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Abstract: Co-precipitation is by far the most common synthesis for magnetic iron oxide nanoparticles (IONPs), as cheap and envi-

ronmentally friendly precursors and simple experimental procedures facilitate IONP production in many labs. Optimising co-precip-

itation syntheses remains challenging however, as particle formation mechanisms are not well understood. This is partly due to the 

rapid particle formation (within seconds) providing insufficient time to characterise initial precipitates. To overcome this limitation, 

a flow chemistry approach has been developed using steady-state operation to “freeze” transient reaction states locally. This allowed 

for the first time a comprehensive analysis of the early stages of co-precipitation syntheses via in-situ Small Angle X-ray Scattering 

and in-situ synchrotron X-Ray Diffraction. These studies revealed that after mixing the ferrous/ferric chloride precursor with the 

NaOH base solution, the most magnetic iron oxide phase forms within 5 s, the particle size changes only marginally afterwards, and 

co-precipitation and agglomeration occur simultaneously. As these agglomerates were too large to achieve colloidal stability via 

subsequent stabiliser addition, co-precipitated IONPs had to be de-agglomerated. This was achieved by adding the appropriate quan-

tity of a citric acid solution which yielded within minutes colloidally stable IONP solutions around a neutral pH value. The new 

insights into the particle formation and the novel stabilisation procedure (not requiring any ultra-sonication or washing step) allowed 

to design a multistage flow reactor to synthesise and stabilise IONPs continuously with a residence time of less than 5 min. This 

reactor was robust against fouling and produced stable IONP solutions (of ~ 1.5 mg particles per ml) reproducibly via fast mixing (< 

50 ms) and accurate temperature control at large scale (> 500 ml/h) for low materials cost.
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1. Introduction 

Applications involving iron oxide nanoparticles (IONPs) receive considerable attention in fields requiring large quantities such as biomass 

recovery and agriculture [1–3], and waste water treatment [4]. IONPs with higher quality requirements find applications in catalysis [5,6], 

batteries [7] and especially biomedicine [8–11], including drug delivery [12,13], magnetic hyperthermia therapy of cancer [10,14,15], and 

contrast agent for magnetic resonance imaging [16,17]. Their performance depends strongly on the oxide phase, the particle morphology, 

the size and size distribution, the internal composition (e.g., impurities, and grain boundaries) and the surface chemistry. Therefore, each 

application requires an optimised synthetic procedure, capable to reproducibly generate the desired IONPs at quantities exceeding lab-scale. 

The development of such scalable synthesis, and hence large scale production, is still a matter of current research, as indicated from the vast 

number of studies on IONP syntheses [9,18–20]. 

Methods using the thermal decomposition of precursors such as ferric acetylacetonates in high-boiling-point organic solvents are known for 

their potential to synthesise highly monodisperse IONPs of tuneable size [21–23] and examples of scalable synthesis exist [24]. The relatively 

long reaction times (of the order of an hour) allow for comprehensive analysis during the synthesis, which led to an advanced understanding 

of particle formation mechanism during thermal decomposition syntheses [25–27]. However, these syntheses are labour and cost-intensive 

(especially for large-scale production) as they necessitate high temperatures (usually > 250 °C) and costly chemicals. Furthermore, thermal 

decomposition syntheses require post-processing steps, such as purification and phase transfer, usually after a time-consuming ligand ex-

change step, if IONPs need to be dispersed in aqueous solutions. This is the case for most biomedical applications, where also the chemicals 

commonly used for thermal decomposition face severe challenges regarding the stringent control by regulatory bodies. Therefore, water-

based syntheses are more desirable. 

This is one of the reasons why the most commonly used synthesis of IONPs is the co-precipitation of iron salts in aqueous solutions, i.e., the 

simultaneous precipitation of ferrous and ferric ions initiated by the addition of a base. Other reasons for the popularity of the co-precipitation 

synthesis are the cheap chemicals, and simple experimental procedures at moderate temperatures (< 100 °C) without toxic educts or by-

products. However, co-precipitation syntheses are known to yield particles of a relatively low magnetisation and high polydispersity due to 

variations in IONP core sizes and the presence of agglomerates. These agglomerates pose new challenges to stabilisation, and the IONPs’ 

utilisation. For example, the IONP distribution in the body tissue depends strongly on the core and agglomerate size. Variations in core size 

are expected to originate from simultaneous nucleation and growth of particles and the occurrence of intermediate phases before or during 

the formation of the desired magnetic phases, i.e., magnetite (Fe3O4) or maghemite (γ-Fe2O3) [28,29]. The particle formation mechanism 

remains still a matter of discussion and is expected to diverge depending on the synthesis conditions (precursors used and their concentration, 

temperature, pH, sequence of reagent and stabiliser addition, etc.) [30–33]. Only some recent studies were able to provide some insights into 

the particle formation mechanisms during co-precipitation, as described below. 

Ahn et al. performed XRD and TEM studies on samples taken every few minutes during the dropwise addition or one hour after the rapid 

addition of an ammonium hydroxide (NH4OH) base solution to a 1:2 mol ratio ferric to ferrous chloride precursor solution. Akaganeite (β-

FeO(OH)) and goethite (α-FeO(OH)) were identified as intermediate phases when increasing the pH slowly, i.e., via the dropwise addition 

of the base solution. Other phases including ferrous hydroxides and lepidocrocite were reported to form as intermediates or by-products 
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before the formation of magnetite/maghemite (and goethite as minor phase for NH4OH to Fe-ion (ferric and ferrous) ratios < 2.6, yielding a 

pH of 5, and major phase for lower pH values) when adding the base abruptly [28]. The different formation pathway and the formation of 

lepidocrocite (γ-FeO(OH)) in the case of abrupt base addition were proposed to originate from local variations in pH due to insufficient 

mixing, which altered the reaction rate and pH at which precipitation occurred. This highlights the importance of rapid and controlled mixing 

for reproducible co-precipitation syntheses. Baumgartner et al. presented cryo-TEM studies during the slow addition of an iron chloride 

solution to a dilute NaOH solution while keeping the pH constant using titration set-up adding NaOH. Their results indicate a colloidal 

growth process of magnetite after the formation of primary initial hydroxide particles [29]. Studies using a weaker base, i.e., sodium bicar-

bonate, to slow down the precipitation process, showed differences in the particle formation pathway depending on the pH and temperature 

[34]. Syntheses of 60 min reaction time yielded magnetite as the dominant phase if pH ≥ 8 and goethite, accompanied with siderite (Fe(CO3)), 

at lower pH values when performed at room temperature. Taking samples for subsequent XRD studies every minute after the dropwise base 

addition showed that at pH 9, goethite is formed as an intermediate phase which later transforms into magnetite. However, at temperatures 

above 50 °C magnetite was formed quicker, i.e., became the dominant phase in the first sample taken after mixing. Time-resolved XRD 

studies demonstrated that at these temperatures magnetite is formed minutes after mixing (a semi-batch set-up allowed for fast mixing) and 

without the occurrence of goethite if the exposure to air is minimised during the initial phase of the reaction. Instead, an iron hydroxide 

carbonate (Fe6(OH)12CO3) and a poorly crystalline ferrihydrite phase (Fe10O14(OH)2) were identified as intermediates which were then sim-

ultaneously consumed during the nucleation and growth of magnetite NPs [35]. 

Currently, there is no common agreement of the particle formation mechanism, which is most likely associated with variations in the synthesis 

procedure but also with rapid particle formation (<< 1 s) after the addition of the base. Such rapid phase changes complicate the IONP 

characterisation and affect the reproducibility of process conditions. Fluctuations in mixing time (and associated local fluctuations in pH, 

and concentration) are expected to alter the intermediate oxide phases and, hence, the final IONP properties, as well as the nucleation kinetics. 

The importance of mixing conditions for the IONP size distribution (with smaller but more monodisperse particles obtained with faster 

mixing) is well documented [36,37]. 

Evidently, co-precipitation syntheses are sensitive to the reaction conditions, which complicates their optimisation without compromising 

scalability. Flow reactors offer a solution to this obstacle by providing alternatives routes to execute syntheses at highly controlled process 

conditions, while providing options for large-scale production by long operation times. In addition, flow reactors enable experimental pro-

cedures to study rapid nanoparticle formation mechanisms even at the early reaction stages (which are most important in the case of co-

precipitation) via steady-state operations, by locally “freezing” reaction states and thus making them accessible to characterisation techniques 

that require measurement times larger than the timescale of particle formation dynamics [38–40]. 

Although the potential of flow reactors for continuous co-precipitation has been demonstrated [41–44], reactor optimisation is hardly possible 

due to incomplete knowledge on particle formation kinetics (likewise to batch procedures). Therefore, this work presents: i) The utilisation 

of flow reactors to gain insights into the particle formation mechanism from the first few seconds of a co-precipitation synthesis of IONPs 

using sodium hydroxide via in-situ synchrotron X-ray diffraction (XRD) and small-angle X-ray scattering (SAXS) studies. ii) The stabilisa-

tion of IONPs without the requirement of any post processing steps, such as ultra-sonication or washing steps, which was achieved by citric 
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acid addition to just-precipitated IONPs. The timescale of this stabilisation process (as well as the stages of agglomeration before stabilisa-

tion) was monitored via SAXS. The kinetic information obtained on IONP formation and the stabilisation procedure developed, made a fully 

continuous co-precipitation synthesis possible. iii) The development of a multistage flow reactor providing well-controlled temperature and 

mixing conditions for the precipitation and subsequent stabilisation step. This optimised flow reactor made it possible to continuously syn-

thesise highly stable and monodisperse IONPs with reproducible particle characteristics.  

2. Materials and methods 

2.1. Flow reactor for in-situ XRD and SAXS studies 

The flow reactor used for the in-situ XRD studies was heated to the reaction temperature of 60 °C in a water bath and fed by a syringe pump 

(Legato210, KD Scientific Inc., USA) equipped with two 100 ml gas tight syringes (SGE syringes - TRAJAN, Australia). The syringes 

containing the precursor and base solutions were followed by 5 m long PTFE tubing with an inner diameter (I.D.) of 1 mm to get both 

solutions to the reaction temperature before mixing (see Figure S1 for the simulated temperature profile in this tubing) [45]. Mixing occurred 

in a ETFE T-mixer with an I.D. of 0.51 mm (if not mentioned otherwise) hereinafter referred to as standard T-mixer. This simple mixing 

element allowed for mixing times < 50 ms for aqueous solutions at 60 °C and the used flow rate of 5 ml/min for both solutions, i.e., 2 x 5 = 

10 ml/min in total at Reynolds number, Re = 893, as determined via the Villermaux-Dushman protocol [35]. For the in-situ synchrotron 

XRD studies, the T-mixer outlet was connected to an XRD flow cell which was placed within the synchrotron beamline. The T-mixer outlet 

was connected to the flow cell either directly or through coaxial flow inverters (CFI) to increase the residence/reaction time at which a pattern 

was recorded. The CFI to increase the residence time by 30 s consisted of 6.4 m PTFE tubing with an I.D. of 1 mm coiled at a curvature of 

2.22 cm-1, see Figure S3d. CFIs for longer residence times were made of PTFE tubing with an I.D. of 1.51 mm coiled at a curvature of 0.9 

cm-1. For all CFIs, the flow was inverted every four turns. Synchrotron studies were performed at the X-ray diffraction beamline (XRD1) of 

the Elettra Synchrotron (Trieste, Italy) with a monochromatic wavelength of 0.1 nm (12.4 keV) passing through the quartz capillary of the 

flow cell. Since the precipitated solutions were of a low solid mass concentration (< 2.5 mg Fe in the form of magnetic nanoparticles per ml 

solution), patterns were recorded for 10 min to guarantee satisfactory signal quality. Further details of the synchrotron settings, the flow 

reactor(s) and CFI(s) and the XRD flow cell, as well as data analysis including the background subtraction are provided in the Supporting 

Information, SI 2.2. For the in-situ SAXS studies, the T-mixer was connected to the flow cell of a SAXSess system (Anton Paar, Austria). 

Further details of the SAXS settings, the flow cell, as well as data analysis are provided in the Supporting Information, SI 2.3. 

2.2. Chemicals and synthesis 

Precursor solution: 0.1 M Fe ion solution, prepared by dissolving ferrous and ferric chlorides in a 1:2 FeCl2·4H2O: FeCl3·6H2O molar ratio 

in deionised (DI) water (resistivity ≥15 MΩ/cm, pHprec = 1.8). Base solution: DI water mixed with 2 M NaOH in a 10:4 volumetric ratio (0.57 

M NaOH). Neutralisation solution: 0.316 M citric acid solution, pHneutr = 1.8. All chemicals, the provider and lot numbers are listed in table 

S1. 
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IONPs were co-precipitated by mixing the precursor and base solution of the (standard) concentrations stated above (if not mentioned oth-

erwise). Mixing was performed at a reaction temperature of 60 °C for all syntheses. The sequence of neutralisation solution addition and the 

added quantity varied with the experiment.  

2.3. Nanoparticle characterisation 

The concentration of Fe in the form of magnetic nanoparticles, which is referred to as solid mass concentration (mgFe IONP/mlsol), and the 

associated precursor conversion (%Fe = mgFe IONP/mgFe sol·100) were determined by microwave plasma atomic emission spectroscopy (MP-

AES) using a 4210 MP-AES system (Agilent, USA). Solutions for MP-AES measurements were prepared by washing the sample solutions 

twice (addition of ethanol, magnetic decantation and re-dispersion in deionised water) before drying in air and dissolution in aqua regia (3:1 

volumetric ratio of HCl:HNO3). Dynamic light scattering (DLS) studies were performed using a DelsaMax-Pro (Beckman Coulter, USA) at 

22 °C. For the determination of the hydrodynamic diameter, the samples (as synthesised) were diluted with DI water till the measured size 

plateaued (typically at volumetric ratios > 1:4 of sample solution : DI water). Transmission electron microscope (TEM) images were captured 

using a JEOL 1200 EX microscope with a 120 kV acceleration voltage. Samples were prepared using carbon-coated copper grids and using 

washed samples only, if not specified otherwise. Particle sizes were obtained using ImageJ, measuring at least 100 particles by fitting a 

polygon around the particles’ edges to determine their area. Reported diameters refer to the (average) circle of equal projection area. Offline 

SAXS measurements were performed with a Ganesha SAXSlab (Xenocs, France) using a point focus X-ray source and a 2D detector for 

collection times of at least 1 h. All SAXS curves were recorded the next day after synthesis. The magnetic properties were characterised by 

hysteresis curves up to 5.5 T and zero-field and field cooled measurements using a magnetic property measurement system (MPMS, Quantum 

Design, USA) superconducting quantum interference device (SQUID) magnetometer. 

3. Results and discussion 

3.1. Synchrotron XRD studies  

The possibility to “freeze” reaction states by steady-state operation of a flow reactor facilitated XRD and SAXS analysis (next section) of 

intermediate states during the co-precipitation synthesis with NaOH. To uncover which phase(s) are formed immediately after mixing and 

unravel the kinetics of magnetite formation, a flow reactor set-up in combination with a flow cell for XRD was used as described in section 

2.1. As sketched in Figure 1a, using a minimum length of 1 m PTFE tubing (internal diameter I.D. = 1 mm) to connect the T-mixer in the 

water bath with the flow cell made it possible to record an XRD pattern only 5 s after mixing. Using coiled flow inverters with different 

lengths allowed to record patterns for residence times between 35 and 160 s.  

The XRD patterns obtained (see Figure 1b) show that even 5 s after mixing, magnetite was the only evident crystalline phase. It must be 

noted that a clear differentiation between magnetite and maghemite is not possible based on XRD patterns and references to magnetite should 

be considered as references to magnetite/maghemite mixtures. Within the next 50 s (here referring to the residence time), the intensity of the 

magnetite peaks increased by ~ 20% compared with intensities at 5 s, increasing only marginally within the next minutes (~ 8% after 100 s 

and 10% after 160 s; both compared to 50 s). Furthermore, all XRD patterns showed no sign of any (crystalline) intermediate phases, i.e., 

phases other than magnetite. This indicates that solid phase formation approaches completion within minutes and shows the absence of 
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crystalline intermediate phases just 5 s after mixing. These results differ from previous studies on the particle formation mechanism 

[28,29,35], commonly reporting the occurrence of intermediate phases before the transition to magnetite occurring within minutes or hours. 

However, these previous studies were limited to co-precipitation synthesis at low pH with a slow addition of the base solution to allow timely 

sampling. The immediate formation of magnetite was speculated for a 1:2 ratio of ferrous and ferric ions and relatively high pH [30]. 

In order to study the effect of mixing conditions and the presence of dextran as a stabiliser, additional synchrotron XRD studies were per-

formed using an on-line semi-batch set-up, recycling just-precipitated (exiting the T-mixer) IONP solutions through the XRD flow cell via 

a peristaltic pump, as described in SI 2.2.2. The XRD pattern of solutions mixed at Reynolds numbers (Re) of 359, 893 and 3037 (using the 

same flow reactor but different T-mixers with I.D. of 1.27, 0.51, and 0.15 mm) did not show a clear difference in their XRD patterns, see 

Figure S8. Furthermore, there was no apparent difference between the first recorded pattern (3 min after mixing for these on-line studies) 

and the last pattern 33 min after mixing. The presence of a stabiliser (dextran which was premixed into the base solution) during mixing, 

however, did alter the XRD pattern significantly, see Figure S9. The diffraction peaks became significantly broader and of a lower intensity, 

indicating the formation of smaller particles. This is in agreement with previous studies reporting inhibited growth of IONPs if co-precipita-

tion occurs in the presence of dextran yielding sizes ≤ 6 nm [46,47]. 

 

 

 

Figure 1: (a) Schematic of set-up for in-situ XRD studies, “freezing” the temporal reaction states after mixing the precursor and base solu-

tions by adjusting the tube length before the flow cell from 5 s (minimum residence time between T-mixer and flow cell) to 35 s - 160 s 

using a coiled flow inverter (here sketched for a residence time of 35 s). (b) XRD pattern during the first 160 s after mixing the precursor 

and base solutions. The bars at the bottom show the peak positions and relative intensities of magnetite. Scattering angles were rescaled to 

the Cu K-α1 radiation with λ = 0.154 nm. 
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3.2. SAXS studies  

To investigate the morphology of just-precipitated IONPs, in-situ SAXS studies were performed. Therefore, the outlet of the flow reactor 

(as used for the in-situ synchrotron XRD studies), was coupled to the flow cell of a SAXS system, see section 2.1 for details. The SAXS 

curves recorded in-situ 5 s after mixing the precursor and base solutions (base concentrations of 0.5 and 1 M NaOH were used, i.e., a lower 

and a higher concentration than the standard base solution) revealed a strong (linear)intensity increase towards small q values in the log(In-

tensity) vs. log(q) plot which is a characteristic of agglomerated structures [48], see Figure S10. This indicates that particle agglomeration 

happens simultaneously with particle formation and not afterwards.  

For a better understanding how mixing affects the morphology of just-precipitated IONPs, the mixing conditions were altered by using 

different T-mixers (the same parts as for the synchrotron XRD studies; and the standard NaOH concentration of 0.57 M). Additionally, a 

batch study was performed for comparison. The experimental details and the analysis of SAXS curves obtained for different mixing condi-

tions (see Figure S11) are described in SI 3.2. This analysis included the surface to volume ratio summarised in Table S3. It was observed 

that the use of the T-mixer with the smallest I.D. yielded the highest surface area (Re = 3037, 90.1 m2/cm3) followed by the T-mixers with 

larger I.D.s (Re = 893, 87.9 m2/cm3 – the standard T-mixer; Re = 359, 83.9 m2/cm3). Despite vigorous stirring, particles synthesised in batch 

exhibited a significantly lower surface to volume ratio (69.4 m2/cm3). 

The in-situ SAXS analysis revealed that the just-precipitated IONPs are highly agglomerated. Hence, colloidally stable IONP solutions 

cannot simply be achieved through the addition of a stabiliser after mixing the precursor and base solutions. Even though the attachment of 

ligands for electrostatic or steric stabilisation on the IONPs surface should reduce further agglomeration, the agglomerates formed during 

precipitation (i.e., within seconds after mixing) are already too large to avoid sedimentation and are likely to interact magnetically. Therefore, 

the initially formed agglomerates need to be “de-agglomerated”. Ultra-sonication is probably the most common method to break up agglom-

erates and is therefore part of most stabilisation procedures for co-precipitated IONPs [18,49]. However, ultra-sonication lacks control, 

scalability, and might not be sufficient to achieve complete de-agglomeration. Furthermore, its translation into flow is not trivial and would 

require additional process steps. Therefore, a different approach was used for stabilisation (and de-agglomeration) of the IONPs without any 

ultra-sonication, washing or other intermediate processing steps. This was achieved via the addition of a citric acid solution (herein referred 

to as neutralisation solution) fed to the already precipitated IONP solution. The purpose of the neutralisation solution was not only to intro-

duce stabilisers and drop the pH to allow them to attach to the particle surface (the current counter ions such as hydroxyl groups, dominating 

at high pH values, need to be replaced), but also to de-agglomerate the highly agglomerated structures formed during precipitation. 

To monitor the morphological changes of IONPs after the addition of the neutralisation solution, at-line SAXS studies were performed using 

a semi-batch set-up described in SI 2.3.2. As sketched in Figure S7, the just-precipitated IONP solution exiting the (standard) T-mixer was 

collected in an aging vessel for 2 min (20 ml in total). This vessel was magnetically stirred and kept at the reaction temperature of 60 °C. 

The neutralisation solution was added into this aging vessel via a pipette (2.1 mlneutr per 10 mlIONP solution) 100 s after the collection of the 

solution finished. Samples for SAXS analysis were then withdrawn manually with a syringe at different times. The in-situ SAXS curve of 
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just-precipitated IONP solutions (5 s after mixing the precursor and base solutions with the standard T-mixer) and the at-line SAXS curves 

of samples withdrawn after the neutralisation solution was added, are shown in Figure 2.  

The SAXS curve recorded immediately (~ 20 s) after the addition of the neutralisation solution showed an immediate change in particle 

morphology. The next samples taken at 3 and 10 min (after adding the neutralisation solution) showed that IONPs continued de-agglomer-

ating, as evident from the Guinier region in which the curve became more linear over time. This is as expected for non-agglomerated particles 

in a ln(Intensity) vs. q2 plot [38,50]. Beyond 10 min after neutralisation, the SAXS curve changed only marginally indicating the end of 

morphological changes (see Figure 2), hence, the completion of de-agglomeration. If no neutralisation solution was added, the at-line SAXS 

curves of the just-precipitated solution collected in the aging vessel (withdrawn 5 and 10 min after the solution collection finished, data not 

shown), showed no change compared to the in-situ curve recorded 5 s after mixing.  

 

Figure 2: SAXS curves of the IONPs obtained 5 s after mixing the precursor and base solutions (measured in-situ) and 20 s - 38 min after 

the addition of neutralisation solution (measured at-line). The inset shows the Guinier plots (plotted with an offset for easier comparison of 

the linear fit quality). 

3.3. Continuous production of stable IONPs via a flow reactor  

Based on the insights into particle formation dynamics gained from in-situ XRD and SAXS studies and the de-agglomeration dynamics after 

the addition of the citric acid solution (= neutralisation solution) gained from at-line SAXS studies, a flow reactor for the continuous co-

precipitation synthesis of IONPs and subsequent stabilisation was developed. A schematic of this multistage flow reactor is shown in Figure 

3. It consisted of the mixing elements, as described in section 2.1. (1st water bath in Figure 3) and was operated likewise, i.e., at reaction 

temperature of 60 °C and precursor and base solution flow rates of 5 ml/min each (iron precursor and sodium hydroxide concentrations 

provided in Materials and Methods). The standard T-mixer with an I.D. of 0.51 mm (Re = 893) was retained due to the low pressure drop 

compared to the tested T-mixer with an I.D. of 0.15 mm (Re = 3037), since it was shown to have insignificant effect on the just-precipitated 

IONPs by the XRD (Figure S8) and SAXS (Figure S11) studies. The mixing time of < 50 ms was still faster than what is possible in standard 
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lab-scale batch reactors, even at vigorous stirring, hence, minimising spatio-temporal pH fluctuations and facilitating precipitation at homo-

geneous conditions. It is worth noting that the simple geometry of the T-mixers, i.e., no edges or grooves resulting to dead zones was essential 

to avoid fouling in combination with the relatively high flow rates. The importance of sufficient shear force to avoid crustration and plugging 

was shown before for IONP synthesis [51]. The T-mixer used plugged occasionally during operation at lower flow rates (1 ml/min was 

tested). The PTFE tubing showed no indications of fouling which was attributed to the highly negative zeta potential values of PTFE tubing 

in alkaline solutions (< -40 mV at pH > 9) [52]. 

For the continuous flow reactor, the mixing step was followed by an aging stage (2nd water bath in Figure 3), implemented by a CFI consisting 

of three layers which the just-precipitated IONPs reached ~ 5 s after mixing. The first two with a mean residence time of 50 s each and the 

third with mean residence time of 60 s (total residence time after mixing 160 s). Since the synchrotron XRD studies indicated that particle 

formation is almost complete after 100 s, the neutralisation solution was fed after the first two layers of the CFI using a second T-mixer (I.D. 

= 0.51 mm) with its outlet connected to the third CFI layer of the aging stage. All CFI layers were immersed in a heated water bath to 

maintain the reaction temperature. Further experiments on the timing of the neutralisation step (see SI 3.3), showed that the neutralisation 

solution should be added within 30 min after mixing to ensure efficient de-agglomeration. A detailed description of the flow reactor devel-

oped is provided in SI 2.1. 

The mean residence time in the reactor (calculated based on the total flow rate and the reactor volume) was less than 5 min, accounting for 

the average time the solution spent between exiting the syringes and arrival in the collection vial. Since SAXS studies showed that de-

agglomeration takes up to 10 min, see Figure 2, and the residence time of the IONP solution in the flow reactor after the addition of neutral-

isation solution was ~ 60 s, the vials collecting the IONP solution exiting the reactor were changed every 3 - 5 min (collecting 36.3 - 60.5 ml 

for a neutralisation solution feed rate of 2.1 mlneutr/min). This minimised the collection of IONP solutions of different de-agglomeration 

states. Typical operation times of the reactor where ~ 20 min, producing ~ 200 ml of IONP solution, and were limited only by the volume 

of the syringes used. As indicated by experiments where the syringes were recharged several times without intermediate reactor cleaning 

(see large-scale production studies in SI 3.8), longer operation times can be achieved using any continuously operating pumps providing 

delivery pressures > 2 bar. 

 



 

Figure 3: Schematic of the multistage flow reactor for the continuous production of stable IONPs using a co-precipitation synthesis followed 

by a stabilisation step. The reactor allowed preheating the precursor and base solutions and then mixing in a T-mixer and a subsequent coiled 

flow inverter (in the first water bath), as well as subsequent aging in a three-layer coiled flow inverter where a citric acid solution was added 

(= neutralisation) via a second T-mixer (in the second water bath).

The right quantity of neutralisation solution was the key to a successful synthesis of stable IONP solutions. Neutralisation to IONP solution 

ratios of less than 1.7 mlneutr solution per 10 mlIONP solution (i.e., for neutralisation solution flow rates < 1.7 mlneutr/min) resulted in unstable 

solutions with particles sedimenting within 30 min after collection. Neutralisation to IONP solution ratios exceeding 2.5 mlneutr solution per 

10 mlIONP solution (i.e., for neutralisation solution flow rates > 2.5 mlneutr/min) resulted in the complete dissolution of particles, see Figure 4. 

The pH values of the synthesised IONP solutions show the buffering effect of the IONPs, as the pH dropped rapidly with the addition of 

neutralisation solution until reaching a plateau where the solutions became stable. After the complete dissolution of IONPs, the pH value 

then continued to drop with increasing neutralising solution feed rates. Due to this buffering effect, the solid mass concentration (Csolid mass 

mgFe IONP/mlsol.) and hence the precursor conversion (XFe %) decreased with the amount of neutralisation solution added. For non-stabilised 

samples, i.e., neutralisation solution flow rates of 0 mlneutr/min, the solid mass concentration was 2.1 mgFe IONP/mlsol with a precursor conver-

sion of 88%. For neutralisation solution flow rates of 1.7-2.5 mlneutr/min, the precursor conversion was 20-70% (see Table 1). Despite this 

drop in solid mass concentration with neutralisation solution flow rate, the IONPs core size changed only by a small margin. This was 

attributed to the fact that the particle volume scales with diameter to the power of three, but also to preferential dissolution of the smallest 

(usually less ordered/crystalline) particles.  
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Figure 4: Synthesis products obtained from the multistage flow reactor for various feed ratios of neutralisation solution, i.e., 1.3-3.1 mlneutr 

per 10 mlIONPs (from 5 ml precursor solution + 5 ml base solution). The corresponding pH of the solution obtained is also indicated. 

The stable solutions were of a neutral pH value, i.e., between 7.5 and 6.5. Since the isoelectric point of pristine IONPs is in this range, 

colloidal stability could not have been achieved without successful stabilisation. When dextran was added to the neutralisation solution (i.e., 

citric acid and dextran), the stabilisation could be achieved for the same neutralisation to IONP solution ratios, but a change in the properties 

of synthesised IONPs compared to those stabilised using only citric acid was not observed, see SI 3.5. Stable IONP solutions could also be 

synthesised using a neutralisation solution containing HCl instead of citric acid (results not shown). However, stabilisation (neither sedimen-

tation nor complete dissolution of particles) was obtained at a pH value between 2 and 3 and the onset of sedimentation was observed after 

1-2 weeks. 

 

Figure 5: TEM images of IONPs obtained from the multistage flow reactor with citric acid neutralisation solution feed rates of; (a) 2.1 

mlneutr/min and (b) 2.5 mlneutr/min (10 ml/min IONP solution). The scale bar is 100 nm in both images. Additional TEM images for these 

feed rates (from which the diameters were obtained) and 1.9 and 2.3 mlneutr/min are shown in Figure S13. 

The successful de-agglomeration and stabilisation agrees with the TEM studies showing clear spacing between the IONPs, see Figure 5 and 

Figure S13. Successful de-agglomeration was also demonstrated by DLS, see Table 1, where the hydrodynamic diameters (indicating the 

apparent size of the solvated IONPs) were ~ 20 nm for solutions synthesised with neutralisation solution feed rates ≥ 2.1 mlneutr/min.  

For lower neutralisation solution feed rates, the hydrodynamic diameters increased and below feed rates of 1.9 mlneutr/min it reached a size 

that caused the IONPs to sediment, inhibiting the characterisation via DLS. This de-agglomeration with increasing neutralisation solution 

feed rate is also consistent with the (offline) SAXS results in Figure 6 and Table 1, showing a continuous decrease of the radius of gyration 

(Rg) with the neutralisation solution feed rate. It should be noted that all SAXS and DLS analyses were performed on the as-synthesised 
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samples, i.e., IONP solutions collected directly from the reactor outlet without any washing or ultra-sonication preceding the analysis, and 

measurements were performed one day after synthesis (if not mentioned otherwise). 

 

Figure 6: SAXS curves of stable IONP solutions obtained from the multistage flow reactor with neutralisation solution feed rates of 1.9-2.5 

mlneutr/min (10 ml/min IONP solution). The inset shows the Guinier plots (plotted with an offset for easier comparison of the linear fit 

quality). 

When operating at the appropriate neutralisation solution feed rates, IONP solutions exiting the reactor after only 5 min, were highly stable 

(no signs of sedimentation after several months), without any washing or sonication step post synthesis, i.e., as collected from the reactor 

outlet. 

Even in the case of the lowest precursor conversion, this reproducible synthesis procedure (see demonstration of reproducibility in SI 3.8) 

remains highly cost-effective due to the usage of low-cost chemicals (< 5 £/g IONPs, see estimation of cost of chemicals in SI 3.9). Although 

the as-synthesised IONP solution showed no apparent changes for time spans of more than one year and the hydrodynamic diameter showed 

no significant changes over days (see SI 3.3) and weeks after the synthesis (results not shown), it is recommended to wash the IONPs for 

long term storage (either as dried particles or in DI water) as described in section 2.3. The washed and dried IONPs were of excellent colloidal 

stability after redispersion in DI water and the hydrodynamic diameter (measured before washing and drying, and after redispersion) re-

mained unchanged. 

Table 1. Characterisation summary of synthesised IONP solutions including pH, solid mass concentration, Csolid mass and pre-

cursor conversion, XFe (obtained by MP-AES), particle diameter DTEM (obtained by TEM), particle radius of gyration Rg SAXS 

and the associated diameter assuming spherical particles DSAXS = 2 Rg SAXS √5/3 (obtained by SAXS), and hydrodynamic di-

ameter Dh (obtained by DLS). 

Feed rate ratio 

[mlneutr./mlIONP] 

pH 

[-] 

Csolid mass  

[mgFe IONP/mlsol.] 

XFe  

[%]) 

DTEM 

[nm] 

Rg SAXS 

[nm] 

DSAXS 

[nm] 

Dh 

[nm] 

≤ 1.5/10 > 12 *  No colloidal stability, no further analysis possible 

1.7/10 7.76 1.65 70 Insufficient colloidal stability, signs of sedimentation 

after 24 h 1.9/10 7.07 1.40 57 7.0 ± 1.2 5.6 14.5 39.2 

2.1/10 6.87 1.10 45 6.9 ± 1.0 5.3 13.7 19.1 

2.3/10 6.86 0.77 32 7.5 ± 1.5 4.9 12.7 19.0 

2.5/10 6.72 0.48 20 6.4 ± 0.9 4.8 12.4 23.1 

≥ 2.7/10 < 6.2   Complete dissolution of particles, no further analysis possi-

ble 
* For the non-stabilised sample, i.e., mlneutr./mlIONP = 0, Csolid mass = 2.1 mgFe IONP/mlsol. and XFe = 88 % 
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SQUID analysis confirmed that both the non-stabilised samples and the stabilised IONPs were superparamagnetic (see complete discussion 

of magnetic characterisation in SI 3.7). The hysteresis curves (see Figure 7a for 0 and 2.1 mlneutr/min and Figure S17a for 0, 1.9 and 2.1 

mlneutr/min) proved that non-stabilised and stabilised samples IONPs were superparamagnetic with coercivities < 1 mT. The saturation mass 

magnetisations of 62 and 59 Am2 per kg of washed and dried IONPs (i.e., 62 and 59 emu/gsample) were comparable to co-precipitated ma-

ghemite nanoparticles of less than 10 nm (to which the samples most likely transformed after handling in air over a prolonged period), where 

the different spin ordering at the surface layer reduces the particle average magnetic moment. The zero-field and field cooled measurements 

(see Figure 7b for 2.1 mlneutr/min and Figure S17b for 0, 1.9 and 2.1 mlneutr/min) showed blocking temperatures of ~ 170 K for stabilised 

IONPs and ~ 220 K for non-stabilised IONPs. Since TEM analysis revealed the core sizes were comparable for these samples (see Table 1), 

the higher blocking temperature of the non-stabilised sample is evidence of stronger magnetic interactions of the IONPs in the completely 

agglomerated structures. 

 

 

Figure 7: (a) Hysteresis curves of non-stabilised (neutralisation solution flow rate of 0 mlneutr/min) and stabilised (neutralisation solution 

flow rates of 2.1 mlneutr/min) IONPs. (b) Corresponding zero-field-cooling (ZFC) and field-cooling (FC) curves recorded at 2 mT. 

 

3.4. Summary of IONP formation and stabilisation mechanism 
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Additional TEM studies were performed for IONPs obtained using a semi-batch set-up (similar to that shown in Figure S7, i.e., sampling 

from the aging vessel but without addition of neutralisation solution) directly onto a TEM grid on a filter. These images (see Figure 8a), 

show an increase in particle size from about 5.7 to 7.6 nm (analysing single particles, not agglomerates) within the first two minutes after 

mixing the precursor and base solutions. Beyond 2 min after initial precipitation no further growth was observed (TEM images from samples 

collected after 3 min not shown), which is in good agreement with the in-situ XRD studies.  

Based on these results on the initial particle precipitation and growth mechanism as well as the de-agglomeration and stabilisation timescale 

revealed by time-resolved SAXS studies, the IONP particle formation mechanism during the continuous co-precipitation synthesis with citric 

acid stabilisation is summarised in Figure 8b. The co-precipitation synthesis yielded magnetite NPs 5 s after mixing of the precursor and 

base solution. These just-precipitated IONPs were highly agglomerated and grew only slightly from 5.5 nm to 7.6 nm during the next few 

minutes. The addition of a solution containing citric acid (the neutralisation solution) resulted in the partial dissolution of the formed IONPs. 

This partial dissolution yielded slightly smaller, but completely de-agglomerated IONPs after ~ 10 min, which could be stabilised (by the 

carboxyl groups).  

 

Figure 8: (a) TEM images of IONPs obtained using a semi-batch set-up (i.e., sampling from an aging vessel) over time without addition of 

neutralisation solution (average particle sizes are indicated, the scale bar is 40 nm). The indicated times refer to the time after mixing of the 

precursor and base solutions. Additional TEM images are shown in Figure S16. (b) Proposed particle formation mechanism during synthesis. 

1) Particles are precipitated and agglomerated within seconds, 2) these agglomerated structures continue to grow over the next few minutes 

till, 3) the addition of the neutralisation solution causes partial dissolution of IONPs and their de-agglomeration over a time scale of ~ 10 

min. 
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4. Conclusion 

With the aid of flow reactors operated in steady-state mode it became possible to study for the first time, the early stages of co-precipitation 

syntheses via XRD and SAXS (starting from 5 s after mixing the precursor and base solutions). In-situ synchrotron XRD studies revealed 

that for the synthetic procedure used i) the only crystalline phase present 5 s after mixing was the inverse spinel structure of magnetite/ma-

ghemite, ii) the particle size changed only marginally afterwards and solid phase formation (most likely due to particle growth) was com-

pleted within two minutes, iii) the mixing conditions showed no effect on the XRD pattern, iv) the presence of dextran during co-precipitation 

broadened the diffraction peaks significantly indicating smaller coherently scattering domains due to smaller particles. These results differ 

from previous experimental reports on the initial stages of co-precipitation that showed the occurrence of intermediate phases before the 

slow (within minutes to hours) transition into magnetite.  

The combination of the flow reactor and in-situ SAXS studies showed that just after particle formation, the IONPs were highly agglomerated, 

indicating that precipitation and agglomeration occur simultaneously. These agglomerates were too large to achieve colloidal stability by 

simply adding a stabiliser to the precipitated IONP solution, hence, post-processing steps such as ultra-sonication and washing (as standardly 

used to stabilise co-precipitated IONPs) would be required. As the translation of such post-processing steps into flow is challenging, a novel 

stabilisation procedure was developed. This was achieved, by adding the right quantity of an acidic solution, e.g., citric acid, after precipita-

tion to neutralise (i.e., reduce the pH value) the IONP solution, and stabilise the IONPs after de-agglomerating the agglomerates formed 

during co-precipitation. This successful de-agglomeration and stabilisation was shown via DLS and time-resolved SAXS studies. The latter 

revealed that de-agglomeration was achieved within several minutes after the addition of citric acid solution. This proved that this simple 

and scalable stabilisation procedure is also time efficient making it an effective stabilisation procedure for batch, but especially for flow 

processes. Furthermore, SAXS analysis showed that the rapid mixing in the flow reactor yielded higher surface to volume ratios than syn-

thesis in batch, indicating the formation of larger agglomerated structures. The particle surface to volume ratio was shown to increase further 

with improved mixing. However, this increase was marginal, and the mixer chosen for IONP synthesis in flow was a compromise between 

fast mixing and pressure drop. SQUID magnetometry confirmed that both non-stabilised and stabilised particles were superparamagnetic 

with considerable mass magnetisation (~ 60 Am2/kgsample) for co-precipitated IONPs between 6-7 nm. 

The knowledge gained on particle formation and stabilisation kinetics guided the development of a multistage flow reactor for the fully 

continuous synthesis and stabilisation of superparamagnetic IONPs in aqueous solutions. This multistage flow reactor allowed to perform a 

co-precipitation synthesis at well-defined temperatures and mixing times below 50 ms, which is hardly achievable in batch systems. The 

addition of a citric acid solution after the mixing step facilitated de-agglomeration and stabilisation of just-precipitated IONPs in flow, 

without any intermediate steps. The flow reactor was shown to be robust against fouling and capable of large scale production (> 500 ml/h 

without parallelisation) yielding reproducibly IONP solutions of remarkable colloidal stability at neutral pH values for costs of chemicals of 

less than 5 £/g IONPs. 
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