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An electrophoresis model taking account of the pH-regulated nature of particles and the presence of multiple ionic spe-
cies is proposed for arbitrary surface potential and double-layer thickness. It successfully simulated the electrophoretic
behavior of Fe3O4 nanoparticles in an aqueous NaCl solution with pH adjusted by HCl and NaOH. The estimated zeta
potential is compared with those from the conventional models, Smoluchowski’s, H€uckel’s, and Henry’s formulas. Due
to the violation of the assumption of low and constant surface potential, these formulas yielded appreciable deviations
(e.g., 23–30 mV at pH 9). With the surface charge density measured by titration and the zeta potential by electrophore-
sis, the true surface potential is estimated through a triple-layer model. The estimated true potential is typically 1.5–10
times larger than the zeta potential, implying that using the latter in relevant calculations (e.g., stability and critical
coagulation concentration) might yield appreciable deviation. VC 2013 American Institute of Chemical Engineers AIChE
J, 60: 451–458, 2014
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Introduction

Being a popular magnetic material, Fe3O4 magnetic nano-
particles (MNPs) have attracted significant attention for vari-
ous applications such as magnetic recording,1 biological and
chemical sensors,2–4 separation and purification,5 magnetic
resonance imaging,6 drug delivery,7 and environmental puri-
fication.8–11 The surface properties of Fe3O4 MNPs, espe-
cially their charged conditions, are usually tailored to
improve their performance. This is because these conditions
influence significantly the particle behaviors such as aggrega-
tion,12 interaction with targets (e.g., drugs, proteins, and
enzymes),13–15 and reactivity.8–11,16 The charged surface
arises from the protonation and deprotonation of surface
hydroxyl groups on the oxide. Fe3O4 MNPs have an acid
dissociation constant Ka of 1026.66�1029.1,17–19 basic disso-
ciation constant Kb of 105.96�106.6,17–19 and the point of
zero charge (PZC) of pH 3.8–9.9.20 These parameters are
dependent on the preparation processes of Fe3O4 and the

dispersion conditions. Like other colloidal particles, the
charged conditions of Fe3O4 MNPs are usually characterized
by zeta potential,13,21,22 the electric potential of a charged
particle on the inner boundary of its diffuse layer. The zeta
potential of a particle is commonly adopted to represent its
surface potential, which is not experimentally measurable.
Experimentally, electrophoresis is first conducted to obtain
mobility, and then a mobility-potential relationship applied
to evaluate the corresponding zeta potential.

Assuming a low (<25.4 mV) constant surface (zeta)

potential and infinitely thin double layer, Smoluchowski23

showed that the electrophoretic mobility of an isolated, rigid

particle lE can be expressed as lE5efp=g with e, fP, and g
being the permittivity of the liquid phase, the zeta potential,

and the fluid viscosity, respectively. The counterpart of infin-

itely thick double layer was derived by H€uckel24 as

lE5ð2=3Þðefp=gÞ. These two limiting cases were later gener-

alized to an arbitrary double-layer thickness by Henry25 as

lE52efPf ðjaÞ=ð3gÞ with f ðjaÞ being the Henry’s function,

which increases monotonically from 1 as ja! 0 to 1.5 as

ja!1, with ja being the double-layer thickness. Henry’s

formula is the foundation of many electrophoresis-based zeta

potential instruments. In addition to low surface potential,

the derivation of this formula also assumed that the effect of

double-layer polarization/relaxation is negligible and the
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total potential is the sum of the potential coming from the

particle and that from the applied electric field.
Unfortunately, the above assumptions are often violated in

practice. For instance, a surface (zeta) potential that is much
higher than 25.4 mV is not uncommon for many colloidal
particles under typical conditions. As pointed out by Hsu
et al.,26–28 the polarization of double layer should be consid-
ered when its thickness is comparable to the particle size
and the surface potential is not low. For many metal oxide
particles, the assumption of constant surface potential is
unrealistic because, due to surface reactions, the charged
conditions of their surface depend upon factors such as pH
and bulk salt concentration. This also raises the problem that
the particle size might vary with those factors because a
reduction in the electric repulsion between two particles
might lead to their aggregation. Furthermore, because the pH
of a dispersion is often adjusted with acid or basic, the pres-
ence of multiple ionic species in the liquid phase coming
from background salt and introduced acid/base should be
considered. This factor is almost always overlooked in previ-
ous theoretical analyses. The above-mentioned violations
imply that the zeta potential estimated from Smoluchowski’s,
H€uckel’s, and Henry’s formulas can be unreliable and using
a more rigorous model is both desirable and necessary.
O’Brien and White29 extended these analyses to the case of
the electrophoresis of a rigid sphere at arbitrary levels of sur-
face potential and double-layer thickness. The effect of
double-layer polarization considered yields complicated and
interesting results in particle mobility. However, their model
needs further extension for two reasons. First, the surface of
particles such as metal oxides is charge regulated due to sur-
face reactions so that its surface potential varies with liquid
conditions instead of maintaining at a constant level. Second,
the liquid phase contains multiple ionic species rather than
binary electrolyte only, implying that the thickness of double
layer is underestimated in the latter, especially when the
solution pH deviates appreciably from the isoelectric point
(IEP) of the dispersed particles.

In this study, a mobility model taking account of the pH-
regulated nature of a particle, the presence of multiple ionic
species, and the effect of double-layer polarization is pro-
posed for the case of arbitrary potential and double-layer
thickness. The true surface potential is also estimated based
on a triple-layer model30,31 and the density of the dissociable
functional groups on the particle surface obtained from titra-
tion. This model was also adopted by Sonnefeld et al.32 to
estimate the double-layer parameters of spherical silica from
titration data and electrokinetic sonic amplitude measure-
ments based on binary electrolyte.

Theory

Figure 1 illustrates schematically the problem considered:
the electrophoresis of a rigid sphere of radius a and surface
Xp driven by an applied uniform electric field E of strength
E. r, h, u are the spherical coordinates with the origin coin-
cides with the particle center. For convenience, a z axis is
also defined, and E is the z direction. The particle velocity
Up with magnitude Up is also in that direction.

We assume that the following reactions occur on the parti-
cle surface

� M2OH 1
2 () � M2OH1H 1 (1)

� M2OH () � M2O 21H1 (2)

where � M2OH denotes the functional group. These
expressions suggest that the particle surface is zwitterionic
and pH regulated. Let Kb5N�M2OH 1

2
=N�M2OH ½H1� and

Ka5N�M2O2 ½H1�=N�M2OH be the corresponding equilibrium
constant with N�M2OH 1

2
, N�M2OH , N�M2O 2 , and ½H1� being

the surface densities of � M2OH 1
2 , � M2OH , � M2O 2,

and the surface concentration of H1, respectively. Let
Ntotal 5N�M2O 2 1N�M2OH 1N�M2OH 1

2
be the total surface

density of � M2OH.
Suppose that the liquid phase is an incompressible Newto-

nian fluid, the flow field is in the creeping flow region, and
the system is at a pseudosteady state. Then the present prob-
lem can be described by33

r2/52
q
e
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e
(3)

f j52Dj
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zje

kBT
njr/

�
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r � f j50 (5)

2rp1gr2u2qr/50 (6)

r � u50 (7)

Here, /, q, and e are the electrical potential (V), the space
density of mobile ions (Coul/m2), and the elementary charge
(Coul), respectively; kB, T, u, and p are Boltzmann constant
(J/K), the absolute temperature (K), the fluid velocity (m/s),
and the pressure (Pa), respectively. zj, nj, fj, and Dj, are the
valence, the number concentration (1/m3), the flux (1/s/m2),
and the diffusivity (m2/s) of ionic species j, respectively,
j 5 1,2,…,N, with N being the number of kinds of ionic spe-
cies in the liquid phase.

We assume that the electric field established by the parti-
cle is much stronger than E. This is usually satisfied because
the lower limit of the particle surface potential is on the
order of 25 mV and the Debye length ranges normally from
10 to 100 nm so that the strength of the electric field estab-
lished by the particle ranges form 250 to 2500 kV/m, which

Figure 1. Electrophoresis of a rigid spherical particle of
radius a, velocity Up, and surface Xp driven
by an applied uniform electric field E; r, h, u

are the spherical coordinates with the origin
coincides with the particle center; both Up

and E are in the z direction.
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is much higher than that of the applied electric field. There-
fore, instead of solving Eqs. 3–7 directly, a perturbation
approach is adopted, where each dependent variable is
decomposed into an equilibrium component and a perturbed
component.29 The equilibrium and perturbed components of
a variable are its value when E is absent and that when E is
applied, respectively. Using a prefix d and a subscript e to
denote a perturbed component and an equilibrium compo-
nent, respectively, it can be shown that Eqs. 8–13 yield,34,35
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Here, j5½
PN

j51 nj0ðezjÞ2=ekBT�1=2
and fa5kBT=z1e are the

reciprocal Debye length and the thermal potential, respec-
tively; subscript 1 denotes a reference ionic species; nj0 is
the bulk number concentration (1/m3) of ionic species j; gj is
a perturbed potential (V) simulating the polarization of par-
ticle’s double layer.

Suppose that the particle surface is nonconductive,
impenetrable, and nonslip, and the electric and flow fields
far away from it are uninfluenced by its presence. These
yield the following boundary conditions

n � r/e50 as r!1 (14)

n � rd/5E as r!1 (15)

gj52d/ as r!1 (16)

n � rdu50 as r!1 (17)

n � rd/50 as r!1 or on Xp (18)

n � rgj50 as r!1 or on Xp (19)

du50 as r!1 (20)

n � r/e52
rs

e
5

FNtotal

e�
Ka2Kbð½H1�0 expð2 /e

fa
ÞÞ2

Ka1½H1�0 expð2 /e

fa
Þ1Kbð½H1�0 expð2 /e

fa
ÞÞ2

�
on Xp

(21)

du5Uper cos h on Xp (22)

Here, rs, F, ½H1�0, er, and n are the surface charge
density (Coul/m2 or mol/m2), Faraday constant (Coul/mol),
the bulk molar concentration (mol/m3) of H1, the unit
vector in the r direction, and the unit outer normal vector.
Note that dp50 as r!1 and ve 5 0 because no pressure
gradient is imposed and the particle is at rest when E is
absent.

The governing equations and the associated boundary con-
ditions are solved numerically by FlexPDE (PDE Solutions,
Spokane Valley, WA) through a trial-and-error procedure.36

The electrophoretic mobility of the particle, lE, is defined as
lE 5 Up/E.

To examine the applicability of the present model, we
consider an aqueous NaCl dispersion of Fe3O4 particles with
pH adjusted by HCl and NaOH, implying that four kinds of
ionic species need be considered: Na1, H1, OH2, and Cl2.
The following values apply at 25

�
C:37–40 e56:94 3 10210F/

m, g58:96 3 1024kg/m/s, DNa 1 51:33 3 1029, DH1 59:31 3

1029, DOH255:3 3 1029, DCl 252 3 1029, and Kw 5 14.
Based on the reported values for Ka and Kb, 1026.66�1029.1

and 105.96�106.6, respectively,17–19 we assume Ka 5 1028.5

and Kb 5 106, and Kw 5 10214.

Experimental

Materials

Ferrous sulfate heptahydrate (FeSO4•7H2O, 99.0%), ferric
trichloride hexahydrate (FeCl3•6H2O, 99.0%), ammonium
hydroxide (NH4OH, 28%), and hydrogen chloride (HCl,
35%) (Showa Chemical Industry, Japan), and NaCl (J.T.
Baker-Mallinckrodt, 101.5%) of reagent grade were used.
Potassium hydrogen phthalate (C8H5KO4, 99.8%) were pur-
chased from Sinopharm Chemical Reagent (Shanghai,
China). The N2 gas with high purity was obtained from Air
Products, Taiwan. Deionized water with a resistivity of 18.2
MX cm was used.

Preparation and characterization of Fe3O4 MNPs

Fe3O4 MNPs were prepared by an advanced reverse copre-
cipitation method assisted by ultrasound irradiation.41 The
Fe3O4 MNPs obtained were water washed to neutral pH,
redispersed in water, and then stored at 5�C under anoxic
atmosphere (referred to as the stock solutions with the mass
concentration of 5.6 and 22.1 g/L in electrophoresis meas-
urements and titration experiments, respectively, and the
Fe21/Fe31 molar ratio of 1:2). As reported in our previous
work, Fe3O4 MNPs were roughly spherical with an averaged
primary particle diameter of about 40 nm, and high crystal-
linity.41,42 The Brunauer–Emmett–Teller (BET) surface area
was determined with low-temperature N2 adsorption-
desorption experiments by Micromeritics ASAP 2020.
Before BET measurements, the Fe3O4 MNPs were first col-
lected by magnetic separation and vacuum dried at 50�C for
1 h, and then dehydrated at 200� C for 6 h. The measured
BET surface area was about 80 m2/g. The hydrodynamic
size was characterized by ZetaSizer Nano ZS (Malvern
Instruments, UK) at 633 nm red laser, based on dynamic
light scattering (DLS). Dispersions were ultrasonicated for 2
min before size measurements. The pH-dependent surface
charge of Fe3O4 MNPs was determined by acid-base titration
with NaOH or HCl standard on a ZDJ-4A automatic titrator
equipped with E-201-C-65 pH electrode (Shanghai Precision
& Scientific Instruments, China). In the blank experiment, a
reference solution was obtained by separating Fe3O4 MNPs
with a centrifugation at 14, 000 rpm for 15 min and the sub-
sequent filtration with a 0.22 mm filter membrane, and it was
titrated by the same procedure used in the colloidal suspen-
sion. The titration details were shown in Supporting Informa-
tion, Section S1. Based on the titration curve, the surface

AIChE Journal February 2014 Vol. 60, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 453



charge density (rs, mol/m2 or Coul/m2) of Fe3O4 MNPs can
be expressed as

rs5
ðcHCl 1cOH22cH1ÞðVS

HCl 2VB
HCl Þ

mS
(23)

where cHCl (mol/L) is the molar concentration of acid as the
titrant, VS

HCl (L) and VB
HCl (L) are the volume of the acid

added to the Fe3O4 suspensions and reference blank solution,
respectively; m (g) and S (m2/g) are the weight and the BET
surface area of Fe3O4 MNPs, respectively.

Electrophoresis measurements

The electrophoretic mobility of Fe3O4 MNPs was also
measured by ZetaSizer Nano ZS with a laser Doppler elec-
trophoresis technique at 25�C. Unless otherwise specified,
N2-saturated electrolyte solution containing 1 mmol/L NaCl
solution was used to disperse Fe3O4 MNPs. The solution pH,
which ranged from 3 to 11, was adjusted by either 0.1 mol/L
HCl or 0.1 mol/L NaOH. After the introduction of Fe3O4

MNPs into the electrolyte solution at a given pH, the disper-
sion was ultrasonicated for 1 min, and then rapidly trans-
ferred into a folded capillary cell with two caps. The
atmosphere was protected with nitrogen purging before

transferring sample to the capillary cell. Because previous
work has demonstrated that the electrophoretic mobility was
almost constant after 2 min in Supporting Information Figure
S3,42 we assumed that equilibration is reached at this time.
The ZetaSizer Nano ZS was calibrated by a carboxy-
modified polystyrene latex standard sample (f 5 268 6 6.8
mV at 25�C) before each set of measurements. Each mea-
surement had three replicates, and the averaged mobility
with error bars was recorded.

Results and Discussion

Mobility

Figure 2 summarizes the variation in the electrophoretic
mobility lE with pH. In addition to the experimental data,
the values predicted by the present model for two different
values of Ntotal are also presented. It shows that the experi-
mental lE is positive for pH lower than about 7, and
becomes negative once it exceeds pH 7. For positive values
of lE, lE decreases with increasing pH, and for negative val-
ues of lE, jlEj increases with increasing pH. This is because
lE has the same sign as the surface potential, and the more
the deviation of pH from the IEP (where lE 5 0) the more
complete the dissociation/association of � Fe2OH , yielding
a higher surface charge density and, therefore, a larger jlEj.
The theoretical calculation of lE involves the particle radius
a, the equilibrium constants Ka and Kb, and the total number
density of the surface hydroxyl site Ntotal. Note that, due to
the possible aggregation of particles, a might vary with pH,
as is verified in Table 1 and Supporting Information Table
S1, where the measured hydrodynamic sizes of Fe3O4 MNPs
are illustrated. Ka and Kb are chosen as 1028.5 and 106,
respectively.17–19 Using these values, the calculated lE can
fit well the experimental data for an Ntotal (no./nm2) in the
range [0.05,0.06]. As such an Ntotal is estimated from electro-
phoretic measurements, it is defined as the apparent Ntotal,
Ntotal,ap, for convenience. Note that Ntotal,ap is much lower
than that estimated from previous titration experiments (2.2–
3.1 no./nm2),16,43 as ours (Ntotal 5 2.1 no./nm2). Similar
results were also observed for SiO2 particles,44,45 where Nto-

tal can be 15 times larger than Ntotal,ap. Figure 2 also showed
that the relative deviation of lE (experiment) from lE

(theory) near pH 7 is larger than those at other pH values,
but most calculated values of lE based on a proper Ntotal,ap

agree well with the experimental data. As will be shown
later, this is because the potential is low near IEP, yielding a
small electrostatic repulsion between Fe3O4 MNPs, and
therefore, appreciable particle aggregation, making accurate
measurements in hydrodynamic radius and mobility

Figure 2. Variation of electrophoretic mobility lE with
pH at different values of the apparent total
density of functional groups, Ntotal,ap.

Discrete symbols with error bars: experimental data;

curves: theoretical results. Curve 1, Ntotal,ap 5 0.06 no./

nm2; curve 2, Ntotal,ap 5 0.05 no./nm2. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table 1. Values of ja in the Zeta Potential Measurements for Fe3O4 NPs (10 mg/L) in 1 mmol/L NaCl (k 51. 04 3 108 m21),

Where the Solution pH is Adjusted by 0.1 mol/L HCl and NaOH

pH a (nm) ka f(ja) [H1] (mol/L) j0 (108 m21)a j0a

3 44.6 4.64 1.14 1E-3 1.47 6.56
4 46.2 4.80 1.15 1E-4 1.09 5.04
5.5 53.0 5.51 1.17 3.2E-6 1.04 5.51
6 70.6 7.34 1.20 1E-6 1.04 7.34
7 653.0 67.91 1.45 1E-7 1.04 67.91
8 279.2 29.04 1.38 1E-8 1.04 29.04
9 194.2 20.20 1.34 1E-9 1.04 20.20
10 46.6 4.85 1.15 1E-10 1.09 5.08
11 38.7 4.02 1.13 1E-11 1.47 5.69

aj0 denotes the real reciprocal Debye length taking account of the presence of multiple ionic species coming from the background NaCl and the introduced acid/
base.
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nontrivial. These results suggest that the performance of our
electrophoretic model is satisfactory.

As can be seen in Table 1, the particle size a near IEP is
considerably larger than that at other pH values, implying
the occurrence of particle aggregation. This suggests that the
scaled double-layer thickness, ja, varies with both the bulk
ionic concentrations and pH. Therefore, considering the pres-
ence of all the ionic species (Na1, H1, Cl2, and OH2) is
necessary. Note that at pH 3, the thickness of double layer
when all the multiple ionic species are considered (Na1, H1,
Cl2, and OH2), j’a , is 1.41 folds of that when only Na1

and Cl2 are considered, ja.

Zeta potential

The variation in the measured zeta potential f (i.e., /e in
Eq. 21) with pH is presented in Figure 3a, where both Smo-
luchowski’s and H€uckel’s formulas provided by the instru-
ment manufacturer are selected to transform lE to f. For
comparison, Henry’s formula

lE5
2ef
3g

f ðjaÞ (24)

f ðjaÞ51:52
0:5

110:07234ðja Þ1:129
(25)

is also adopted to transform lE to f. Figure 3a reveals that
the jfj based on Smoluchowski’s formula is smaller than that
based on H€uckel’s formula. This is because a factor of 1.5 is
assumed for f(ja) in the former and 1.0 in the latter. The
estimated IEP of Fe3O4 MNPs is about pH 7, which is in
good agreement with the literature value.20

As seen in Figure 3a, both the present model and the clas-
sic formulas are capable of describing successfully the quali-
tative behavior of the experimental data. However, the
accuracy of the estimated zeta potential from experimentally
measured electrophoretic velocity depends upon the choice
of a velocity-zeta potential formula. As the main assump-
tions of the classic formulas (low and constant potential,
binary electrolytes, etc.) are usually violated and our model
is closer to reality, it is chosen as the basis for comparison.
Figure 3b reveals that both Smoluchowski’s and Henry’s for-
mulas underestimate f, whereas H€uckel’s formula may over-
estimate f. The difference between these formulas and the

present model can be appreciable, in general. The deviations
of Smoluchowski’s and H€uckel’s formulas come from that
ja!1 (infinitely thin double layer) and ja! 0 (infinitely
thick double layer) are assumed, respectively, so that f(ja) is
1.5 in the former and 1.0 in the latter. However, as seen in
Table 1, ja varies from 4 to 68, implying that f(ja) is
between 1 and 1.5, and therefore, f might be underestimated
(overestimated) by Smoluchowski’s (H€uckel’s) formula.
Note that the assumptions of Henry’s formula (i.e., low con-
stant surface potential, only Na1 and Cl2 are considered,
double-layer polarization negligible) are suitable near IEP.
However, it might result in considerable derivation in f as
pH deviates from IEP. For example, the deviations are about
15 and 30 mV at pH 4 and 9, respectively. For other sys-
tems, where the potential is high, the deviation of Henry’s
formula can be more serious. It is interesting to see that our
model predicts the presence of a positive local maximum in
f near pH 4 and a negative local minimum near pH 10, but
the classic models are unable to predict these. The presence
of those local extrema can be explained by the variation in
the double-layer thickness with pH presented in Table 1,
which shows that j’a has a local minimum as pH decreases
(increases) from IEP to pH 3 (11), but ja decreases monot-
onically. The presence of the negative local minimum in f
as pH varies was also found by Hsu and Tai46 in a theoreti-
cal study of the electrophoresis of SiO2. Because IEP is pH
2 in their case, the positive local maximum in f was not
seen in their numerical simulation, where pH >3.

Surface charge density

Figure 4 shows the variation of the surface charge density
of Fe3O4 MNPs, rS, with solution pH at 1 mmol/L NaCl.
For comparison, the corresponding value based on electro-
phoresis, rapp , is also presented. As can be seen, both rS

and rapp vary roughly linearly with pH; rS > 0 (rapp>0) for
pH <7.0, and rS < 0 (rapp<0) for pH >7, implying that the
PZC of Fe3O4 MNPs is about pH 7.0, which is consistent
with the pHIEP based on electrophoresis. This strong depend-
ence of rS (rapp ) on pH can be explained by the protona-
tion/deprotonation of the amphoteric surface groups of Fe3O4

MNPs (Eqs. 1 and 2). Moreover, as expected, rS is much
larger than rapp , which is consistent with the results of Mis-
sana and Adell.47

Figure 3. Variation of zeta potential f, (a), and difference in f, f(classic formula)- f(present model), (b), with pH.

In (a), discrete symbols with error bars denote fcalculated from the experimental electrophoresis data with classic formula; curve

denotes the present theoretical result at Ntotal,ap 5 [(0.05 1 0.06)/2] no./nm2. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Estimation the true surface potential

The zeta potential f estimated from electrophoresis data is
not the true surface potential /S; the latter should be used,
for example, in assessing the stability (or critical coagulation
concentration) of a colloidal dispersion. Based on the surface
charge density, rS, estimated from titration, /S can be esti-
mated by a model describing the double-layer structure. To
this end, we adopt the triple-layer model30 illustrated in Fig-
ure 5.

Let rapp , /IHP , and /OHP (5f) be the apparent charge den-
sity obtained from Eq. 21, the potential on the inner Helmholtz
plane (IHP), and that on the outer Helmholtz plane (OHP),
respectively. Then /S can be obtained by solving30

/OHP 5/S2
d1rS

e1e0

2
d2rapp

e2e0

5/S1d1s11d2s2 (26)

or

/S5/OHP 2d1s12d2s2 (26a)

Here, s152rS=e1e0, s252rapp =e2e0, e0, e1, and e2, are the
permittivity of a vacuum, the relative permittivity of the
phase between the particle surface and IHP, and that
between IHP and OHP, respectively. d1 and d2 are the bare
radius of counterions and the distance between IHP and
OHP, respectively. Typically, d2 ranges from 1 to 3 diame-
ters of hydrated ions.48 Because multiple ionic species are
present, d1 is defined as the averaged bare radius of all the
types of counterions present. For pH< IEP, the counterions
are Cl2 and OH2, and coions are Na1 and H1; for

pH> IEP, the counterions are Na1 and H1, and coions are
Cl2 and OH2. The bare radii of Na1, H1, Cl2, and OH2

are 0.117, 0.115, 0.164, and 0.133 nm, respectively.48

For convenience, we use the diameter of hydrated H1,
dH1, as a base to describe d2. Referring to Figure 5, we
define the minimum value of d2, d2(min) 5 dH1, and the
maximum value of d2, d2(max) 5 4dH1 which is about the
sum of two hydrated diameter of Cl2, one hydrated diameter
of Na1, and one bare radius of H1. Table 2 summarizes the
variations of rS, e1, /OHP , 2s2d2(max), 2s1d1, /Smax ,
2s2d2(min), and /Smin with pH, where /OHP is the zeta
potential estimated by electrophoresis measurement. /Smax

(/Smin ) is the value of /S when d2(max) (d2(min)) is used.
Note that e1 varies with rS.30 The hydrated radius of Cl2,
Na1, and H1 are 0.332, 0.358, and 0.28 nm, respectively.48

Table 2 reveals that, except for pH near IEP, js1d1j is much
larger than js2d2ðmax Þj or j/OHP j, implying that 2s1d1 is
much more important than the other two terms on the right-
hand side of Eq. 26a. In addition, both /Smax and /Smin are
about 10 times larger than /OHP at pH 3, and one to two
times larger than /OHP at other pHs. This can be explained
by that e1 decreases drastically as pH varies from 4 to 3. For
rs< 10 lC/cm2, e1 is nearly constant as rs varies, but

Figure 4. Variations of the surface charge density of
Fe3O4 NPs based on titration and electropho-
resis, rS (solid symbols with error bar) and
rapp (open symbols), respectively, with solu-
tion pH at 1 mmol/L NaCl and 25�C.

Figure 5. Triple-layer model26 showing the structure of
the electric double layer, where /S and rS are
the actual surface potential and surface
charge density, respectively; /IHP and /OHP

are the potential on the IHP and that on the
OHP, respectively; d1 and d2 are the distance
between the particle surface and IHP and
that between IHP and OHP, respectively.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 2. Variations of rSðlC=cm 2Þ; e1;/OHP ðmV Þ;2s2d2ðmaxÞðmVÞ; 2s1d1ðmVÞ;/Smax ðmVÞ; 2s2d2ðminÞðmVÞ; and

/Smin ðmVÞwith pH

pH rs e1(2) /OHP 2s2d2(max) -s1d1 /Smax 2s2d2(min) /Smin

3 27.74 9.1 55.5 24.81 511.29 591.6 6.20 573
4 18.71 40 62.9 22.43 78.45 163.8 5.61 147
5.5 6.45 75.9 36.5 10.75 14.26 61.5 2.69 53.4
6 6.45 75.9 24.6 6.76 14.26 45.7 1.69 40.6
7 0.65 77 4.4 1.05 1.41 6.8 0.26 6
8 25.16 75.9 214.1 23.46 28.91 226.5 20.86 223.9
9 28.88 74.4 238.3 210.32 215.63 264.2 22.58 256.5
10 213.15 65.5 256.8 219.44 226.30 2102.5 24.86 287.9
11 218.99 40 254.2 224.40 262.19 2140.8 26.10 2122.5

456 DOI 10.1002/aic Published on behalf of the AIChE February 2014 Vol. 60, No. 2 AIChE Journal

wileyonlinelibrary.com


decreases drastically with increasing rs for 10< rs< 30 mC/
cm2.30 Because rs/e1(pH 5 3)ffi6.5rs/e1(pH 5 4),
2s1d1(pH 5 3)ffi26.5s1d1(pH 5 4), making an appreciable
difference between /Smax (pH 5 3) and /Smax (pH 5 4), and
/Smin (pH 5 3) and /Smin (pH 5 4). We conclude that the
difference between the values of /Smax (/Smin ) at different
pH levels comes mainly from the difference in s1d1, rather
than that in s2d2(max) (s2d2(min)) or in /OHP .

Figure 6a further illustrates the role of 2s1d1, where /S is
seen to be almost independent of d2, except when pH devi-
ates appreciable from IEP (e.g., pH 4 and 10). As seen in
Figure 6b, if 2s1d1 is excluded from the right-hand side of
Eq. 26a, the general trend of /IHP is almost the same as that
of /S in Figure 6a. Note that the curves of pH 10 and 11 in
Figure 6b almost coincide, which is not the case in Figure
6a. This also verifies that 2s1d1 dominates.

Conclusions

The surface properties of Fe3O4 MNPs in an aqueous
NaCl solution with pH adjusted by HCl and NaOH are char-
acterized by both electrophoresis and titration. An electro-
phoresis model taking account of the pH-regulated nature of
a particle, the presence of multiple ionic species, and the
effect of double-layer polarization was proposed to evaluate
the electrophoretic mobility of the particle. The measured
mobility was used to estimate the corresponding zeta poten-
tial by the present model and the three classic mobility-
potential formulas: Smoluchowski, H€uckel, and Henry, the
former two are usually adopted by conventional zeta poten-
tial instrumentation. We show that, depending upon the solu-
tion pH, these classic formulas might yield appreciable
deviation. For example, it is about 10–30 mV at pH 4 and
23–30 mV at pH 9. Our model also predicts that, due to the
variation of the double-layer thickness with pH, the zeta
potential has a positive local maximum near pH 4 and a neg-
ative local minimum near pH 10; the classic models are
unable to predict these. Using the results of titration, the true
surface potential is estimated by a triple-layer model.
Depending upon pH, the level of the true surface potential
can be several times that of zeta potential. For example,
/Smax (/Smin ) is 10.7 (10.3) times of /OHP (i.e., zeta poten-
tial) at pH 3. This implies that if zeta potential is used to
estimate parameters such as the number density of surface
sites and the stability (or critical coagulation concentration)
of a dispersion, the obtained results will underestimate

appreciably the true values. It should be pointed out that the
physical properties of a particle (e.g., equilibrium dissocia-
tion/association constant) and the surrounding liquid medium
(e.g., permittivity, viscosity, and ionic diffusivity) are all
temperature dependent, a factor of potential significance in
electrophoresis. Therefore, extending the present system to
take this factor into account is desirable in future study.
Another problem of practical interest is to apply the present
result to assess the stability (or critical coagulation concen-
tration) of a colloidal dispersion, one of its key properties.
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Notation

Symbols

lE = electrophoretic mobility, m2/V/s
fP = zeta potential, V
e = permittivity of the liquid phase, Coul2/N/m2

g = fluid viscosity, kg/m/s
j = reciprocal Debye length, 1/m
a = radius of a rigid sphere, m

ja = double-layer thickness
E = strength of electric field, V/m

N�M2OH 1
2

= surface density of � M2OH 1
2 , no./m2

N�M2OH = surface density of � M2OH , no./m2

N�M2O 2 = surface density of � M2O , no./m2

Ntotal = total surface density of � M2OH, no./m2

Kb = N�M2OH 1
2
=N�M2OH ½H1�, mol/m3

Ka = N�M2O2 ½H1�=N�M2OH , mol/m3

u = electrical potential, V
q = space density of mobile ions, Coul/m3

e = elementary charge, Coul
kB = Boltzmann constant, J/K
T = absolute temperature, K
u = fluid velocity, m/s
p = pressure, Pa
zj = valence of ionic species
nj = number concentration of ionic species, no./m3

fj = flux of ionic species, no./s/m2

Dj = diffusivity of ionic species, m2/s
fa = thermal potential, V
gj = perturbed potential simulating the polarization of particle’s

double layer, V
rs = surface charge density, Coul/m2

F = Faraday constant, Coul/mol
er = unit vector in the r direction
n = unit outer normal vector.
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Abbreviations

PZC = point of zero charge
IEP = isoelectric point

MNPs = magnetic nanoparticles
DLS = dynamic light scattering
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