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A millimetric coaxial flow device operating under laminar flow

has been designed to study the synthesis of iron oxide nano-

particles in a millichannel where the flow rate of the different

reagents has been adjusted all over the experiments so that the

magnetic and stable colloidal iron oxide particles with a size less

than 7 nm have been prepared continuously.

Miniaturization of chemical reactions and the development of

‘‘lab on a chip’’ (LOC) technology has gained significant

importance in the recent years.1 One predicts indeed that small

dimensions of vessels lowers the diffusion times of chemical

species, so that mass transport is improved in microstructured

reactors.2 Scaling down reactor dimensions is proposed as an

opportunity to improve size and composition control in the

field of materials synthesis.3 Local variations in reaction

conditions such as concentration and temperature are mini-

mized and therefore control of both nucleation and particle

growth can be used to improve monodispersity in nano-

particles synthesis.4

As an example, the synthesis of iron oxide nanoparticles has

attracted much attention, motivated by their wide range of

applications. Colloidal iron oxides are used as single bit-

elements in high density magnetic data storage arrays,5 ionic

ferrofluids,6 and in the biomedical field, for example as con-

trast enhancement agents for Magnetic Resonance Imaging,7

or for hyperthermia,8 etc.. . . Because the properties of these

nanocrystals strongly depend on their dimensions, the synth-

esis of monodisperse nanoparticles is one of the most challen-

ging problems. At the beginning of the 1950’s V. K. Lamer

and R. H. Dinegar proposed a mechanism based on a nuclea-

tion-growth process to describe the synthesis of nanoparti-

cles.9 Since then, various chemical synthetic strategies have

been reported to obtain monodisperse nanoparticles with

different shapes.10 Recently, several groups designed micro-

reactors and reported the improvement of inorganic and

metallic nanoparticles synthesis. However, the synthesis of

inorganic materials has been focused on Quantum Dots such

as CdS11 or CdSe,12 silica,13 titania,14 and silica–titania core-

shell colloidal nanoparticles.15 There has been until now no

reported study of the synthesis in microchannels of colloidal

iron oxide nanoparticles from the following alkaline

coprecipitation reaction:

Fe2+(aq) + 2 Fe3+(aq) + 8 OH�(aq) - Fe3O4(s) + 4 H2O(l)

Preliminary tests of this co-precipitation reaction in typical

Y-shaped microreactors led to the clogging of the channel by a

precipitate sticking to the glass cover-slip. In order to isolate

the nanoparticles from the walls, we designed a 3D millifluidic

device performing the mixing of two coaxial flows of miscible

fluids (Fig. 1), one containing the iron ‘‘precursor salts’’, the

other a strong base. The length of the capillary from the

confluence region to the outlet is 3 cm. A (poly)tetrafluoro-

ethylene (PTFE) tube (500 mm ID and 10 cm long) leading to a

sample vial was connected to the reactor outlet. Depending on

the two flow rates Qin and Qout, the residence times range

between 10 and 48 s. The outer capillary with a 1.7 mm

diameter (d) was shaped by the molding of cylindrical tubing

(Upchurch Scientific) in a Petri dish with polydimethyl

siloxane (PDMS, Sylgard 184) and subsequent removal when

the resin was cured. The central capillary with 150 mm of inner

diameter (ID), 360 mm of outer diameter (OD) was obtained

by fixing a glass capillary (Plymicros, usually used for Capil-

lary Electrophoresis) inside the tip of a micropipette (Gilson),

whose conical shape enables a precise centering. By compar-

ison with a 2D flow focusing device (i.e. a typical ‘‘Y-shaped’’

Fig. 1 A coaxial flow device operating under a laminar regime. The

inset image shows the outlet of the inner capillary with the solution of

iron II and iron III flowing into the stream of TMAOH alkaline

solution.
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channel), the 3D coaxial flow’s setup offers two main advan-

tages: on the one hand, it enables a precision positioning of the

‘‘precursors’’ flow at the centre of the channel in both long-

itudinal and lateral dimensions and on the other hand it avoids

adsorption of any precipitate species onto the PDMS walls,

which are totally wetted by the alkaline outer flow.

A solution of total iron salts concentration c = 10�2 mol

L�1 with 0.5 as molar ratio Fe(II)/Fe(III) was prepared by

mixing FeCl3 and ‘‘fresh’’ FeCl2�4H2O salts in diluted and

degased hydrochloric acid (pH B 0.4). Diluted hydrochloric

acid was used as Fe(II) ions are more stable in acidic media so

non iron hydroxide can precipitate. The tetramethyl-

ammonium hydroxide ((CH3)4NOH, TMAOH) at a

concentration of 0.172 mol L�1 was the alkaline solution.

Both solutions were injected into the channel through

two syringes actuated automatically (Harvard apparatus),

the iron ‘‘precursors’’ solution was pumped into the inner

capillary and the TMAOH base into the outer capillary of the

channel. TMAOH was chosen prior to any other base as the

TMA+ cations afford enhanced stability of colloidal oxide

dispersion.16

The volumetric rate flows of both solutions (respectively Qin

and Qout) were adjusted to avoid any turbulent vortex in the

capillary as described in the hydrodynamic study of co-axial

flows by Andreev et al.17 We observed experimentally the well-

known transition between the focusing of the inner flow for

large values of the ratioQout :Qin to de-focusing conditions for

lower values (see ESI where the only difference compared to

Fig. 1 is the inner diameter of the central capillary 50 mm
instead of 150 mmw). We have also performed numerical

simulations of the Navier–Stokes equations in axisymmetric

geometry (available as ESIw) using the COMSOL Multiphy-

sicss software. For our experiments, the defocusing of the

stream offers the advantage of a larger surface area between

the inner and outer solutions, which decreases the concentra-

tion of nanoparticles in the reaction space at neutral pH where

they are unstable (yellow region in the graphical abstract)

before reaching values of pH above the PZC where they are

stabilized by their negative surface charge density.

Owing to the laminar regime in the channel, mixing is

controlled by the diffusion of the species.18 In the absence of

shear flow, the molecular diffusion coefficients D1 of iron

complexes [Fe(OH2)6]
2/3+ in aqueous solution are much

slower than the ones of hydroxide ions OH� and of the

protons H+.19,20 In a Poiseuille laminar flow such as in the

cylindrical millichannel, the values of the diffusion coefficients

are highly increased by the so called Aris-Taylor dipsersion

effect.21 The full simulation of the system with both convection

and diffusion of all the species is out of the scope of this paper.

Nevertheless, we can quantitatively expect that the diffusion of

iron complexes from the central acidic stream flow remains

slower than the fast diffusion of H+ and OH�. As a result the

local pH varies continuously from acidic in the central flow to

basic at the periphery, the pH gradient being progressively

smoothed out when moving towards the outlet of the channel.

The coprecipitation reaction will therefore be likely confined

in the neutral region at the interface between the two streams.

The excess of TMAOH will allow the dispersion of the

particles after their synthesis, and avoid their adsorption onto

the walls. The particles will be collected at the outlet without

any problem of plugging.

In order to stabilize the inner flow of the iron solution

before initiating the hydrolysis, we injected at first a HCl

solution of the same pH B 0.4 in the outer stream. The outer

flow is then switched to TMAOH solution. A few seconds after

the outlet (time across the PTFE tubing), the reaction was

‘‘quenched’’ by fast solvant extraction to prevent any ageing of

the nanoparticles in the aqueous solution. In practical, the

collection vial containing a cationic surfactant didodecyl-

dimethyl ammonium bromide (C26H56BrN, DDAB,

C = 0.02 M) in cyclohexane was stirred at around 200 rpm

with a glass helix stirrer.22 A stable colloidal suspension of

nanoparticles coated by DDAB is obtained in the cyclohexane

phase.

Samples for Transmission Electron Microscopy (TEM)

were prepared by placing a single drop of the resulting

suspension onto a 200 mesh holey carbon-coated copper grid

(SPI) which was then allowed to dry in air. The suspensions

obtained by Fe(II)/Fe(III) coprecipitation were also analysed by

Vibrating Sample Magnetometry (VSM).

As the flow of TMAOH was fixed (Qout = 400 ml min�1)

and the volumetric flow of the iron precursors mixture was

increased (10 o Qin o100 ml min�1), the colour changed from

brown to black, a characteristic of magnetite Fe3O4. The

suspensions obtained in cyclohexane are always stable. How-

ever, Dynamic Light Scattering (DLS) measurements of the

aqueous solutions showed that the colloidal suspension ex-

hibits the lowest hydrodynamic size (dH = 120 nm) for a value

of Qout/Qin B 4. TEM observation of the colloidal suspension

in cyclohexane indicated that the nanoparticles produced in

the channel are fairly spherical with an average size around

7 nm. The evidence of their crystallinity is provided by the

electron microdiffraction pattern in the inset of Fig. 2, which

shows the presence of the maghemite phase g-Fe2O3.

Although suspensions obtained in cyclohexane are stable in

zero magnetic field, they precipitate in the presence of a

magnetic field gradient (for example on a strong permanent

magnet), which suggests a magnetic character. This

Fig. 2 TEM image of nanoparticles prepared in the channel (for flow

rates Qin = 100 ml min�1 and Qout = 400 ml min�1). The inset shows

the electron microdiffraction pattern with the Miller indices of

g-Fe2O3.
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observation agrees with the VSM measurement on a stable

unquenched (aqueous) suspension: the magnetization curve

(Fig. 3) follows the Langevin law typical of superparamagnet-

ism, calculated for an assembly of nanoparticles with a rather

narrow distribution of diameters fitted by a Log-normal law of

parameters d0 = 6 nm and s = 0.2. The particles’ sizes

deduced from the analysis of the magnetization curve shape

are in good accordance with the TEM pictures. As was shown

by Khan et al.13 for the synthesis of silica nanoparticles in a

millichannel, the Taylor-Aris dispersion effect in the flow of

nanoparticles under growth induces a residence time distribu-

tion (RTD) which is responsible for their observed poly-

dispersity of sizes. However, the relatively narrow size dis-

tribution obtained by our method (s = 0.2) is below the

typical values obtained by the batch coprecipiataion method

(s = 0.35).

By measuring both the volume fraction of nanoparticles

f = 5.7 � 10�5 (from iron titration by atomic spectroscopy)

and the saturation magnetization Msat = 7.9 A m�1 for the

suspension, we deduce a specific magnetization ms = Msat/f
= 1.4 � 105 A m�1 for the materials, which is below the bulk

value of maghemite g-Fe2O3 (3.5 � 105 A m�1), but not far

from the ms value about 2.6 � 105 A m�1 usually obtained for

nanoparticles of approximately the same sizes prepared with

the standard large scale synthesis.23 Therefore we can deduce

that compared to classical ones, nanoparticles prepared within

a few seconds in a millifluidic channel exhibit only a small

decrease of ordering of their magnetic moments.

We have demonstrated that aqueous dispersions of super-

paramagnetic iron oxide nanoparticles can be prepared on

chip in a millichannel reactor by providing a cylindrical

geometry of the device and the use of TMAOH as alkaline

reagent. These results open the way to other experiments such

as online functionalization, online detection and the structural

measurements of the nanoparticles. A further miniaturization

of the channels would enhance the time resolution and enable

kinetic studies of the coprecipitation mechanism.
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