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Our work advances sustainable chemistry by describing the first milli-scale magnetic 
adsorbent for extraction of a range of micropollutants from aqueous flows. The 
literature focuses on nanoscale adsorbents, which are difficult to recover.

We used macromer compatible nanoparticle surface chemistry to maintain particle 
dispersion, facilitating polymerisation into a range of adsorbent sizes/shapes for 
multiple applications. 

We optimised adsorbent size, shape and particle loading for methylene blue 
extraction, while retaining facile recovery. 

We demonstrated regeneration of the adsorbents without damage, using relatively 
benign ethanol extraction.

The study is aligned squarely with UN Sustainable Development Goal 6 ‘Clean 
Water and Sanitation’, and also with Goal 9 ‘Industry Innovation and Infrastructure’ 
and also Goals 14 ‘Life below Water’’ and 15 ‘Life on Land’.
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Abstract 

We present a facile, low-cost method for the preparation of milli-scale magnetic polymer prints which 

can be utilized as adsorbents for removal of methylene blue (MB) from aqueous solution. The 

nanocomposites were prepared by mixing magnetic iron-oxide nanoflowers (NFs) with a multi-

branched acrylate terminated PEG monomer (Trimethylolpropane ethoxylate Triacrylate, TET). 1 

mol% Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) was used as a photoinitiator, 

enabling very rapid bulk template printing by UV-initiated free radical polymerization. The magnetic 

adsorbents demonstrated moderate adsorption capacity of 0.75 mg.g-1, however a 5 wt% adsorbent 

load could remove over 99% of dissolved MB at concentrations as high as 15 mg.L-1. The materials 

were homogeneous and were easily processable into a range of shapes. Full characterization of the 

magnetic adsorbents was undertaken, including determination of the dependence of adsorption 

capacity on adsorbent volume and surface area to volume ratio. A morphology (cylinders of d = 3 mm, 

h = 1 mm) was identified that provided optimal adsorption performance and which enabled rapid 

magnetic capture/recovery for subsequent regeneration by solvent extraction. Facile capture, as 

compared with nano- or micro-scale absorbents, offers practical advantages for in-line continuous 

extraction. The magnetic adsorbent showed excellent stability and could be regenerated at least 5 

times without any observed decrease in adsorption efficiency. Evaluation of the performance of the 

adsorbent with a library of common micropollutants revealed the dominant role of, polymer to MB, n 

– π interactions in the micropollutant extraction mechanism.

Introduction          

More than one third of the earth’s available freshwater is used in industrial, agricultural and domestic 

processes which leave it contaminated with various species including dyes, pesticides, and heavy 

metals.1 Many industrial wastewater systems, particularly those produced by the textile industry, 

contain significant quantities of cationic dyes, which can be difficult to purge from high volume 

systems due to their high aqueous solubility and low biodegradability.2 This has led to significant 

contamination of surface and ground water.3 The removal  of cationic dyes from industrial wastewater 

has been an area of significant research interest due to their negative environmental4 and human 

health effects.5 Methylene blue (MB) which is used in the leather and silk industries, is a non-

biodegradable, carcinogenic heterocyclic aromatic dye. At high concentrations MB has been 

associated with health impacts including blindness, and respiratory and mental disorders.6 Due to its 

high molar adsorption coefficient (~8.4 x 104 L mol-1 cm-1 at 644 nm) even low concentrations of MB 

can have devastating effects on aquatic environments. By reducing light transmittance through water 
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MB can reduce photosynthetic activity of aquatic life / lower dissolved oxygen.7 Its strong absorbance 

also means it is an ideal micropollutant for developing extraction systems.

A wide range of approaches have been investigated for removal of dyes such as MB from wastewater. 

Physical approaches include filtration and adsorption, and there are also electrochemical, 

photocatalytic and microbiological treatments.8 The advantages of the physical approaches are that 

they generally do not degrade the dye, which can generate toxic side products,9 and they are generally 

more simple and more flexibly implemented.10 However membranes and adsorbents usually require 

periodic (and costly) replacement.11 Hence there is need for self-regenerating systems. This work 

provides adsorbents that could be used in such systems.

Currently the standard treatment of wastewater with such contaminants is a combination of activated 

carbon adsorption, chemical oxidation and biological treatments.12 However, activated carbon has yet 

to be adopted for widescale industrial use, due to significant costs associated with its production and 

regeneration.13, 14 For waste water applications physisorption is often the preferred mode, with ion 

exchange, electrostatic, hydrogen bonding, Van der Waals forces, hydrophobic and π-π interactions 

all reported.15 The functional groups present in the matrix largely determine its mode of interaction 

with the targeted pollutants.16 Polymer-based adsorbents have advantages including a range of 

possible functionalities, low initial costs and potential for reusability. Polymers used for wastewater 

treatment include ion exchange resins,17-19 polysaccharides,20, 21 organic polymers22, 23 and magnetic-

polymer composites.24, 25 For adsorption of cationic dyes synthetic polymers studied typically contain 

ionizable function groups (i.e. hydroxyl, carboxyl) which can facilitate attractive electrostatic and 

hydrogen bonding interactions. 

Organic polymer matrices have been used extensively in wastewater treatment. They generally take 

the form of porous organic polymers (POPs) or interpenetrating polymer networks (IPNs). POPs are 

materials consisting of networks of pores connected by covalent bonds. Their large surface areas and 

tuneable porosities makes them of particular interest for dye adsorption.26 However they are often 

limited by low dye removal rates and complicated synthetic processes using high cost monomers.27 

Functionalisation of POPs with moieties including as azobenzenes28, 29 or triazines27, 30, 31  has been 

reported to improve dye adsorption capacities and removal rates. IPNs contain two or more polymer 

networks that, while interlinked on a molecular level, are not covalently bound to one another.32 They 

have attracted interest for dye adsorption due to their stability and high swelling capacity.33 A 

polymethacrylic acid grafted cellulose and bentonite IPN was shown to be an effective adsorbent for 

MB removal from aqueous solutions.34 Under optimized conditions of pH and temperature it was 

found that an IPN formed from carboxymethyl chitosan and poly(2-(dimethylamino)ethyl) 
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methacrylate could simultaneously remove the anionic dye indigo carmine and the cationic dye 

safranin T from aqueous solution.35 

The recovery of adsorbents after use must also be considered in any water treatment process. The 

need for centrifugation and/or filtration adds to the cost and complexity of the process as well as 

limiting throughput. By including a magnetic component, the adsorbent separation can be easily 

achieved using the field gradient provided by an external magnet.36-38 Magnetic composites for dye 

removal generally fall into two categories; water dispersions of magnetic nano/microparticles with 

polymer coatings, and bulk polymer matrices with embedded magnetic particles. Magnetic 

nanoparticle (NP) dispersions are often used as adsorbents due to their high surface area to volume 

ratio (SA/Vol) and fast re-dispersion on removal of the magnet.39-41 SDS modified maghemite ( -Fe₂O₃) 

NPs have been used as an efficient method of removing cationic dyes from aqueous solutions by 

magnetic capture.42 Coating MnFe2O4 NPs with polyacrylic acid was shown to significantly improve the 

MB adsorption capacity as compared to the uncoated particles.43 Similarly, incorporation of magnetic 

NPs into bulk polymer matrices enables facile retrieval of the adsorbent/reduces losses that would be 

difficult to avoid for dispersed NPs in waste-streams. A pH responsive magnetically-capturable bulk 

hydrogel of acrylic acid and vinyl sulfonic acid with embedded superparamagnetic iron oxide 

nanoparticles (SPIONs) was shown to have reasonably good adsorption capacity for MB.44 

The objective of the work was to develop retrievable adsorbents for common industrial 

micropollutants using macromonomers that also provide processability for downstream advanced 

manufacturing/patterning applications. Realising these goals required optimisation of magnetic 

particle dispersion in the selected formulations, and development of understanding into the 

adsorbent size-dependent swelling and adsorption responses and of the molecular mechanisms of 

adsorption. The adsorbent selected was trimethylolpropane ethoxylate triacrylate (TET), which to our 

knowledge has not been reported for dye removal or wastewater treatment. TET is an inexpensive 

commercial macromer, available in a range of molecular weights. In the absence of anionic groups, 

Figure 1, adsorption is expected to be due to lone pair - π interactions, i.e. the association between 

the electron lone pairs on the oxygen atoms of the ethoxylate side chains and the electron-poor π 

system of MB.45 As the molecular weight of TET increases, the number of ethoxylate groups in the side 

chains grows as does the ratio of the oxygen bearing ethoxylate groups to the non-interacting ethyl 

and methyl groups of the polymer. So, in principle, higher TET molecular weight should increase the 

number of available adsorption sites per unit mass of polymer. Hence the impact of the chain length 

on the adsorption efficiency of the adsorbent was examined by measuring the MB adsorption capacity 

of TET polymers prepared using the three commercially available molecular weights (428, 612 and 912 

g.mol-1). TET adsorbents were found to be fully regeneratable for cycled use. Regeneratable and 

Page 5 of 20 RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
25

/2
02

5 
12

:4
6:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SU00701A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00701a


magnetically retrievable TET adsorbents were prepared by dispersing magnetic iron-oxide 

nanoflowers (NFs) in the polymerization medium before photopolymerization. An optimal physical 

size and composition of the magnetic adsorbent (NF-TET) that maximized adsorption and enabled 

facile magnetic capture/physical recovery was identified. Finally the adsorption mechanism was 

identified by analysing the materials capacity to remove different micropollutants.

Results and Discussion

(i) Magnetic polymer formulation, primary physical characterization, and adsorbent design.

Macroscale polymer adsorbents were formed using TET macromonomers of different molecular 

weight, both with and without the inclusion of multi-core -Fe2O3 nanoparticles (or nanoflowers, NFs), 

by facile BAPO-initiated free radical polymerization, as described in Experimental and shown in 

Scheme 1. The NFs were synthesized using our established procedure,46 see Experimental, and were 

used without post-synthesis surface modification. Formation of homogeneous pre-polymerization 

formulations was facile, even with NFs included, and was ensured by agitation using a benchtop 

vortexer. In all cases polymerization was complete within 10 minutes, providing robust solid magnetic 

and non-magnetic adsorbents that could be easily handled, used and re-used, see below. Detailed 

characterization of the magnetic composites is provided in Figure S1. A series of polydimethylsiloxane 

(PDMS) templates were fabricated for production. These provided transparent (and so homogeneous 

on micro-scale) adsorbent cylinders and disks of highly reproducible mass, shape, and surface area. 

This processability enabled rapid production of large quantities of essentially identical adsorbents for 
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evaluating the effect of different factors, e.g. of adsorbent load, while keeping the adsorbent SA/Vol 

constant. Inclusion of NFs, at 0.2 wt%, equivalent to ~25 mM Fe, did not disrupt the processability or 

outer appearance for the adsorbents, but enabled rapid isolation/separation of the magnetic 

adsorbents (NF-TET) using a permanent magnet. We have demonstrated, using DLS, that NFs are fully 

dispersed in TET under the preparation conditions used, Figure S2. While that is important for 

retention of some magnetic properties, e.g. the AC-field hyperthermic response, the translational 

magnetic force generated by an external magnet is primarily determined by the particle loading in the 

adsorbent.

Figure 1. (a) Chemical structures and molecular weights of the TET macromonomers used, and (b) of methylene 

blue, shown in the LMB-form. (c) Photographs of a TET912 cuboid (7.2x7.2x5.2 mm, formed inside a standard 

disposable cuvette lid) immediately after immersion in a 100 mg.L-1 MB solution (left) and following adsorption 

to saturation, demonstrating dye retention in the adsorbent. (d) Dependence of maximum MB adsorption 
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capacity (q) on the number of ethoxylate groups in TET, determined at 1 wt% of adsorbent in 3 mL of 100 mg.L-

1 MB solutions for cylindrical TET (photographs shown) and NF-TET (at 0.2 wt%, ~25 mM Fe) adsorbents.

Large adsorbents, of 4 mL volume, were first prepared using TET monomers of molecular weight 428, 

612 and 912 g.mol-1 (with and without including of NFs). The steady state adsorption capacity, q 

(reported here in mg.g-1), was then determined under identical conditions, Figure 1c, from the 

absorbance of the depleted solutions (which were found to be unchanging after 24 hrs, see 

Experimental). Carboxymethyl cellulose hydrogels,47 and other matrices have higher reported MB 

adsorption however, as discussed below, q is not necessarily the limiting factor and the NF-TET system 

has other advantages. The q values were found to increase strongly with the number of ethoxylate 

groups per monomer unit, Figure 1d. This suggests that MB adsorption occurs predominantly through 

interactions with the oxygen atoms on the polymer chains, we return to the mechanism below. 

TET912, the highest commercially available molecular weight, showed the highest q and so was used 

for the rest of the study. Critically, the inclusion of NFs at 0.2 wt% had marginal, if any, effect on 

adsorption capacity (as expected given the minimal macromonomer/NF interactions, Figure s2) while 

providing rapid magnetic separation. So the magnetic loading was fixed at this value for the rest of 

the study. On adsorption of MB the TET912 adsorbents (which were initially colourless and 

transparent) became strongly blue-coloured as expected, Figure 2a, b. For NF-TET912, due to the 

presence of -Fe2O3 the disks are strongly brown coloured, Figure 3a, and no significant change in 

colour was apparent on adsorption.

Larger adsorbents have advantages for magnetic capture and are less likely to accumulate on surfaces 

or block channels within vessels/reactors. However their reduced SA/Vol may reduce the MB 

adsorption rate, and could also affect the MB adsorption capacity. Cylindrical TET912 adsorbents were 

prepared with varied SA/Vol, all of which appeared homogeneous and transparent (when not NF 

loaded). The swelling rates, equilibrium swelling and equilibrium q values were measured, Figure 2, 

to evaluate the impact of adsorbent size on performance. 
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Figure 2. (a) Photographs; of TET912 adsorbents cast at different total vol with varied SA/Vol (left) and of the 

equivalent 0.2 wt% NF-TET912 adsorbents (right, following MB adsorption), and (b) of an upscaled TET912 

adsorbent following extraction of MB. (c) Swelling at laboratory temperature, after curing and casting, for the 

six different SA/Vol non-magnetic TET912 adsorbents shown in 2a, determined gravimetrically as swelling 

progressed in 100 mg.L-1 MB. (d) Dependence of initial swelling rate (the slope of a linear fit, up to 200 min, for 

the data in 2c) and of MB adsorption capacity (q) on SA/Vol for the six adsorbents shown in 2a. (e) Optical 

microscopy images of a TET912 (left) and 0.2 wt% NF-TET912 disk (right). 

The swelling rate was found to be strongly dependent on SA/Vol, as expected. The initial rate showed 

an exponential increase with SA/Vol, Figure 2c. The final equilibrium swelling was found to be 

independent of SA/Vol, with average value (achieved within 24 hr in all cases) for the six structures 

studied of 21.3±0.9% (by mass), Figure 2c. Hence adsorbents of all sizes studied fully solvate but the 

higher SA/Vol, ones do so far more quickly. On the other hand the equilibrium MB adsorption capacity, 

q values, increased sharply as the SA/Vol was increased from 0.9 to 1.3, and reached a plateau at 

0.75±0.01 mg.g-1 for the smallest sized/highest SA/Vol adsorbents, Figure 2d. So, while water fully 

penetrates TET912, for lower SA/Vol adsorbents MB molecules occupying adsorption sites towards 

the outer surface of the adsorbent partially block transport of MB. The fact that the higher SA/Vol 

adsorbents attain the same q-value demonstrates that they are uniformly loaded/homogeneous. 

Nevertheless larger, lower SA/Vol, TET cylinders were produced to make a preliminary evaluation of 

scalability, and as shown in Figure 2b, the larger structures are efficient adsorbents. For the remainder 

of this study, to maximize adsorption capacity and adsorption rate and to provide magnetic capture, 

cylindrical NF-TET912 prints (d x h of 3 x 1 mm; SA 23.6 mm2; volume 7.1 mm3; SA/Vol 3.3 which is on 

the q-plateau, with 0.2 wt% Fe) were fabricated. These optimized structures, the smallest shown in 

Figure 2a, were used in all the following adsorption experiments and will be referred to as “NF-TET912 

disks”. Optical microscopy shows that inclusion of NFs has no impact on the large scale structure or 

surface appearance of the disks, Figure 2e.
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(ii) TET912 disk adsorbent performance.        

MB has complex ionization, with pKa values at pH ~1.7, ~4.5 and ~5.9, Figure 1b. Hence, while the 

species present may differ within the pore structure of the adsorbent, it is likely that the adsorption 

capacity will be impacted by changes in pH altering the surface charging of the analyte at least. The 

impact of pH on the adsorption capacity of NF-TET912 disks was measured by varying the pH of the 

MB stock solution at constant adsorbent load (1 wt%) and MB concentration (50 mg.L-1). That MB 

concentration was selected as it is in the upper part of the range associated with industrial wastewater 

streams, and it has been commonly used in remediation studies. 47 Samples were monitored until the 

adsorption (from the initial 50 mg.L-1 solution) had stabilized and q was then measured. MB uptake 

was most efficient for pH > 8, and a sharp decline in efficiency was observed for pH < 4, Figure 3a, 

which interestingly is below the pKa of the first amine of MB. The capacity is usefully flat in the 

environmentally relevant pH range of 4-8. All adsorption experiments that follow were performed at 

pH 7, within the typical range of textile effluents. 
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Figure 3. Effect of adsorption conditions on performance of NF-TET912 disks (0.2 wt% NFs, 7.1 mm3 vol, SA/Vol 

3.3) at LT; (a) pH dependence (5 wt% adsorbent in 50 mg.L-1 MB solution at pH 7), with (inset) magnetic disks 

prior to adsorption showing the characteristic brown colour due to the presence of NFs, (b) initial MB 

concentration (5 wt% adsorbent in 5 mL MB solution at pH7), (c) adsorbent contact time (5 wt% adsorbent in 15 

mg.L-1 MB solution at pH7), (d) adsorbent load (in 5 mL 50 mg.L-1 MB solution at pH7). Inset are photographic 

images of an NF-TET912 disk in close-up, and of samples of unloaded and NF-loaded disks. 

The impact of initial MB concentration in the batch solution on the extraction efficiency of NF-TET912 

disks was measured to determine the most effective concentration range. Adsorbent load was kept 

constant at 5 wt% dry (50 g.L-1), which is a realizable load for larger volume in-line extractions. It was 

found that >99% of MB was removed at concentrations up to 15 mg.L-1, Figure 3b. As the MB 

concentration was further increased, the fraction of dye removed decreased. Above 100 mg.mL-1 a 

plateau in capacity, at the SA/Vol plateau value already determined of 0.75 mg.g-1, suggests that all 

adsorption sites are occupied. The adsorption kinetics were then measured in 15 mg.L-1 MB stock (i.e. 

on the low concentration plateau, Figure 3b) under gentle agitation on a shaker. It was found that > 

95% of MB was removed after 10 hr and >99% after 15 hr, Figure 3c. The impact of adsorbent load at 

high MB concentration (50 mg.L-1) was also examined. As shown in Figure 3d increased adsorbent 

loading resulted in higher removal efficiency. However, at this concentration a loading of 20 wt% was 

required to remove >90% MB, which may not be practical for larger scale extraction. It can be 

concluded that NF-TET912 disks are most applicable to waste systems containing  ≤ 25 mg.L-1 MB, 

which is in the relevant range. 

Adsorbent cyclability is critical for environmental applications. If the adsorbent and extraction solvent 

can be regenerated, given the advantage of NF-TET912 for rapid adsorption and magnetic capture, 

possibilities for in-line self-regenerating continuous extraction systems may emerge, which would 

mitigate the moderate capacity. A schematic representation of a single sequential adsorbent cycle is 

shown in Figure 4. An extensive survey identified ethanol as the solvent that provided highest recovery 

of MB under benign conditions of 50 °C for 1 hr, see Experimental. It is also relatively low cost and 

comparatively low in toxicity. Following EtOH extraction the desorbed MB solution was evaporated 

and quantified, spectroscopic analysis indicated no change in the dye molecular structure. The 

adsorbents were then isolated, dried and their adsorption capacity in 100 mg.L-1 MB solution was re-

measured. Reusability/regeneration of NF-TET912 over consecutive adsorption-desorption steps was 

evaluated and it was found that the disks retained >99% of their MB adsorption capacity after 5 cycles. 

Furthermore  the adsorbents showed no visible signs of degradation, Figure 4.
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Figure 4. Photographs of the (a) MB adsorption / magnetic recovery / solvent extraction / disk regeneration 

process using 7.1 mm3 NF-TET912 disks, and (b) of extraction solvent selection. (c) Cycled use of the same NF-

TET disks demonstrating retention of adsorption capacity (5 wt% adsorbent in 100 mg.L-1 MB solution) over 

multiple EtOH extraction/regeneration steps. (d) Optical images of TET912 adsorbents before (left) and after 

(right) 5 extraction cycles.

                                                                                 

(iii) Utility of NF-TET912 disks and mechanism of adsorption         

Finally we evaluated the utility of NF-TET912 disks for adsorbing water soluble, UV-detectable 

molecules that have been investigated and published as potential micropollutants in the literature 

since 2011, or detected in effluents from sewage-treatment plants.48 The goals were to establish the 

general utility of NF-TET912 disks and to probe the adsorption mechanism/matrix interactions. Aliev, 

Pavlakos et al demonstrated that the strength of n – π interactions can be significantly impacted by 

heteroatom substitution, the presence of electron donating or withdrawing groups, and the molecular 

geometry of the molecule.49 So it was expected that the different molecular properties of the analytes, 

summarized in Table S1-1, would generate significant variation in q. 
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Figure 5. Photographs of the extraction of dyes/micropollutants using 7.1 mm3 TET912 disks (unloaded in this 

case to aid imaging) (a) initially, and (b) at equilibrium. From the left; ciprofloxacin, eriochrome black T, 

fluorescein, methylene blue, rhodamine B. (c) Exemplar UV-Vis spectra (linear standard curves for all 

micropollutants are provided in SI), inset schematic representation of the suggested n- interactions. (d) 

Adsorption capacity of NF-TET912 disks for different micropollutants plotted as a function of the number of π 

electrons normalized for molecular weight. 

The adsorption process is illustrated using varying stock concentrations with non-magnetic TET912 

disks, for visual clarity, in Figure 5. NF-TET912 disks were used for the actual quantification and 

exemplar UV-vis data is shown in Figure 5, full details are provided in Figure S3. It was found that the 

adsorption capacity for this selection of micropollutants varied significantly from 0.53 – 1.51 mg.g-1. 

The adsorption capacity was cross-plotted against all the available physical parameters, including 

molecular weight, aqueous solubility, and the number of H-bond donors and H bond-acceptors. In 

most cases there was no apparent correlation, Figure S4. This suggests that these factors play only a 

minor role in the micropollutant/TET912 adsorption interactions. However a clear positive correlation 
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(R2 0.94) was found between q and the number of π electrons of each micropollutant normalized for 

its molecular weight, Figure 5. This trend strongly suggests that adsorption is driven by the prevalence 

of n – π interactions across this series, while molecular weight mitigates against the interaction. The 

reason for the latter is not clear. However this is not a diffusion limitation as in all cases the steady 

state bulk concentration was achieved. The correlation is remarkable given the diverse molecular 

structures/properties of the selected micropollutants. 

Conclusions

The mechanistic study pinpoints the dominant role of n – π interactions in adsorption using TET, which 

is an unusual finding. It may also enable prediction of capacity, with reasonable certainty, for other 

analytes. The insights gained may also be relevant for developing NF-TET as a drug delivery platform 

for future studies. From a practical perspective, we have presented a facile method for preparation of 

bulk magnetic polymer prints for use as micropollutant adsorbents. The material shows rapid 

adsorption and excellent regeneration/reusability, properties that are unaffected by the inclusion of 

NFs at concentrations and adsorbent size that enable rapid magnetic capture. While TET does not 

achieve adsorption capacities as high as some previously reported micro- and nano-scale polymer 

materials, the facile and low-cost nature of the template-assisted free-radical polymerization method 

may be a more applicable for wastewater systems. The high volumes associated with commercial 

waste require large quantities of adsorbent for effective contaminant removal which makes dispersed 

nano or microscale adsorbents less attractive. Milli-scale adsorbents, such as NF-TET912 disks, are 

inexpensive and have several advantages, compared to the more commonly studied dispersed 

nanoparticulate magnetic adsorbents.50-52 As noted above, the disks large size makes them less likely 

to foul surfaces or block channels or filters. More importantly the magnetic force exerted by a field 

gradient is proportional to the volume of magnetic material per particle.53 So, given that each NF-

TET912 disk contains ~1-2x1012 NFs, their magnetic capture from relatively larger volumes of 

wastewater is rapid and, unlike with dispersed nanoparticles, usually quantitative.  
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Experimental

Reagents: All chemicals and reagents are commercially available and used without further purification.

Instrumentation: An Agilent Cary 60 UV-Vis Spectrophotometer was used to measure the 

concentration of MB in aqueous solution. SEM images of magnetic polymers were acquired using a 

Zeiss Ultra Plus Scanning Electron Microscope, using an accelerating voltage of 3 kV. Prior to SEM 

imaging, all samples were coated with 10 nm Au-Pd layer using a Cressington Sputter Coater 208HR. 

Polymerization of the photosensitive monomer solution was performed using a homemade 

instrument comprising of a light isolating safety box, with 8 LEDs, which were held in place in a 3D-

printed ring, the peak wavelength was λ 365 nm and total irradiation power was 16 mW.cm2. 

Scheme 1. Visual representation of NF-TET nanocomposite formation.

Magnetic nanoflower (NF) preparation: Synthesis of iron oxide nanoflowers was based on the thermal 

decomposition of iron chloride precursors in organic media and adapted from Hugounenq et al..54 

Briefly, in a typical preparation 0.541 g of Iron (III) chloride hexahydrate, 0.199 g of Iron (II) chloride 

tetrahydrate and 0.32 g of sodium hydroxide were dissolved in a 37.1 mL (1:1 by volume) mixture of 

DEG and NMDEA in a 100c mL round bottom flask. The resulting mixture was magnetically stirred for 

3 hrs. Then, the temperature was increased to 220°C at 5°C.min-1 by placing the round bottom flask in 

temperature-controlled heating mantle. The suspension was heated with magnetic stirring for 12 hrs, 

and then allowed to cool to room temperature. The black sediments were separated magnetically and 

washed with 10 mL portions a mixture (1:1 by volume) of ethanol and ethyl acetate 3 times to remove 

impurities. Possible iron hydroxides were removed by treatment with 10 mL 10% nitric acid for 15 

mins. 4.125 g sample of iron (III) nitrate nonahydrate was then dissolved in 10 mL of water and added 

to the nanoparticle suspension. The resulting mixture was heated to 80 °C for 45 mins to ensure 

complete oxidation of the iron oxide phase, to -Fe2O3. After another treatment with 10% nitric acid, 

the suspension was washed twice with acetone and diethyl ether and re-dispersed in desired amount 

of water. 

Magnetic polymer preparation: 1 mol % Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) 

was dissolved in trimethylolpropane ethoxylate Triacrylate (Mn 912 g.mol-1) by magnetically stirring 
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the mixture overnight in the absence of light. Once the BAPO was fully dissolved in 10 mL TET solution,  

NF-TET suspension was prepared by addition of μL volumes of concentrated aqueous nanoflower 

suspension to achieve the required concentration. The mixture was then vortexed until the suspension 

was completely homogeneous, the nanoparticle - monomer suspension was then stored away from 

direct light. The NF-TET solution was then transferred into a Polydimethylsiloxane (PDMS) template 

containing (1 x 3 mm, h x d) cylindrical wells. The wells were exposed to the UV source for 5 minutes 

at which point complete polymerization was observed. The magnetic polymer cylinders were then 

magnetically isolated and washed several times with ethanol deionized water. 

Adsorption measurements: A MB stock solution of fixed concentration was prepared, and the pH 

adjusted to the desired concentration using 0.1 M HCl or NaOH and a pH meter. 5 mL of the stock 

solution was added to a single use glass vial containing the desired mass of adsorbent for analysis. The 

vial was placed on a shaker, at room temperature for a defined period of time. The supernatant was 

isolated and analysed by UV–Visible spectroscopy. The dye removal % and the adsorption capacity (q) 

were quantified by measuring adsorption at the max λmax (665 nm) and could be calculated using the 

following equations: All measurements were undertaken at laboratory temperature which ranged 

from 19-22 °C.

Dye removal (%) =   (𝐶0―𝐶𝑒)
𝐶0

 × 100                                                                               (1)

𝑞 =  (𝐶0― 𝐶𝑒)
𝑚

 𝑉                                                                                                                  (2)

Where C0 and Ce represent the initial and equilibrium dye concentrations in mg.L-1, m is the mass of 

the adsorbent used in g, and V is the volume of the dye solution in L. 

Reusability: Adsorbents were transferred to a round bottom flask with cooling condenser containing 

100 mL of EtOH, the solvent was heated at 50 °C for 1 hr at which point no visible dye remained in the 

polymer. The polymer structures were then isolated and rinsed several times with DI water. The EtOH 

was then removed using a rotary evaporator, allowing the dissolved MB to be isolated and quantified 

gravimetrically. 

Dynamic light scattering: DLS measurements were undertaken using a Malvern Nano ZetaSizer 

(Malvern Instruments, Malvern UK). The data was processed using the Dispersion technology software 

(v 7.13, Malvern instruments, Malvern UK) with the multiple narrow modes algorithm to calculate the 

hydrodynamic diameter and Polydispersity Index (PDI). All measurements were performed three 

times, the average with standard deviation was reported.
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Data for this article, including [csv files for all figures in main text and SI] are 
available from the UCD repository at link requested/to be finalised.
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