Article
pubs.acs.org/Langmuir

Partitioning Behavior of Silica-Coated Nanoparticles in Aqueous
Micellar Two-Phase Systems: Evidence for an Adsorption-Driven
Mechanism from QCM‑D and ATR-FTIR Measurements
Ingo Fischer, Christian Morhardt, Stefan Heissler, and Matthias Franzreb*
Karlsruhe Institute of Technology, Herrmann-von-Helmholtz Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
S Supporting Information
*

ABSTRACT: Quartz crystal microbalance with dissipation (QCM-D), attenuated total reﬂectance
Fourier transform infrared spectroscopy (ATR-FTIR), and total organic carbon detection (TOC)
are employed to examine the cause of the diﬀerences in the partitioning of silica-coated
nanoparticles in an aqueous micellar two-phase system based on nonionic surfactant Eumulgin ES.
The particles partition into the micelle-rich phase at pH 3 and into the micelle-poor phase at pH 7.
Our results clearly show that the nonionic surfactants are adsorbed to the silica surface at pH 3.
Above the critical temperature, a stable surfactant bilayer forms on the silica surface. At pH 7, the
surfactants do not adsorb to the particle surface; a surfactant-loaded particle is therefore drawn to
the micelle-rich phase but otherwise repelled from it. These results suggest that the partitioning in
aqueous micellar two-phase systems is mainly driven by hydrogen bonds formed between the
surfactants and the component to be partitioned.

■

INTRODUCTION
Aqueous two-phase systems (ATPS) and aqueous micellar twophase systems (AMTPS) can be used to concentrate proteins
and other (in)soluble substances on the basis of their
partitioning behavior between the two phases.1 The mechanism
of the partitioning depends on both system conditions and
target molecule characteristics and is still unclear.
Much attention has been paid to the partitioning of soluble
molecules in AMTPS, and it has been shown that the
partitioning coeﬃcient of a protein can be reasonably predicted
by the excluded-volume theory that is mainly based on the
hydrodynamic radius of the particular protein and the (growth
of the) cross-sectional radius of the phase-forming micelles.2
The mechanism of the partitioning of colloids and insoluble
particles in aqueous two-phase systems, however, has scarcely
been investigated although several publications describe the
macroscopic behavior of particles in two-phase systems: PEG/
dextran ATPS has been used to partition Au and Ag
nanospheres with sizes of less than 100 nm.3 Here, Au
nanospheres partitioned preferentially into the PEG-rich phase
whereas Ag nanospheres were mainly partitioned into the
dextran phase. The two-phase behavior of polymeric acrylic
latex and colloidal TiO2 particles was found to be dependent on
both the surface chemistry and the size of the particles.4 The
authors emphasized the inﬂuence of the pH on the partitioning;
at low pH, when the carboxylated particles were protonated,
they partitioned into the PEG phase. Additionally, it was shown
that the addition of silica and polystyrene latex particles to
stable PEG/dextran systems induces phase separation by
shifting the coexistence curve of the ATPS.5 The authors
explain their results by two diﬀerent mechanisms, both
© 2012 American Chemical Society

originating from the adsorption from one polymer to the
particles. The addition of magnetic particles as carriers for
biomolecules as a tool in biopuriﬁcation has been shown for
ATPS6,7 as well as for AMTPS.8,9 Recently, the potential of
AMTPS to concentrate silver, gold, and palladium nanoparticles was shown.10−12 The authors used nonionic
surfactants Triton X-114 and Triton X-100 to concentrate
the nanoparticles in the micelle-rich phase of the two-phase
systems. Despite the practical applicability of these studies, no
mechanism of the partitioning of the nanoparticles is explained.
The purpose of our study was to investigate the mechanism
of the partitioning of nanoparticles in AMTPS. As described,
several authors hypothesize that the partitioning of particles in
ATPS is somehow related to the adsorption of the phaseforming polymer to the particle surface. Our intention was to
investigate if the partitioning of particles in AMTPS is based on
the same principle and if so to investigate the mechanism of
adsorption.
Silica-coated Fe3O4 nanoparticles with a mean size of 100 nm
were tested. The partitioning of the particles in AMTPS based
on nonionic surfactant Eumulgin ES was investigated at
diﬀerent pH levels as well as in the presence and absence of
chaotropic organic molecule urea; the correlation of the
partitioning behavior of the particles and the adsorption of
surfactant to the silica surface was monitored by quartz crystal
microbalance with dissipation (QCM-D). Reference chips with
silica surfaces were used under the same conditions as those in
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where m is the adsorbed mass, Δf is the frequency shift, n = 1, 3, 5...13
being the observed overtone, and C = 17.7 ng Hz−1 cm−2 being the
mass sensitivity constant of the crystal. The average thickness of the
adsorbed surfactant layer was calculated using eq 2

the partitioning experiments. In addition, the adsorptive
behavior of the phase-forming surfactant onto the particles
was directly detected by attenuated total reﬂectance Fourier
transform infrared spectroscopy (ATR-FTIR) and by surfactant-binding studies.

■

teff =

EXPERIMENTAL SECTION

Materials. Chemicals. All chemicals were analytical grade and used
without further puriﬁcation. All water used was prepared with a MilliQ system (Millipore, USA). Ethanol and citric acid monohydrate were
purchased from Merck Millipore (Darmstadt, Germany); disodium
phosphate, sodium dodecyl sulfate, hydrochloric acid, and sodium
hydroxide were purchased from Carl Roth (Karlsruhe, Germany); and
sodium lactate was purchased from AppliChem (Darmstadt,
Germany). Nonionic surfactant Eumulgin ES (PPG-5-laureth-5, CAS
no. 68439-51-0) was purchased from Cognis (Düsseldorf, Germany).
The density of Eumulgin ES was determined with a DCAT 11 system
(Dataphysics, Filderstadt, Germany) and resulted in ρ = 982 kg/m3.
The average length of an Eumulgin ES molecule, C12-(POE)5(POP)5, was calculated to be 5.57 nm using Yasara software, version
12.4.1.13 The hydrodynamic diameter of a 0.5% Eumulgin ES solution
in both 20 mM sodium phosphate at pH 7 and 20 mM sodium citrate
at pH 3 was determined by dynamic light scattering (DLS) by means
of a Zetasizer 5000 (Malvern Instruments GmbH, Herrenberg,
Germany) to be 15 nm.
Particles. MagPrep silica particles were obtained from Merck
Millipore (Darmstadt, Germany). The particles consist of magnetite
(Fe3O4) monocrystals with a thin silica coating. Scanning electron
microscope (SEM) pictures reveal a mean diameter of single particles
of 100 nm with a narrow size distribution.
Methodology. Partitioning Experiments. Initially, an Eumulgin
ES-based AMTPS phase diagram was prepared in 20 mM sodium
citrate at pH 3 following a protocol described elsewhere.14 The
Eumulgin ES solution was heated to a temperature above the cloud
point, and the temperature was maintained until the phases were
separated. The surfactant concentrations of both emerging phases
were determined by potentiometric titration and subsequently plotted
on a T, x diagram.
The partitioning of the MagPrep silica particles in Eumuling ESbased AMTPS was investigated with regard to the pH of the AMTPS
solution. Therefore, Eumulgin ES AMTPS was set up in 20 mM
solutions of sodium citrate, sodium phosphate, and sodium lactate.
The pH was titrated to the respective value with hydrochloric acid or
sodium hydroxide. To investigate the inﬂuence of urea, additional
AMTPS consisting of 20 mM sodium citrate and 6 M urea was
created. In all experiments, the Eumulgin ES concentration was 10 wt
%.
Initially, the particles were equilibrated in the corresponding buﬀer
and then added to the AMTPS. The ﬁnal particle concentration in the
AMTPS was set to 0.5 g/L. After temperature-induced phase
separation, the particle partitioning behavior was observed visually.
The phase-separation temperature was set to 30 °C in all experiments
except for the experiments that were carried out with urea; in these
experiments, the temperature had to be elevated to 35 °C to induce
phase separation.
Quartz Crystal Microbalance. The QCM-D experiments were
performed using a Q-Sense E4 system with Qsoft 401 software (QSense, Gothenburg, Sweden). QCM-D exploits the piezoelectric eﬀect
in chips composed of an AT-cut, disk-shaped, polished quartz crystal,
which has a fundamental frequency of 4.95 MHz. QCM-D monitors
the adsorption of molecules onto the surface of the chip because of a
negative shift in frequency (f) that is proportional to the mass on the
crystal. In addition, there is a positive shift in dissipation (D)
proportional to the viscoelastic properties of that mass. QCM-D
measurements relate the mass to the frequency shift based on the work
of Sauerbrey15 according to eq 1
Δm = −

C Δf
n

Δm
ρeff

(2)

where ρeff is the densitiy of Eumulgin ES and teff is the thickness of the
adsorbed ﬁlm.
Silica-coated chips (QSX 303, Q-Sense, Gothenburg, Sweden) were
used for the QCM-D measurements. To clean the chips, they were
sonicated in ethanol for 10 min, dried with nitrogen, and irradiated
with UV ozone (ProCleaner, Bioforce Nanoscience, Ames, IA) for 10
min. After the experiments, the chips were sonicated in ethanol for 10
min and two times in Milli-Q water, dried with nitrogen, and stored
under ambient conditions. All chips were used multiple times.
During all experiments, the ﬂow rate was set to 50 μL/min. All
experimental conditions were designed to meet the same conditions as
in the partitioning experiments: temperatures were set to either 20 °C
to simulate a single-phase temperature or to 30 °C (to 35 °C in the
case of the urea experiments) to generate phase-separation conditions.
The buﬀers used were the same as described in the partitioning
experiments. Initially, the chips were equilibrated in the corresponding
buﬀer; after a stable baseline was achieved, the buﬀered 10 wt %
surfactant solution was injected. Rinsing with the surfactant solution
was performed for at least 45 min, and afterwards a pure buﬀer was
injected until a constant signal was reached. Finally, the system was
rinsed with Milli-Q water.
Surfactant Binding and Elution Studies. Merck MagPrep silica
solutions were prepared as follows: 10 mL samples containing a
particle concentration of 10 g/L were prepared; these samples
contained 10 wt % Eumulgin ES at either pH 3 or 7. All solutions were
buﬀered using sodium phosphate. Each sample was kept constant at 4
°C or at 30 °C. This setup resulted in a total of four diﬀerent samples:
pH 3 or 7 at 4 or 30 °C. All experiments were performed in triplicate.
The samples were initially incubated in an overhead shaker for 20 min
in 10% Eumulgin ES at the respective pH and temperature.
Afterwards, the particles were separated from the Eumulgin ES
solution using a hand magnet. Then particles were washed in 10 mL of
pure buﬀer at the respective temperature and pH for 20 min. The
supernatant was again separated from the particles. The washing
procedure was repeated for an additional 11 times, resulting in a total
12 washings. All samples were analyzed for their Eumulgin ES content
by a determination of the total organic carbon.
Surfactant Determination by TOC. The surfactant concentration in
the samples was determined by the detection of the total organic
carbon using the Multi N/C 2000 (Analytik Jena, Jena, Germany).
Fifteen microliters of hydrochloric acid was added to each sample
before TOC measurements in order to remove dissolved inorganic
carbon. The total surfactant concentration was calculated from the
TOC content; the carbon mass makes up for 63.8% of the total mass
of nonionic surfactant Eumulgin ES.
Surfactant−Particle Investigation with ATR-FTIR. For the ATRFTIR measurements, a Tensor 27 IR spectrometer with a Platinum
ATR (single reﬂecting diamond) accessory (Bruker Optics, Ettlingen,
Germany) was used. Each spectrum comprised 64 coadded scans with
a spectral resolution of 4 cm−1 in the 3600−400 cm−1 range. The data
was acquired using OPUS 6.5 software (Bruker Optics, Ettlingen,
Germany).
The MagPrep silica particles were equilibrated in a citrate buﬀer at
pH 3 or phosphate buﬀer at pH 7 and then incubated in the same
buﬀer containing 10% Eumulgin ES. Afterwards, the particles were
washed ﬁve times in the pure buﬀer.
The particle suspensions were applied to the ATR crystal and
allowed to dry for 10 min. The spectra of the plain particles were
subtracted from spectra of the processed particles. The spectra were
baseline corrected by a concave rubber band method.
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RESULTS AND DISCUSSION
Phase Diagram of Eumulgin ES-Based AMTPS. The
unique properties of AMTPS in a certain buﬀer are
characterized by its phase diagram. Figure 1 depicts the phase

Figure 2. Possibilities of the partitioning behavior of 100 nm silica
particles in an Eumulgin ES-based AMTPS: (left) in a single-phase
state, the particles are homogenously distributed in the solution;
(middle) the particles partition into the micellar-rich top phase; and
(right) the particles partition into the micelle-poor bottom phase and
sediment on the bottom.
Figure 1. Phase diagram of a 20 mM sodium citrate Eumulgin ES
AMTPS. The points of transition from a single-phase to a two-phase
state are shown. The phase separation depends on the surfactant
concentration and the temperature.

two diﬀerent buﬀering salts, viz., sodium phosphate and sodium
citrate. In both cases, the partitioning of the particles did not
diverge. Phase diagrams of Eumulgin ES have been investigated
in 100 mM sodium phosphate and in pure water.14 From these
diagrams, it can be seen that the inﬂuence of pH in the
investigated range on the phase diagram and thus on the
aggregation behavior of the surfactants at the investigated salt
concentrations even at diﬀerent pH values is small. Therefore,
the correlation among the nonionic surfactant, particle surface,
and pH must be responsible for the partitioning behavior. The
interactions of polyoxyethylated nonionic surfactants or
poly(oxyethylene oxide) and hydrophilic surfaces, however,
have been described extensively.19−21 It is generally accepted
that the interactions are mainly driven by hydrogen bonds that
form between the ether oxygens or the hydroxyl end of the
nonionic surfactant and the hydrophilic surface.22 Therefore, a
lower pH increases the protonation of the OH groups of either
the surface or surfactant, leading to the adsorption of the
nonionic surfactants to the surface.23,24 For this reason,
particles in the micellar-rich top phase are stabilized by the
adsorption of the surfactant onto their surface, which prevents
particle aggregation, and the particles agglomerate and
sediment to the bottom phase when the surfactants do not
adsorb.
To investigate the role of hydrogen bonds in the mechanism
of the partitioning behavior of the silica-coated sorbents,
AMTPS containing high concentrations of urea has been set
up. Urea is known to have a strong impact on the solvent−
solute interaction and the micellar properties of AMTPS (e.g.,
increasing the critical micelle concentration25 and the cloud
point18,26). In general, the role of urea is related to its direct
interaction with the hydrogen bonds between water molecules
or by the interaction of urea with the solute. Recent
experimental ﬁndings support the latter theory, which now
has become widely accepted.27,28
The addition of urea reverses the partitioning behavior of the
100 nm Fe3O4 silica particles from the micelle-rich to the
micelle-poor phase in a 20 mM sodium citrate system at pH 3.
This eﬀect can be explained by the inference of urea with the

diagram of AMTPS of Eumulgin ES in 20 mm sodium citrate.
Phase diagrams of Eumulgin ES AMTPS have been determined
in water and 100 mM sodium phosphate at pH 7.14 From the
comparison of the phase diagrams, it can be seen that the pH
and salt concentrations within the investigated range have little
inﬂuence on the phase diagram and thus on the intermicellar
interactions. It is generally assumed that the phase separation of
AMTPS is based on the temperature-induced growth of the
nonionic micelles. With increasing temperature, the micelles
grow until a thermodynamically favored phase separation
occurs. This phenomenon has been fundamentally investigated
by a work group around Blankschtein.16,17
The dots represent the temperature where the system starts
to split into two phases.
Partitioning Experiments. The partitioning of silicacoated 100 nm Fe3O4 particles in an Eumulgin ES-based
AMTPS was investigated. At pH 3 and 4, the particles partition
into the micelle-rich phase, independent of the buﬀer used. At
pH 7, the particles partition completely into the micelle-poor
phase. In all cases, the volume fraction of the micelle-rich top
phase was 20% of the total volume at 35 °C.
Figure 2 illustrates the diﬀerence between magnetic particles
in the single-phase regime at a low temperature and after phase
separation, accumulating in the micelle-rich top phase and
micelle-poor bottom phase, respectively.
By changing the buﬀer composition and/or the pH, we
change the ionic strength of the solution. The eﬀect of the ionic
strength in AMTPS systems, however, results in an increasing
or decreasing shift of the phase diagram, depending on the kind
and especially the concentration of the applied salt. For
chaotrophic agents, the phase-separation temperature (the
cloud point) is decreased, but for cosmotrophic agents, the
cloud point is increased.18 To exclude the contribution of the
particular salt from the partitioning behavior (e.g., at pH 3), the
partitioning experiments were carried out in the presence of
15791
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hydrogen bonds of the nonionic surfactant and the silica
surface. When the nonionic surfactants do not adsorb onto the
particles, they are excluded from the micellar-rich phase of the
system.
Surfactant Binding on Reference Surfaces. Quartz
crystal microbalance signals were recorded in order to monitor
the surfactant−SiO2 interaction at diﬀerent pH values at
diﬀerent temperatures.
Initially, each silica chip was equilibrated in the respective
buﬀer and then rinsed with the Eumulgin ES solution. Figure 3
shows an example of the real-time signal curve for overtones
ﬁve, seven, and nine at 20 °C and pH 3.
Figure 4. QCM-D signal obtained during the rinsing of a silica chip
with sodium phosphate and Eumulgin ES at pH 7 and 20 °C. The
silica chip is rinsed with (0) sodium phosphate, (1) 10% Eumulgin ES
in sodium phosphate, (2) sodium phosphate, and (3) Milli-Q water.
Eumulgin ES is completely removed from the chip surface after it is
rinsed with sodium phosphate.

Figure 3. QCM-D signal obtained during the rinsing of a silica chip
with sodium citrate and Eumulgin ES at pH 3 and 20 °C. The silica
chip is rinsed with (0) sodium citrate, (1) 10% Eumulgin ES in sodium
citrate, (2) sodium citrate, and (3) Milli-Q water. The signal shift to
−35 Hz is generated by a Eumulgin ES monolayer that is adsorbed to
the silica surface. When the chip is rinsed with Milli-Q water, the
Eumulgin ES layer is removed completely.
Figure 5. QCM-D signal obtained during rinsing a silica chip with
sodium citrate and Eumulgin ES at pH 3 and 30 °C. The silica chip is
rinsed with (0) sodium citrate, (1) 10% Eumulgin ES in sodium
citrate, (2) sodium citrate, and (3) Milli-Q water. A signal shift of −55
Hz emerges when the surface is ﬂushed with sodium citrate. The signal
comes from a stable surfactant double layer formed on the silica
surface at pH 3 and 30 °C.

The signals for Δf decrease and those for ΔD increase when
the chip is in contact with the surfactant solution, yet the
frequency shifts do not run congruently. This is due to the fact
that the solution rinsing the chip behaves like a viscoelastic ﬁlm
because of the high surfactant concentration. An increased shift
in energy dissipation also arises from this eﬀect. When the SiO2
surface is rinsed with buﬀer containing no surfactant, a stable
frequency shift of approximately −35 Hz occurs for all
overtones. The dissipation is decreased close to zero. In this
state, a stable rigid surfactant layer is adsorbed to the SiO2
surface. When the surface is rinsed with Milli-Q water, the
surfactant layer is desorbed and the signal drops back to zero.
Figure 4 displays the QCM-D signal for the experiment at
pH 7 at 20 °C.
When the silica chip is rinsed with the surfactant solution, the
signal change is similar to the signal change at pH 3, yet when
the SiO2 surface is rinsed with pure buﬀer, the frequency signal
drops to zero immediately. Rinsing the silica chip with Milli-Q
water does not change the signal. In conclusion, at pH 7 no
surfactant layer is adsorbed to the SiO2 surface. The signal
change by rinsing with surfactant solution is due to the
interaction or loose attachment of the surfactant to the silica
surface.
When the temperature is increased to 30 °C, the cloud point
of the Eumulgin ES solution is crossed and the system splits.
QCM-D signals for a solution heated to 30 °C at pH 3 are
shown in Figure 5.

When rinsing with the surfactant solution, ﬂuctuations in the
signal can be detected. These occur because of the
inhomogeneous solution that is used to rinse the SiO2 surface.
Above the phase-separation temperature, large micelles are
formed that interact with the quartz surface in an
uncoordinated manner. When the surface is ﬂushed with pure
buﬀer, however, a constant frequency shift signal of about −55
Hz emerges. Rinsing with Milli-Q water decreases the
frequency shift to zero. This eﬀect is explained by a two-step
mechanism. In the ﬁrst step, the surfactants adsorb to the SiO2
surface because of hydrogen bonding (shown in the 20 °C
experiment). When the temperature is increased, the hydrocarbon chains of the surfactants congregate; the surfactants
form a stable double layer on the SiO2 surface.
In contrast to that, Figure 6 shows the signal of the QCM-D
when the heated surfactant solution is brought into contact
with the silica surface at pH 7. When the chip is rinsed with
buﬀer after contact with surfactant, the signal drops to zero.
Although the surfactants congregate, they do not bind to the
15792
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Figure 8. QCM-D signal obtained during rinsing a silica chip with
sodium citrate, 6 M urea, and Eumulgin ES at pH 3 at 35 °C. The silica
chip is rinsed with (0) sodium citrate, 6 M urea, pH 3; (1) 10%
Eumulgin ES in sodium citrate, 6 M urea, pH 3; and (2) sodium
citrate, 6 M urea, pH 3. The obtained signals converge to zero; no
surfactant is adsorbed permanently to the silica surface.

Figure 6. QCM-D signal obtained from rinsing a silica chip with
sodium phosphate and Eumulgin ES at pH 7 and 30 °C. The silica
chip is rinsed with (0) sodium phosphate, (1) 10% Eumulgin ES in
sodium phosphate, (2) sodium phosphate, and (3) Milli-Q water.
Eumulgin ES is completely removed from the chip surface after it is
rinsed with sodium phosphate at 30 °C.

Table 1. Calculated Thicknesses of the Eumulgin ES Layers
on Silica Chips under Diﬀerent Buﬀer Conditions at 20° Ca

silica surface because no hydrogen bonding between polar
heads of the surfactant and SiO2 occurs.
When urea is added to the buﬀered solution at pH 3, the
QCM-D signal is straight, as can be seen in Figure 7.

buﬀer pH/salt

thickness of adsorbed surfactant layer
(nm)

standard deviation
(nm)

pH 3
pH 3, 6 M urea
pH 7

5.50
0.23
0.01

0.34
0.02
0.17

a

Calculations were made using the experimental QCM-D results and
eqs 1 and 2.

Table 2. Calculated Thicknesses of the Eumulgin ES Layers
on Silica Chips under Diﬀerent Buﬀer Conditions at 30° Ca
buﬀer pH/salt

thickness of adsorbed surfactant layer
(nm)

standard deviation
(nm)

pH 3
pH 3, 6 M urea
pH 7

11.14
0.95
0.01

1.04
0.04
1.00

a

Calculations were made using the experimental QCM-D results and
eqs 1 and 2.

Figure 7. QCM-D signal obtained during rinsing a silica chip with
sodium citrate, 6 M urea, and Eumulgin ES at pH 3 at 20 °C. The silica
chip is rinsed with (0) sodium citrate, 6 M urea, pH 3; (1) 10%
Eumulgin ES in sodium citrate, 6 M urea, pH 3; and (2) sodium
citrate, 6 M urea, pH 3. Eumulgin ES is completely removed from the
chip surface after rinsing with the buﬀered urea solution.

5.5 nm. Therefore, it can be concluded that the surfactant
molecules do not adsorb in an outstretched horizontal fashion
onto the silica surface, but they are oriented vertically, with
carbon chains extended toward the liquid and polar heads
toward the SiO2 surface. The addition of urea at pH 3 prevents
the permanent surfactant binding completely. As discussed, at
pH 7 the surfactants do not bind to the SiO2 surface, either at
20 °C or at 30 °C.
Surfactant Binding on Particle Surfaces. MagPrep silica
particles were incubated with a buﬀered surfactant solution at
pH 3 and 7 and washed with buﬀer in the respective pH for 12
wash cycles. The surfactant concentrations in the wash fractions
were analyzed by TOC. Figure 9 shows the concentrations in
the wash fractions for wash cycles 4 to 12 performed at 4 and
30 °C.
Although at 4 °C and pH 7 the surfactant is completely
eluted from the MagPrepSilica particles after ﬁve cycles, at pH 3
the attraction of the silica surface to the surfactant is stronger
and up to nine wash cycles are required. This eﬀect is even
more prominent when the particles are incubated with
surfactant at 30 °C as shown in Figure 9B.

Urea stabilizes the micelles; this results in a less-staggered
QCM-D signal. When rinsed with buﬀer and urea but without
the surfactant at pH 3, the frequency shift drops to zero. When
the temperature is increased to 35 °C to induce phase
separation conditions and the chip is rinsed with buﬀer and
urea after contact with the surfactant solution, the signals of
both the frequency shift and dissipation slowly converge to
zero. The signal curve can be seen in Figure 8. It can be
concluded that Eumulgin ES does not bind permanently to the
silica surface at pH 3 in the presence of 6 M urea.
The average thickness of the surfactant layers on the silica
surfaces were calculated according to eqs 1 and 2. The results
are summarized in Tables 1 and 2.
At 20 °C, the average thickness of the surfactant layer is 5.5
nm, and at 30 °C, the thickness was calculated to be 11.1 nm.
The length of an Eumulgin ES molecule was estimated to be
15793
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Figure 9. (A) Eumulgin ES desorbed from MagPrep silica particles in 12 wash cycles at 4 °C. Desorption was performed at 4 °C and at pH 3 or 7.
Surfactant concentrations in the wash solutions are shown from cycles 4 to 12. At pH 3, the attraction of the surfactant to the SiO2 surface is
stronger. (B) Eumulgin ES desorbed from MagPrep silica particles in 12 wash cycles at 30 °C. Desorption was performed at 30 °C and at pH 3 or 7.
Surfactant concentrations in the wash solutions are shown from cycles 4 to 12. At pH 3, the attraction of the surfactant to the surface is much
stronger. Eumulgin ES is eluted from the particles after 12 wash cycles, and at pH 7 the surfactant is completely removed from the particles after four
wash cycles.

At 30 °C and pH 7, the surfactant is removed completely
after ﬁve wash cycles, and at pH 3, Eumulgin ES desorption
from the particles is not completed after 12 wash cycles. In
summary, at pH 3 the attraction of the nonionic surfactant to
the SiO2-coated particles is stronger at pH 3 than at pH 7.
These ﬁndings are in accordance with the results obtained from
the QCM-D experiments and the reference surfaces.
ATR-FTIR Spectroscopy. The sorption of Eumulgin ES
onto MagPrep silica particles at pH 3 and 7 was compared by
ATR-FTIR. The particles were ﬁrst incubated under AMTPS
conditions; afterwards, the particles were washed ﬁve times in
the same buﬀer. ATR-FTIR spectra were taken from the plain
particles, particles incubated with AMTPS, and particles that
were washed ﬁve times with pure buﬀer after incubation. The
spectra of the plain particles were subtracted from the spectra
of the incubated and rinsed particles, and the results are
depicted in Figures 10 and 11.
When the particles are incubated with AMTPS, the
surfactants are attached to their surface; this can be observed

Figure 11. ATR-FTIR spectra of MagPrep silica particles incubated
with Eumulgin ES at pH 7. The peaks at 2800−2950 cm−1 are
generated from CH2 and CH3 stretching caused by surfactant
hydrocarbon chains at the particle surface. These peaks cannot be
observed on the particle surface after ﬁve wash cycles at pH 7.

by the peaks at wavenumber 2800 cm−1, which are caused by
stretching vibrations of their CH2 and CH3 groups. However,
when washed at neutral pH 7, the surfactants are removed
completely because no peaks can be seen in Figure 11. At pH 3,
however, after ﬁve wash cycles, the peaks at 2800 cm−1 can still
be detected. The ATR-FTIR experiments conﬁrm the ﬁndings
from the QCM-D and direct surfactant elution experiments.
The surfactant is completely removed from the SiO2 at pH 7
because the surfactants are not strongly adsorbed to the surface.

■

CONCLUSIONS
The correlations of the pH level, surfactant adsorption, and
partitioning of silica-coated particles in an aqueous micellar
two-phase system have been examined.
We have shown that at low pH the surfactants physically
adsorb to the SiO2 layer of both the particle and reference
surface. Because the surfactant has a nonionic nature, these
interactions seem to be hydrogen bonds formed between SiO2
and the polar head of the surfactant. The sorption of the
surfactant has been investigated using three independent
methods: QMC-D based on a reference silica chip, the direct

Figure 10. ATR-FTIR spectra of MagPrep silica particles incubated
with Eumulgin ES at pH 3. The peaks at 2800−2950 cm−1 are
generated from CH2 and CH3 stretching caused by surfactant
hydrocarbon chains at the particle surface. Peaks can still be observed
on the particle surface after ﬁve wash cycles at pH 3.
15794
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to dominate the partitioning behavior of the component in an
aqueous micellar two-phase system.

determination of surfactant concentration in solution, and
ATR-FTIR on the particle surface. QCM-D results suggest that
the nonionic surfactant adsorbs to the silica surface with its
polar head toward the SiO2 layer. When the temperature is
increased, a stable double layer is formed on the silica surface.
Under the same conditions when the surfactants adsorb onto
the silica surface, the particles partition into the micelle-rich
phase of the system. On the contrary, under conditions when
the surfactants attach only loosely to the surface, the particles
partition to the micelle-poor phase of the micellar two-phase
system.
We therefore propose that the partitioning of particles in
micellar two-phase systems is driven by the adsorption of the
phase-forming surfactant to the component to be partitioned.
Figure 12 illustrates the proposed mechanism of the
partitioning behavior of particulates in an aqueous micellar
two-phase system.
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