid for a flat surface with an undisturbed EDL (no curvature and EDL 
overlap effects). The surface charge variation by temperature calculated 
theoretically for a flat planar surface provide further validation. But, 
more importantly, prediction of Eq. (23) provides a base to develop 
extended theories to predict SNP surface charging, which shows devia-
tion from flat plate theory [28]. 

Temperature dependent variation of a planar silica surface is calcu-
lated both theoretically and numerically in Fig. 5. First, Eq. (23) has no 
consideration of diffusion as the PB equations use Boltzmann distribu-
tion to determine electric potential on the surface, instead of Nernst- 

Fig. 5. The surface charge of a flat silica plate at different temperatures calculated theoretically using PB with CR from Yeh et al. (Eqs. (22) and (23) coupled with the 
Eq. (9), and (14)), and numerically using PNP with CR (Eqs. (1) and (3) coupled with the Eqs. (8), (9), (10), (12), and (14)). Constant values are at 298 K. 

Fig. 6. Electric potential contours of different size nanoparticles at different roughness and temperatures. (DP = 40, 100 nm, DR = 0, 2, 6, 10 nm, T = 298, 
313, 323 K). 

2ε0εrκRT
zF

sinh
(

Fzζ
2RT

)

= − FNtotal

⎧
⎪⎪⎨

⎪⎪⎩

KA − KB

[

[H+]0exp
(

− Fζ
RT

)2]

KA + [H+]0exp
(

− Fζ
RT

)

+ KB

[

[H+]0exp
(

− Fζ
RT

)]2

⎫
⎪⎪⎬

⎪⎪⎭

(23)   
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Planck employed by PNP. On the other hand, such an assumption seems 
appropriate for a flat planar surface case as observed from the com-
parison. Simply, theoretical calculations considering temperature 
dependent surface chemistry and relative permittivity yield identical 
results with the numerical solution of PNP with temperature dependent 
surface chemistry, relative permittivity, and ionic diffusivities. We also 
focused on the contribution of each temperature dependent parameter. 
Results show that relative permittivity has a negative effect on surface 
charge as the permittivity decreases with an increase in temperature. In 
the rest of the manuscript, we will present theory with KA = KA(T), εr 
= εr(T), which will be denoted as σFlat-Plate. 

2. Results and discussion 

We studied the electric potential distribution around the 40 nm and 
100 nm diameter (DP) nanoparticles at different temperatures of 298 K, 
313 K and 323 K. Starting from a flat particle with no roughness, we 
added surface structures with roughness diameters (DR) of 2 nm, 4 nm 
and 10 nm. Ionic conditions were at CKCl = 1 mM and pH = 7. In Fig. 6, 
each column is at a constant temperature and each row has the same 
roughness diameter. As the temperature increase from left to right, the 
absolute value of the electric potential over the surfaces significantly 
increases as a result of both increased ionic activities and surface 
chemistry. As we discussed in Figs. 4 and 5, considering temperature 
dependence of ionic activities without including temperature depen-
dence of charge regulation cannot predict such an increase. Here, tem-
perature affects affected the relative permittivity, ionic mobilities, and 
equilibrium constant of surface reactions of the nanoparticle. From 
bottom to top, when the roughness diameter decreases, the gap between 
the roughness structures becomes smaller than the EDL thickness. As a 
result, electric double layers extending from opposite surfaces overlaps 
and ionic distribution shows local variation along the pattern surface. 
Interestingly, potential contours around the particle are almost perfectly 
circular, despite the patterned surface. In contrast, when the roughness 
diameter is bigger than the EDL thickness, overlap is diminished and the 
EDL grows as a projectile of the circular path of surface roughness so that 
potential contours around the particle shows the shape of the surface 

pattern. Next, when the particle diameter decreases from 100 nm to 
40 nm, EDL electric potential around the particle increases due to cur-
vature effects. As a result of local variation of ionic distribution, surface 
electric properties also develop local variation described by the charge 
regulation nature of surface physicochemistry calculated by the active 
electric boundary condition. We should also mention that the PNP 
equation is not applicable to study system sizes comparable to molecular 
diameter. Hence, current calculation systematic based on PNP model is 
not appropriate to estimate surface charging for roughness sizes smaller 
than approximately 2 nm [29,67–69]. 

The resulted local surface charge densities are given in Fig. 7. The 
surface charge distribution on the SNP surfaces are plotted along the 
normalized radial position (r/πDR). In addition, we calculated the 
average of these local charges along the roughness for each case given as 
straight lines in the figures. Surface charges of the flat particle case are 
given at each temperature values along its perimeter which are also 
straight lines. We observed that surface charge around the rough 
nanoparticle varies along the patterned surface, but the variation re-
peats itself over every surface structure. Even though the number of 
surface structures are different at each case, we only presented surface 
charge density over 5 surface structure since the remaining will be 
identical. EDL overlap starts at the deep of the valley and decreases 
towards the top region of the roughness geometry. Absolute value of 
surface charge in the valleys are lower and on the hills are higher due to 
EDL overlap and curvature effects, respectively. When the roughness 
diameter is smaller than the EDL thickness, the overlap results in 
decrease of absolute surface charge. Hence, the absolute value of 
average of local surface charge distribution yield lower values than the 
flat SNP surface charge at the corresponding particle diameter and 
temperature. This difference decreases as the roughness diameter in-
crease. Basically, both EDL overlap and curvature effects decrease with 
an increase in the size of roughness structures. This also shows itself as 
decreasing fluctuations in local variation of nanoparticle surface charge. 
The increase of temperature increases the absolute charge values as well 
as the difference between the hills and valleys of surface roughness. At 
this point, we can simply state that temperature influence is stronger on 
rough SNPs and increases by the decrease of roughness diameter. 

Fig. 7. Surface charge density distribution through the arc length of the surface pattern around nanoparticles with different particle diameters (DP = 40, and 
100 nm) and roughness diameters (DR = 2, 6, and 10 nm) at different temperatures (T = 298, 313, and 323 K). 
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The average of surface charge densities around the rough nano-
particles are presented as a function of temperature in Fig. 8. We also 
presented surface charge calculations of PB theory at the corresponding 
ionic conditions. We should mention again that these PB calculations 
assume a flat surface with an uninterrupted EDL, i.e. no curvature effects 
or no EDL overlap, but consider similar temperature dependent property 
models including the CR with KA = KA (T). Variation of surface rough-
ness by roughness diameter is illustrated on top of the figure for 100 nm 
SNP at 298 K as the roughness diameter is varied between 2 nm and 
32 nm. Temperature effect on the average surface charge of DP = 20, 40 
and 100 nm at various surface roughness are plotted in Fig. 8(a), (b) and 
(c). At a constant particle diameter, absolute value of the average surface 
charge decreases with an increase in surface roughness. While the PB 
calculated surface charge for a flat plate is a constant value for the given 
ionic condition and temperature, surface charge of SNP shows variation 
by particle size and roughness level. Simply, curvature effects alone 
develop higher absolute charges than a flat plate prediction by the 
decrease of particle size of a flat particle; but including surface rough-
ness creates EDL overlap which decreases the absolute surface charge by 
decreasing roughness diameter. Surface structures equal and smaller 
than 2 nm requires definition of “effective boundary for electrokinetic 
interactions” and consideration of atomistic details, similar to earlier 

studies [45]. 
The average surface charge densities normalized with charge density 

values at 298 K for each particle and roughness diameters are given in 
Fig. 8(d), (e) and (f). We present the temperature influence on each case 
by calculating the variation in surface charge compare to its charge 
value at 298 K. Temperature effects appeared to be increasing with a 
decrease in surface roughness. Variation of normalized surface charge 
by temperature remains mostly linear, but the rate of increase advances 
by decreasing surface roughness size. While 1 K increase in temperature 
create 2% increase in surface charge of a 100 nm flat SNP, a 100 nm SNP 
with 2 nm roughness diameter undergoes a 2.3% charge change per 1 K. 
Hence, an increase of temperature eventually decreases the negative 
influence (decreasing the absolute surface charge) of surface roughness. 
So, lower roughness cases develop higher temperature dependent vari-
ation. Next, we studied temperature effects on rough SNPs under vary-
ing particle size with constant roughness diameter. Fig. 9 presents 
electric potential contours of DP = 100, 60, 40 and 20 nm with DR 
= 6 nm. Results show that absolute surface charge increases with a 
decrease in SNP diameter. As the roughness diameters of these cases are 
same, EDL overlaps remain mostly the same so that increase of absolute 
charge is mostly due to increasing curvature effects. Detailed discussions 
on curvature effects on size dependent surface charging of SNPs can be 

Fig. 8. Variation of average surface charge density and its normalized form by temperature for different nanoparticle and roughness sizes (DP = 20 nm, DR = 2, 4, 
6 nm, T = 298, 313, 323 K; DP = 40 nm, DR = 2, 4, 6, 8, 10 nm, T = 298, 313, 323 K; DP = 100 nm, DR = 2, 4, 6, 8, 10, 12, 16, 20, 26, 32 nm, T = 298, 313, 323 K). 
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found in our earlier study [45]. Next, we normalized surface charges 
with their corresponding values at 298 K. Decrease of particle size de-
creases the influence of temperature. Hence, the positive influence 
(increasing the absolute surface charge) of curvature effects lessens with 
a temperature increase. 

We summarized the temperature influence on surface charging of 
different size rough SNPs as a function of roughness diameter in Fig. 10 
(a). The percentage increase in surface charge per 1 K decreases by 

increasing roughness size and/or decreasing particle diameter. Hence, 
temperature influence shows variation by particle and roughness size. In 
our earlier study [45], we presented that an “electrokinetic similarity” 
between different systems of various size and roughness develops based 
on the non-dimensional groups of λ/DP and λ/DR for the characteriza-
tion of curvature and EDL overlap. These effects have opposite influence 
at different levels. We successfully obtained a universal behavior in 
temperature dependent surface charge variation as a function of the 

Fig. 9. Surface charge density variations of different size rough SNPs by temperature (DP = 20, 40, 60, 100 nm, DR =6 nm, T = 298, 313, 323 K). Electric potential 
contours are at 298 K. 

Fig. 10. Percentile increase of surface charge by temperature change of different size SNPs with different roughness. Percentile charge increases normalized with the 
percentile change calculated by flat plate theory. 
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non-dimensional set of (DR/DP) × (λ/DR) in Fig. 10(b). Based on the 
results, the increment of SNP surface charge by temperature differs from 
the existing PB theory when (DR/DP) × (λ/DR) becomes less than ~5. 
This is basically due to change in curvature and EDL overlap effects by 
the change of temperature. 

In an attempt to characterize the observed behavior, we applied 

curve fitting on the data given in Fig. 10 (b). The trigonometric function 
below provides a good description for the temperature dependence of 
rough particle surface charging compare to the temperature dependence 
of a flat surface as a function of (DR/DP) × (λ/DR). 

Fig. 11. Variation of charge density of different size flat SNPs by temperature at different ionic conditions. Same values normalized by the value of the corresponding 
case at 298 K. 

Fig. 12. Surface charge of flat SNPs at different particle diameters and salt concentrations normalized with the flat plate theory calculations for the corresponding 
ionic conditions. 
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(%increase/ΔT)Rough− Particle

(%increase/ΔT)Flat− Plate
= 1+ 0.127

0.023
(

D2
R

DP×λ

)− 1.3

1 + 0.023
(

D2
R

DP×λ

)− 1.3 (24) 

Eq. (24) converges to value of unity when the (DR/DP) × (λ/DR)→ 
0 representing temperature dependence reaches to behavior of a flat 
surface. To predict surface charge of a rough SNP at a given temperature, 
we extended our earlier developed phenomenological model as, 

σRough− Particle− Ave(T)
σFlat− Plate(T)

=

(

1 − A × exp
(

− B ×

(
D2

R

DP × λ
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×
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⎜
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100
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(

D2
R

DP×λ

)− 1.3

1 + 0.023
(

D2
R

DP×λ

)− 1.3

⎞

⎟
⎟
⎟
⎠

(25)  

where A and B are constants varying by pH. 

A = 0.00167 × pH4 − 0.0369 × pH3 + 0.279 × pH2 − 0.813 × pH + 0.8  

B = 0.409 × pH3 − 4.55 × pH2 + 17.12 × pH − 18 (26) 

In Eq. (25), the first group of terms in parenthesis is the phenome-
nological model developed in our earlier study [45] to described the 
exponential decrease of rough SNP surface charge by the decrease of 
(DR

2/(λ × DP)) parameter with respect to analytical flat plate calcula-
tions given in Eq. (23). However, this model was devised at 298 K. If the 
temperature dependence of a SNP was similar to flat plate case, this 
model could provide rough SNP surface charge from the value of flat 
plate at the corresponding temperature predicted by Eq. (23). But, 
current results show that variation of SNP surface charge by temperature 
is different that theory. So, the second, parenthetical group of terms 
includes this deviation in the calculations. Simply, if the temperature is 
at 298 K, the second part becomes 0 and the remaining is the earlier 
developed model. But, if there is a finite temperature increase from 
298 K, the second part considers higher response of SNP surface charge 
variation per Kelvin temperature change. 

As a next step, we focused on the temperature dependent surface 
charging of flat SNPs as a function of particle diameter and ionic con-
centration. In Fig. 11(a), (b), and (c), we present variation of surface 
charge of SNPs with DP = 2, 4, 10, 20, 40, 100 nm at CKCl = 0.1, 1, and 
10 mM electrolytes with pH = 7 as a function of temperature. We also 
added surface charge calculations of PB theory (Eq. (23)) for each 
temperature value at the corresponding ionic conditions. The PB theory 

assuming an uninterrupted EDL over a flat plate also includes the CR 
with similar temperature dependent models. For such a case, surface 
charge of SNPs with DP ≥ 100 nm and at flat surface condition agrees 
with PB solution. However, a decrease in nanoparticle size less than 
100 nm yields an increase of absolute surface charge; charge on a 2 nm 
SNP almost 2 times the calculations of flat plate theory (σFlat-Particle-100nm 
= − 0.01348 C/m2 while σFlat-Particle-2nm = − 0.02608 C/m2 at 298 K). 
This is due to curvature effects and details can be found in our earlier 
study [45]. For all particle sizes, increase of temperature creates sub-
stantial increase of absolute surface charge values; 25 K increase de-
velops more than 50% charge increase. Change of surface charge is 
almost linear so that we can simply conclude that charge change is 
around 2% 1/K for flat plate PB solution. In order to compare the in-
fluence of temperature on different size particles, we normalized the 
surface charge values with the charge of corresponding particle size at 
298 K in Fig. 11(d), (e), and (f). Results show that a decrease in particle 
size eventually decreases the effect of temperature change. While vari-
ation by temperature remains linear, the slope of these curves decreases 
by decreasing the particle diameter. For example, change of charge by 
temperature is 2% 1/K for 100 nm SNP while it decreases to 1.4% per K 
for 2 nm SNP. This eventually decreases the difference between the 
surface charge of 100 nm and 2 nm SNPs. 

In Fig. 12, we present surface charge variation of a flat SNP by its 
particle diameter and ionic condition at 298 K. Fig. 12(a) shows that 
SNP surface charge drastically increases by the decrease of particle 
diameter; but this increase is different at different salt levels. This is due 
to the change of EDL thickness by the change in salt concentration. We 
obtained a universal behavior when we analyzed the results as a func-
tion of λ/DP in Fig. 12(b). Simply, SNP surface charge increases by the 
increase of λ/DP, while SNP charge converges back to flat surface values 
for λ/DP < 0.2. This is an outcome similar to our earlier study describing 
surface charge of flat SNPs as a function of λ/DP [45]. We observed that 
the second order polynomial function given in Eq. (27) describes this 
behavior very well. 

σFlat− Particle@298K

σFlat− Plate@298K
= 1+

(

0.2165 ×

(
λ

DP

)

− 0.0053 ×

(
λ

DP

)2)

(27) 

Next, we studied percentage increase of flat particle’s surface charge 
by per 1 K increase in temperature as a function of particle diameter in  
Fig. 13(a). Surface charge variation by temperature lessens with the 
decrease in particle diameter and/or salt concentration. These cases 
develop different level of curvature effects. As we described, the cur-
vature effects develop as a function of the ratio of the EDL thickness to 
particle diameter. So, temperature influence differs at cases with 

Fig. 13. Percentile increase of surface charge by temperature change of different size SNPs in different salt concentrations. Percentile charge increases normalized 
with the percentile change calculated by flat plate theory. 
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different curvature effects. Basically, temperature rise not only enhances 
the ionic concentration and reaction constants on the surface, but it also 
changes the curvature effects. In Fig. 13(b), we present deviation of the 
percentile surface charge increase of SNP from the flat theory pre-
dictions as a function of λ/DP. We obtained a “electrokinetic similarity” 
for curvature effects of different systems as a function of the non- 
dimensional groups of λ/DP. Results show that percentage increase of 
flat SNP’s surface charge per temperature change is similar to PB 
calculated values for a flat plate when λ/DP > 0.1. On the other hand, 
the temperature influence decreases substantially by the decrease of 
λ/DP below the value of 0.1. Next, we applied a trigonometric function 
similar to one used earlier. We were able to obtain a very successful 
description for the universal behavior obtained in the temperature 
dependence of different size particles immersed in electrolytes of 
different salt concentrations in Eq. (28). Eq. (28) converges to value of 
unity when the (λ/DP)→0 representing temperature dependence reaches 
to behavior of a flat surface. Conversely, flat SNP surface charging de-
viates from flat plate theory up to 50% decrease in temperature 
dependent surface charge increase. 

(%increase/ΔT)Flat− Particle

(%increase/ΔT)Flat− Plate
= 1 − 0.46

0.5
(

λ
DP

)1.1

1 + 0.5
(

λ
DP

)1.1 (28) 

Next, we combined the developed Eqs. (27) and (28) to describe the 
surface charge of a certain flat SNP at a given temperature as, 

σFlat− Particle(T)
σFlat− Plate(T)

=

(

1+ 0.2165 ×

(
λ

DP

)

− 0.0053 ×
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λ

DP

)2)

×

⎛

⎜
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⎝1 −

(T − 298)
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×
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(

λ
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)1.1

1 + 0.5
(

λ
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)1.1

⎞

⎟
⎟
⎠ (29) 

Eq. (29) simply extents existing theory given in Eq. (23) to include 
particle size effects as a phenomenological model for SNP surface 
charging. As the final step, we compared the surface charge estimations 
of Eqs. (25) and (29) with the numerical calculations in Fig. 14. Any 
roughness diameter smaller than 2 nm, the effective surface charge 
estimation moves from Eq. (25) to Eq. (29). We described this behavior 
in an earlier study. Fig. 14(a) presents the percentile errors of Eq. (25) 
while Fig. 14(b) gives the errors of Eq. (29). For both model, error values 
mostly remain lower than 3% and 4% while the highest errors were 
around 4% and 6% for only few cases. 

3. Conclusions 

Silica nanoparticles (SNP) at different particle sizes with different 
surface areas are used in numerous micro/nanofluidic applications, 
while their surface charge properties plays a major role in their function. 
In many of these applications, SNPs also undergo some temperature 
variation. SNP surface charge deviates from theoretical predictions due 
to curvature and EDL overlap effects. Furthermore, this differentiation 
from theory also changes by temperature. For such a case, surface charge 
behavior of SNPs of various size and surface conditions are studied at 
different temperatures. Surface physiochemistry is properly calculated 
by considering temperature dependent variation in permittivity, ionic 
mobility, and equilibrium constants of the surface reactions coupled 
with a CR model. Results show that the absolute value of SNP surface 
charge undergoes a substantial increase by the increase of temperature 
while this change develops as a strong function of particle diameter and 
surface condition. When the particle and roughness size becomes com-
parable with EDL thickness, curvature effect and EDL overlap develop 
which creates divergence from the known PB based theories. These two 
effects create opposite influence on temperature dependence of SNP’s 
surface charging. While the decrease of particle size lessens the tem-
perature influence, the decrease of roughness size enhances the tem-
perature dependence. For such a case, we systematically studied surface 
charge of SNPs of different sizes at various level of roughness defined by 
roughness diameter parameter up to the flat surface condition. Specif-
ically, temperature dependence increases with decreasing roughness 
diameter; surface charge variation by temperature of different size 
particles with different roughness diameters increases by decreasing 
roughness diameter while it shows a universal behavior as a function of 
(DR/DP) × (λ/DR). In our earlier study, we present “electrokinetic sim-
ilarity” between different systems of various size and roughness based 
on the non-dimensional groups of (DR/DP) × (λ/DR) as a function of 
which we developed a phenomenological model for the characterization 
of curvature and EDL overlap effects on rough SNP surface charging 
[45]. A similar conclusion also appeared in temperature influence. For 
such a case, we extend the earlier model to include temperature 
dependence. By increasing roughness diameter, the influence of tem-
perature converges back to PB prediction for (DR/DP) × (λ/DR) > 5. 
Conversely, decrease of roughness size reaches to a flat surface particle. 
In this transition, the boundary effective in electrokinetic interactions 
changes from particle surface to an arc defined as a function of an angle 
θ representing the point where the concave circular arc of the hill meets 
with the convex arc of the valley. Detailed discussions on the “effective 
boundary for electrokinetic interactions” can be found in our earlier 

Fig. 14. Variation of relative error as a percentile difference between the numerical results and the estimations of developed extended models given in (a) Eq. (25) 
and (b) Eq. (29). 
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study. In flat SNP condition, curvature effects dominate and create sig-
nificant divergence from PB theory without the opposite and balancing 
effect of EDL overlap. Surface charge increases up to 3 times of flat plate 
theory calculations, but this difference decreases with an increase in 
temperature. Decrease of particle size creates up to 40% decrease in the 
temperature dependence compare to PB predictions. As a function of 
λ/DP, we obtain an electrokinetic similarity between different size flat 
SNPs immersed in electrolytes of different salt concentrations. Results 
show that curvature effects become negligible for λ/DP < 0.1. First, we 
developed a phenomenological model for surface charge behavior of flat 
SNP at 298 K, and later, for its temperature dependence, as an extension 
to PB theory. This study shows that temperature change not only affects 
the surface chemistry, but also creates a substantial change in the 
recently described scale effects of nanoparticles, namely curvature ef-
fects and EDL overlap on the surface. As a result, temperature variation 
creates drastically different effects on SNPs as a function of particle size 
and roughness level. The current findings are very important for the 
characterization of SNPs through applications consisting temperature 
variations. Results can also be used for adjusting/tuning the surface 
charge of SNPs to control the related physics by tuning the temperature. 
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