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Abstract. lron oxide nanoparticles (IONPs) were shown recently to be effective phosphate
adsorbents for enhancing phosphate removal during peritoneal dialysis (PD) treatment. However,
such application requires surfactant-coated IONPs synthesized using a sustainable and easy scalable
synthesis method displaying a high specific surface area for ensuring a high phosphate removal and a
high colloidal stability in dialysate used for PD (exhibiting a high osmolarity and ionic strength). To

address these challenges, we have developed the synthesis by the coprecipitation method of IONPs

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

coated with three different surfactants: polyacrylic acid (PAA), tannic acid (TA), and
polydiallyldimethylammonium chloride (PDADMAC). Stable colloidal suspensions of PAA- and TA-

coated IONPs in pH 7 water and dialysate were obtained by performing the coprecipitation in

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 2:07:50 PM.

presence of surfactants, when stable suspensions of PDADMAC-coated IONPs were manufactured by

(cc)

a two-steps process. PAA- and TA-coated IONPs suspensions exhibited a lower mean hydrodynamic
size compared to PDADMAC-coated IONPs suspensions. They all showed a high long-term colloidal
stability in dialysate: at least 3 weeks for PAA- and TA-coated IONP suspensions and one week for
PDADMAC-coated IONP suspensions. Furthermore, they were demonstrated to be more colloidally
stable in dialysate than commercial maghemite nanoparticles coated with similar surfactants.
Phosphate adsorption studies evidenced the high phosphate removal capacities of PDADMAC- and
PAA- coated IONPs compared to TA-coated ones, which was removed as potential adsorbent due to
the formation of a TA-phosphate complex. Thus, this study highlights PDADMAC- and PAA-coated

IONPs as promising phosphate adsorbents to be further tested in PD simulating conditions.

Keywords: Iron oxide nanoparticles, coprecipitation method, anionic/cationic surfactants, high

osmolarity and ionic strength media, phosphate adsorption.
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Spinel iron oxide nanoparticles (IONPs) have been widely developed due to their broad range of
applications in numerous domains: nanomedicine'; data storage?; catalysis®; etc. In particular,
IONPs are biocompatible, biodegradable and with a low toxicity®’, which has enabled their extensive
development for biomedical applications: as contrast agents for magnetic resonance imaging®™*!; as
therapeutic agents through magnetic hyperthermia and photothermia!?'’; as oral phosphate
binder!®; etc. However, the use of naked IONPs for applications requiring a high colloidal stability in
aqueous media is limited by their isoelectric point (IEP) located at pHigp = 7'°. At pHiep, the zeta
potential ({) value of IONPs is overall zero, lowering electrostatic repulsions between them and
greatly reducing their colloidal stability. To overcome this, a strategy widely used is to coat the IONPs
with surfactants, i.e. compounds (molecules, polymers, etc.) that can adsorb chemically (through
anchoring groups) and/or physically (e.g., electrostatically) to the surface of IONPs, favoring
electrostatic and/or steric repulsive forces between nanoparticles'®?2. Furthermore, biomedical
applications notably require IONPs with a high colloidal stability in media with high osmolarity and
ionic strength. Indeed, media, such as blood plasma?32?* or dialysate?>?¢ used in peritoneal dialysis
(Table S1), contain various solutes and electrolytes (proteins, glucose, mineral ions, etc.) that can
significantly alter the nanoparticle colloidal stability. For example, a well-known effect is the “charge-
screening effect” generated by electrolytes: the counter-ions could organize around the charged
surfactant-coated nanoparticles, decreasing their Debye-Hiickel screening length (i.e. the distance
from a nanoparticle where the electrostatic force is significantly reduced)?” and thus the intensity of
the electrostatic repulsion between them, leading to the destabilization of the nanoparticles
suspension.

In particular, we are looking, in this work, for stable suspensions of surfactant-coated IONPs in a
dialysate suspension used in the peritoneal dialysis (PD) process. PD is a medical treatment for
people suffering from end-stage renal disease (ESRD) during which the dialysate (typically =2 liters) is
infused in the patient’s peritoneal cavity?>?¢. There, compounds and toxins in chronical excess in the
blood of ESRD patients are transported to the dialysate through the peritoneal membrane — a
biological membrane layering the peritoneal cavity?®. The formulation of dialysate, which is an
aqueous solution at pH = 7.4 + 0.1 containing glucose and electrolytes (Ca?*, Na*, Mg?*, Cl, HCOz,
Table S1) conferring to this solution a high osmolarity (= 358 mOsm.L?) and ionic strength (= 141
mmol.L?), drove the toxins transport. Among dangerous compounds, when they are in excess, are
phosphates whose clearance is currently too slow and low in a PD process. 2>%%. In this context, the
objective is to add IONPs—known for their ability to adsorb phosphates to the composition of an
existing dialysate in order that they adsorb phosphates, diffusing from blood through the peritoneal
membrane into the dialysate, and induce thus the diffusive transport of additional phosphates from
the blood into the dialysate. From a practical point of view, the proposed methodology involves
obtaining colloidally stable IONPs directly into the dialysate prior to its intraperitoneal
administration. After a PD cycle, the dialysate containing uremic toxins and phosphate-loaded IONPs
is extracted. Magnetic separation can then be used to remove IONPs from the dialysate. One of the

major advantages of this application in terms of biosafety is that IONPs remain in the peritoneal
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cavity, and their high colloidal stability in the dialysate would prevent them from D%mtl%_rligg‘fgm;&?g?é
bloodstream. In addition, the in vivo residence time is restricted to the duration of a standard PD

cycle (approximately 4 hours). Compared to other clinical applications involving IONPs, such as MRI,

such limited exposure as well as their localization in the dialysate should minimize toxicity risks.
However, in vitro experiments as well as in vivo experiments will be needed to validate further this
strategy.

We demonstrated recently that tannic acid-coated iron oxide nanostructures are promising
phosphates adsorbents that can be introduced into the dialysate to improve phosphate removal
from blood during a PD cycle?>?¢, However, these nanostructures suffer from a low long-term
colloidal stability in dialysate which needs to be improved by preserving a high phosphate adsorption
performance. Thus, such designed surfactant-coated IONPs must be colloidally stable for at least one
day and preferably for a longer period of time so that they could be stored directly in a dialysate
pouch. Furthermore, they must be synthetized by a method leading to large quantities as the
dialysate volume is about 2 liters and thus an easy-scalable, and if possibly, a green synthesis method
should be favored.

Therefore, we focus, in this work, on the synthesis of three surfactant-coated IONPs displaying a
high colloidal stability in pH 7 water and dialysate by the coprecipitation method. Indeed, it is a
“green” method performed in water and known for its high yield in IONPs?*-3l, The selected
surfactants are polyacrylic acid (PAA), tannic acid (TA) and polydiallyldimethylammonium chloride
(PDADMAC). PAA and TA are anionic surfactants approved by the Food and Drug Administration
(FDA) as food additives3?32 and are known to anchor to the iron oxide (I10) surface through their
carboxylate and catechol groups respectively??. Indeed, PAA is reported to be an effective surfactant

for IONPs by forming surface complexes (unidentate, bidentate and bridging complexes?®??) through

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

interactions between its multiple carboxylate groups and IONPs hydroxyl surface groups?*34-36, On
the other hand, TA catechol unit are reported to coordinate with the 10 surface through orbital

overlap of the five-membered ring leading to a strong binding?®. Since the pK, of PAA and TA are 4.3

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 2:07:50 PM.

— 4.5%-3 and ~6%° respectively, these functional groups are deprotonated at pH 7, giving a negative {
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value to the surfactant-coated IONPs, thus enhancing their colloidal stability by promoting
electrostatic repulsions between them. In the literature, these two surfactants have been widely
used to coat IONPs, either in situ?**1=%> or prior t0**=>! the synthesis of IONPs. In parallel, PDADMAC is
a polymer with a permanent cationic charge approved by the FDA for treatment of potable water®2. It
has been selected because we would like to study the influence of the “surface charge” of IONPs on
phosphate adsorption, because it is widely used in the literature to coat IONPs3->5; and has a
relatively low toxicity compared to other cationic surfactants (notably polyethyleneimine)>®.

Two coating strategies have been tested either by introducing surfactants during the
coprecipitation step (called “one-pot synthesis”) or by coating naked IONPs with surfactants after the
coprecipitation step (called “post-synthesis coating”). The post-synthesis coatings are carried out in
water to maintain the benefits of the “green” aspect of coprecipitation and consisted in favorizing
electrostatic attractions between surfactants and IONPs through pH adjustments®”-8, A protocol for

accelerating the size separation step of nanograin’s aggregates has been established using an
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external magnetic field. PAA- and TA-coated IONPs obtained by the one-pot synthesis W[%Fl%q&\éﬁgg@oomc

display a high long-term colloidal stability for 3 weeks in pH 7 water and dialysate. Stable suspensions
of PDADMAC-coated IONPs were also obtained by post-synthesis coating and with a mean
hydrodynamic higher than those of PAA- and TA-coated IONPs. PAA- and PDADMAC-coated IONPs
were furthermore shown to display a higher colloidal stability in dialysate than commercial IONPs
coated with the same surfactants®. Finally, phosphate adsorption experiments demonstrated that
PAA- and PDADMAC-coated IONPs are the most suitable phosphate adsorbents to be tested in the

future in PD simulating processes.

2. Results and discussion

2.1. Synthesis methods of surfactant-coated IONPs

Naked IONPs are synthesized by the well-known Massart coprecipitation method® using the
protocol of Daou et al.*°. Two strategies have been tested to obtain surfactant-coated IONPs: by the
one-pot synthesis by introducing the surfactant during the coprecipitation step (@), or by post-
synthesis (+) coating of naked IONPs. The parameter to select the suitable synthesis protocol is the
colloidal stability of surfactant-coated IONPs in both pH 7 water and dialysate.

Protocols for the post-synthesis coating of naked IONPs with surfactants have been developed
based on previous works>">86162 by favoring electrostatic interactions between the surfactants and
the charged surface of IONPs. Indeed, 10 surface possesses hydroxyl groups (Fe-OH sites) with ~20 %
being amphoteric®’. At pH values below the 10 IEP (pHep = 71°), these surface groups are protonated,
giving a positive { value to IONPs suspensions. Above the 10 IEP, these groups are deprotonated,
giving a negative { value to IONPs suspensions. The same strategy is used here: the coatings are
performed at pH values intermediate between the |0 IEP and the surfactant pK, (PAA: pK, = 4.3 —
4.5373% TA: pK, = 6%, PDADMAC: no pK, / pK, value and always positively charged) for favoring
electrostatic attractions between them. Each post-synthesis coating is performed starting from a
suspension of naked IONPs in basic pH water (pH = 9 — 10) with a monomodal and moderately
polydisperse hydrodynamic size (dnyaro) distribution, a mean onyaro value of 161 + 86 nm and a
polydispersity index (PDI) of 0.15 (Figure S1a-c and Table S2). Zeta potential ({) of bare IONPs in basic
pH water is -36 £ 1 mV. The performed post-coating strategy is illustrated in Figure 1.
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Figure 1. Schematic of the coating protocol with PAA and TA. Dashed line represents a typical zeta
potential-pH curve of naked IONPs. Step 1 =2 2: quick adjustment from pH > 10 to 2 to turn the
naked IONPs T positive. Step 2 = 3: adjustment from pH 2 to a value above surfactant pKa

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(deprotonated thus negatively charged) and below IO IEP (naked IONPs with slightly positive 7). Step
3 - 4: addition of surfactant (here, PAA or TA) then adjustment to pH 7.
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For the PDADMAC surfactant, the naked IONP suspensions is at basic pH after coprecipitation and
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its pH is adjusted to 9 — 10 in order to favor electrostatic interactions between the negatively charged
IONP surface and the positively charged PDADMAC. The so-obtained PDADMAC-coated IONPs are
named IONPs+PDADMAC and their colloidal stability in pH 7 water and dialysate has been studied
(Figure 2a,b and Table 1) through dynamic light scattering (DLS) and electrophoretic light scattering
(ELS). Their dnyaro distribution is monomodal and moderately polydisperse in pH 7 water, with a mean
Ohyaro Value of 377 £ 159 nm and a PDI of 0.21 (Figure 2a and Table 1). In dialysate (Figure 2b), the
bhyaro distribution remains monomodal with a significant increase in mean ®nyqro to 544 + 254 nm (PDI
= 0.19) (Table 1). This increase in bnyaro is attributed to the dialysate electrolytic composition (Table
S1), especially affecting the IONPs+PDADMAC suspension even though no sedimentation is observed.
The electrolyte influence has further been investigated through { measurements. In pH 7 water, the
mean { value of IONPs+PDADMAC is positive: 27 + 1 mV (Table 1) and decreases to 20 £ 1 mV in
dialysate, confirming the charge-screening effect due to electrolytes in dialysate and explaining the
observed aggregation of IONPs+PDADMAC.
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16 4= IONPs@TA in pH 7 water 16 4= IONPs@TA in dialysate
/= IONPs+PDADMAC in pH 7 water |—— IONPs+PDADMAC in dialysate
14 4 14 4
s 2 H s T2H
X A ® A
> 10 H > 10 H
g ® g ®
c 1 c 1
— 6 — 6
4 4
24 24
0 T T T T 0 T T T T
1 10 100 1000 1 10 100 1000
(a) Hydrodynamic diameter (nm) (b) Hydrodynamic diameter (nm)

Figure 2. Hydrodynamic diameter distributions in intensity of PAA-, TA- and PDADMAC-coated IONPs
after optimization of their synthesis protocol in (a) water (pH = 7.2 £ 0.2) and (b) dialysate (pH=7.4
0.1). IONPs+PDADMAC were obtained by post-synthesis coating of naked IONPs while IONPs@PAA
and IONPs@TA were obtained by the one-pot synthesis.

Table 1. Hydrodynamic diameter in intensity, mean PDI and mean zeta potential values of the
surfactant-coated IONPs in pH 7 water and dialysate. IONPs+PDADMAC were obtained by post-
synthesis coating of naked IONPs while IONPs@PAA and IONPs@TA were obtained by the one-pot

synthesis.

®hydro in intensity (nm) PDI {(mvV)

Water Dialysate Water  Dialysate Water Dialysate
IONPs@PAA 8136 101 +51 0.16 0.22 46t2 -22%2
IONPs@TA 135+ 68 150+ 73 0.22 0.21 -38+1 -23%1
IONPs+PDADMAC 377 £159 544 + 254 0.21 0.19 271 20+1

In the case of PAA and TA surfactants, as they are negatively charged above pH = 4, one needs
IONP suspensions with a positive surface charge and thus to decrease the pH of naked IONPs below
pH = 7 knowing that they may aggregate during this step. The different steps for the PAA- and TA-
coating of naked IONPs are summarized in Figure 1 and are detailed in the Sl part (Section SI.I, Figure
Sla-d and Table S2). The suspension characteristics have been followed at each step of the coating
protocol. The bnyaro distributions of the so-obtained PAA and TA post-synthesis-coated IONPs are
monomodal, with mean ¢nyaro values of 310 £ 150 nm (PDI = 0.22, Figure S1a) and 318 + 186 nm (PDI
= 0.23, Figure S1b), respectively. Their { values are negative: -44 + 1 mV (PAA-coated IONPs) and -36
+ 1 mV (TA-coated IONPs), suggesting successful surfactant coatings. All these results are
summarized in Table S2.

However, PAA and TA post-coated IONPs undergo a significant sedimentation within 4 hours
when suspended in pH 7 water. In dialysate, the sedimentation is faster (“minutes) and total due to
the electrolyte-induced charge-screening effect. Therefore, the post-synthesis protocol does not
enable to produce stable suspensions of TA and PAA post-coated IONPs in pH 7 water and dialysate.
Even though their T values are highly negative in pH 7 water (Table S2) ensuring electrostatic
repulsions between nanoparticles, their dnyaro should be still too high (Table S2) limiting their long-
time colloidal stability. Particularly for TA-coated IONPs, their low colloidal stability would also be
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due to a difficult anchoring of catechol at the IONPs surface due to the high sensitivity Bf cagg&@%%ﬁde Online

Ool'1l 6NA

oxidation as a function of pH, as detailed in the Sl part (Section SL.1).
The one-pot synthesis has been then tested for all surfactants. It was unsuccessful with PDADMAC

despite several tests (no crystalline phase was observed to form) when stable suspensions were
obtained with PAA and TA surfactants. PAA-coated IONPs are synthesized by coprecipitation using an
adapted protocol from that of Daou et al.3° where the surfactant is added to the mixture of iron
precursors, before adding the base. With TA, as this surfactant has been demonstrated to reduce
Fe(lll) to Fe(ll) as soon as they are mixed®?, only Fe"'Cl;.6H,0 was used as iron precursor. Otherwise,
the protocols were similar and are described in the Materials and Methods part. After this one-pot
synthesis, the suspensions were observed to display a very broad hydrodynamic size distribution of
particles, and an optimized size separation process has been established by comparing a natural
sedimentation and a magnetic size separation. The optimization of the size separation process is
detailed in the Sl part (Section SL.Il and Figure S2a,b) and the magnetic sedimentation was shown to
be very effective and reproducible, leading to suspensions with a monomodal ¢hyaro distribution.

The so-obtained IONPs were named IONPs@TA and IONPs@PAA. Their ®nyaro distribution is
monomodal and moderately polydisperse in pH 7 water with ¢nyaro values of 81 + 36 nm (PDI = 0.16)
and 135 + 68 nm (PDI = 0.22) for IONPs@PAA and IONPs@TA respectively (Table 1). In dialysate
(Figure 2b), the bnyaro distributions remain monomodal with a slight increase in dnyaro for IONPs@PAA
and IONPs@TA: 101 = 51 nm (PDI = 0.22) and 150 + 73 nm (PDI = 0.21), respectively (Table 1). For
each suspension in dialysate, these increases in ¢nyaro are attributed, as for IONPs+PDADMAC, to the
dialysate electrolytic composition (Table S1). This was confirmed through T measurements. In pH 7
water, they display a strongly negative T -46 = 2 mV (IONPs@PAA) and -38 £+ 1 mV (IONPs@TA)
(Table 1). All these high net values would explain the remarkable colloidal stability of each
suspension in pH 7 water, where colloids repel each other through electrostatic interactions. In
dialysate, the T values decrease to -22 + 2 mV (IONPs@PAA) and -23 + 1 mV (IONPs@TA) (Table 1)
confirming that electrolytes in dialysate tend to destabilize each suspension by inducing a charge-
screening effect.

To conclude, colloidally stable PAA- and TA-coated IONPs (IONPs@PAA and IONPs@TA
respectively) are obtained in one-pot synthesis while PDADMAC-coated IONPs (IONPs+PDADMAC)
are obtained by post-synthesis coating of naked IONPs.

2.2. Structural and surface characterizations of surfactant-coated IONPs

Transmission electron microscopy (TEM) images of naked and surfactant-coated IONPs are
presented in Figure 3a-d. Naked IONPs consist of aggregates of nanograins (Figure 3a), as usually
observed with nanoparticles synthesized by coprecipitation. The aggregation state appears to be less
“dense” when IONPs are coated with surfactants (Figures 3b-d), supporting their presence at their
surface. Naked IONPs and IONPs+PDADMAC display a similar TEM diameter: 103 nmand 9+ 3 nm
respectively (Figure 3e), in agreement with the post-synthesis coating of naked IONPs after
coprecipitation. On the other hand, IONPs@PAA and IONPs@TA exhibit smaller grain sizes: 6 £ 2 nm

and 8 + 3 nm respectively (Figure 3e) demonstrating an impact of the presence of surfactant during
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the coprecipitation step, especially with PAA. In case of the one-pot coprecipitation Sy%m-ﬁﬁifo%%ﬁmfo%;é

al.*! propose that PAA acts as a template for the IONP nucleation, inhibiting their growth while
confining them in the polymer matrix. In our previous work, we also observed the ability of TA to
hinder the growth of 10 grains in the polyol solvothermal synthesis®3. However, it can be noted that
such a surfactant-induced size-decrease effect in one-pot coprecipitation synthesis is not systematic:
Filippousi et al.%* reported the opposite trend in the presence of the cationic surfactant
cetyltrimethylammonium bromide; the non-ionic surfactant polyvinylpyrrolidone K 30 and the
anionic surfactant sodium cholate.

A high-resolution TEM image of an isolated IONP@PAA (Figure 3f) allowed observing PAA layers at its
surface. By using the “plot profile” function of the ImageJ software on the inverse Fourier transform
of several areas at the nanoparticle edge, we found that this nanoparticle is coated with 2 PAA layers
of thickness 0.4 + 0.1 nm. However, it should be noted that IONPs@PAA are statistically found as

aggregates of ~80 — 100 nm in size (Table 2), with several PAA layers covering the whole aggregates.

——IONPs —— IONPS@PAA
1207 = |ONPS@TA ===IONPs+PDADMAC
100
80
€
3
S 60
40
20
o4
0 2 4 6 8 10 12 14 16 18
(d) Diameter (nm) (f)

Figure 3. TEM image of (a) naked IONPs (inset: selected area electron diffraction — SAED pattern of
one aggregate), (b) IONPs@PAA, (c) IONPs@TA and (d) IONPs+PDADMAC. (e) TEM diameter gaussian
distribution of each nanoparticle (statistical samples of > 300 nanoparticles). (f) HRTEM image of one
IONP@PAA.

X-ray diffraction (XRD) patterns in Figure S3 display the characteristic XRD peaks of the 10 spinel
phase for each surfactant-coated IONP. The lattice parameter and crystallite size have been
determined by performing a profile matching on XRD patterns using the Fullprof software, and these

values are reported in Table 2. The lattice parameter of each nanoparticle is estimated to be 8.37 —
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8.38 A, i.e. intermediate values between those of stoichiometric magnetite (8.396 A) an@oﬂ%%%%@r?ﬁo%?é
(8.346 A) phases, in agreement with the expected composition of such IONP sizes. Indeed, IONPs
with mean diameter smaller than 15 nm display often an oxidized magnetite composition3%6>6¢, The
crystallite size of naked and PDADMAC-coated IONPs are 10 + 3 nm and 9 £ 3 nm respectively while it
is 6 £ 1 nm for PAA- and TA-coated IONPs. Thus, these crystallites sizes match quite well the
nanoparticle TEM diameter values (Table 2). This is in line with the SAED pattern of naked IONPs
(Figure 3a) exhibiting a typical polycrystalline structure and hence an absence of oriented

aggregation in nanoparticle aggregates®’-°,

Table 2. Lattice parameter, crystallite size and TEM size of naked and surfactant-coated

nanoparticles.

Maghemite Magnetite IONPs IONPs@ IONPs@ IONPs@
Fe 03 Fe304 PAA TA PDADMAC

Lattice parameter 8.38 837+ 8.38 % 8.38+

. 8.346%) 8.396Y

(A) 0.01 0.01 0.01 0.01

XRD crystallite size
- - 101 6+1 611 9+1

(nm)

TEM size (nm) - - 10+3 6+2 8+3 9+3

aFrom ICDD PDF card no. 00-039-1346. P’From ICDD PDF card no. 04-005-4319.

Surfactant presence on IONPs have been then characterized by Fourier-transform infrared (FTIR)
spectroscopy. A broad Fe-O band is observed in Figure S4a localized at 594 cm™ (IONPs@PAA), 592
cm? (IONPs@TA) and 584 cm™ (IONPs+PDADMAC). These values and the broad shoulder of this Fe-O

band towards the high wavenumbers are characteristic of an oxidized magnetite phase®%>7°, Indeed,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the IR spectrum of non-oxidized magnetite displays one Fe-O band at ~580 cm™? while that of

maghemite exhibits several bands in the wavenumber range 800 — 400 cm™ and whose resolution

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 2:07:50 PM.

depends on the ordering of vacancies in maghemite®. The IR spectra show also the presence of some

IR bands of surfactants and the analysis of IR spectra is detailed in Sl part (Section SLIIlI, Figure S4a-d

(cc)

and Table S3). A proposal of FTIR band attribution in surfactant-coated IONP spectra is given in Table
$3. This FTIR analysis has shown that, due to the presence of a lot of carboxylates in PAA, it is difficult
to identify which carboxylate complex is formed on the 10 surface. The IONPs@TA spectrum (Figure
S4c) confirms the presence of TA at the surface of IONPs and the presence of IR bands attributed to a
complex formed by TA on iron oxide surface®. Finally, the FTIR spectrum of IONPs+PDADMAC in
Figure S4d provided slight evidence of the surfactant presence, and did not enable us to confirm the
presence of the cationic surfactant, suggesting a purely physical adsorption of PDADMAC on the IO
surface.

Thermogravimetric analysis (TGA) under air have been performed to confirm the presence of
surfactants and quantify their amount on each type of nanoparticles. The TGA curves are given in
Figure S5 and described in the Sl part (Section SLIV). TGA curves display thermal events in

accordance with that observed in the literature for these surfactants or surfactant-coated IONPs. A


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00103c

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 2:07:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

weight loss at 800°C attributed to surfactants was noticed for all surfactants coated IONPs: ~4 ‘g§v‘féﬁde Online
D6NA00103C

DOI: 10.103
IONPs@PAA, 58 % for IONPs@TA and 66 % for IONPs+PDADMAC.

2.3. Long-term colloidal stability of our surfactant-coated IONPs and comparison with commercial
surfactant-coated IONPs

The long-term colloidal stability of our different surfactant-coated IONPs has been evaluated in
pH 7 water and dialysate up to 3 weeks (Figure 4). IONPs+PDADMAC do not appear in Figure 4
because the suspensions underwent sedimentation after = 1 week in pH 7 water and in dialysate.
However, this duration would be sufficient for their use in PD treatment. The ®nydro distribution

curves of IONPs@PAA and IONPs@TA are displayed in Figure S6a-d, and they are all monomodal.

500 {pH 7 water Dialysate 3

450 T IONPs@PAA IONPs@PAA <
— IONPs@TA IONPs@TA B
e +
£ 400 0
— ‘,‘?
2 350 _ <
= 8 e =
@ 300 =3 = _ © g
o © = N + =
© 250 " s 3 s 8 S ’/
S e 8 s 3 T T py
© - - = + ['+) 3
c 200 e T ) ~ +H b
> © 3 o =
S ™ + = e
o150+ H ) [
2l ‘W 0| [
1004 | / % J 7

so | | / J 7
0
ty | 3 weeks ty | 3 weeks

Figure 4. Mean hydrodynamic diameter of PAA- and TA-coated IONPs at to and after three weeks in

pH 7 water and in dialysate.

In pH 7 water, the mean ®nyaro and PDI of IONPs@PAA and IONPs@TA do not increase significantly
after 3 weeks, from 81 + 36 nm (PDI =0.16) to 92 + 43 (PDI = 0.16) and from 135 + 68 nm (PDI = 0.22)
to 127 + 42 (PDI = 0.11) respectively. Then, in dialysate, the IONPs@PAA have kept a high colloidal
stability over the time with a slight ®nyaro increase from 101 £ 51 nm (PDI = 0.22) to 140 + 47 nm (PDI
= 0.23). However, more significant increases of IONPS@TA &nyaro and PDI are observed after three
weeks: from 150 = 73 nm (PDI = 0.21) to 315 + 55 nm (PDI = 0.44). This PDI value is relatively high
because the nanoparticle sedimentation occured during measurements in triplicate with mean ®nyaro
values in the range 213 — 415 nm. Thus, the presence of glucose and electrolytes have considerably
altered the TA-coated IONPs colloidal stability by contrast to the PAA-coated IONPs one. Therefore,
IONPs@TA are able to keep a high colloidal stability in pH 7 water up to 3 weeks and to a lower
extent, in dialysate, while IONPs@PAA display a high colloidal stability in each medium up to 3
weeks.

Then, colloidal stability over 4 hours in pH 7 water and dialysate of IONPs@PAA and
IONPs+PDADMAC has been compared with that of commercial PAA- and PDADMAC-coated

Page 10 of 24
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maghemite nanoparticles named “fluidMAG-PAA” (PAA-coated IONPs, approximative %@;ﬁ{&!%?@ﬁoﬁg?é
by the supplier: 100 nm) and “fluidMAG-Q” (PDADMAC-coated IONPs, approximative ¢nyaro provided
by the supplier: 200 nm). From TEM images (Figure S7a,b), the commercial IONP TEM sizes are 12 + 3
nm (fluidMAG-PAA) and 13 + 4 nm (fluidMAG-Q) (Figure S7c), while our IONP TEM sizes are smaller:
6 £+ 2 nm (IONPs@PAA) and 9 + 3 nm (IONPs+PDADMAC) (Table 2). The ohydro distributions of
commercial IONPs in pH 7 water are monomodal with ¢nyaro values of 106 £ 46 nm (PDI = 0.14) for
fluidMAG-PAA (Figure S8a) and 195 + 109 nm (PDI = 0.16) for fluidMAG-Q (Figure S8b). Their { values
are -35 = 3 mV (fluidMAG-PAA) and 33 + 1 mV (fluidMAG-Q), similarly to our IONPs@PAA and
IONPs+PDADMAC (Table 3). However, in dialysate, each commercial suspension is immediately
destabilized: their ¢nyqro distribution remain monomodal but their mean ¢nyaro vValues largely increase
to 2146 + 775 nm, PDI = 0.25 (fluidMAG-PAA, Figure S8a) and 1459 + 426 nm, PDI = 0.17 (fluidMAG-
Q, Figure S8b). In addition, these suspensions undergo complete sedimentation after ~20 minutes.
Furthermore, { measurements confirm that these destabilizations are again attributed to the charge-
screening effect induced by electrolytes in dialysate: the commercial IONPs net T values decrease to -
21 =+ 1 mV (fluidMAG-PAA) and 9 + 1 mV (fluidMAG-Q). Therefore, our IONPs@PAA and
IONPs+PDADMAC, displaying lower mean grain size, are less destabilized by electrolytes in dialysate
compared to commercial PAA- and PDADMAC-coated maghemite nanoparticles, asserting their high

potential for our application.

Table 3. Hydrodynamic diameter in intensity, polydispersity index and zeta potential values of our

own and commercial PAA- and PDADMAC-coated IONPs in pH 7 water and dialysate.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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pH 7 water Dialysate

Phydro (NM) PDI ¢(mv) Phydro (NM) PDI ¢(mV)
fluidMAG-PAA 106 t 46 0.14 -35+3 2146 £ 775 0.25 -21+1
IONPs@PAA 81+36 0.16 -46+2 10151 022 -22+2
fluidMAG-Q 195 + 109 0.16 33%1 1459 + 426 017 9z1
IONPs+PDADMAC 377 £ 159 0.21 27+1 544 + 254 0.19 201

(cc)

2.4 Phosphate adsorption on surfactant-coated IONPs in pH 7 water and dialysate

All surfactant-coated IONPs have been involved in phosphate adsorption kinetics and isotherm
experiments to determine if they could rapidly adsorb a high quantity of phosphates.

Kinetic experiments, presented in the top row in Figure 5, showed that similarly to the TA-coated
iron oxide nanoclusters in our previous work?®, the maximum adsorption capacity of each surfactant-
coated IONP and whatever the media (water or dialysate) is reached in 2 hours. The phosphate
adsorption values are of 4.1 + 1.3 mg P.g* for IONPs@PAA, 1.9 + 0.6 mg P.g* for IONPs@TA and 9.8 +
2.9 mg P.g* for IONPs+PDADMAC in pH 7 water, compared to 10.5 + 3.2 mg P.g* for IONPs@PAA, 3.0
+0.9 mg P.g't for IONPs@TA and 4.2 £ 1.3 mg P.g* for IONPs+PDADMAC in dialysate. These values do
not change significantly after 4 hours, confirming the rapid adsorption of phosphates onto
surfactant-coated IONPs in each medium. In pH 7 water (top left in Figure 5), the adsorption capacity
of IONPs+PDADMAC is significantly higher than that of IONPs@PAA and IONPs@TA, certainly due to


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00103c

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 2:07:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Page 12 of 24

favorable electrostatic interactions. In dialysate (top right in Figure 5), the highe%tm_al sl%%gm&?g?é

capacity is no longer held by positively charged IONPs+PDADMAC but by negatively charged
IONPs@PAA. Indeed, adsorption capacity of IONPs+PDADMAC decreases from 9.8 + 2.9 mg P.g'in
pH 7 water to 4.2 + 1.3 mg P.gin dialysate while that of IONPs@PAA increases from 4.1+ 1.3 mg P.g’
Lin pH 7 water to 10.5 + 3.2 mg P.g in dialysate. In each medium, IONPs@TA display the lowest
adsorption capacity among the three adsorbents tested, and do not differ significantly in pH 7 water

and in dialysate.
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phosphates in dialysate

4 hours with 300 mg P.L"
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Phosphate adsorption isotherm experiments

Figure 5. Phosphate adsorption kinetics (top) and isotherm (bottom) experiments with surfactant-
coated IONPs in pH 7 water (left) and dialysate (right). Kinetics experiments: 1 mg.mL? surfactant-
coated IONPs with 50 mg P.L"! phosphates in pH 7 water and dialysate for 2 hours and 4 hours.
Isotherm experiments: 1 mg.mL? surfactant-coated IONPs with 50 mg P.L'! and 300 mg P.L?
phosphates in pH 7 water and dialysate for 4 hours. All experiments are performed at room

temperature.

The adsorption isotherm experiments are presented in the bottom row in Figure 5 and in each
medium, the adsorption capacity increases with phosphate concentration. In pH 7 water (bottom left

in Figure 5), adsorption capacity increases from 3.7 + 1.1 mg P.g! to 21.6 + 6.6 mg P.g? for
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IONPs@PAA, from 2.0 £ 0.6 mg P.g to 7.8 £ 2.3 mg P.g"* for IONPs@TA and from 9.8 + Zﬁglzq}%&ggg e
21.7 £ 6.5 mg P.g* for IONPs+PDADMAC. In dialysate (bottom right in Figure 5), adsorption capacity
increases from 12.8 + 3.9 mg P.g*to 23.6 + 7.3 mg P.g? for IONPs@PAA, from 3.0 £+ 0.9 mg P.g' to
11.0 + 3.3 mg P.g! for IONPs@TA and from 4.5 + 1.4 mg P.g! to 16.8 + 5.1 mg P.g? for
IONPs+PDADMAC. Similar to the kinetic experiments, the adsorption capacity of IONPs@PAA is the
highest in dialysate for all phosphate concentrations. However, in pH 7 water, when a phosphate
concentration of 300 mg P.L ! is used, the adsorption capacities of IONPs+PDADMAC and IONPs@PAA
become very close. The adsorption capacity of IONPs@TA remains the lowest in each medium among
all the nanoparticles tested and furthermore, IONPs@TA undergo rapid and visible sedimentation in
dialysate in the presence of phosphates. This sedimentation explains their lower phosphate
adsorption capacity compared to IONPs@PAA and IONPs+PDADMAC and leads to the exclusion of
IONPs@TA for use as phosphate adsorbents in our future dialysis experiments.

We notice that the adsorption capacity values of IONPs@PAA and IONPs+PDADMAC in pH 7 water
and in dialysate are close to that of TA-coated iron oxide nanoclusters involved in same adsorption
experiments in our previous work? (in pH 7 water: 21.9 + 6.8 mg P.g%; in dialysate: 20.7 + 6.4 mg P.g’
1). The performance of RSNs@TA for phosphate adsorption was compared with that of similar
surfactant-coated iron oxide-based adsorbents, and adsorption capacity value was comparable to
that of the best reported adsorbents. Therefore, the performance of IONPs@PAA and

IONPs+PDADMAC is also very competitive compared to the adsorbents reported in the literature.

Therefore, we consider now only IONPs@PAA and IONPs+PDADMAC as potential phosphate
adsorbents and compare them. In pH 7 water, the higher adsorption capacity of IONPs+PDADMAC is
explained by the “positive surface charge” provided by PDADMAC to the IONPs ({ =27 + 1 mV, Table

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

1), which generates attractive electrostatic interactions with phosphate anions (in the form of H,PO4
/HPO4% in pH 7 aqueous media), facilitating their transport to the 10 surface until adsorption. On the
other hand, despite the fact that IONPs@PAA and IONPs@TA display a “negative surface charge” ({ =

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 2:07:50 PM.

-46 + 2 mV and T = -38 + 1 mV, respectively, Table 1) generating repulsive interactions with

(cc)

phosphate anions, a phosphate adsorption is observed even if it is lower. In dialysate, the significant
increase in the adsorption capacity of IONPs@PAA can be explained by the electrolyte-induced
charge-screening effect, which decreases the net { value of IONPs@PAA to -22 + 2 mV (Table 1) and
thus decreasing the repulsive interactions with phosphates. Indeed, the counterions would interact
with the PAA chains oriented towards the medium and exhibiting negatively charged carboxylate
groups, allowing the phosphates to diffuse towards the 10 surface for adsorption. On the other hand,
the electrolyte-induced charge screening effect is unfavorable for phosphate adsorption on
IONPs+PDADMAC since their positive T is slightly decreased to 20 + 1 mV (Table 1). However, the
significant decrease in the IONPs+PDADMAC adsorption capacity does not seem to be fully explained
by such a small decrease in zeta potential (AT = 7 mV). Furthermore, one may wonder if surfactants
are involved in phosphate adsorption. Thus, the presence of phosphates at the surface of 10 onto
IONPs@PAA and IONPs+PDADMAC has been studied and DLS and ELS characterizations of the
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surfactant-coated IONPs after phosphate adsorption have been conducted to deterrgg}glowg%gm&i*
their colloidal stability had been altered in each medium.

The presence of phosphates chemically adsorbed on IONPs@PAA and IONPs+PDADMAC has been
confirmed by FTIR spectroscopy and X-ray photoelectron spectroscopy (XPS). In IR spectra (Figure
6a), the characteristic bands of the P-O-Fe bonds have been observed in the 1200 - 900 cm™
wavenumber range, similar to the work of Daou et al.®! for phosphates adsorbed on magnetite, as
well as to our previous work? for phosphates adsorbed on TA-coated nanoclusters. In XPS spectra
(Figure 6b), P 2p peaks are observed at binding energies of 133.1 (IONPs@PAA) and 133.0 eV
(IONPs+PDADMAC), close to the value of 133.6 eV reported by Daou et al.5! and other groups in the
literature 7272, as well as to the value of 133.8 eV obtained in our previous work?>. All these results

confirmed a strong interaction/anchoring of phosphates with the surface of IONPs.

IONPs@PAA | e IONPs@PAA P 2p
— pH 7 water before adsorption

—— pH 7 water after adsorption
Dialysate after adsorption

L 1 L 1 L 1 L L
IONPs+PDADMAC | @ | IONPs+PDADMAC P 2p
—— pH 7 water before adsorption
—— pH 7 water after adsorption

Dialysate after adsorption

Normalized transmittance (a.u.)
Normalized CPS (a.u.)

t 1 1 1 1 T 1 t
1300 1200 1100 1000 900 800 700 138 136 134 132 130 128
() Wavenumber (cm™) (b) Binding energy (eV)

Figure 6. a) FTIR spectra of IONPs@PAA and IONPs+PDADMAC before and after phosphate
adsorption in pH 7 water and dialysate (4 hours-contact with 300 mg P.L! phosphates). b) P 2p peak
in the XPS spectra of IONPs@PAA and IONPs+PDADMAC after phosphate adsorption in pH 7 water (4
hours-contact with 300 mg P.L! phosphates).

After phosphate adsorption in pH 7 water (Figure 7a), IONPs@PAA change from a monomodal
bhyaro distribution to a bimodal distribution located at 28 nm and 106 nm (in intensity). IONPs@TA

maintain a monomodal distribution, with an average ®nyro of 145 £ 74 nm (PDI = 0.21).
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IONPs+PDADMAC also retain a monomodal size distribution, with an average ®nydro decrg&?ﬁ%&g%@@g&%?@
1+ 90 nm (PDI = 0.15). On the other hand, in dialysate (Figure 7b), the monomodal distribution of
IONPs@PAA is preserved, with an average ®nyaro Of 102 + 58 nm (PDI = 0.25 nm). However, as
discussed above, IONPs@TA sedimentate, which results in a very high increase in their dnyaro to =

2000 nm. Lastly, IONPs+PDADMAC retain a monomodal distribution, with an increase in their

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 2:07:50 PM.

% average Qnyaro to 903 = 315 nm (PDI = 0.12) nm. This increase could be related to a possible
(8]
;3' desorption of PDADMAC from the |0 surface during phosphate adsorption, which could also explain
g the lower adsorption capacity of IONPs+PDADMAC in dialysate compared to pH 7 water (Figure 5).
-]
o
[32]
8
[} .
2 16 JIONPS@PAA in pH 7 water 16 JIONPS@PAA in dialysate
£ 1~ - - - Before adsorption - - - - Before adsorption
o 4o J— After adsorption 42 ]~ After adsorption
g ] l’\\ A
Z, N ] ) b . B
S 81 8
3 ]
< 1 2 !
8 Oﬂ ! - 1 i 1 L o PR R T | S s, wl
g 16 JIONPS@TA in pH 7 water 3> ]IONPs@TA in dialysate
£ — ]~ -Before adsorption - - - - - Before adsorption
E § 12 _:—After adsorption § 24 ]=— After adsorption
= > 4 >
8 3 5] =
— = ‘]6 12
3 g g .
) £ 4] £ g b
g ] ” '
=] ] LY
g 0 1 | : 1 1 0 | | ] \ |
2 16 JIONPs+PDADMAC in pH 7 water 16 JVONPs+PDADMAC in dialysate
2 1~ - - - Before adsorption - - - - Before adsorption
) 12 J— After adsorption 12 J— After adsorption
B ]
® 8 8 -
o ]
z ]
F 4 4]
0 Hi} . Pt 0
1 10 100 1000 1 10 100 1000
(a) Hydrodynamic diameter (nm) (b) Hydrodynamic diameter (nm)

(cc)

Figure 7. Hydrodynamic diameter distributions of the different surfactant-coated IONPs before and
after phosphate adsorption in (a) pH 7 water and (b) dialysate (4 hours-contact with 300 mg P.L*
phosphates).

These different experiments have enabled us to identify the IONPs@PAA and IONPs+PDADMAC as
suitable adsorbents with a high phosphate adsorption capacity in pH 7 water and dialysate, a fast
adsorption of phosphates on their surface, and a preservation of their colloidal stability in each

solvent after adsorption.

3. Conclusion

In this work, we have designed surfactant-coated IONPs by the coprecipitation method and tested
them as potential phosphates adsorbents to be added to the dialysate used in the peritoneal dialysis

treatment. The coprecipitation synthesis has been optimized by testing two anionic surfactants:
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polyacrylic acid (IONPs@PAA) and tannic acid (IONPs@TA), and a caD%?T(S%OS\gDNEACgO?B?CE

polydiallyldimethylammonium chloride (IONPs+PDADMAC). These surfactants were chosen for their
ability to enhance colloidal stability through electrostatic and/or steric repulsive forces and the
coprecipitation method was chosen for its high yield and environmental friendliness. IONPs@PAA
and IONPs@TA were obtained in a one-pot synthesis process while IONPs+PDADMAC were obtained
by post-synthesis coating of naked IONPs. After the one-pot synthesis, a particle size separation step
was necessary and was optimized by using an external magnetic field. All surfactant-coated IONPs
were shown to consist in surfactant-coated aggregates of nanograins of 6 — 8 nm-large for the one-
pot synthesis and of 9 — 10 nm-large for post-synthesis coating evidencing thus, as already observed,
an effect of the presence of the surfactant during the coprecipitation step.

IONPs@PAA and IONPs@TA have been shown to display a very high colloidal stability over time
(at least 3 weeks) in pH7 water and dialysate displaying high osmolarity and ionic strength with a
mean hydrodynamic size in the range 80 — 150 nm. IONPs+PDADMAC presented a higher mean
hydrodynamic size in both media in the range ~350 — 550 nm and a good colloidal stability over one
week suitable for the targeted peritoneal dialysis application. The colloidal stability of IONPs@PAA
and IONPs+PDADMAC has been compared with those of commercially-available IONPs coated with
the same surfactants, and only our IONPs formed stable suspensions in dialysate. Finally, their
phosphate adsorption capacities have been studied as a function of time and phosphates
concentration: IONPs@TA were shown to flocculate after phosphatation due to the formation of a
phosphate-TA complex when IONPs@PAA and IONPs+PDADMAC displayed operative phosphates
adsorption in both water and dialysate. Their colloidal stability was quite not affected in dialysate
after phosphatation and the presence of phosphates at the surface of IONPs was evidenced.

All these experiments demonstrated that IONPs@PAA and IONPs+PDADMAC are promising
phosphate adsorbents for peritoneal dialysis treatment. They will be tested in the future in
peritoneal dialysis simulating processes and the possible involvement of surfactants in the phosphate

adsorption will be studied also more in depth.

4. Materials and Methods

4.1. Materials

Iron(ll) chloride tetrahydrate (FeCl,.4H,0, >99%, Sigma-Aldrich), iron(lll) chloride hexahydrate
(FeCls.6H,0, 299%, Sigma-Aldrich), hydrochloric acid (HCl, 37 %, CARLO ERBA),
tetramethylammonium hydroxide (N(CHs)s* OH-, 25 wt. % in H,0, Sigma-Aldrich), polyacrylic acid
((C3H402)n, ~2100 Da, Sigma-Aldrich), tannic acid (C76H5204, Sigma-Aldrich),
polydiallyldimethylammonium chloride ((CsHisCIN),, 20 wt. % in H,O, Sigma-Aldrich) and
orthophosphoric acid (H;PO,4, 85+%, Analytical Reagent, for analysis, Fisher Chemical) were used as
received.

Ultrapure water was produced by a purification unit PURELAB® flex, ELGA and PD solution was
BICAVERA (1.5% GLUCOSE, 1.75 mmol.L? calcium) from Fresenius Medical Care, Germany, with the

composition detailed in Table S1.
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Commercial PAA- and PDADMAC-coated maghemite nanoparticles were bought to the 89&%@%9@/% Online

DOl 1 A
“Chemicell”. Selected references are “fluidMAG-PAA” (PAA-coated IONPs, approximative ®nydro

provided by the supplier: 100 nm) and “fluidMAG-Q” (PDADMAC-coated IONPs, approximative ®nydro
provided by the supplier: 200 nm. These references are available in several ¢naro and we have
chosen those closest to our own nanoparticles. No tannic acid-coated reference is currently

proposed by Chemicell.

4.2, Synthesis conditions of surfactant-coated nanoparticles
4.2.1. Synthesis of naked IONPs

Naked IONPs are synthesized by the coprecipitation method using the protocol of Daou et al.3°
Briefly, FeCl,.4H,0 (1.0 g) and FeCls.6H,0 (2.7 g) are added in a HCl solution (12.5 mL, 2 mol.L'!) and
the mixture is homogenized by magnetic stirring for 10 min. Then, the mixture is transferred in a tri-
neck round-bottom flask (capacity of 100 mL) and degassed with Ar for 20 min. The mixture is then
stirred using a Teflon paddle (250 rpm) and set at 70 °C for 30 min before adding dropwise a N(CHs)4*
OH- solution (26 mL, 0.7 mL.mint) using an Optos Pump 3HI (Eldex). After complete addition (pH =
12), the suspension is let to cool down to room temperature for 30 min, then washed five times by
centrifugation (10000 rpm, 10 min) with Ar-degassed distilled water. The washed IONPs are
suspended in a sufficient volume of Ar-degassed distilled water to prevent aggregation (i.e. > 100 mL)
and the pH is controlled to avoid the isoelectric point of iron oxide (pHep = 7), i.e. pH > 9 — 10
typically. Finally, the suspension in pH 9 — 10 Ar-degassed distilled water is placed in an ultrasound

bath for 15 min before storage at 4 °C until further characterization or use.

4.2.2. One-pot synthesis of PAA- and TA-coated IONPs

PAA- and TA-coated IONPs are synthesized in one-pot by a coprecipitation method based on the
protocol of Daou et al.3° For obtaining IONPs@PAA, FeCl,.4H,0 (1.0 g) and FeCl;.6H,0 (2.7 g) are
added in a HCl solution (12.5 mL, 2 mol.L!) and the mixture is homogenized by magnetic stirring for
10 min. For IONPs@TA, only FeCl3.6H,0 (4.1 g) and TA (0.256 g) are added in a HCl solution (12.5 mL,
2 mol.L'Y) and the mixture is homogenized by magnetic stirring for 1 h. In each case, the mixture is
transferred in a tri-neck round-bottom flask (capacity of 100 mL) then degassed with Ar for 20 min.
For obtaining IONPs@PAA, PAA (0.874 g) is added to the mixture after the degassing step. In each
case, the mixture is stirred using a Teflon paddle (250 rpm), and heated to 70 °C for 30 min before
adding dropwise a N(CH3)4* OH" solution (26 mL, 0.7 mL.min!) using a Optos Pump 3HI (Eldex). After
complete addition (pH 2 12), the suspension is let to cool down at room temperature for 30 min,
then diluted in water (400 mL). After natural sedimentation (one week) or magnetic separation (two
— four days, see Section 2.4), only the 300 first mL are carefully collected to prevent sampling the
largest aggregates and its pH is adjusted to 7 using a HCl solution (2 mol.L%). The resulting suspension
is concentrated and washed three times with dH,0 in an Amicon Stirred Cell 50 mL (Merck Millipore)
and an Ultrafiltration disc, PLTK, Ultracel regenerated cellulose, PMNL 10 kD, 44.5 mm (Merck
Millipore). Finally, the suspension in pH 7 distilled water is placed in an ultrasound bath for 15 min

before being stored at 4 °C until further characterization or use. Typically after a single synthesis and

00103C
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H i H ~ i - ticle Onlin
after the complete size separation and washing procedure, ~430 mg(equivalent Fe) ogé’l:AlélO%jg N

coated IONPs are obtained. The percentage yield of small anionic surfactant-coated nanoparticles
recovered after sedimentation or magnetic separation is in the range 28-32 %. This current
methodology provides enough IONPs to confirm the suitability of this strategy but such a yield could

be improved in the future by testing microfluidic approaches’374,

4.2.3. Post-synthesis coating of PDADMAC on naked IONPs

PDADMAC-coated IONPs are obtained by a post-synthesis coating of naked IONPs synthesized
using the protocol of Daou et al.3°. First, a suspension of naked IONPs in pH 9 — 10 water (0.75 mL, 20
mg.mL?) is prepared. Separately, a PDADMAC aqueous solution (25 mL, 60 mg.mL?1) is prepared by
dilution of the stock solution (20 wt. % in water) with distilled water and is added to the IONP
suspension. Thus, the mass ratio PDADMAC/IONP is 100 (here, the ratio is 1500 mgppapmac/15 Mgio-cp
= 100). The mixture is then placed in an ultrasound bath for 15 min before being mechanically stirred
overnight. Finally, the suspension is washed five times by centrifugation (10 000 rpm, 10 min) with
distilled water. For obtaining enough material for our experiments, sixteen suspensions are typically
prepared in parallel resulting in mass of IONPs+PDADMAC effectively recovered of ~240 mg (versus

320 mg theoretically).

4.3. Characterization of the synthesized materials

Transmission electron microscopy (TEM) have been used with a Jeol 2100F transmission electron
microscope operating with an acceleration voltage of 200 kV. For sample preparation, suspension
drops are deposited on carbon-coated copper grids and samples are observed after solvent
evaporation.

X-ray diffraction (XRD) have been performed with a Bruker D8 Discover equipped with a Lynx-Eye
detector in the 20 — 70 ° (26) range with a scan step of 0.03 ° and a sample rotation of 30 rpm during
measurement.

Fourier transform infrared spectroscopy (FTIR) have been performed with a Perkin Elmer 100
spectrometer for wavenumbers between 4000 and 400 cm™. The samples are prepared in pellet form
by mixing drops of material suspension with dry KBr.

Thermogravimetric analysis (TGA) have been performed with a TA Instruments SDT 600 analyzer.
The measurement has been performed under an air flow from room temperature to 800 °C at a
heating rate of 5 °C.min%. Samples are dried overnight in an oven at 80 °C prior to measurement.

Diffusion light scattering (DLS) and electrophoretic light scattering (ELS) measurements have been
performed with a Malvern Panalytical Zetasizer Nano ZS equipment.

X-ray Photoelectron Spectroscopy (XPS) experiments are conducted in a VSW-Scientific
spectrometer equipped with a twin anode source. XPS spectra were obtained using Al Ka radiation
and pass energies of 90 and 22 eV for survey and high-resolution spectra, respectively. All XPS
spectra were referenced to the C 1s peak, at 285 eV. Spectra analysis was done with the Casa-XPS
software, with the application of Shirley background subtraction and a combination of Gaussian-

Lorentzian symmetric and asymmetric line shapes for the peak fitting.
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Iron concentration have been measured by NMR 'H-relaxometry’® using a BrUkerDMi{})iﬁ&%%?@

equipment working at a Larmor frequency of 60 MHz (1.41 T) at 37°C.

4.4. Phosphate adsorption in batch mode

Phosphate adsorption kinetics and isotherm experiments are performed similarly to those in our
previous work?>. Briefly, 10 mL of 100 mg P.L'* and 600 mg P.L! phosphate solutions in pH 7 water
and in dialysate are added to 10 mL of 2 mg.mL? nanoparticle suspensions in pH 7 water and in
dialysate to form 1 mg.mL? nanoparticle suspensions with 50 mg and 300 mg of phosphates in pH 7
water and in dialysate. The suspensions are mechanically stirred using a SRT9D Roller mixer (Stuart)
for 4 hours (adsorption isotherms) and/or 2 hours (adsorption kinetics). The suspensions are then
placed in a stirred cell and the surfactant-coated IONPs are separated from the free phosphates by
ultrafiltration. The free phosphates are quantified using the VetTest method detailed in our previous

work??>, and the adsorption capacity of the surfactant-coated IONPs is calculated using the following

equation:
_ (Co—Cg)XV
9e = ——
(eg. 1)

Where Co and Ce (in mg P.L%) are the initial and equilibrium phosphate concentrations, respectively;
V (in L) is the volume of suspension; and m (in g(Fe304)?) is the mass of surfactant-coated IONPs in

suspension.
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Appendix A. Supplementary data

Table detailing the composition of the dialysate used in this work; section detailing the protocol
and results for the post-synthesis coating of PAA and TA on naked IONPs in water containing figures
of dnyaro distributions of IONPs at each strategy step, of BET curve of the naked IONPs and a table
summarizing the dnyaro in intensity, PDI and T values of IONPs at each strategy step; section detailing
the magnetic separation process developed for accelerating the recovery of TA- and PAA-coated
IONPs with suitable ¢nyaro distribution and containing figures of Gnyaro distributions of IONPs over time
during the magnetic separation process and compared to the size distribution of IONPs recovered
after natural sedimentation; XRD pattern of naked and surfactant-coated IONPs; section detailing the
characterization of surfactant-coated IONPs by FTIR spectroscopy and containing a table proposing
band attribution; section detailing the characterization of surfactant-coated IONPs by TGA,; figures of
Obhyaro distributions of PAA- and TA-coated IONPs at initial time and after 3 weeks in pH 7 water and in
dialysate; TEM micrographs of commercial PAA- and TA-coated maghemite nanoparticles; figure of
TEM diameter distributions of commercial PAA- and TA-coated maghemite nanoparticles; figure of

comparison of dnyaro distributions of our own and commercial IONPs in pH 7 water and dialysate
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