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Wastewater cleaning strategies based on the adsorption of materials are being increasingly considered, but the wide variety of

organic pollutants at low concentrations still makes their removal a challenge. The hybrid material proposed here consists of a

zwitterionic polyethylenimine polymer coating a magnetic core. Polyethylenimine is phosphonated at different percentages by a

one-step process and used to coat maghemite nanoparticles. It selectively extracts high amounts of cationic and anionic contami-

nants over a wide range of pH values, depending on the adjustable number of phosphonate groups introduced on the polymer. After

recovering the nanoparticles with a magnet, pollutants are quantitatively released by repeated washing with low amounts of

pH-adjusted water. The material can be reused many times without noticeable loss of efficiency and is designed to resist high tem-

peratures, oxidation and harsh conditions.

Introduction

During the last decades, an increased emphasis was placed on
the issue of diffuse contamination of water. Toxic metals and
organic pollutants are significant sources of hazard for human
health, even at low concentrations [1-3]. Many technologies
such as photodegradation, biodegradation, the Fenton process,
or extraction by liquid membranes have been developed to
eliminate these compounds in wastewater [4-6]. Among them,

adsorption-based methods are extensively studied [7,8].

At the same time, the emergence of nanotechnologies has led to
a new generation of organic/inorganic nanocomposites with em-
bedded magnetic nanoparticles (NPs) [9-13]. The application of
a simple magnetic field is sufficient to collect them, which
fosters the development of low-cost recyclable processes. How-
ever, while many systems can efficiently remove hazardous
metallic ions from waters, the elimination of organic micropol-

lutants is still an issue [11,14]. Most of the materials are exclu-
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sively efficient for cationic or anionic molecules, and only few
of them have been successfully tested on both [15]. In addition,
they often adsorb a limited amount of contaminant, consider-

ably lower than the capacity of activated charcoal.

We report herein a new adsorption process for water remedia-
tion, based on partially phosphonated polyethylenimine (PEIP)-
coated magnetic nanoparticles (NP-PEIP). The special feature
of the PEIP is the presence of numerous ammonium and, more
original, phosphonate groups spread on the polymer. Its zwitter-
ionic structure allows the adsorption of any kind of charged
contaminant. Unlike many others sorbents, this nanomaterial
strongly resists the degradation caused by hydrolysis or oxida-
tion, due to strong covalent Fe—O—P bonds [16]. As a result it
can be indifferently used in acidic or basic media, in contrast to
other sorbents based on silica shells or coatings with oligosac-
charides [17].

Experimental

Material and apparatus

Polyethylenimine (25000 Da) was purchased from BASF, phos-
phorous acid, formaldehyde, hydrochloric acid and sodium
hydroxide were obtained from VWR and dyes (methylene blue,
MB, and methyl orange, MO) from Sigma-Aldrich. Dialysis
tubings were bought from Roth. Absorbance was measured by
using a UV—visible Perkin-Elmer Analyst 100 spectropho-
tometer. The microwave used was a Prolabo Synthewave. A
Varian SpectrAA 55 AAS was used to detect potential traces of
iron in the supernatants after collecting nanoparticles. Zeta
potential measurements were determined by DLS analysis using
a Malvern Zetasizer nanoZS model.

Preparation of the phosphonated
polyethylenimine—maghemite material
Synthesis of nanoparticles

Maghemite ionic ferrofluid ([Fe] = 1072 mol/L) was prepared
by wet alkaline coprecipitation according to the Massart
protocol [18,19]. Iron(I1I) chloride and iron(Il) chloride were
co-precipitated at a molar ratio of 1:2, in the presence of ammo-
nium hydroxide solution (28%), at room temperature and under
mechanical stirring. Then, a solution of iron(III) nitrate in
concentrated nitric acid was added at 80 °C under stirring. After
the removal of the supernatant, nanoparticles were washed with
acetone and diethylether and then redispersed in a controlled
volume of water. The pH value of the ionic ferrofluid was about
2, with NO3™ as counterion. Nanoparticles are spherical, with an
average diameter of 7 nm determined by XRD [17].

Synthesis of the polyethylenimine phosphonate
Phosphonated polyethylenimine (PEIP) was prepared as previ-
ously described [20,21]. An adjustment of the amounts of phos-
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phorous acid and formaldehyde is necessary to obtain phospho-
nated polyethylenimine with different percentages of phospho-
nation (P%). We have prepared a large range of phosphonated
polyethylenimine with a percentage varying from 5 to 90%
[20]. For the calculations, we have considered that a molecule
of PEI is constituted of monomers (CH,—CH,—NH),, with an av-
erage molecular mass of 43. So, for example, to synthesize
PEIP with P% = 20, 3.81 g (0.2 equiv, 4.65-1072 mol) of phos-
phorous acid H3PO3 were introduced in 10 g of PEI (25000 Da,
4-107* mol of PEI corresponding to 23.2-1072 mol of monomer
CH,CH;NH) in 30 mL of water, and the mixture was irradiated
(150 W) for 1 min in a microwave oven. 10 mL of concentrated
HCI and 9.30-1072 mol of a 35% formaldehyde solution were
successively added. After 5 min of irradiation, excess of form-
aldehyde was removed under vacuum and the solution was
dialyzed with a nitrocellulose membrane, yielding 85% of
PEIP [22].

Preparation of NP-PEIPx powder

An amount of 5 mL of diluted ferrofluid in water
([Fe] = 10~* mol-L™!) were added dropwise to 10 mL of a PEIP
solution (30 mg/mL) adjusted to pH 2 with diluted nitric acid
under vigorous stirring. After 15 min, sodium hydroxide was
added to destabilize the solution. The supernatant was removed
and the precipitate redispersed in 10 mL of 1 mol-L ™! nitric acid
by sonication. Then acetone was added until NP-PEIP precipi-
tated. These were washed successively with acetone and
diethylether and then dried in an oven at 120 °C for 24 h.

Preparation of stock solutions
MO or MB powders were dissolved in distilled water
(5107 mol-L™!) in order to prepare dye stock solutions.

Extraction of methyl orange and methylene blue

with NP-PEIP

A particles stock solution was prepared by dispersing 5 mg of
NP-PEIP powder in 50 mL of distilled water. All the following
experiments (pH value, kinetic, maximum of adsorption...)

were repeated five times.

pH Adsorption studies

The experiments were carried out for both NP-PEIP20 and
NP-PEIP80. A range of samples was prepared by introducing
10 mL of NP-PEIP stock solution in 10 mL of the dye solution.
For all of them, the pH was adjusted between 1 and 14 with
either diluted nitric acid or sodium hydroxide solution. After 3 h
of stirring, particles were collected with a magnet, and the
supernatant was removed. The particles were rinsed twice with
1 mL of distilled water, which was afterwards added to the
liquid phase. Supernatant absorbance was monitored by

UV-visible spectrophotometry. It is noteworthy that OM exhib-
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its acido—basic properties and is used as pH indicator. At pH 14,
the OM absorption wavelength does not vary (A = 465 nm),
neither does the molar extinction coefficient ¢ (Figure S3 in
Supporting Information File 1). So, in the case of the MO solu-
tion, the supernatants were adjusted to pH 14 by addition of so-
dium hydroxide before recording the absorption in order to
avoid a distortion of the measurements (Figure S4 in Support-
ing Information File 1). For MB, this problem does not occur
and we have established calibration curves according to the
pH values (Figure S5 and Figure S6 in Supporting Information
File 1).

Kinetic studies

The experiments were carried out for both NP-PEIP20 and
NP-PEIP80. 15 replicate tests were prepared for each dye, using
the same protocol as previously, but with a constant pH value (7
for MO, 14 for MB corresponding to the pH value of maximum
adsorption). Evolution of absorbance was monitored by spec-
trophotometry and recorded at different times, changing the

sample between measurements.

Washing step

Acidic and basic wash waters were obtained by adjusting
distilled water to pH 2 or 14 with diluted nitric acid (1 mol-L™")
and a solution of sodium hydroxide respectively (0.1 mol-L ™).
10 mL of NP-PEIP stock solution were mixed with contami-
nant solutions as described above, at the pH value of maximum
adsorption (MO: pH 7, MB: pH 14) for 3 h. After that, the parti-
cles were re-dispersed in 20 mL of wash water per milligram of
NP-PEIP depending on the pollutant: MO was washed with the
acidic solution, MB with the basic one. After 5 min of stirring,
the particles were collected with a magnet and the supernatant

absorbance of each run was monitored by spectrophotometry.

Recyclability

Five replicate tests were conducted to guarantee the repro-
ducibility of the results. 20 mg of NP-PEIP (P% = 20) were
dispersed in 20 mL of the dye stock solution and vigorously
stirred for 4 h. Then, the particles were collected with a magnet
and the absorbance of the supernatant was monitored by spec-
trophotometry. Four washing steps were carried out between
each cycle, and the particles were directly reused in the new dye
solution batch.

Results and Discussion

Magnetic material preparation and

conditions of the studies

The novelty of this contribution consists in the use of PEI with
phosphonic groups allowing a solid grafting of PEI on the
maghemite nanoparticles, by the formation of strong covalent
P—O-Fe bonds. The presence of these negative phosphonic
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groups ensures the stability of NP regardless of the pH value,
especially in very basic medium, which is not the case for plain
PEI [23].

The phosphonated groups are introduced on PEI through the
modification of primary and secondary amines according to the
Moedritzer and Irani synthesis [24]. In a previous work we de-
scribed the synthesis, the coating of maghemite and a character-
ization of the physicochemical properties of the material
[20,22]. As illustrated in Figure 1, PEIP can be customized to
contain more or less phosphonated groups, by varying the per-
centage of amines modified (P%). Between pH 3 and 10, the
zeta potential is positive but decreases with the percentage of
phosphonation (see Figure S2 in Supporting Information
File 1). After the point of zero charge (PZC), the phosphonates
induce a negative charge, whereas non-phosphonated PEI-NP
display a zeta potential of 0 mV, making PEI-NP unstable at
basic pH.

At N
N, _LNT
PEI

H N
. N/ \_y, 25000Da
|

1. CH;0, HCI, 100 °C, 2 h
H:PO; x equiv per monomer

2. Uncoated maghemite, in diluted HNO; (pH 2)
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H \ —NH
-~ 0P Mot Ok o b Ny
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Q\ O“\PJ HoN o O\\pJN N

o I AW [|  POsH: PO;3H,

H,04P
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y-Fe,05 coated with
slightly phosphonated PEIP

y-Fe,0; coated with
highly phosphonated PEIP

Figure 1: Synthesis of NP-PEIP. The number of phosphonates
depends on the number of equivalents of phosphorous acid used.

The efficiency of the NP-PEIP in removing pollutants was de-
termined by the adsorption of two organic dyes used as contam-
inants models: the positively charged (regardless of the
pH value) methylene blue (MB) and the negatively charged
(from pH 3.4 to basic pH) methyl orange (MO). Such dyes are
pollutants themselves. They are widely used for industrial
purposes, especially MB in the textile industry [25], they reduce
light penetration and photosynthesis in the effluents. Their

removal remains a challenge [26].
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With the aim of evaluating the interactions of the NP-PEIP ma-
terial with pollutants in very low quantities, which are consider-
ably harder to remove, the concentration of the dyes was kept
below 5-10™* mol-L ™! in all the experiments. This choice of low
concentration (which is not a strict limitation) is dictated by the
need to be close to the most common pollutions that are often
diffuse and characterized by low concentration levels. More-
over, the MO and MB calibration curves have been evaluated
(data available in Figures S3—S6 in Supporting Information
File 1) and show that their absorptions vary significantly either
with the pH or with the concentration. It can be observed that
working at low concentrations allows one to avoid the di- or tri-
merization of MB, which dramatically impacts the wavelength

of the maximum absorption.

Determination of the optimal conditions

First, we studied the pH value at which a maximum of dye is
loaded on the particles. Adsorptions in solutions of MO or MB
were carried out at different pH values using two types of parti-
cles as sorbents: one coated with a slightly phosphonated
polymer (P% = 20, NP-PEIP20) and another coated with a
highly phosphonated polymer (P% = 80, NP-PEIP80).

Figure 2A shows that the maximum of the anionic dye MO is
recovered between pH 4 and 10. The percentage of phosphona-
tion does not significantly affect the pH range of efficiency,
only the amount of MO adsorbed: 870 mg/g for NP-PEIP20,
whereas 350 mg/g only for NP-PEIP80. On the other hand, the
adsorption of the cationic dye MB by NP-PEIP20 is constantly
low (<40 mg/g) below pH 10. We assume that the positive
charges on the ammonium groups cause electrostatic repulsions
with the cationic dye. In the case of NP-PEIP80, the PEI carried
many phosphonate groups and the resulting numerous negative
charges decrease the repulsion between ammonium and MB.
Consequently, up to 700 mg/g of MB can be extracted by
NP-PEIP80. The MB adsorption increases up to 1000 mg/g
above pH 10.

The kinetic curves, presented Figure 2B, highlight the fast MO
extraction regardless of the P% value. Indeed, 50% of
maximum adsorption capacity is reached after only 4 min and
21 min in the two cases. MB is removed more slowly: 37 and
60 min for P% = 80 and P% = 20 respectively, are needed to
load half of the pollutants on the NP-PEIP. That confirms the
assertion that the adsorption rate is strongly dependent on the
amount of phosphonate groups on the polymer. First measure-
ments were monitored only after five minutes: This time was
necessary to ensure the collection of all the NP-PEIP with the
magnet. It can be explained by the dispersion state of the parti-
cles in solution, and the nanometric size. The sensitivity to the

magnetic attraction is lower for nanometre-sized beads than for
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Figure 2: A) pH Values at which NP-PEIP20 and NP-PEIP80 adsorb a
maximum amount of dye. MO is better adsorbed in the range of pH
from 4 to 10. P% does not impact the pH range but the amount of re-
moved dye. For MB, the higher the P% is, the better the extractions
are, regardless of the pH value. Maximum amounts are removed at
basic pHs. B) Adsorption of MO is faster than that of MB, regardless of
the percentage of phosphonate groups.

micro- or millimetre-sized beads in which many maghemite

nanoparticles are often incorporated in a polymeric network.

Interpretation of the pH-responsive pollutant

extraction

To understand these results, a diagram predicting the specific
interactions between particles and dyes according to the
pH value is showed in Figure 3. Phosphonate functions on the
NP-PEIP are in the monodeprotonated RPO3H™ form above
pH 2, and undergo a second deprotonation (RPO32") around
pH 6.5-7.0. In the presence of both ammonium and phos-
phonate groups, only ammonium interactions are represented
because they are always in the majority, therefore they have

strongest influence on the behaviour of the particles.

We can predict that the MO extraction is maximized between
pH 3.4 (above its pK,) and pH 10.5, corresponding to the amine
deprotonation on the NP-PEIP. In this range of pH, the electro-
static interactions between numerous ammonium and MO sulfo-

nate groups are at the maximum intensity. Concerning the MB,
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Figure 3: Prediction of the best range of pH values for electrostatic attractions between NP-PEIP and MO and MB dyes. Only the major interaction
(i.e., ammonium) is represented. For MO, an interaction occurs with sulphates and ammonium groups, until the pK, (NH3*/NH,) is reached. Cationic
MB is attracted by the phosphonate groups introduced on PEI at basic pH values.

the sulfur atom is always positively charged. The adsorption
therefore increases after the second deprotonation of phos-
phonate, and is maximized above pK, of the ammonium/amine
deprotonation, where repulsive forces are negligible. All of
these results show that, in the case of maghemite coated with
phosphonated PEI adsorbing MO and MB, electrostatic interac-
tions are predominant.

Quantities of pollutant extracted according to

the percentage of phosphonation

Performances of remediation for nanoparticles coated with dif-
ferent polymers (P% = 5, 20, 60, 90) are summarized Figure 4.
The maximum efficiency is reached at pH 7 for P% =5, where
the system can remove up to 1356 mg-g~! of MO. When P% in-
creases, the amount of adsorbed dyes, ¢max, drop: 882 mg-g™!,
510 mg'g™! and up to 314 mg-g~! for NP-PEIP20, NP-PEIP60
and NP-PEIP90, respectively. Referring back to Figure 3, the
repulsion between negative charges increases with the number
of introduced phosphonate groups. At pH 14, we observe a sim-
ilar evolution, but all values of g,,x are much lower because of
the absence of clectrostatic attraction, whereas all the amino

groups are deprotonated.

1200

1000

quantity ot dyes adsorbed
mg/g of NP-PEIP

P%=190
P% = 60
P%=20

pH7

pH 14

Figure 4: Removed amounts of MO and MB dyes by NP-PEIPx at pH
7 and 14. P% significantly affects adsorption of MB and MO. At neutral
pH, much more MO is eliminated than MB, while the contrary is ob-
served at basic pH.

The phosphonation rate also strongly influences the adsorption
of MB. The value of gnax is increased to the seven-fold
between P% =5 and P% = 90 at pH 14 with a maximum of
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1011 mg-g~!. This amount is higher than the commercial acti-
vated charcoal (980 mg-g™!) and among the largest measured
extracted amounts of BM dye [27]. This high ¢ax can be attri-
buted to the composition of NP-PEIP: PEIP represents more
than 80% of the particles total weight [20], and under the same
conditions maghemite does not adsorb more than 1 mg/mg. In
addition, each monomeric unit of the PEIP potentially interacts
with charged pollutants through amine or phosphonate groups.

Washing steps and recyclability of the mag-

netic particles

The data collected in Figure 4 reveal that the adsorption of MO
with NP-PEIPOS is reduced to one third between pH 7 and 14.
On the opposite, the MB adsorption falls from 1011 mg-g™! to
352 mg'g ! with NP-PEIP90 when the pH value decreases from
14 to 7. Consequently, the washing process is easy to imple-
ment, by successive redispersions of collected particles in basic
or acidic water, for anionic MO and cationic MB pollutants, re-
spectively. The washing solutions consist of water adjusted to
pH 7 or 14 with nitric acid or sodium hydroxide. Moreover,
only 20 mL are enough to wash up to 1 g of magnetic particles.
Figure SA shows that after a full adsorption of MO by
NP-PEIPOS (orange bars), more than 68% of dye are released
after the first wash and 83% after two successive washes.
NP-PEIP90 loaded with MB (blue bars) release 76% and 88%
after the first and the second wash, respectively. Consequently,
we can reasonably estimate that four washes are enough to
obtain a reusable material practically purified.

NP-PEIPO5 and NP-PEIP90 were also evaluated in several
adsorption/desorption cycles (Figure 5B). A little loss of activi-
ty for MO and MB was observed but more than 90% of contam-
inants were removed after the seventh cycle. The loss in mag-
netic particles between cycles is negligible compared to the
amount of pollutant extracted and in addition, no traces of iron
were detected by atomic absorption spectroscopy in the super-
natant. The decreasing of effectiveness is already under study.

Conclusion

The modulation of positive and negative charges of phospho-
nated polyethylenimine, through the controlled insertion of
phosphonate groups on polyethylenimine, can be considered as
an advantage for adsorption of organic pollutants. By adjusting
the percentage of phosphonation, the pH value and the deconta-
mination time, performances similar to active charcoal are ob-
tained, but with a highly selective adsorption of cationic and an-
ionic contaminants. This recyclable material obtained by an
easy and reproducible single-step process is particularly de-
signed for water treatment. Moreover, the PEIP polymer is
perfectly adaptable for a future use in other systems such as

microbeads or membranes.
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Figure 5: A) Cumulative quantities of dyes released after each wash.
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Supporting Information

Supporting information includes a TEM image of the
synthetized maghemite nanoparticles, evolution of the zeta
potential of maghemite, PEI nanoparticles and PEIP-coated
nanoparticles as a function of the pH value, and evolution
of the maximum absorption wavelengths and molar
extinction coefficients of methyl orange and methylene
blue, and corresponding calibration curves.

Supporting Information File 1

Additional experimental data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-136-S1.pdf]
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