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ABSTRACT

This paper (Part I1) is devoted to the effect of molecular adsorption on the surface of magnetic iron
oxide nanoparticles (IONP) on the enhancement of their (secondary) field-induced agglomeration
and magnetic separation. Experimentally, we use methylene blue (MB) cationic dye adsorption on
citrate-coated maghemite nanoparticles to provoke primary agglomeration of IONP in the absence
of field. The secondary agglomeration is manifested through the appearance of needle-like micron-
sized agglomerates in the presence of an applied magnetic field. With increasing amount of
adsorbed MB molecules, the size of the field-induced agglomerates increases and the magnetic
separation on a magnetized micropillar becomes more efficient. These effects are mainly governed
by the ratio of magnetic-to-thermal energy «, suspension supersaturation Ao and Brownian
diffusivity Derr of primary agglomerates. The three parameters («, Ao and Derr) are implicitly related
to the surface coverage @ of IONP by MB molecules through the hydrodynamic size of primary
agglomerates exponentially increasing with €. Experiments and developed theoretical models allow
quantitative evaluation of the @-effect on the efficiency of the secondary agglomeration and
magnetic separation.

INTRODUCTION

In numerous biomedical and environmental applications of magnetic nanoparticles, like drug
delivery®3, hyperthermia*®, magnetic resonance imaging®, gene transfection’®, water remediation®
11 these particles bear on their surface adsorbed molecules. At some conditions, these molecules
can significantly reduce the potential barrier of interparticle interaction and provoke nanoparticle
agglomeration. This is often the case for the dispersion of magnetic iron oxide nanoparticles (IONP)
in physiological media!?'’, especially in blood plasma when adsorbed proteins can reduce the
effective surface charge of nanoparticles or induce hydrophobic interactions promoting
agglomeration®2°, This agglomeration affects theranostic performance of IONP, as well as their
cellular uptake or biodistribution.

* Corresponding Author: pavel.kuzhir@univ-cotedazur.fr



Similar situation occurs in water remediation applications when charged pollutant species
are adsorbed onto the nanoparticle surface. This is the case of the methylene blue (MB) cationic dye
whose adsorption onto IONP was studied in detail in the companion paper? (Part 1), whose results
can be summarized as follows: (a) MB adsorption to oppositely charged citrate-coated IONP is
found to be mostly promoted by electrostatic interactions and is very sensitive to pH variations
changing the particle surface charge and to ionic strength variations tuning the interaction length
scale; (b) MB is shown to form H-aggregates (pile of side-by-side stacked molecules) on the IONP
surface; (c) Nanoparticles agglomerate in the presence of MB, and the agglomerate hydrodynamic
size dn exponentially increases with the surface density Qeq of MB adsorbed onto the nanoparticle
surface; (d) Nevertheless, the maximum surface density Qmax at the adsorption plateau corresponds
to the packing density of a monolayer adsorbed onto each individual nanoparticle. Thus, small MB
molecules (1.7x0.76x0.33 nm) are able to penetrate inside the primary agglomerates (~100-300
nm) constituted of ~10 nm sized IONP. The surface coverage is defined as 6=Qeq/Qmax and accounts
for MB embedded inside the primary agglomerates; (e) Primary agglomeration of IONP is
explained by the two following mechanisms. At relatively low surface coverage 6, one expects a
heterogeneous adsorption of MB molecules forming H-aggregates on the IONP surface. This
creates a nonuniform surface charge distribution which could considerably lower electrostatic
repulsion between particles and promote their agglomeration under van der Waals forces. This
mechanism is qualitatively similar to the surface domain correlation??. At high surface coverage 6,
the surface domain correlation is no longer relevant, but one expects that the nanoparticles are
“bridged” by m-stacking aromatic interactions between two MB molecules (or two H-aggregates),
each “belonging” to opposite IONP surfaces.

Whatever the mechanisms behind this primary agglomeration of magnetic nanoparticles, it
is expected to considerably enhance the secondary agglomeration induced by external magnetic
fields. In fact, in the considered cases, molecular adsorption promotes the appearance of primary
agglomerates with a much larger size than that of individual nanoparticles. The energy of magnetic
interaction between primary agglomerates is proportional to the cube of their linear dimension.
Higher energy is expected to promote a stronger phase separation in the presence of a uniform
magnetic field which is usually manifested through appearance of micron-sized needle-like
agglomerates?>%’. Furthermore, in non-uniform magnetic fields, these agglomerates are expected to
migrate in the direction of the magnetic field gradient, thereby accelerating separation of the
magnetic phase from the solvent as compared to individual non-agglomerated nanoparticles which
undergo strong Brownian motion and cannot be separated from the solvent by moderate magnetic
fields.

In general, magnetic separation enhanced by field-induced agglomeration is rather well
documented — see reviews by Kuzhir et al.?® and Leong et al?®. However, the coupling between
molecular adsorption, primary and secondary agglomeration and magnetic separation has received
much less attention. A few existing studies are devoted to the effect of the added surfactant on the
field-induced agglomeration or magnetic separation. The adsorbed surfactant molecules influence
the nanoparticle stability and, consequently, the aggregation behavior under applied field through
the two following effects. On the one hand, increasing surfactant concentration usually increases the
IONP stability®® and weakens or completely excludes the field-induced agglomeration. In some
cases, the surfactants can screen electrostatic repulsion between nanoparticles and enhance their
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primary and secondary (field-induced) agglomeration?®. On the other hand, increasing thickness of
the adsorbed molecular layer decreases magnetic interaction potential between nanoparticles and
leads to a weakening of the field-induced agglomeration and to a decrease of the magnetic
separation efficiency3l. To the best of our knowledge, the effect of the surface density of the
adsorbed molecules on the field-induced agglomeration or magnetic separation has never been
reported.

In this paper (Part Il), we discover how progressive adsorption of molecules on nanoparticle
surface enhances magnetic separation of these particles. To this purpose, mixtures of citrate-coated
maghemite IONP with an aqueous MB solution are used. This physicochemical system, described
in the companion paper? (Part 1), is firstly subjected to a homogenous magnetic field in order to
study the field-induced agglomeration. Then, we realize magnetic separation experiments in
microfluidic channels equipped with a magnetized micropillar. Under external magnetic field, the
micropillar creates magnetic field gradients around himself and attracts magnetic agglomerates
separating them from the suspending liquid when the magnetic colloid continuously flows through
the channel®.,

The goal of the present paper is to establish experimental correlations between the surface
coverage of IONP by MB and the physical parameters of the field-induced agglomeration (the
average agglomerate size) and microfluidic magnetic separation (the capture efficiency). We expect
that the considered pair MB/citrated IONP should allow discerning some general effects of
molecular adsorption on nanoparticles agglomeration/magnetic separation valid for other
adsorbent/adsorbate pairs, as long as attractive interactions between adsorbent nanoparticles
induced by adsorbed molecular layers are known.

EXPERIMENTAL SECTION

IONP and MB adsorption experiments.

Detailed description of synthesis and characterization of IONP and MB adsorption experiments are
provided in the companion paper? (Part 1). Briefly, IONP were synthetized using a well-known
method of co-precipitation of iron salts®?> followed by oxidation of obtained magnetite (FesOa)
nanoparticles to maghemite (y-Fe2O3) and their stabilization in deionized water by trisodium citrate
adsorption. The adsorbed citrate ions ensured a negative electric charge on IONP surface while the
colloidal stability was provided by electro-steric repulsion between nanoparticles. Individual
nanoparticles have an average diameter of metal oxide cores du=7.6+£2.7nm and an outer diameter
comprising the citrate shell do= 8.0-9.6 nm. For experiments, the synthesized ferrofluid (colloidal
suspension of IONP in a dilute aqueous solution of trisodium citrate) was diluted by either pure
Milli-Q water (Millipore) or a stock water solution of MB as described in detail in Part I [ref. 21].
Amounts of mixed solutions were adjusted to get a desired molar concentration of MB, 0<Co<1
mmol/L in the final solution, and two IONP weight concentrations were used: cw=0.18 g/L (dilute
samples labeled “SD samples”) and 8 g/L (concentrated “SC samples”) corresponding to IONP
volume fraction of ¢=0.0036 vol % and 0.16 vol %, respectively. The SD samples were relatively
transparent and used for measurements of the hydrodynamic size distribution and the
electrophoretic mobility?* (Part I). The SC samples contain a larger iron oxide amount and were
used in experiments with field-induced agglomeration and magnetic separation (the present paper —
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Part Il). Physicochemical parameters of these both samples without MB addition are summarized in
Table S1 in Supporting Information (SI). In the absence of MB, both samples were stable for at
least one month, as checked by the dynamic light scattering (DLS).

Adsorption isotherms of MB onto surface of IONP of SC and SD samples are shown in
Fig. S11 of Supporting Information of Part I [ref. 21] and are satisfactorily fitted to the Langmuir
adsorption law. The amount of adsorbed MB is characterized by both the surface density Qeq (in
mmol of adsorbed MB per gram of IONP) and the surface coverage 6= Qeq/Qmaxx100 (in %), with
Qmax=0.37£0.01 mmol/g being the surface density at the adsorption plateau. MB adsorption
promoted primary agglomeration of IONP in the absence of the magnetic field, as tested by
dynamic light scattering (DLS) on the SD samples — cf. Fig. 4b of Part | [ref. 21]. The average
hydrodynamic size of the primary agglomerates increased exponentially with the surface coverage:

(d,,)=d,,,exp(a,0), (1)
with dro=1745 nm and a,=6.0+0.3.
Secondary (field-induced) agglomeration and magnetic separation.

The polydimethylsiloxane (PDMS) microfluidic channels used for the secondary agglomeration
(channel n°l) and magnetic separation (channel n°2) experiments were fabricated by soft
photolithography as described in detail in Ezzaier et al. and they are shown schematically on Fig.
S1 in Supporting Information (SI). Both channels had a length of 1 cm, width of 1 mm and
thickness of 200£5 um (channel 1) or 503 um (channel 2). The channel 2 was equipped with a
cylindrical PDMS micropillar with embedded iron microbeads. The micropillar was placed
perpendicularly to the bottom and upper channel walls spanning all the width of the channel and
having a diameter Dn=50+£3um. Flexible tubes of an internal/external diameter equal to 0.5/1 mm
were introduced to both extremities of the channels to form the inlet and the outlet. In both types of
experiments, the channels were filled with MB/IONP aqueous solutions, namely with SC samples at
different surface coverage @ of adsorbed MB, ranging between 0 and 36%. Higher values of &
promoted relatively fast gravitational settling of the field-induced agglomerates; they were
immobilized at the channel bottom, and this seriously affected their growth and magnetic separation
on the micropillar.

The whole experimental setup is schematically shown on Fig. 1. In experiments with field-
induced agglomeration, after filling the channel n°® 1 with the MB/IONP mixture at cw=8 g/L
(»=0.16 %vol), it was placed onto the stage of a transmitted light inverted microscope (Nikon
Diaphot, Japan). The external magnetic field (uniform on the level of the channel) with intensities
ranging between H = 1.3 and 4.7 kA/m was applied using a pair of Helmholtz coils placed around
the microscope. Once the external magnetic field was switched on, the primary agglomerates
(composed of numerous IONP) started to attract each other and form needle-like secondary
agglomerates which became visible under the microscope several seconds upon the field
application. Snapshots of the aggregation process were recorded every ten seconds for a total time
of 20 min. A four-fold magnification objective and a complementary metal oxide semiconductor
(CMOQOS) detector camera PL-B742U (PixelLink, Canada) adjusted to the microscope were used.
The snapshots were then processed using Imagel software, enabling measurement of the
agglomerate length distribution with elapsed time and in function of the surface coverage & of
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adsorbed MB. The average agglomerate length L was computed at each moment of time as the first
moment of the length distribution function. In addition to it, the threshold magnetic field H and the
threshold IONP volume fraction ¢’ below which the field-induced agglomeration does not take
place were measured by filling the channel n°1 with the MB/IONP samples at different IONP
volume fractions ¢, applying step-wise increasing values of the magnetic field intensity H for 20
min and observing whether the needle-like agglomerates of a minimal length about 1um appear or
not. The experimental dependencies H(¢") were then plotted for different surface densities of

adsorbed MB.

Helmholtz coils

A

microfluidic channel  MB/IONP suspension

/ syringe

- «—— microscope objective

:] <« Syringe

) ) pump

Fig. 1. Sketch of the experimental setup. A detailed scheme of the microfluidic channels with and without micropillar
are shown in Fig. S1

In experiments with magnetic separation, the inlet of the channel n°2 was connected to a 5 mL
syringe and was placed on the stage of the same microscope equipped with Helmholtz coils and the
CMOS camera (Fig. 1). The MB/IONP mixtures at cw=8 g/L (¢=0.16 %vol) and different surface
coverages € were used. The suspension flow through the channel at a desired flow rate 5<Q<30
uL/min and superficial velocity u=Q/A (called hereinafter flow speed, with A=7.8x10® m? being the
channel cross-section) was induced by a syringe pump PHD Ultra (Harvard Apparatus, USA). A
few minutes after the onset of the flow, an external uniform magnetic field of an intensity H=18
kA/m was applied parallel to the flow direction. The micropillar got magnetized and captured IONP
(or rather their primary and/or secondary agglomerates) separating them from the suspending fluid.
The IONP accumulated around the micropillar and formed micron-sized deposits extended along
the applied field. The deposit growth was recorded every 10 seconds for 20 minutes. The images
were then processed using the ImageJ software and the deposit area S, schematically shown on Fig.

Slc was measured at each elapsed time. The relative deposit surface area, s =4S/(zD,*), was
finally computed as the ratio of the deposit area S to the micropillar cross-section, and was plotted
as a function of the elapsed time t. The s(t) dependencies allowed us to quantify the magnetic
separation efficiency as a function of the surface coverage 6 of the adsorbed MB.



To avoid any artefact related to possible retention of nanoparticles within the syringe, tubing
or connectors, we checked several times the IONP concentration flowing out from the microfluidic
channel. Using the iron dosage by Inductive Coupled Plasma Atomic Emission Spectrometry (1CP-
AES, Perkin Elmer Optima 8000 DV, USA), we found the same iron concentration in the samples
passed through the channel (without micropillar) as in the initial samples. All experiments were
repeated twice and the reported quantities L, H and s stand for an arithmetic mean of the three
measurements, while the error bars stand for the standard deviation of the values obtained in these
three measurements.

RESULTS AND DISCUSSION

Aggregation threshold and phase diagram.

In these experiments, MB/IONP mixtures are placed in the microfluidic channel and their volume
fraction ¢ and the applied magnetic field H are varied until finding the minimum magnetic field at a
given volume fraction ¢’ required for appearance of the micron-sized needle like aggregates (cf.
Experimental Section). Note that ¢’ (IONP volume fraction at aggregation threshold) should not be
confounded with @ (IONP volume fraction beyond the threshold). Experimental dependencies
H(¢") are plotted in Fig. 2a for different values of the surface coverage 6. We clearly observe that
for each 6, the threshold magnetic field intensity decreases with increasing IONP volume fraction
because shorter distances between primary agglomerates at increasing ¢’ promote stronger dipolar
interactions between them such that lower magnetic field is required to induce the field-induced
agglomeration®-°, In general, H(¢') -curves in Fig. 2a correspond to binodal decomposition of the
magnetic colloid and the whole figure can be seen as a part of the phase diagram. For a fixed value
of 6, the dilute phase without needle-like agglomerates is situated on the left side of the curve
H (¢") corresponding to the given 6, the mixture of the concentrated (needle-like agglomerates)
and dilute (the medium surrounding the needle-like agglomerates) phases is situated on the right of

the curve, while the concentrated phase and the second binodal curve are not accessible in the
present experiments.
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vol%, the applied magnetic field H=2.5 kA/m and the MB surface coverage 6=19%.



As also seen from Fig. 2a, the H(¢") curves and consequently the agglomeration threshold

are shifted to lower IONP volume fractions when increasing the amount of adsorbed MB. Such
effect can be easily understood in terms of increasing magnetic dipolar interactions between
primary agglomerates, as their effective size <dn> (average hydrodynamic diameter measured by
DLS) increases with increasing surface coverage?! [Eq. (1); Fig. 4b in Part 1]. From the theoretical
perspective, the field-induced agglomeration is governed by the interplay between the energy of
magnetic dipolar interactions between primary agglomerates® (of identical diameters du),
Ua~m?/(uodr®) and the thermal agitation energy keT (=4x102! J at room temperature), with
L, =47 107" H/m being the magnetic permeability of vacuum; m=£oMv~ 108Hdk® — the magnetic

moment of magnetizable agglomerates of a volume v; f=(u-1)/(u+2) is the agglomerate magnetic
contrast factor assuming its spherical shape; # and M — its relative magnetic permeability and
magnetization evaluated in a linear magnetization limit appropriate for the considered range of
magnetic fields. Because of a broad size distribution of the primary agglomerates, it is convenient to
consider the quantities <m> and <dn*> averaged over the size distribution in the definition of Ug.
The ratio of these both energies is hereinafter called the magnetic field parameter. It takes the
following form (quite similar to the previous work®’) for the experimentally observed log-normal
size distribution:

_mwBHNAY)  ppH(d,)

= <d 3 > T exp(l2c°) 2

with o=PDI¥? being the dimensionless size distribution width and PDI — the polydispersity index
revealed by DLS [Fig. 4b in Part 1]. From this definition, it is clear that at fixed external magnetic
field H, @affects « through the average hydrodynamic size <dw> of primary agglomerates, the size
distribution width oand the magnetic contrast factor £. The first one (<dw>) increases exponentially
with the surface coverage & [Eq. (1)], the second one (o) experiences a moderate increase with &
[Fig. 4b in Part 1], while the last one () slightly decreases with & because the adsorbed MB
monolayer slightly increases the distance between iron oxide cores of nanoparticles, which
decreases the volume fraction of magnetic material per agglomerate, decreases dipolar interactions
between IONP and, consequently, the magnetic permeability x of the agglomerate. Indeed, using a
modified second-order modified mean-field (MMF2) theory®, we evaluate that MB monolayer of a
thickness 0.76 nm (reported in Part 1) decreases the contrast factor from $=0.92 at 6=0 to $=0.87 at
6=1. Therefore, this latter effect can be neglected, while the exponential growth of <dn> can be
considered as a dominant contribution of & to the magnetic field parameter «. Putting S=const=1,
the expression for « [Eq. (2)] is written in its final form as follows:

~ ﬂon <dH>3

B

exp(126?). 3)

We tempt therefore to renormalize the phase diagram shown in Fig. 2a using the magnetic

field parameter « [Eq. (3)] instead of the magnetic field intensity H. Experimental dependences
a(¢") are shown in Fig. 2b and appear to more or less collapse onto a single curve for all the values

of the surface coverage 6, except for a few points at #=9% (corresponding to the largest errors on
the quantities of adsorbed MB). Such collapse indicates that the secondary field-induced
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agglomeration is mostly governed by magnetic interactions between primary agglomerates, and « is
the only governing parameter. This is consistent with evaluation of the van der Waals interaction
between primary agglomerates that is 4.5 — 110 times lower than magnetic one at =9 — 36%.

Secondary (field-induced) agglomeration.

In these experiments, the magnetic field is applied to the MB/IONP mixtures (SC samples) at the
elapsed time to=1 h after MB/IONP mixing. This time is larger than the characteristic time of MB
adsorption?! (<30 min, cf. Fig. S9 of Part I), so that the adsorption kinetics does not interfere with
the kinetics of the field-induced agglomeration. Once the external magnetic field is on, the primary
agglomerates get magnetized and form needle-like secondary agglomerates extended along the
magnetic field direction and whose size increases progressively with time. The snapshots of the
secondary agglomerates taken at the elapsed time (after the field application) t=20 min for the
magnetic field intensity H=2.5 kA/m and for the samples of four different surface coverages & are
shown in Fig. 3, while the whole set of snapshots at different elapsed times and at three different
magnetic fields are presented in Figs. S2 and S3. Some gray objects visible on the left snapshot at
6=0 correspond to dust adhered to the bottom of the channel, while the macroscopic appearance of
the sample remained the same before, during and after the magnetic field application. This allows
claiming that the field-induced agglomeration is not observed in the absence of MB or, strictly
speaking, the size of the secondary agglomerates (if they exist) is below the resolution limit of our
optics (about 1pum). At €>9%, the size of the needle-like agglomerates increases progressively with
increasing surface coverage & of adsorbed MB. It is worth noticing that the field-induced
agglomeration in the presence of MB is totally reversible with respect to the magnetic field
application: once the field is off, the secondary agglomerates dissociate.
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Fig. 3. Snapshots of the SC-MB samples showing the field-induced (secondary) agglomeration at H=2.5 kA/m and the
elapsed time t =20 min. IONP concentration is c,=8 g/L, ¢=0.16 %vol.

The driving force of the field-induced agglomeration is the difference of the initial volume fraction
o of IONP before the phase separation starts and the volume fraction ¢’ at the aggregation

threshold, A, =¢,—¢", referred to as initial supersaturation. The magnitude A, is represented

graphically on Fig. 2a for a particular case of 8=19%, H=2.5 kA/m and ¢=0.16%.

To quantify the field-induced agglomeration, we have measured the distribution of
agglomerate lengths at different elapsed times [Fig. S4]. It should be noted that our experimental
setup does not allow detecting the aggregates of the size lower than ~1 pum. However, the recent
theoretical model®® predicts a considerable increase of the minimal agglomerate size with time such
that nanosized aggregates likely disappear at elapsed times t approximately larger that the
agglomeration timescale z (determined below). We believe therefore that the chosen optical
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microscopy method gives a relevant picture of the aggregate size distribution at least at times t>z.
For more precise determination of the size distribution of small aggregates, light scattering
experiments, like the ones described in refs. 24 and 40, could be conducted in future. The measured
size distribution allows computing the average agglomerate length L (see Experimental Section for
details) which is plotted as function of the elapsed time t in Fig. 4a for a fixed magnetic field H=2.5
kA/m and three values of the surface coverage #and in Fig.4b for a fixed surface coverage 6=9%
and three different values of H. As is seen form these both figures, the agglomerate size
progressively increases with time and seems to approach a horizontal plateau at t>800 s. In reality,
at such long times, we start observing coalescence of the neighboring agglomerates and the length
of certain agglomerates becomes larger than the width of the observation window, so that these
large agglomerates are excluded from the size distribution. At such condition the observed plateau
cannot be associated to the final size of the agglomerates but rather corresponds to a transition
between the growth stage and the coalescence stage of the field-induced agglomeration, as pointed
out by Ezzaier et al.?® During the growth stage, the secondary agglomerates absorb individual
primary agglomerates from the dilute phase and grow until the thermodynamic equilibrium between
the concentrated and dilute phases is fully established when the plateau is reached. We also observe
that the maximum agglomerate length Lmax at the plateau increases gradually with both the surface
coverage & of the adsorbed MB [Fig. 4a] and the magnetic field H [Fig. 4b].

0-5 (a) T T T T 0»08 T T T T T T
H=2.5 kA/m (b) Surface coverage 8= 9%
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Fig. 4. Dependencies of the average length of field-induced agglomerates on the elapsed time for the SC samples at: (a)

different surface coverage 6 and fixed magnetic field H=2.5 kA/m, and (b) different magnetic fields H and fixed surface
coverage 6=9%. IONP concentration is c,=8 g/L, ¢=0.16 %vol.

It is worth noticing that the confinement of the MB/IONP suspension in a narrow channel could in
principle influence the field-induced agglomeration. In particular, the needle-like agglomerates
could develop a repulsive interaction with the bottom and upper channel walls arising due to
confinement of the magnetic field lines in the gap between the secondary agglomerate and the wall
creating a higher pressure in this gap (filled with a dilute suspension of primary agglomerates) than
on the other side of the agglomerate. This effect considered in Ezzaier et al.?® is similar to the
levitation of magnetic bodies in a ferrofluid® and could explain the absence of gravitational settling
of the secondary agglomerates in our experiments. However, the length scale of this interaction is
on the order of the agglomerate thickness, so that the wall interaction should not affect the size
distribution and the kinetics of aggregation if the agglomerate thickness remains much smaller than
the channel width — the case of our experiments. A few measurements conducted at the channel
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widths 50, 100 and 200 pum did not reveal any significant difference in aggregation behavior. This
allows us supposing that confinement effects do not appear in our experimental range of
parameters.

Prediction of the aggregate size evolution.

For a deeper understanding of the effect of the surface coverage & on the kinetics of the secondary
agglomeration, let us try to predict the shape of the L(t) dependency using the model of the growth
stage developed in our previous works**®, Since the magnetophoretic flux gives a negligible
contribution to the agglomeration process in the considered range of the magnetic field parameter «,
the Kinetic equation describing the agglomerate volume (V) growth takes the form:

go”d—v ~ 27zL DA, (4a)
dt In(r,)
A=A,—p'MV, (4b)

where ¢" is the IONP volume fraction inside the field-induced agglomerates, ra is their length-to-
diameter ratio, D, =k,T /(37177<dH >) is the effective translational diffusivity of the primary
agglomerates (directly assessed by DLS), A is the suspension supersaturation at a given time t, na is
the number of field-induced agglomerates per unit volume (assumed to be constant with time and

equal to the number of critical nuclei at the end of the very fast nucleation stage), 7=10" Paxs is the
solvent (water) viscosity. The parameters ¢" and na are not easily accessible in our experiments.

Equation (4b) directly gives us the maximum volume Vmax of agglomerates at the end of the growth

stage, when A=0:

— A0
wuna )

\Y

max ()

The equation (5) shows that the maximum volume Vmax (and consequently, the maximum
length Lmax) is an increasing function of the initial supersaturation Ao. Since Ao increases
progressively with the surface coverage & of adsorbed MB and with the magnetic field H, the
agglomerate size also increases with € and H, as confirmed by experiments — see Table | where
experimental values of Lmax and Ao are summarized for different and H.

Table I. Characteristics of the secondary (field-induced) agglomerates

Fixed magnetic field H=2.5 kA/m (Fig. 4a) Fixed surface coverage 8= 9% (Fig. 4b)

6 (%) 9 19 36 H (kA/m) | 1.3 2.5 4.7

<dw> (nm) | 25.8 53.3 129 <dw> (nm) | 25.8 25.8 25.8

Ao (%) 0.019 0.08 0.13 Ao (%) 0.005 0.019 0.022

Lmax (UM) | 4621 159+7 371410 | Lmax (Um) | 3843 46+1 66+3

7a (S) 422 571 262 7 (S) 1960 422 506
+88 117 +48 +480 +88 +130

Analysis shows that at practically relevant elapsed times (t >10 s), the magnitudes L and ra
vary with elapsed time much slower than A. This allows replacing L and ra in Eq. (4a) by their
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maximal values Lmax and rmax. Integrating Eq. (4a) making use of Egs. (4b) and (5), we get the
following simple expression for the agglomerate volume as function of time:

V(t) =V, [1-exp(t/z,)], (6a)

— (p”vmax In(rmax) oC go”Dmax2
) 27Z-Deff LmaxAO Deff A0 '

(6b)

where 7, is the characteristic timescale of the field-induced agglomeration and Dmax is the average
agglomerate thickness at the end of the growth stage. The temporal evolution of the average
agglomerate length L(t) can be obtained from V(t) dependency [Eq. (6a)] if the relationship between
L and V is known. Minimization of the agglomerate free energy provides the approximate
expression?® L~52"V¥7 (5 is a characteristic thickness of the agglomerate interface layer, on the
order of the “outer” diameter do=8.0-9.6 nm of individual nanoparticle), which results in the
following theoretical L(t) dependency:

=L " [1-exp(t/z,)]. (7)

All the experimental curves in Figs. 4a and 4b have been fitted by Eqg. (7) with two
adjustable parameters Lmax and z. Equation 6 seems to satisfactorily fit the experimental data (red
lines in Fig. 4) and the values of the fitting parameters are reported in Table | along with the
experimental values of Ao at different & and H. If the growing tendency of Lmax With increasing
values of @and H is rather clear (as discussed above), the variation of the characteristic time with 6
and H appears to be less clear. The difference in z values for 6=9% and 19% (at fixed H=2.5
kA/m) and for H= 2.5 kA/m and 4.7 kKA/m (for fixed 6=9%) falls within the error of the fit. On the
other hand, z values are considerably smaller for the highest surface coverage #=36% as compared
to 6=9% and for the highest magnetic field H=4.7 kA/m as compared to H=1.3 kA/m. We can thus
think about globally decreasing trend of z as a function of fand H.

From the theoretical point of view, the characteristic timescale [Eqg. (6b)] is expected to
decrease with initial supersaturation (z, oc A,™*), and consequently with the surface coverage & and
the field H. On the other hand, with increasing 6, the hydrodynamic size of the primary
agglomerates increases? [Table I, Eq. (1) and Fig. 4b in Part 1] and their diffusion becomes slower
which should slow down the field-induced agglomeration (z, o D, ). However, under applied
field, the primary agglomerate likely changes its porosity and shape that can affect its diffusivity.
Finally, with increasing @ and H, the agglomerate thickness seems to increase, which could further
slow down the growth of the agglomerates (z, oc D,,?). Thus, the agglomeration timescale comes
from the competition between these three effects, and the first one seems (Ag-effect) to dominate, at
least, for the highest considered surface coverage and magnetic field. Quantitative prediction of
Lmax~8 2"V, ¥" and 7. using Egs. (5) and (6b) is unfortunately hardly possible because of large
uncertainties or impossibility of the experimental evaluation of the parameters Dmax, & and ¢”"

associated to the secondary agglomerates, as well as the diffusivity Des Of the primary agglomerates
in case of the morphological changes under applied field.
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It is worth noticing that polydispersity of primary agglomerates can seriously influence the
secondary agglomeration. In particular, the polydispersity decreases the aggregation threshold, i.e.
minimal magnetic field required to onset the field-induced agglomeration at a given IONP
concentration. This could be easily demonstrated through the definition of the magnetic field
parameter [Eq. (3)] showing an exponential growth with the dimensionless distribution width o.
Since the aggregation threshold depends only on « (as inferred from Fig. 2b), higher polydispersity
of primary agglomerates (higher o values) will lead to lower threshold magnetic field at the same
threshold value of «. On the contrary, at a fixed magnetic field H in kinetic experiments, increasing
a values with the increase in the distribution width o is expected to lead to an increase of the
suspension supersaturation Ao and, consequently, to a faster field-induced agglomeration and larger
agglomerate size, as inferred from Egs. (5) and (6b). These expectations are understood from the
general consideration that the energy of the magnetic dipolar interaction between particles scales
with the cube of the particle size, so that a small amount of larger particles (present in a
polydisperse sample) aggregate much easier and faster under an applied field than a large amount of
smaller particles of a monodisperse sample. Indeed, Vinod and Philip** have experimentally
confirmed that increasing polydispersity at a fixed average nanoparticle size lead to a faster and
stronger aggregation under applied field. The same effects are recovered by a bidisperse
approximation*? of the phase equilibrium model of a magnetic colloid.

From the practical point of view, it can be learned that the micron-sized field-induced
agglomerates already appear at the elapsed time as small as t~1 min [Fig. 4] even though the
characteristic timescale z of the agglomerate growth varies between about 5 and 30 min [Table I].
This is a starting point for the magnetic separation study, in which the travel time of IONPs along
the connecting tubing subjected to the magnetic field should be at least not smaller than 1 min in
order to leave enough time to the primary agglomerates to form secondary needle-like structures
which must considerably enhance the separation efficiency.

Magnetic separation.

In these experiments, the MB/IONP mixtures (SC samples) were pushed through the microfluidic
channel and, in the presence of an external uniform magnetic field H=18 kA/m created by the
Helmholtz coils. A large part of the tube connecting the syringe pump with the microfluidic channel
passes inside the coils, with Let=15 cm being an effective tubing length subject to the uniform
magnetic field created by the Helmholtz coils [Fig. 1]. In most cases, the secondary (field-induced)
agglomerates already appeared inside the connecting tubing well before arriving to the microfluidic
channel. In the presence of the external field, the micropillar inside the microfluidic channel got
magnetized, created a gradient magnetic field around himself and started capturing the primary and
secondary agglomerates composed of IONP with adsorbed MB on their surface. The snhapshots
showing the deposits of the IONP around the micropillar at two different flow rates Q, for three
different values of the surface coverage ¢ by MB molecules and at the elapsed time t=20 min from
the moment of the magnetic field application are shown in Fig. 5, while the whole set of snapshots
at different elapsed times and for different flow rates is presented in Fig. S5. The first row of Fig. 5
shows naked micropillars at elapsed time t=0 (or rather their view from the top, the micropillars
being perpendicular to the observation plain and thus appearing as circles). We can clearly see, that
in the presence of the magnetic field, the deposits of captured IONP have an extended shape along

the magnetic field and the flow direction and show a considerable asymmetry with respect to the
12



flow direction: the size of the deposits attached to the micropillar surface facing the flow is larger
than the size of the deposits on the opposite direction. Such shape effects have been studied in detail
in our previous works®3" and in the present paper we focus the main attention on the effect of the
adsorbed MB layers on the IONP surface on the magnetic separation process. Notice that in the
absence of MB (6=0, snapshots not shown), the applied magnetic field of an intensity H=18 kA/m
appears to be too low and no any capture of isolated IONP is observed at the scale of ~1 um
corresponding to optical resolution in our experiments. On the other hand, in the presence of MB,
the formation of deposits is fully reversible with respect to magnetic field application: once the field
is removed, the deposits completely dissociate under Brownian motion even in the absence of flow.

0=9% 0=19% 0 =36%

o

Naked
pillars

Fig. 5. Snapshots of the magnetic separation of the MB/IONP mixture (SC-sample) on a magnetizable micropillar under
flow through a microfluidic channel in the presence of an external magnetic field H=18 kA/m. The first row shows
naked micropillars in the beginning of the separation (t=0), the second and the third rows show the capture of IONP by
the micropillar at t=20 min and at the flow rates Q=5 and 30pl/min. IONP concentration is c,=8 g/L, ¢=0.16 %vol.

To quantify this process, we measured the relative area s of the deposits [cf. Experimental

Section for definition] at different elapsed times t, and we plot the s(t) experimental dependencies in
Fig. S6 for different values of @ and Q. Following the protocol described in details in Ezzaier et

al.®1, we fit each of these curves by a semi-empirical function s(t) =S, [1—exp(t/rs)] describing
the kinetics of the deposit growth around a micropillar, with two adjustable parameters Smax and z
having a meaning of the maximum deposit area (corresponding to the maximal amount of IONP

that the micropillar can retain before the erosive hydrodynamic forces rupturing the particles from
the deposit surface start to dominate over the attractive magnetic forces) and characteristic
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timescale of the magnetic separation. In filtration studies, it is common to introduce a capture
efficiency A as a ratio of the flux of IONP captured by the micropillar at the beginning of the
magnetic separation to the convective flux gouDmhm arriving to the projected area Dmhm of the
micropillar, where gy =1.6x107 (0.16% vol) is the IONP volume fraction in SC samples, Dm =50
pm and hn =50 pum are the micropillar diameter and height and u=Q/A is the flow speed [cf.
Experimental Section]. The capture efficiency is related to the separation timescale through the
following expression: A =7g"s, D, /(4puz,), where for definiteness we take a value ¢"~0.7

(70% vol) for the IONP volume fraction inside the deposits (this value does not have any
importance on the effect of don A as long as ¢” is considered constant for any ¢). Both parameters

Smax and A describing the magnetic separation are expected to depend on the interplay between
hydrodynamic Fy and magnetic Fu forces acting on IONP described by the Mason number, defined
in the linear magnetization limit as*?

Ma=t o 700 ®)

Fu  #oHdy
Here, we take the metal core diameter dw of individual IONP as a characteristic dimension of the
suspension structural units, bearing in mind that the capture efficiency A rather depends on the size
of the field-induced agglomerates, as taken into account in the model developed below. The choice
for dw allows defining the Mason number independent of the surface coverage 6, such that the
effect of @on the capture efficiency A is better visualized by comparison of A(Ma)-curves plotted at
different 6.

9 - ‘ . 1075
- (@) Surface coverage 6. (b)
U)E —7—0% ]
——-9% B
19% 1074
6- —A— 36% T

1 Surface coverage
B 9%

Capture efficiency A
=)
lé.

Maximal deposit relative area,
w

5

10 E 19 D/o

A 36%

1l— — fit
0 L 7 7 v 4 .
L 1 & 1 8 n 1 & -10 T
0.0 5.0x10 1.0x10 1.5x10 10° 10° 107
Mason number, Wa Mason number, Ma

Fig. 6. Mason number dependencies of the maximal deposit relative area (a) and the capture efficiency (b) for the
MB/IONP mixtures (SC samples) at different surface coverage O and at the magnetic field H=18 kA/m. IONP
concentration is c,=8 g/L, ¢=0.16 %vol.

The maximal relative deposit area smax and the capture efficiency A are plotted as a function of the
Mason number on Figs. 6a and 6b. We see that both smax and A parameters are decreasing functions
of the Mason number, which is consistent with the fact that increasing hydrodynamic forces rupture
IONP more easily from the surface of the deposits and make the particle capture on the micropillar
more difficult. Furthermore, both parameters smax and A progressively increase with the surface
coverage #of MB molecules adsorbed onto the IONP surface, which is qualitatively consistent with
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the fact the MB adsorption promotes the primary and secondary field-induced agglomeration, which
increases magnetic attraction to the micropillar. The horizontal black line with smax=0 in Fig. 6a
corresponds to the absence of any distinguishable particle capture in the absence of MB (£=0).

Scaling law for the capture efficiency.

For the deeper understanding of the surface coverage effect on the magnetic separation efficiency,
let us adapt the previously developed theoretical model®! to evaluate the capture efficiency A as
function of the Mason number. First, we have to be sure that the traveling time ty of the MB/IONP
suspension through the circuit is large enough for the field-induced agglomerates to appear. Recall
that a part of the connecting tubing of an effective length Le=15 cm is subject to the external
magnetic field [Fig. 1]. The traveling time is dominated by the flow through the connecting tubing
rather than through the short microfluidic channel. It is evaluated as follows:
tr=Vi/Q=AtLe/ Q=nD¢’Les/ (4Q)~80-470 s, where V, A and Di=0.5 mm are the tubing volume, cross-
section and diameter, respectively. This travel time appears to be comparable to the timescale of the
secondary agglomeration (z~260-570 s for H=2.5 kA/m, cf. Table I; z is expected to be shorter for
a higher field H=18 kA/m in magnetic separation experiments).

Second, the IONP agglomerates traveling through the tube are subjected to the shear field
of the Poiseuille flow that could promote shear-induced agglomeration. To check this effect, we
keep in mind that the connecting tubing is mostly aligned with the external magnetic field, thus, the
elongated secondary agglomerates should be parallel to the main flow through the tube. We
compare the convective flux of smaller primary agglomerates toward the larger secondary ones*,

Joow = D1/ 6 with the diffusive flux — cf. right hand side of Eq. (4a) — J, =27LDA/Inr,,
with their ratio defined as the Peclet number:

conv

_ D¥Inr,

ex — 2 9
127D, ®)

with D and L being the diameter and the length of the secondary agglomerates,
7 =(2/3)y, =64Q/(37D,%) - the average shear rate over the tube cross-section, y, - wall shear

rate. The Peclet number is evaluated to fit the interval 0.05<Pe<0.3 in the considered range of
experimental parameters. On the basis of these two evaluations (ti and Pe), we can consider that the
field-induced agglomeration of the primary agglomerates dominates the shear-induced
agglomeration under the shear rate of the Poiseuille flow through the connecting tubing. At this
point, it is important to notice that the diffusive particle flux is decisive in the field-induced
agglomeration because the particle concentration outside the aggregate in a close proximity to its
surface appears to be smaller than the concentration far from the aggregate — a common issue of
condensation phase transitions — as has been studied in details by Zubarev and Ivanov® and Ezzaier
et al.?®. In this context, the Peclet number remains an appropriate criterion for the comparison of
flow-induced with field-induced agglomeration, as inferred from the recent work*®.

Third, we have to keep in mind that the flowing IONP suspension always contains both
primary and secondary agglomerates, as inferred from the phase diagram on Fig. 2a. We have to
check the relative contributions of these two types of agglomerates to the global capture efficiency.

These contributions read: A, ~(¢/@,)((d,)/dy)?A, for the primary agglomerates*, and
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A, ~(-pl@)(D/d,)*A, for the secondary ones®, where Ao is the capture efficiency of

individual nanoparticles of a metal core diameter du. The volume fraction of the primary
agglomerates ¢ can be evaluated as function of the traveling time making use of Egs. (4) — (6):
o(t,)=p'+Alt,) =o'+ A, exp(-t, /z,), where the values of the initial supersaturation Ao and the

concentration ¢' at the agglomeration threshold can be retrieved from the experimental phase

diagram [Fig. 2a] as function of the surface coverage &, while the agglomeration timescale z can be
evaluated using the values in Table I. Evaluations show that A, contribution is at least two orders

of magnitude higher than A1, meaning that the major mass of the captured IONP comes from
secondary agglomerates. This was expected because the capture efficiency is proportional to the
square of the agglomerate diameter (<dw> or D) in both cases of spherical primary and needle-like
secondary agglomerates, with D being typically much larger than <dw>.

Thus, neglecting the contribution of the primary agglomerates and taking into account that
A, oc Ma™ [cf. ref. 47], the capture efficiency scales as®":

A=A, oc(D/d,)*Ma™. (10)

Here we have omitted the term (1—¢/¢,) because its variation with the traveling time

appears to be much less important than that of D? The average thickness D of the secondary
agglomerates is related to its volume through DecV?7 under assumption of the free energy minimum
on the scale of one agglomerate. Since the field-induced agglomeration happens at the same time as
the suspension flows through the connection tubing, the secondary agglomerates are expected to
grow when traveling along the tube and their size is expected to progressively increase with the
traveling time ty=ALer/Q=AtLer/(AU), recalling that A=7.8x10® m? is the cross-section of the
microfluidic channel [Experimental Section]. Assuming the same kinetics of agglomeration as in
the absence of flow [Eg. (6a)] and keeping only the leading order expansion on ti/z (acceptable
approximation for development of a scaling law), the agglomerate thickness evolves with the travel

time as:
217 217
D =D, {kexp(tiﬂ ~ D [ Al j - (11)
T, Aur,
Substituting Eq. (11) into Eq. (10), one obtains the scaling law for A in its final form:
2 417 2
A o Dmax ALeff Mail o Dmax4/7 Ma—ll/7 , (12)
dy Aur, (ar,

where, in order to get the scaling law in terms of governing dimensionless parameters, the flow
speed has been expressed as U oc aMa. The right-hand side of Eq. (12) underlines the fact that the
capture efficiency scales with Ma™" (or Ma™*") only at the fixed magnetic field H (or at fixed
@). Also, in the pre-factor at Ma™'", only the magnitudes important for further analysis are kept,
and this pre-factor is not dimensionless. Experimental dependencies A(Ma) plotted in double
logarithmic scale in Fig. 6b has been fitted by the theoretical scaling law A =K -Ma ™", with a
fitting parameter K that takes the values K=(2.0+0.2)x10° (4.4+0.4)x10° and (8.9+0.8)x10° for
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=9%, 19% and 36%, respectively. The theoretical scaling law seems to correctly fit the
experimental data. The pre-factor K at Ma ™" in Eq. (12) is expected to increase with increasing 6
values since the maximal agglomerate thickness Dmax increases with 6, while the agglomeration
timescale 7 is considered to globally decrease with & according to our experiments on
agglomeration Kinetics in quiescent suspensions. Thus, the model seems to predict an increasing
dependence of the capture efficiency on the surface coverage in qualitative agreement with
experiments. Again, quantitative predictions of A as function of @ are hardly possible because of
large imprecision in evaluation of Dmax and indefiniteness of the numerical pre-factors omitted in
the considered scaling law [Eqg. (12)].

From the practical point of view, we learn that the capture efficiency of IONP and the
retention capacity of the magnetic microfluidic separator (characterized by the maximum deposit
area) are considerably enhanced (from zero at 6=0 up to smax=8 at £=36%) by adsorption of MB
molecules, as long as this adsorption promotes the primary and secondary agglomeration.

CONCLUSIONS

The series of the two papers (Parts | and Il) is devoted to elucidation of the effect of molecular
adsorption on the surface of magnetic (maghemite) IONP on the enhancement of their field-induced
(secondary) agglomeration and magnetic separation due to screening of the repulsive interactions
between nanoparticles that involves their primary agglomeration in the absence of magnetic fields.
Figure 7 depicts a schematic representation of the considered scenario of enhancement of magnetic
separation by molecular adsorption.

1. Atractive interactions 2. Primary agglomeration
between adsorbed layers in the absence of field
"‘ Ao\ do
N <>

Adsorbed molecule

3. Secondary (field-induced) agglomeration
and efficient magnetic separation

—H

Fig. 7. Schematic representation of the mechanism of magnetic separation enhancement by molecular adsorption

The mechanisms of adsorption-induced primary agglomeration are considered in the companion
paper?! (Part 1) on a particular example of methylene blue (MB) cationic dye adsorbed on citrate-
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coated IONP surface. Based on this experimental system, the present paper (Part II) considers the
complex phenomenon of adsorption-enhanced magnetic separation from the general perspective,
i.e. without regard to particular physicochemical mechanisms by which the primary agglomeration
is induced as the molecules are progressively adsorbed onto IONP surface. The results of the
present study can be summarized as follows:

(1) The phase diagram of the field-induced phase separation (secondary agglomeration) seems
to be solely governed by the magnetic field parameter & ~ z,H” <dH >3 /(kgT), which elucidates the

decreasing trend of the agglomeration threshold with progressive molecular adsorption through the
increase of the magnetic energy of the primary agglomerates (varying as the cube of their
hydrodynamic size <dw>) with increasing 6.

(2) The final size of the field-induced secondary agglomerates seems to be totally governed by
the suspension initial supersaturation Ao, progressively increasing with the surface coverage 6 and
leading to larger agglomerates for higher & values. The effect of the surface coverage 6 on the
timescale z of the secondary agglomeration is less evident, since it decreases with Ao (7, oc A, ™,

leading to accelerated Kinetics with growing 6) and decreases with the effective diffusivity of
primary agglomerates (z, oc D, *, leading to slowing down of agglomeration with ). The first

mechanism seems to dominate.

(3) The magnetic separation of MB/IONP mixtures in a microfluidic channel equipped with a
magnetizable micropillar is strongly enhanced by the field-induced agglomeration occurring when
the suspension travels through a long connecting tubing towards the micropillar, while the
secondary (field-induced) agglomeration, in turn, is strongly amplified by the primary
agglomeration due to molecular adsorption onto the IONP surface. The magnetic separation
enhancement is revealed through a substantial increase of the size of the IONP deposits around the
micropillar and the increase of the flux of the captured nanoparticles (characterized by the capture
efficiency A) with increasing surface coverage 6. A semi-empirical model predicts that the capture
efficiency is governed by the Mason number Ma and, to a lesser extent, by the magnetic field
parameter o (A oca®'Ma™"). Furthermore, A decreases with the agglomeration timescale

(Aocz,™") and increases with the thickness of the secondary agglomerates (A oc D, *) leading to

a substantial increase with the surface coverage 6, in agreement with experimental results.

In a real application, one could use compact serpentine microfluidic channels instead of long
connecting tubing in order to induce the secondary agglomeration of the primary agglomerates
before they arrive to the micropillar.

These conclusions allow us to establish the cause-and-effect relation between the &
parameter and the efficiency of field-induced agglomeration or magnetic separation, which can be
schematized as follows:

0 7> (dy) 7— @ 7—> Ay 7 —> (Lmax' Dinax /‘) A
Tg ™
with 7 and Y, symbols on the right of each physical quantity standing for an increase or a decrease
of the given quantity.

These behaviors are expected to apply to other “magnetic adsorbent/ molecular adsorbate”

pairs, as long as the primary agglomerate size <dn> is known as function of the surface coverage 6,
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no matter the reason for primary agglomeration, provided that: (a) colloidal attractive interactions
are of a shorter range than the magnetic ones, and (b) the timescales of the field-induced processes
are much shorter than those of the primary agglomeration. For instance, similar effects have
recently been observed for adsorption of curcumin molecules to B-cyclodextrin coated IONP when
the adsorption was governed by hydrophobic host-guest interactions and induced a strong primary
and secondary (field-induced) agglomeration of IONP, as will be reported in a forthcoming paper.

From the general perspective, the present paper is believed to contribute to the
understanding of magnetic nanoparticle separation under magnetophoresis — the phenomenon used
in different biomedical and engineering applications (see review by Leong at al.® and the
references therein). Furthermore, some similarity can be found between magnetophoresis of
agglomerated nanoparticles reported in the present paper and electrophoresis of agglomerated
colloids in electrokinetic soil remediation*®*°. Finally, adsorption-induced agglomeration and
magnetic field-induced agglomeration of IONP (described in Parts |1 and IlI) are phenomena
belonging to a vast family of stimuli-responsive self-assembly of nanoparticles.5%
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