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Abstract 

Nowadays, the design of efficient technologies for the detection and separation of 

environmental pollutants from aqueous solutions continues to be a challenge to the industrial 

sector. The present work proposes a robust microfluidic system for the continuous, rapid and 

effective testing of selective capture agents of aqueous pollutants based on the use of magnetic 

nanoparticles, MNPs. These are found of special interest due to their high specific surface area, 

easy functionalization and superparamagnetic behavior. In this work, MNPs with an average 

diameter of  8.8±1.3nm and amino-functionalization were obtained following a novel 

continuous synthesis that facilitated the control of the particles properties. The microfluidic 

capture of Cr(VI) from aqueous solutions was assessed as representative case study; followed 

by the successful regeneration of loaded MNPs. The obtained results prove the advantages of 

the proposed system: i) continuous synthesis of functionalized MNPs with rigorous size control, 

ii) selective and fast capture of the target compound depending on the particle’s 

functionalization and large surface area, respectively, ii) continuous operation that facilitates 

process scale-up, iii) easy regeneration of the functional materials, and iv) magnetic separation 

of MNPs from fluid media if needed. Furthermore, the calculated Cr(VI) maximum uptake is 

higher than obtained values for non-functionalized MNPs and is in the range of previously 

reported data for ion exchange resins, with the additional advantages already mentioned. Thus, 

this work constitutes a step forward in the methodological design of advanced systems for the 

detection or separation purposes and can be extended to a wide variety of pollutants. 

 

Keywords:  

continuous synthesis, functionalized magnetic nanoparticles (MNPs), aqueous pollutants, 

hexavalent chromium (Cr(VI)), microfluidic capture and regeneration.  

 

1. Introduction 

Nowadays, the detection and separation of persistent and emerging pollutants from wastewaters 

and effluents is considered a major challenge in the industrial sector. The present work 

contributes to the design of microfluidic systems for the continuous and controllable synthesis 

of functionalized magnetic nanoparticles (MNPs), followed by the rapid and effective capture of 

aqueous pollutants and the regeneration of the pollutant loaded particles. Thus, we report the 

experimental assessment of a microfluidic platform that could be used in the screening of the 

performance of new materials for environmental remediation of polluted waters. Magnetic 

nanomaterials include particles composed of pure iron, nickel, cobalt and their oxides, ferrites 

and metallic alloys. These nanoparticles are considered of special interest for their use in solid-

liquid separations due to their unique properties including i) high loading capacity which favors 

the interaction with target compounds, ii) easy functionalization capacity which gives selectivity 

to the interaction, iii) chemical stability, iv) low intraparticular diffusion rate and, v) 
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superparamagnetic behavior for particles below a certain diameter which is material-dependent.  

Superparamagnetism is a pehnomenon that causes a strong response to an external field and 

enables the separation of the particles from complex multiphase systems under the action of a 

magnetic field. Superparamagnetic materials show high values of magnetic saturation, several 

orders of magnitude greater than the usual values for paramagnetic materials. In addition, their 

magnetic properties are lost when the external field is removed, as the coercivity value is zero; 

therefore, they do not attract each other, reducing the risk of agglomeration when used in 

different applications[1–3]. The use of MNPs is of great importance in environmental 

applications, where functional groups can enhance the selectivity of MNPs for their use as 

magnetic sensors to detect harmful substances and as adsorbents for the selective capture of 

pollutants. MNPs show high mobility, resulting in short diffusion distances, lower doses and 

faster kinetics compared to other conventional adsorbents, which reduce operating costs and 

increase efficiency [4–6].  

This work reports a methodology for the continuous synthesis and functionalization of selective 

MNPs, and for their application to the microfluidic capture of aqueous pollutants. To this end, 

the capture of Cr(VI) present in aqueous solutions using amine functionalized MNPs has been 

chosen as representative case study. This model system was selected because it has been widely 

studied in the literature working with two liquid phases or with conventional solid-liquid 

separations [7–15]. In recent works, the use of magnetic composites  [16,17] or magnetic 

nanoparticles [18–21] as adsorbents for the capture of Cr(VI) has been taken into consideration, 

showing the advantages of these materials for the said application. Here, we advance previous 

knowledge by the analysis of the process from a holistic point of view. The maximum capture 

capacity of functionalized MNPs was initially determined from equilibrium experiments and 

compared with available data of commercial ion exchange resins. Then, the microfluidic 

regeneration of the loaded particles was studied, as well as their possible reusability in the 

capture stage. Fluid flow in microdevices is under the laminar regime with small residence 

times; additionally, microdevices offer a high area/volume ratio, improved mass and heat 

transfer kinetics and the possibility to work within a continuous mode. Besides, they can be 

designed with different geometries, enhancing mixing of the reactants and preventing MNPs 

agglomeration and adhesion to the walls. Microfluidic devices are suitable for the study of 

environmental magnetic separations and are an excellent example of process intensification, 

allowing the continuous capture and separation of the target compounds in continuous operation 

mode. The functionalized MNPs are injected into the microdevice and key compounds with 

acceptable affinity for the functionalized surface are captured through specific ligand-receptor 

binding, without affecting the rest of the fluid components. Loaded MNPs can be separated 

from the fluid by means of magnetic gradients, easily regenerated and reused [22–24]. 

For the successful achievement of the pollutants capture, MNPs must provide efficient removal 

of the  target compounds, being selectivity and capture rate key parameters that usually face a 

tedious process in the synthesis and functionalization steps of the particles. This remarks the 

need to find alternatives for the production of functionalized MNPs, which allow a proper 

control of size, shape, crystal structure and surface modification to adapt the synthesized 

particles to the requirements of the target application. This may include reducing agglomeration 

and water insolubility, preventing oxidation and corrosion in ambient conditions, and providing 

selectivity to the capture thanks to the anchored functional groups. The mostly applied 

conventional approaches for the synthesis of MNPs are the chemical routes, also called bottom-

up strategies, specially coprecipitation and thermal decomposition. The first one, is a simple, 

cheap, efficient, and well-characterized method, whereas the second one enables the separation 

of MNPs nucleation and growth steps, allowing higher control of particles size. In this work, 

these two alternatives have been studied and compared, as well as the most recent strategy, the 

implementation of a microdevice in the MNPs synthesis, to take advantage of the previously 
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described benefits of microfluidics [25–27]. In addition, a post-synthesis functionalization is 

applied in a second step, in which an aminoalcosixilane is used to provide primary and 

secondary amino groups for their anchorage in the magnetic particles surface. This amino-

functionalization has been largely considered in literature, showing a high capacity to capture a 

wide range of metals in anionic form [28,29]. The functionalization step has been developed in 

this study both in batch mode and within the use of a microdevice, for comparison.  

 

2. MATERIALS AND METHODS 

2.1 Reactants and microfluidic device 

All chemicals were used as received without further purification and all solutions were prepared 

with ultrapure water (18 MΩcm, MIliQ, Milipore). Triethylene glycol (TEG, 𝐶6𝐻14𝑂4) and ethyl 

acetate (𝐶4𝐻8𝑂2 99.9%) were obtained by Fisher Chemical. Iron (III) acetylacetonante 

(𝐹𝑒(acac)3 97%), ferrous chloride (FeCl2·4H2O, ≥99%), ferric chloride (FeCl3·6H2O, ≥99%), N-

[3-(Trimethoxysilyl)propyl] ethylenediamine (TMPED, 99%) and hydrochloric acid (HCl, 2M, 

37%)  were purchased by Sigma-aldrich. Sodium hydroxide (NaOH, 1M), toluene dry 

(𝐶6𝐻5𝐶𝐻3,99%) and iso-propyl alcohol (𝐶3𝐻8𝑂, 99.5%) were supplied by PanReac AppliChem. 

Ethanol (𝐶2𝐻5𝑂𝐻, ≥99.5%) was obtained from Merk and finally, potassium chromate (K2CrO4) 

was provided by Scharlau. The microdevice used for the continuous experiments, including 

synthesis, functionalization, Cr(VI) capture and MNPs regeneration, is shown in Figure 1. It is a 

spiral shape microreactor made of polymeric resin using a ultimaker s3 3D printer, with two 

inlets, one outlet, 400mm longitude and a circular section of 3mm diameter. Tetrafluoroethylene 

tubing (0.3mm ID and 1.58mm OD) was employed to connect the microdevice with a pressure 

pump (Asia Flow Chemistry Syringe Pump, Syrris). 

2.2 MNPs synthesis and functionalization  

In this work, two MNPs synthesis methods have been followed, thermal decomposition and 

coprecipitation, to test the influence of the process in the particle’s characteristics including 

size, shape and agglomeration effects. The synthesis has been followed by a functionalization 

step to convert the magnetic cores into smart systems viable for the desired application. The last 

attempt has been to implement the use of microfluidics in both the synthesis and 

functionalization steps, to achieve a continuous and more controllable production of surface-

modified MNPs. The different approaches and their combinations are summarized in Table 1.  

The batch thermal decomposition synthesis (BTD) is based on a procedure previously reported 

by Cai and Wan [30]. This way, 75ml of TEG and 2.12g of Fe(acac3) were sonicated for 5min 

(FB 15050, Fisher Scientific) and poured into a three-neck round-bottom flask equipped with 

condenser, magnetic stirrer, heating mantle and nitrogen inlet to obtain an inert atmosphere. 

Later, the mixture was heated until it reached 180ºC, kept there for 30min and heated to 280ºC 

for another 30min. The resulting suspension was cooled down to room temperature and 

particles, consisting of a magnetite core and a TEG coating, were centrifuged (Eppendorf 5810) 

and separated with the help of a magnet. Then, MNPs were purified three times with 30ml of 

ethanol and 60ml of ethyl acetate, to remove the excess of TEG and other by-products, and left 

in the oven at 100ºC until they were completely dry. For the batch coprecipitation method (BC), 

50 mL of a 0.57M NaOH solution and 50mL of a 0.1M Fe solution, prepared with 1:2 

FeCl2·4H2O: FeCl3·6H2O molar ratio, were mixed in a three-neck round-bottom flask with 

magnetic stirrer and nitrogen inlet, for 30min at 60ºC, using a heating mantle. The resulting 

suspension was cooled down to room temperature and particles were centrifuged and separated 

with the help of a magnet. Then, MNPs were purified three times with 30ml of ethanol and left 

in the oven at 100ºC until they were completely dry. The experimental setup for the continuous 
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coprecipitation method (CC) is shown in Figure 1A. In this case, 0.1M Fe solution and 0.57M 

NaOH solution were introduced in the previously described microdevice, which was submerged 

in a thermal bath at 60ºC. The total residence time of the MNPs inside the microreactor was 

2min 40s, selected based on previous studies by Besenhard et al [31], in which the total 

residence time for a continuous coprecipitation synthesis of MNPs with NaOH was <5min. The 

MNPs were collected at the outlet, centrifuged, separated from the rest of solution with the help 

of a magnet, purified with ethanol and dried.  

The functionalization was applied to anchor primary and secondary amino groups on the surface 

of the MNPs, which apart from reducing their tendency to agglomerate,  allow the protonation 

of the particles for their use as ion exchangers in the Cr(VI) capture process. The amino 

functional groups are incorporated in the particles by means of the amioalcoxisilane TMPED. In 

the case of batch functionalization (BF), 2mL of TMPED, 500mg of nanoparticles and 50ml of 

toluene were sonicated for 5 minutes, poured into a three-neck round-bottom flask and heated 

with a heating mantle to 110ºC for 3h, under stirring, with reflux and an inert nitrogen 

atmosphere. The resulting suspension was cooled down at room temperature and centrifuged, 

then the particles were separated with the help of a magnet, cleaned three times with 10 mL of 

iso-propyl alcohol and dried in the oven at 120ºC to eliminate traces of toluene. For the 

continuous functionalization (CF), a suspension of 5000mgMNPs·L
-1 of MNPs and a solution of 

9·10-2M of TMPED in ultrapure water were introduced in the previously described microreactor 

at ambient temperature with 4min of residence time. Functionalized MNPs are collected at the 

outlet, the solution is centrifuged and particles are separated from the rest of the supernatant 

liquid with the help of a magnet, purified with iso-propyl alcohol and dried. Finally, to achieve 

the capture of Cr(VI) by means of ion exchange, amino-functionalized MNPs must be 

protonated with an inorganic acid. To this end, a solution of 0.01M HCl was added to the 

particles with a ratio of 500mL·gparticle
-1. The suspension was sonicated for 5min and left under 

stirring for 6h at room temperature, thus, reaction between chloridric acid and primary and 

secondary amino groups takes place according to Equation 1. The resulting solution was 

centrifuged, magnetized to separate the particles, cleaned three times with UP water and placed 

in the oven at 100ºC until the particles were completely dry.  

  𝐻      𝐶     𝐻 

 
 𝐶                                                 (1) 

2.3 MNPs characterization 

To verify the correct synthesis and functionalization of the magnetite particles and their 

feasibility for Cr(VI) uptake, several characterization methods were applied. First, Fourier-

transform infrared spectroscopy (FT-IR) was performed with a spectrum 65 spectrometer Perkin 

Elmer equipment. The measurement was carried out in a reflectance spectrum between 400 and 

4000cm−1, with a resolution of 4cm−1, 150scans and a step speed of 2mm·s−1. X ray 

diffraction spectra were obtained using a Bruker D8 Advance equipment, equipped with a 

copper tube (<λ>= 1.542 Å). The spectrum was collected at angles 2θ between 15-70º (∆2θ = 

0,05º) at ambient temperature. The results obtained were analyzed by direct comparison with 

the diffraction pattern database in the International Centre for Diffraction Data (ICDD, PDF2). 
Zeta potential was analyzed by means of dynamic lights scattering techniques in a Zetasizer 

Nano ZS (Malvern) equipment. The equipment was calibrated with latex particles as reference 

material (DTS1235 standard) and all the measurements were carried out in triplicate, at room 

temperature, using 0.1mg·mL-1 solutions previously sonicated for 10min, with glass cuvettes of 

17ºC angle.  The size and shape of the MNPs were determined in a Transmission Electron 

Microscope (TEM) Jeol JEM 1011 and a jeol JEM 2100; the obtained images were then studied 

using the software ImageJ. The magnetization curves of the particles were obtained with a 

Superconducting Quantum Interference Device (SQUID) magnetometer. A thermogravimetric 

analysis (TGA) was carried out in a TGA/DTA-DTG Shimadzu equipment, heating the sample 
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up to 1000 ºC. The grafting density (σTGA), number of bound molecules of aminoalcoxisilane 

per unit surface area, was estimated by applying Equation 2 [32–34], where W is the mass loss 

due to functional groups when a temperature of 1000ºC is applied in the TGA analysis; 𝜌𝑜, 𝑉𝑜 

and Ao correspond to the non-functionalized particles density (g·nm-3), volume (nm3), and area 

(nm2) respectively; NA is the Avogadro number (molecules·mol-1) and Mw the molecular weight 

of the functional groups (g·mol-1).  

     ( 𝑜 𝑒   𝑒      )   
 

     
         

     
                                           (2)                                                                                                                                                                                                                          

The Brunauer-Emmett-Teller (BET)  analysis was performed with a Tristar II Plus equipment, 

in order to calculate the specific area of the particles (Sa, m2·g-1). Then, the functionalization 

degree of the MNPs (FD), which is given by the number of moles of the amino group per gram 

of particle, was estimated using Equation 3. 

𝐹  ( 𝑜          
  )                                                 (3) 

                                                                                                                                                                                                                      

2.4 Cr (VI) capture experiments 

Several experiments were performed at room temperature to assess the performance of the 

functionalized particles on the capture of Cr(VI) anions, working both in batch mode and using 

the previously mentioned microfluidic device, as shown in Figure 1B1. In both batch and 

continuous experiments, a Cr(VI) solution of  23mg·L-1 was contacted with several suspensions 

of BTD-BF particles in the range 2.5-72gMNPs·L
-1, to analyze the optimal conditions for a 

complete Cr(VI) uptake. In batch experiments, the contact between the liquid solution and 

MNPs took place in a falcon tube which was sonicated for 18min, selected as the optimal 

sonication time to ensure the complete deagglomeration of the particles, and therefore, the 

maximum active surface area for the capture of the target compound. In the continuous 

experiments, the contact took place in the microdevice working with a residence time of 18min, 

which means that 78.5L·min-1 were circulated through each inlet of the microdevice; that time 

was selected to ensure the maximum Cr(VI) uptake for any value of MNPs concentration. In 

both cases, the mixture was centrifuged, particles were separated using a magnet and the 

supernatant was analyzed using microwave plasma atomic emission spectroscopy in an MP-

AES Agilent spectrometer. In addition, the experiments were duplicated so that reproducibility 

could be proven, and the results are shown as mean values ± standard deviation. The final pH of 

the experiments ranged between 6 when Cr(VI) was contacted with a 2.5gMNPs·L
-1 MNPs 

suspension, to pH 3.4 with a 72gMNPs·L
-1 MNPs suspension. At these pH values and for an initial 

Cr(VI) concentration  of 23mg·L-1, the Cr(VI) is present in the form of bichromate. The 

equilibrium reaction which gives place to bichromate anions is shown in Equation 4, which has 

an equilibrium constant of 1.21L·mol-1[35]. This way, the mechanism of Cr(VI) removal takes 

place due to an ion exchange reaction between bichromate anions and primary and secondary 

protonated amino groups, as shown in Equation 5. 

𝐻 𝐶 𝑂   𝐻       
                                                      (4) 

𝐻𝐶 𝑂 
      𝐻 

 
 𝐶     𝐻 

  𝐻𝐶 𝑂 
  𝐶                                   (5)                                                                                                         

Using the data obtained from ICP analysis, the Cr(VI) capture percentages were determined by 

means of Equation 6, where 𝐶  (  )
  is the initial concentration of Cr(VI) in the problem solution 

(mg·L-1), 𝐶  (  )
 

 is the final Cr(VI) concentration in solution (mg·L-1) measured by ICP and Vi 

and Vf are the initial and final volumes of the aqueous solution (L).  

      𝐶 (𝑉 )       𝑒 ( )  
   (  )

        (  )
 

   

   (  )
    

                                      (6)     
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In addition, the Cr(VI) exchange capacity of the particles (EC) has been calculated for the 

different experimental conditions (MNPs suspension: 2.5-72gMNPs·L
-1) by means of Equation 7, 

where 𝐶  (  )
  is the initial concentration of Cr(VI) in the problem solution (mg·L-1), 𝐶  (  )

 
 is 

the final Cr(VI) concentration in solution (mg·L-1) measured by ICP and CMNPs corresponds to the 

concentration of the MNPs suspension (     ·L-1).          

                                               𝐶 (    (  )       
  )  

   (  )
     (  )

 

     
                                         (7)                                                                                                                                                       

Capture experiments were also performed with the CC-CF particles continuously synthesized 

and functionalized in this work, to calculate their maximum exchange capacity for its 

comparison with BTD-BF particles. The same was developed with CC particles, to compare the 

activity of bare magnetite adsorbents with the amino-functionalized MNPs proposed in this 

work. In both cases, it was applied the previously described protocol. Furthermore, a tailored 

experiment with an initial chromium concentration in the order of µg·L-1  has been developed, 

to to evaluate the viability of the proposed methodology for polluted waters with lower values 

of Cr(VI) concentration.  To do so, a Cr(VI) solution of 500µg·L-1  was contacted with a 

0.28gMNPs·L
-1 suspension, applying the previously reported methodology. Finally, the viability of 

the particles for their regeneration and further reuse was assessed. For the regeneration analysis, 

a second spiral shape microdevice was connected to the first capture stage as shown in Figure 

1B2, and a 0.02M NaOH solution was introduced and remained inside the device 9min 

(residence time). The outlet mixture was centrifuged, particles were separated using a magnet 

and the supernatant liquid was analyzed using microwave plasma atomic emission 

spectroscopy. Afterwards, particles were protonated again with a 0.01M HCl solution and their 

reusability for the Cr(VI) capture was tested, applying the previously described protocols.  

 

3. RESULTS AND DISCUSSION  

3.1 MNPs characterization 

 

FTIR analysis  

Figure 2 shows the Fourier-transform infrared spectrum of the different samples of MNPs. In all 

particles, iron oxide is the main material that conforms the core of the nanoparticles. Therefore, 

the spectra show an intense peak at 560cm-1, which corresponds to the characteristic absorption 

band of the Fe-O bond. Moreover, BTD and BTD-BF show peaks corresponding to O-H 

bending vibration, C-H bending and O-H stretching at wavelengths of 1030, 1180-1450 and 

1500cm−1 respectively, due to TEG molecules which form the coating of the iron oxide cores 

produced in the thermal decomposition synthesis [28,30,36,37]. Furthermore, after anchoring 

the amino-alkoxysilane, new peaks appear in the case of the BTD-BF, CC-BF and CC-CF 

samples, the stretching Si-O-Si and Fe-O-Si vibration at 750-1200cm-1 corresponding to the 

siloxane groups, the C-H stretching vibrations at 1300 and 2900cm-1 and the characteristic peaks 

of amine groups around 1600cm-1 [28,37–39]. In view of the iron oxide peaks that appear in all 

the samples spectrum, it can be concluded that the particles had been successfully synthesized 

following both the batch and continuous coprecipitation method. The same particles but with a 

TEG coating were obtained when the batch thermal decomposition procedure was applied. 

Besides, the effective functionalization of the particles in batch mode, as well as in continuous 

mode, have been also confirmed due to the appearance of the peaks corresponding to the amino-

alkoxysilane anchoring.  

X-ray diffraction analysis 
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Fig 3 shows the normalized diffractograms of BTD and BC samples of nanoparticles as 

representative of the two synthesis methodologies studied in this work: thermal 

decomposition and coprecipitation. Both samples share the same peak profile, which 

corresponds to the main phase of a crystal structure and is compatible with nanostructured 

compounds.  The position and intensity of the diffraction peaks, match with the magnetite 

database in the International Centre for Diffraction Data (ICDD, PDF2: 75-0449). The peaks 

position of the reference structure, together with the Miller indexes of the principal reflections 

have been included in Figure 3. Regarding BC sample, no additional peaks are observed, which 

means that there are no other phases present, remarking the high purity of the magnetite 

particles [31,40]. In the case of BTD sample, two additional reflections are observed around 

the angular positions 2θ= 24º and 2θ= 26.5º, which are no compatible with the main phase 

and therefore, could be indicative of a second minor phase. It can be related with other phases 

of pure iron oxides or hydroxides (hematite, maghemite, lepidocrocite, etc) or to other 

residual phases that may have appeared in the thermal decomposition synthesis process[30]. 

Zeta Potential 

Figure 4 shows the values and trends of the zeta potential for all the samples, as a function of 

pH (from 2 to 12). Both bare and amino-functionalized MNPs are positively charged at acidic 

pH values and negatively charged at basic pH values. In the case of bare magnetite particles 

(BTD, BC and CC), the isoelectric point or point of zero charge is around pH 6, which is 

consistent with the values previously reported in literature [38,39,42,43]. After functionalization 

of the particles, the zeta potential moves to significantly higher positive values. This confirms 

the valuable presence of amino groups in the surface of the MNPs which promotes repulsion 

forces between the particles, considerably reducing their tendency to agglomerate. This change 

in their surface charge, also results in a shift of the isoelectric point to a higher value, around pH 

8, as stated in literature [38,39], showing potentially viable particles to retain anionic 

compounds at pH<8. In this work, the functionalized materials were contacted with a solution of  

0.01M HCl, to protonate the amino groups anchored on the particles surface (Equation 1), 

resulting in a positive superficial charge. This way, the particles are expected to show high 

efficiency in the capture process of anionic Cr(VI) at acidic pH. 

Particles size, shape and agglomeration 

Figure 5 shows TEM images of the different particles. The BTD sample presents spherical 

shape with an average diameter of approximately 12nm. Similar results have been previously 

reported when the same thermal decomposition method was applied in the synthesis of MNPs. 

For example, an average diameter of 7nm was reported by Cai and Wan [30] and a diameter of 

11nm by Maity et al [36]. In the case of particles synthesized following the coprecipitation 

method, they also present spherical shape but with slightly smaller diameters, in the range 8-

9nm. The difference in size can be justified if we take into account the longer residence times 

applied in the thermal decomposition procedure. This, together with the TEG coating that is 

formed around the magnetite core, give place to bigger particles sizes. Moreover, comparing the 

samples BC and CC, narrower size distributions are observed when particles are synthesized in 

continuous mode, due to the higher control of flowrates and residence times. In addition, a 

notorious reduction of the agglomeration of the particles is appreciated, which can be attributed 

to the use of a microreactor with a spiral shape geometry that enhances mixing and reduces 

agglomeration and adhesion of the particles to the walls. These sizes are very similar to the 

values reported in literature following a continuous coprecipitation method by means of a 
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microdevice, for example, Suryawanshi et al [44] obtained diameters in the range 6.3-9.8nm and 

Besenhard et al [31] achieved a 7.5nm size. In addition, the samples BTD-BF, CC-BF and CC-

CF present particles after their functionalization, with similar diameters as the values observed 

for non-functionalized particles. This means that the addition of amino groups does not lead to a 

size increase, however, it provokes a reduction in the agglomeration of the particles.  

Magnetization 

Magnetic properties of the particles were studied, obtaining the magnetization curves (M(H)) of 

the different samples at 27ºC, as shown in Figure 6. According to these M(H) curves, all the 

samples of nanoparticles exhibit a superparamagnetic behavior, with no hysteresis and neither 

coercivity nor remanence. These results are supported by previous literature, where magnetite 

particles show a blocking temperature (TB) of -173ºC, meaning that above such temperature 

particles are superparamagnetic whereas below it, they are ferromagnetic [30]. Additionally, the 

BTD sample shows the highest value of magnetic saturation (Ms), 66emu·g-1, while the BC 

sample presents the lowest value, 35emu·g-1. The reduction of Ms is directly related with the 

differences in particle size obtained by the tested synthesis methods. Batch thermal 

decomposition procedure needs longer reactions times than batch coprecipitation, resulting in 

bigger particle sizes, as was explained in the “Particles size, shape and agglomeration” 

discussion. Therefore, magnetic properties are considerably improved for BTD particles [45–

48]. Besides, in the continuous coprecipitation, the use of a microdevice improves the control of 

the flowrates and residence times, which gives place to narrower size distributions. This way, a 

magnetic saturation value of 49emu·g-1 was achieved for the CC sample, improving the batch 

coprecipitation results. Moreover, the magnetic saturation for the samples BTD-BF and CC-CF 

are 63emu·g-1 and 43emu·g-1 respectively, so it can be assumed that particles keep their 

superparamagnetic behavior after being functionalized. 

 In view of the characterization results, it can be concluded that thermal decomposition produces 

particles with controlled sizes, narrow particle size distribution and improved magnetic 

properties. However, it is an expensive, energy-consuming, and complex method due to the 

large number of precursors, large volumes of reagents and high temperatures required, thus 

developing a more reliable and simplified technique is challenging. On the other hand, 

coprecipitation is a well-characterized, simple, cheap and efficient method to synthesize MNPs. 

Nevertheless, its bottleneck is the high tendency of the particles to agglomerate and the difficult 

control of their magnetic properties [49–51]. By implementing the use of microfluidics in the 

coprecipitation procedure, a continuous synthesis of MNPs has been achieved with reduced 

energy costs, small size, low reactant volume consumption and easier scale up. Furthermore, 

compared to batch coprecipitation, within the continuous procedure a controlled size has been 

obtained and therefore the surface area available for the capture reactions, the agglomeration of 

MNPs has been reduced and the magnetic properties of the particles have been improved. 

Functionalization degree 

The thermogravimetric analysis was performed for the different functionalized samples and the 

results are shown in Figure 7. In the case of non-functionalized MNPs, the samples BTD and 

CC, weight losses take place in the 0-250ºC range of temperatures. This is associated with 

evaporation of traces of ethanol used in the cleaning step and in the case of BTD-BF, to the 

TEG that forms the particles coating [37,48]. In the case of functionalized MNPs, the weight 

losses in the interval 250-1000ºC correspond to the losses of the anchored amino groups [40]. 

These functional groups losses are 18.1±1.6, 12.4±6.4 and 8.2±0.1% for the samples BTD-BF, 
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CC-BF and CC-CF respectively. These values highlight the higher reproducibility of the 

functionalization process when it is developed in continuous mode. It is attributed to the use of 

the microdevice, where variables such as residence time and reactant flow rates can be easily 

adjusted, enabling higher control of the process than in batch mode.  

The MNPs mass losses due to functionalization, together with the MNPs area, volume, 

magnetite density and weight of functional groups, have been used to estimate the grafting 

density of the particles, by means of Equation 2  [32–34]. This way, the number of moles of the 

functional group per area of particle was estimated, which can be turned into units of mass by 

means of Equation 3. To do so, the BET area was measured for the samples BTD-BF and CC-

BF. As shown in Table 2, particles functionalized by thermal decomposition show a smaller 

specific area than those synthesized by coprecipitation, which can be attributed to the TEG 

coating of BTD-BF particles that covers the magnetite core. In the case of CC-BF, the 

functional groups are linked directly to the magnetite core, without any intermediate coating, 

which gives place to a higher specific area [37,52,53]. BET area for CC-CF was assumed equal 

to the one obtained for CC-BF. Finally, functionalization degree values in the order of 10-

4molNHn·g
-1

MNPs were obtained for the four different MNPs samples, as it can be seen in Table 2.  

Even though not many comparable data are available in literature, these results are of the same 

order of those reported by Kumar et al [54], who synthesized amino-MNPs with 3.5·10-4 

molNHn·g
-1

MNPs functionalization. The implementation of the functionalization step in a 

microfluidic device allows better control of the reactant flow rates and reduction of the reaction 

times. This way, a uniform layer of the functionalizing material is formed on the surface of the 

MNPs, obtaining functionalization degrees in the same order than within batch processes but 

with higher reproducibility. In addition, it implies a reduction in the reactant volume and energy 

consumption, resulting in less expensive, safer and more efficient systems. Finally, another 

advantage of the synthesis in microfluidic devices is the possibility to combine the synthesis and 

functionalization stages, allowing a single continuous procedure.  

 

3.2 Cr(VI) capture experiments 

Once the MNPs were characterized, their viability to capture Cr(VI) was tested both in batch 

mode and using a microfluidic device. Batch results were used as benchmark, whereas 

microfluidic results contributed to the development of continuous processes for the capture of 

pollutants in aqueous solutions. Figure 8 shows the chromium capture percentages obtained 

when contacting a 23mg·L-1 Cr(VI) solution with different BTD-BD particles suspensions. In 

both cases, batch (18min contact time) and continuous (18min of residence time), a decrease in 

the concentration of the MNPs suspension leads to a lower uptake of the target compound as 

expected. In continuous experiments, the capture percentage was reduced from 93±0.1% to 

56±1% when MNPs concentration decreased from 72 to 2.5gMNPs·L
-1. Nevertheless, no 

significant change in the capture percentage was observed after 18min of residence time for 

values ≥13gMNPs·L
-1. Moreover, similar results were obtained in the experiments conducted in 

batch and continuous mode of operation, thus assessing the successful implementation of the 

microdevice in the continuous process. The small values of standard deviation proved the 

reproducibility of both processes. The Cr(VI) capture efficiency demonstrated by MNPs is 

possible thanks to their reduced size that provides a high number of active sites on their surface 

and to their positive charge derived from the functionalization. In addition, the high surface area 

of the MNPs available for the S/L contact is expected to improve the  rate of the ion exchange 

reaction.  Afterwards, it was evaluated the viability of the amino-functionalized particles for 

their application to polluted waters with lower concentration of chromium. To this end, an 
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initial Cr(VI) solution of 500µg·L-1 was contacted with a MNPs suspension of 0.28gMNPs·L-1, 

obtaining a capture of Cr(VI) of 82±2%, as shown in Figure 9. This experiment is comparable to 

the one in which a suspension of 13gMNPs·L-1 of BTD-BF particles is contacted with a solution 

with 23mg·L-1 Cr(VI) of initial concentration, achieving a Cr(VI) capture of 86±2% Cr(VI). In 

both cases, the ratio between the initial Cr(VI) and MNPs concentration was maintained, and a 

contact time of 18min was applied. The similarity between the obtained capture percentages 

confirms the viability of the application of the functionalized MNPs particles to polluted waters 

with very low Cr(VI) concentrations. 

Assuming ideal behavior of the contacting phases, the equilibrium constant for the ion exchange 

reaction (Equation 5) can be defined as shown in Equation 8. [𝐻𝐶 𝑂 
 ] refers to the 

equilibrium Cr concentration in solution, measured by ICP; [ 𝐻 
  𝐻𝐶 𝑂 

 ] corresponds to the 

equilibrium concentration of Cr(VI) captured by the MNPs, calculated after applying the mass 

balance between the known initial Cr(VI) concentration in solution and the measured 

equilibrium Cr(VI) concentration in solution; [𝐶  ] is the equilibrium chloride concentration in 

solution, which is considered equal to [ 𝐻 
  𝐻𝐶 𝑂 

 ], assuming the stoichiometric  ratio 1:1; 

[ 𝐻 
   𝐶  ] is the concentration of chloride groups on the nanoparticles at equilibrium. 

Assuming that initially every amino functional group is linked to a chloride ion, this value is 

calculated after the mass balance to the known functional group concentration in the surface of 

MNPs and the calculated equilibrium chloride concentration in solution. The functional group 

concentration in the surface of MNPs can be obtained by means of the functionalization degree 

estimated in section 3.1 “MNPs characterization”. 

    
[   

       
 ]     

[   
     ]      

  
                                                              (8)                                                                                                                                                              

This expression can be rearranged and linearized to yield Equation 9:  

 

  
     

 

  
                                                                      (9)                                                                                                                                                                               

where D1 and D2 represent respectively the ratio of chromate and chloride anchored to the 

MNPs to the concentration of the ion remaining in the aqueous phase [14]. To obtain the value 

of the equilibrium constant, fitting of the experimental data to Equation 9 was performed. 

Therefore, a value of Keq=1.51[-], with R2=0.98, was obtained. Additionally, the Cr(VI) 

exchange capacity of the particles was calculated for the different experimental conditions 

applying Equation 7, this way a maximum exchange capacity of 5.2mgCr(VI)·g
-1

MNPs was 

obtained for BTD-BF particles in the studied MNPs concentration interval. Experiments were 

also performed with continuously synthesized CC-CF particles, with a residence time of 18min. 

As shown in Figure 9, when a 23mg·L-1 solution was contacted with a suspension of 13 gMNPs·L
-

1, a complete capture of hexavalent chromium (97±2%) was achieved, the same that happened 

with BTD-BF particles. Moreover, a 54±3% of the initial Cr(VI) was captured with a 1gMNPs·L
-1 

CC-CF suspension. Applying Equation 7, a maximum exchange capacity of 12.5mgCr(VI)·g
-1

MNPs 

was obtained for these particles in the studied MNPs concentration interval. The difference 

between BTD-BF and CC-CF maximum capacities is due to the lower size and higher 

functionalization degree presented by particles synthesized with continuous coprecipitation and 

continuous functionalization. The maximum exchange capacities of both samples of particles 

have been expressed in terms of meqCr(VI)·g
-1

MNPs for comparison with the exchange capacity 

values of commercial ion exchange resins, as shown in Table 3.  

Ion exchange processes have been widely applied for the separation of heavy metals from 

wastewaters, working both with ion exchange extractants in liquid-liquid contact and with ion 

exchange resins in solid-liquid contact. High capture efficiencies and kinetics have been 
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reported working with tertiary amines [14,15,55] and quaternary ammonium salts [7–10,56,57]. 

Ion exchange resins follow the same principles and characteristics regarding the ion exchange 

reaction but report the advantage of working with an easily manageable solid phase.  Several 

commercial macroporous-type anion exchange resins, formed by micrometric particles, have 

been studied in literature for the removal of Cr(VI) from aqueous solutions, for example Lewatit 

MP 62, a weakly basic resin made of crosslinked polystyrene; Lewatit M610, a strongly basic 

with a crosslinked polystyrene matrix [55]; Lewatit MP 64, a weakly basic and Lewatit MP 500, 

a strongly basic resin, both made of Styrene-polystyrene [12,57]. In all these works, the resins 

have been conditioned with HCl previous to the contact with the Cr(VI) solution, thus the 

capture reaction took place at acidic pH (below 6), in which      
  is the most predominant 

Cr(VI) specie and the ion exchange stoichiometric reaction follows Equation 10, being R the 

resin functional group. In the case of the MNPs technology, the R term refers to the 

functionalization of the particles, which is based on primary and secondary amino groups 

(Equation 5).  

𝐻𝐶 𝑂 
     𝐶      𝐻𝐶 𝑂 

  𝐶                                         (10)                                                                                                                                                

In this work and for the sake of clarity, a simple comparison in terms of maximum Cr(VI) 

capture capacity between the synthesized MNPs and some commercial resins is provided. Table 

3 summarizes the initial conditions and equilibrium parameters. The different results of the 

equilibrium constants in the ion exchange resin studies, remark the high influence of the type of 

resin and operational conditions in the Cr(VI) capture. The maximum exchange capacity 

showed by continuously synthesized MNPs is in the range of previously reported commercial 

ion exchange resins data, having as an additional advantage the considerable smaller size of 

MNPs (BTD-BF: 12.3nm; CC-CF: 8.8nm) than the ion exchange beads (590m), which leads to 

a higher surface area for the S/L contact, parameter that would greatly affect and improve the 

capture rate, increasing the potential for continuous processes. MNPs also present chemical 

stability, good dispersibility in water, low intraparticular diffusion rate and thus, they exhibit 

fast kinetics, good selectivity, and allow for the intensification of the process. In addition, 

although not included in the present work, the superparamagnetic character of the solid phase 

allows for their continuous separation from the liquid medium as part of a continuous capture 

and separation process, which can take place in one single taylor made microdevice or in a 

microdevices array [4,27,29]. 

 Besides, experiments with CC continuously synthesized particles have been developed to 

compare the activity of amino-functionalized MNPs and bare magnetite MNPs. After a contact 

time of 18min and with an initial Cr(VI) concentration of 23mg·L-1, the percentage of Cr(VI) 

uptake with a suspension of 13gMNPs·L
-1 CC  was 2.5±0.1% . As shown in Figure 9, this value is 

considerably lower than the results obtained when using functionalized particles. When 

contacting with a 1gMNPs·L
-1, the Cr(VI) capture percentage is reduced to 0.7±0.1%. Applying 

Equation 7, a maximum Cr(VI) capture capacity of 0.02meqCr(VI)·g
-1

MNPs was obtained for bare 

magnetite particles in the studied MNPs concentration interval. It is two orders of magnitude 

lower than the value previously obtained for the amino-functionalized MNPs continuously 

synthesized in this work, applying the same experimental conditions. This remarks the 

importance of the functionalization step, to convert the magnetic cores into robust MNPs with 

high performance in the retention of Cr(VI) anions; this behavior could be extended to other  

anionic pollutants. The mechanism of removal of Cr(VI) by bare magnetite particles consists on 

reducing Cr(VI) ions to Cr(III) by the irreversible REDOX reaction shown in Equation 11 [58–

62]. 

           
    𝐻 𝑂  𝐶                                                                  

(11)                                                                                                                                                
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However, this irreversible reaction limits the regeneration of the loaded particles, giving place 

to poor efficiencies in their reuse. This is supported by results obtained in literature, for 

example, reutility efficiencies of 35.6% were reported by Yuan, P. et al [58] for the first 

regeneration-reuse cycle, of 14.3% for the second cycle and only of 6.3% for the third. These 

low values convert magnetite nanoparticles into single-use adsorbents, being disadvantageous 

from the economic and environmental aspects. In this work, the mechanism for Cr(VI) removal 

consist in its capture by amino-functionalized particles, based on the reversible ion exchange 

reaction presented in Equation 5. The advantage of working with this system is that loaded 

MNPs can be easily regenerated and successfully recycled many times, similar to the process 

with different ion exchange resins.  

The viability of the amino-functionalized MNPs for their regeneration and reuse has been tested 

in this work with a BTD-BD MNPs suspension of 2.5gMNPs·L
-1, using a second spiral shape 

microdevice connected to the capure stage, and results are shown in Figure 10. After their 

protonation with HCl (Equation 1), the 0.44 mM MNPs solution presents a pH of 4, and thus, a 

high and positive zeta potential, as was analyzed in Section 3.1 “MNPs characterization”. Under 

this conditions, they are able to capture a 56±1% of the initial Cr(VI), as seen in Section 3.2“

Cr(VI) capture experiments”. Afterwards, a 0.02M NaOH solution was added in the second 

microreactor and its contact with the Cr(VI) loaded MNPs took place with a residence time of 

9min. This NaOH addition gave place to a change of the pH of the solution to a basic form 

(pH12), resulting in negative values of the particle’s zeta potential. These negative surface 

charge indicates that particles are in anionic form, as they have been deprotoned due to the 

NaOH addition, and thus, a 94 ± 6% of the Cr(VI) has been released to the liquid phase, only 

remaining a 6 ± 6% of the initial Cr(VI) in the particles surface. These results remark that both 

the capture and regeneration stages are favoured by the small nanometric size of MNPs that 

greatly improves the capture rate. This way, with adequate residence times (capture: 18min; 

regeneration: 9min) the equilibrium is achieved in both stages. Afterwards, particles were 

protonated again with a 0.01M HCl solution and reused for the capture stage, achieving a 57 ± 

14% of Cr(VI) intake, very similar to the percentage obtained in the first Cr(VI) capture cycle. It 

means that once the particles are regenerated the capture efficiency is kept constant. All these 

characteristics make MNPs a stable, efficient, and cost-effective materials to be employed for 

the capture of Cr(VI) from aqueous solutions as well as for the capture of different pollutants 

from complex fluids after the adequate functionalization.   

 

 

4. CONCLUSIONS AND FUTURE WORK  

This study contributes to the design of robust microfluidic systems for the continuous, rapid and 

effective capture of aqueous pollutants using functionalized magnetic nanoparticles; more 

specifically, the capture of Cr(VI) present in aqueous solutions  with amino-MNPs has been 

selected as representative case of study. In this environmental application, selectivity and 

capture rate are paramount and usually face a tedious process in the synthesis and 

functionalization of the particles. Therefore, in this work, the most recent strategy for the 

synthesis of MNPs has been applied, consisting of the implementation of microfluidics for the 

continuous and highly controlled production of functionalized MNPs. Compared to batch 

results, controlled sizes were obtained, higher reproducibilities were achieved, agglomeration 

was considerably reduced, magnetic properties were enhanced, and reactant and energy 

consumptions were lowered. Afterwards, the continuous Cr(VI) capture was studied by 

changing the concentration of the MNPs suspension. Continuously synthesized and 

functionalized MNPs (CC-CF) showed a maximum retention capacity of 1.44 meqCr(VI)·g
-1

MNPs , 
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higher than obtained values for bare magnetite MNPs (CC) and batch synthesized and 

functionalized MNPs (BTD-BF), due to their lower size and higher amino-functionalization. 

This value is also in the range of previously reported commercial ion exchange resins values, 

besides, it is worth highlighting the considerable smaller size of MNPs than the ion exchange 

beads, that leads to a higher surface area in the S/L contact, improving the capture rate due to 

the higher surface area available and lower influence of internal diffusion phenomena. The 

latter, again showed advantage in the regeneration rate of the loaded MNPs. Additionally, the 

superparamagnetic character of the MNPs allows for their continuous separation from the liquid 

medium after the capture stage studied in this work, and as a part of the continuous separation 

process. Moreover, the regeneration of the loaded MNPs has been proved changing their 

superficial charge, then particles were recycled demonstrating that capture efficiency was kept 

constant. All these characteristics make amino-functionalized MNPs a promising, energy 

efficient and cost-effective alternative for the capture of charged molecules from aqueous 

solutions using microdevices.  

The successful implementation of microfluidics in the different stages of the process: synthesis 

of MNPs, functionalization with amino groups, selective capture of Cr(VI) from aqueous 

solutions and regeneration of loaded MNPs, remarks the possibility to take advantage of the use 

of microdevices. Their application allows to reduce energy costs and reactant volume 

consumption, to promote better control on the process variables than in batch, such as 

microchannel diameter or reactant flow rates, to improve mass and heat transfer and to flow 

within the laminar regime with small residence times. Collectively, the system and methodology 

here reported can be of high use in assessing the performance of new materials, including their 

synthesis, for the selective capture of aqueous pollutants as a preliminary step to process design 

and scale-up.  Furthermore, it has been confirmed the possible extention of the reported 

methodology to polluted waters with very low Cr(VI) concentrations, in the order of µg·L-1. 
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Figure 1. Experimental set up of the microfluidic process including A) continuous 

coprecipitation, B1) Cr (VI) continuous capture experiments and B2) Regeneration of MNPs. 
Microfluidic system: Spiral shape microreactor with 400mm length and a circular section of 

3mm diameter, TFE tubing (0.3mm ID and 1.58 mm OD) and pressure pump (Asia Flow 

Chemistry Syringe Pump, Syrris). 

 

 

Figure 2. FTIR spectra of the different MNPs samples synthesized by batch thermal 

decomposition (BTD), batch thermal decomposition followed by batch amino-functionalization 

(BTD-BF), batch coprecipitation (BC), continuous coprecipitation (CC), continuous 

coprecipitation followed by batch amino-functionalization (CC-BF) and continuous 

coprecipitation followed by continuous amino-functionalization (CC-CF). 
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Figure 3. X-ray diffraction spectra of the MNPs samples synthesized by batch thermal 

decomposition (BTD) and batch coprecipitation (BC). Numbers indicate the peaks position and 
the Miller indexes of the reference structure: magnetite (ICDD, PDF2). 

 

 

Figure 4. Z potential as function of pH (2-12) for the different MNPs samples synthesized by 

batch thermal decomposition (BTD), batch thermal decomposition followed by batch amino-

functionalization (BTD-BF), batch coprecipitation (BC), continuous coprecipitation (CC), 

continuous coprecipitation followed by batch amino-functionalization (CC-BF) and continuous 

coprecipitation followed by continuous amino-functionalization (CC-CF). 
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Figure 5. TEM images of the different MNPs samples synthesized by batch thermal 

decomposition (BTD), batch thermal decomposition followed by batch amino-functionalization 

(BTD-BF), batch coprecipitation (BC), continuous coprecipitation (CC), continuous 

coprecipitation followed by batch amino-functionalization (CC-BF) and continuous 

coprecipitation followed by continuous amino-functionalization (CC-CF). Scale bar for BTD 

and BTD-BF is 20nm. Scale bar for BC, CC, CC-BF and CC-CF is 200nm. 
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Figure 6. Magnetization curves (27ºC) of the different samples synthesized by batch thermal 

decomposition (BTD), batch thermal decomposition followed by batch amino-functionalization 

(BTD-BF), batch coprecipitation (BC), continuous coprecipitation (CC) and continuous 

coprecipitation followed by continuous amino-functionalization (CC-CF). 

 

 

Figure 7. TGA (0 -1000ºC) of the different samples synthesized by batch thermal decomposition 

(BTD), batch thermal decomposition followed by batch amino-functionalization (BTD-BF), 

batch coprecipitation (BC), continuous coprecipitation (CC), continuous coprecipitation 

followed by batch amino-functionalization (CC-BF) and continuous coprecipitation followed by 

continuous amino-functionalization (CC-CF). 
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Figure 8. Experimental Cr(VI) capture percentages for batch and continuous mode, contacting a 

solution with 23mg·L-1 of Cr(VI) with different BTD-BF suspensions. Batch: 18min contact 

time. Continuous: 18min residence time and 78.5L·min-1 flowrate in each inlet. 

 

 

Figure 9. Experimental Cr(VI) capture percentages for batch experiments with i) 13gMNPs·L
-1 

BTD-BF particles and initial Cr(VI) concentration of 23mg·L-1, ii) 13gMNPs·L
-1 CC-CF particles 

and initial Cr(VI) concentration of 23mg·L-1, iii) 13gMNPs·L
-1  CC particles and initial Cr(VI) 

concentration of 23mg·L-1, and iv) 0.28gMNPs·L
-1 BTD-BF particles and initial Cr(VI) 

concentration of 500µg·L-1. Conditions for all experiments: 18min contact time. 
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Figure 10. Z potential of the particles (mV), and Cr(VI) on particles surface (%) after the first 

Cr(VI) capture experiment, the MNPs regeneration with NaOH and the second Cr(VI) capture 

experiment. Conditions: BTD-BF suspension: 2.5gMNPs·L
-1; residence time: 18 minutes capture 

and 9 minutes regeneration; Flow rate: 78.5uL/min for Cr(VI) and MNPs inlet and 157uL/min 

for NaOH inlet.  
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Table 1. MNPs synthesis and functionalization approaches applied in this study 

  SYNTHESIS 

  
Batch thermal 

decomposition 

Batch 

coprecipitation 

Continuous 

coprecipitation 

FUNCTIONALIZATION 

No 

functionalization 
BTD BC CC 

Batch 

functionalization 
BTD-BF - CC-BF 

Continuous 

functionalization 
- - CC-CF 

 

Table 2. Parameters of MNPs used to calculate the degree of functionalization 

 BTD-BF CC-BF CC-CF 

MNPs Diameter 

(nm) 
12.1±1.1 8.5±0.8 8.5±0.8 

MNPs Area 

(nm
2
) 

463 ± 76 229 ± 43 229 ± 43 

MNPs Volume 

(nm
3
) 

947 ± 231 330 ± 91 330 ± 91 

Magnetite density 

(g·nm
-3

) 
5.2·10-21 5.2·10-21 5.2·10-21 

Aminoalcoxisilane molecular weight 

(g·mol
-1

) 
222 222 222 

Aminoalcoxisilane groups losses 

(%) 
18.1 ± 1.6 12.4 ± 6.4 8.2 ± 0.1 

     

(moleculesamino·nm
-2

MNPs) 
6.4 ± 0.6 3.0 ± 1.7 1.8 ± 0.02 

MNPs BET area 

(m
2·

g
-1

) 
15.8 ± 0.04 141 ± 0.3 141 ± 0.3 

FD 

(molamino·g
-1

MNPs) 
1.7·10-4 ± 1.7·10-5 7·10-4 ± 4·10-4 4.2·10-4 ± 5.6·10-6 

 

Table 3. Comparison between the Initial conditions and equilibrium parameters of this study 

and other works with commercial ion exchange technologies. 

Technology 

(size in m) 

Functional 

group R 

Initial 

Cr 
(mg·L

-1
) 

pH 
T 

(K) 

Equilibrium 

constant  
(-) 

Exchange 

capacity 

(meqCr(VI)·g
-1

MNPs) 

Ref 

BTD-BF 

MNPs 
(0.012) 

Primary & 

secondary 

amine 

23 3.4-6 a 297 1.51 0.60 c 
This 

study 
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CC-CF 

MNPs 
(0.009) 

Primary & 

secondary 

amine 

23 3.4-6 a 297 1.51 1.44 c 
This 

study 

Lewatit 

MP62  
(310-1250) 

Tertiary 

amine 
100 5 b 298 220 1.67 d [55] 

Lewatit 

M610  
(300-1200) 

Tertiary 

amine 
100 5 b 298 54.44 3.70 d [55] 

Lewatit 

MP64  
(590) 

Quaternary 

amine 
13.5-409 2 b 297 44.90 2.66 c [10] 

Lewatit MP 

64 
 (590) 

Quaternary 

amine 
52 5 b 298 3.41 1.25 d [57] 

Lewatit 

MP500  
(630) 

Quaternary 

amine 
52 5 b 298 3.27 1.32 d [57] 

a= final pH; b= initial pH.  

c=Maximum Cr(VI) exchange capacity calculated from experimental data; d=Minimum value 

reported by the manufacturer without specifying the experimental conditions;  
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Graphical abstract 

 

 

 

Highlights 

 A robust microfluidic system is proposed for the continuous, rapid and effective testing 

of selective capture agents of aqueous pollutants. 

 Amino-funtionalized MNPs have been obtained following a novel continuous synthesis 

that facilitated the control of the particles properties. 

 Continously synthesized MNPs have been used for the rapid and selective capture of 

Cr(VI), as representative case study, with good results in terms of capture efficiency. 

 The easy regeneration of the loaded MNPs and their successful reuse have been proven. 
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