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ABSTRACT: This series of two papers is devoted to the effect of
organic dye (methylene blue, MB; or methyl orange, MO)
adsorption on the surface of either bare or citrate-coated magnetic
iron oxide nanoparticles (IONPs) on their primary agglomeration
(in the absence of an applied magnetic field) and secondary field-
induced agglomeration. The present paper (Part I) is focused on
physicochemical mechanisms of dye adsorption and adsorption-
induced primary agglomeration of IONPs. Dye adsorption to
oppositely charged IONPs is found to be mostly promoted by
electrostatic interactions and is very sensitive to pH and ionic
strength variations. The shape of adsorption isotherms is correctly reproduced by the Langmuir law. For the particular MB/citrated
IONP pair, the maximum surface density of adsorbed MB seems to correspond to the packing density of an adsorbed monolayer
rather than to the surface density of the available adsorption sites. MB is shown to form H-aggregates on the surface of citrate-coated
IONPs. The effective electric charge on the IONP surface remains nearly constant in a broad range of surface coverages by MB due
to the combined action of counterion exchange and counterion condensation. Primary agglomeration of IONPs (revealed by an
exponential increase of hydrodynamic size with surface coverage by MB) probably comes from correlation attractions or π-stacking
aromatic interactions between adsorbed MB molecules or H-aggregates. From the application perspective, the maximum adsorption
capacity is 139 ± 4 mg/g for the MB/citrated IONP pair (pH = 4−11) and 257 ± 16 mg/g for the MO/bare IONP pair (pH ∼ 4).
Citrated IONPs have shown a good potential for their reusability in water treatment, with the adsorption efficiency remaining about
99% after nine adsorption/desorption cycles.

1. INTRODUCTION

Magnetic manipulation of nanoparticles is a smart tool for
various environmental and biomedical applications, such as
water remediation from pollutant molecules,1,2 high-sensitivity
immunoassays,3 cancer treatment by controlled drug delivery,
hyperthermia or mechanical destruction of cells,4−6 protein
purification,7 gene transfection,8 etc. In most of these
applications, magnetic nanoparticles bear on their surface
adsorbed molecules (either pollutants or biomolecules), which
should either be delivered to the target site (drug delivery,
gene transfection) or be extracted from the solvent (immuno-
assays, protein purification, water remediation). Unfortunately,
these technics have strong limitations related to low efficiency
of the magnetic manipulation of nanoparticles because of their
strong Brownian motion and low efficiency of their separation
from the suspending fluid (magnetic separation). However,
molecules adsorbed on the nanoparticle surface often reduce
repulsive colloidal interactions between nanoparticles and
could provoke some agglomeration of nanoparticles. Such

agglomeration in the absence of an applied magnetic field leads
to an increase of the effective size of nanoparticles (or rather
primary agglomerates), and once the magnetic field is applied,
the magnetic force acting on primary agglomerates is strongly
amplified as compared to the situation of single nonaggregated
nanoparticles. In this case, the adsorbed molecules not only
fulfill their function in water remediation or biomedical
applications but also allow a drastic enhancement of nano-
particle manipulation by magnetic fields, thereby broadening
the application fields of magnetic nanoparticles.
Despite such an evident technological benefit, the

fundamental bases of this phenomenon have still not received

Received: May 7, 2021
Accepted: July 5, 2021
Published: July 19, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

19086
https://doi.org/10.1021/acsomega.1c02401

ACS Omega 2021, 6, 19086−19098

D
ow

nl
oa

de
d 

vi
a 

92
.1

84
.1

12
.1

77
 o

n 
Ja

nu
ar

y 
7,

 2
02

2 
at

 1
7:

44
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Delphine+Talbot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordy+Queiros+Campos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Blanca+L.+Checa-Fernandez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Je%CC%81ssica+A.+Marins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claire+Lomenech"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claire+Lomenech"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charlotte+Hurel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guilhem+D.+Godeau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxime+Raboisson-Michel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+Verger-Dubois"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+Verger-Dubois"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Layaly+Obeid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pavel+Kuzhir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agne%CC%80s+Bee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c02401&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/29?ref=pdf
https://pubs.acs.org/toc/acsodf/6/29?ref=pdf
https://pubs.acs.org/toc/acsodf/6/29?ref=pdf
https://pubs.acs.org/toc/acsodf/6/29?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c02401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


merited attention. The existing literature focuses on the
following two distinct aspects of the current problem: (a)
nanoparticle agglomeration induced by a change of phys-
icochemical conditions when dispersed in physiological
media;9−12 and (b) enhancement of the magnetophoretic
mobility or increase of the magnetic separation efficiency of
magnetic nanoparticles thanks to their field-induced cluster-
ing13,14 or phase separation.15,16 However, the combination of
both aforementioned aspects has, to the best of our knowledge,
never been studied. Thus, the objective of a series of two
present papers (Parts I and II) is to establish the effect of the
quantity of adsorbed molecules on the surface of magnetic
nanoparticles on the following phenomena: (a) the primary
agglomeration occurring due to partial screening of the
repulsive interactions between nanoparticles (Part I); (b) the
secondary agglomeration induced by dipolar interactions
between primary agglomerates in the presence of a magnetic
field (Part II); and (c) magnetic separation of nanoparticles
under gradient magnetic fields (Part II). To this purpose, we
use either bare or anionic (negatively charged) citrate-coated
iron oxide nanoparticles (IONP) dispersed in deionized water
and either anionic methyl orange (MO) or cationic methylene
blue (MB) organic dyes as model pollutants, which adsorb
onto the IONP surface and provoke their primary agglomer-
ation, as tested by dynamic light scattering (DLS). This paper
(Part I) is focused on adsorption mechanisms of these dyes,
and special attention is paid to the citrated MB/IONP pair, for
which the primary agglomeration of nanoparticles is analyzed
in detail. The considered pair of the oppositely charged MB/
IONP complex should allow discerning some general effects of
molecular adsorption on nanoparticle agglomeration valid for
other adsorbent/adsorbate pairs, as long as attractive
interactions between adsorbent nanoparticles induced by
adsorbed molecular layers are known.
Apart from this fundamental aspect, this paper (Part I) has a

second objective to evaluate the potential use of IONP for
water treatment through adsorption experiments on MB and
MO dyes. The influence of pH, contact time, and dye
concentration on adsorption efficiency is investigated. The
reusability of the magnetic composite is assessed through
adsorption/desorption cycles. A detailed physicochemical
study of our system and the control of the synthesis parameters
allowed us to predict the number of active sites involved in the
adsorption of the pollutants, which were then compared with
experimental adsorption results.

2. RESULTS AND DISCUSSION
2.1. Nanoparticle/Ferrofluid Characterization. IONPs

were synthetized by coprecipitation of iron salts in an alkaline
medium using Massart’s method.17,18 Bare nanoparticles were
dispersed in a dilute aqueous nitric acid solution forming the
so-called “acid ferrofluid” (FFA sample). Alternatively,
synthesized IONPs were coated by a citrate monolayer and
dispersed in a dilute aqueous solution of trisodium citrate at
neutral pH forming the so-called “citrated ferrofluid” (FFCit
sample). The IONP synthesis and dispersion protocols are
described in detail in Section 4.2.
IONPs were carefully characterized before studying their

adsorption properties. The physicochemical parameters of the
two ferrofluids are reported in Table 1, including the molar
concentration of iron, CFe (1.70 mol/L for FFA and 1.15 mol/
L for FFCit), as well as the weight concentration cw and
volume fraction φ of IONP.

The transmission electron microscopy (TEM) pictures of
the two diluted ferrofluids (Figure S2) are similar and show
that the shape of the magnetic nanoparticles is roughly
spherical with diameters ranging between 4 and 20 nm. Thus,
the presence of citrate ligands added after IONP synthesis does
not change the particle size and morphology. This is different
from a drastic decrease of IONP size if trisodium citrate is
added in the beginning of the synthesis.19 X-ray diffraction
(XRD) patterns, analyzed in the Supporting Information (SI,
Section A), reveal the maghemite structure of synthesized
IONPs, whose crystalline phase seems not to be altered by the
citrate coating in the case of FFCit samples (Figure S3).
Magnetization curves are presented in Figure S4 and were

used to determine the saturation magnetization of IONPs and
the average diameter of metal oxide cores of IONP, which are
approximately the same for FFA and FFCit samples and equal
to MS = (3.1 ± 0.1) × 105 A/m and dM = 7.6−7.8 nm,
respectively. The geometric specific area of noncitrated (FFA)
IONP, estimated by modeling each particle as a sphere with a
diameter dM, is equal to S ≈ 152 m2/g. For citrated IONP
(FFCit), we used the “outer” diameter of the citrate-coated
IONP, which was evaluated as dO = dM + 2δ0 = 8.0−9.6 nm
taking the thickness of the adsorbed citrate layer within the
range δ0 = 0.2−1 nm corresponding to two limiting
conformations on the IONP surface.16,20 This gave the
geometric specific area S ≈ 123−148 m2/g for citrated
IONPs. This large specific surface area affords a high number
of active sites on the nanoparticles, leading to a large dye
loading capacity. Dynamic light scattering (DLS) measure-
ments performed on the two diluted ferrofluids (cw ∼ 0.2 g/L)
show no particle aggregates even after more than several
months. The hydrodynamic diameters are equal to dH = 21 and
22 nm for the bare and citrate-coated IONPs, respectively.
Evidence of citrate binding to the IONP surface of the FFCit

sample was provided by Fourier transform infrared (FTIR)
spectra (Figure S5a), whose analysis is presented in Section A
of the SI. The amount of citrate bound to the IONP was
determined by thermogravimetric analysis (TGA). The TGA
curve (Figure S6) shows a weight loss of 9.0 ± 0.2% between
110 and 350 °C, which was assigned to thermal degradation of
citrate adsorbed onto the surface of IONP. The sample
contains about 4 wt % water, 87 wt % iron oxide, and 9 wt %
citrate; thus, the weight ratio of bound citrate to iron oxide is
103 ± 2 mg/g or Qcit = 0.55 ± 0.01 mmol/g, which
corresponds to the number density of adsorbed citrates about
Zcit = 2.1 nm−2. This value is higher than those reported for the
adsorption of citric acid on hematite21 (Zcit ∼ 0.7 nm−2 or 15
μmol/g for S = 12.7 m2/g) and goethite22 (Zcit ∼ 0.85 nm−2 or
100 μmol/g for S = 70 m2/g) at similar pH (∼7−7.7). The

Table 1. Physicochemical Properties of Parent Ferrofluids

FFA FFCit

CFe (mol/L) 1.70 ± 0.05 1.15 ± 0.05
cw (g/L) 136 ± 5 92 ± 5
φ 2.7 ± 0.1% 1.8 ± 0.1%
dM (σM) (nm) 7.8 (0.4) 7.6 (0.36)
Ms (A/m) (3.1 ± 0.1) × 105 (3.1 ± 0.1) × 105

dH (PDI) (nm) 21 (0.21) 22 (0.23)
cw (g/L) of the DLS sample ∼0.2 0.18
S (m2/g) ∼152 ∼123−148
Qtot (mmol/g) 0.39 ± 0.01 0.51 ± 0.08
Ztot (nm

−2) +1.5 ± 0.1 −2.2 ± 0.5
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adsorption area 1/2.1 ∼ 0.5 nm2 in our case lies between two
limits corresponding to the linear arrangement of the carboxyl
groups when the molecule is extended over the surface23 (∼0.8
nm2) or vertical orientation with the only carboxylate group
bonded to the surface (∼0.3 nm2). The citrate conformation
on our IONP is expected to be intermediate between both
these limits.
The colloidal stability of FFA ferrofluids (bare IONP) is

ensured by electrostatic repulsion between charged nano-
particles. The method to determine the structural charge of the
IONP depends on the nature of the ferrofluid. For bare
IONPs, the surface charge is due to the acid−base properties
of surface hydroxyl groups. The surface charge is positive for a
pH value below the point of zero charge (PZC) and negative
for pH above PZC, leading to stable ferrofluids. The ferrofluid
flocculates for a pH value close to PZC located around pH 7.5
for maghemite. The variation of the structural charge of IONP
with pH had been estimated from both conductimetric and
potentiometric measurements (Figure S7). For the parent
ferrofluid FFA whose pH is around 2, the nanoparticles are
positively charged and the density of protonated hydroxyl
groups is equal to Qtot = 0.39 mmol/g (Figure S7), which
corresponds to the surface density of the structural charge Ztot
= +1.5 nm−2.
For FFCit, the colloidal stability is ensured by electrosteric

repulsion between negatively charged citrate ions adsorbed
onto the IONP surface. The molecular structure of trisodium
citrate (Figure S1e) shows that citrate has three carboxylate
functions. Their pKa values were determined by HCl acid
titration in the working range of ionic strength, and the
obtained values, pKa1 = 2.79, pKa2 = 4.34, and pKa3 = 5.83,
agree with those reported by Hidber et al.23 The ionization
curve corresponding to these pKa values is shown in Figure S1f.
The adsorption of citrate ions on IONP occurs via a surface
complexation involving surface iron and a part of the
carboxylate functional groups of citrate ions, which replace
the hydroxyl groups. The remaining free carboxylate groups are
responsible for the surface charge of IONP. At the pH value of
FFCit (7.6), almost all free carboxylate groups of adsorbed
citrate ions are deprotonated (as follows from Figure S1f),
leading to a stable ferrofluid. By adding an alkaline solution,
the ferrofluid remains stable up to pH 11. Beyond this value, a
competition occurs between hydroxyl groups and citrate ions.

In an acid medium (pH < 4.5), protonation of adsorbed citrate
induces a decrease of surface charge and the ferrofluid
flocculates. The structural surface charge of the citrate-coated
nanoparticles is deduced from the amount of sodium
counterions determined by atomic absorption spectrometry
(AAS) and confirmed by inductive coupled plasma atomic
emission spectrometry (ICP-AES): Qtot = 0.51 ± 0.08 mmol/g.
If we compare the structural charge density Qtot with the
amount of adsorbed citrate ions obtained by TGA (QCit ≈ 0.55
mmol/g), we obtain a ratio close to 1, indicating that among
the three carboxylate functions of an adsorbed citrate ion, two
carboxylate functions are involved in the binding of the citrate
ion to the nanoparticle. The remaining one free carboxylate per
citrate ion ensures the negative charge of nanoparticles. This
seems to not contradict the above statement on intermediate
surface conformation of the citrate ions between the fully
extended horizontal and fully extended vertical conformations.
Similar bonding of citric acid by two carboxylic groups to the
hematite surface has been reported by Kallay and Matijevic.24

These free carboxylates represent the adsorption sites of IONP
for pollutants. The structural charge could also be expressed
per unit surface, Ztot = −(2.2 ± 0.5) nm−2. The effective charge
density Zeff ≈ −0.1 nm−2 evaluated from electrophoretic
mobility measurements is considerably lower (in absolute
value) because of possible condensation of sodium counterions
around the charged nanoparticle surface, as will be discussed in
Section 2.3. Notice that citrate adsorption equilibrium imposes
the presence of free citrate ions in the solvent. The amount of
free citrates (revealed by HCl acid titration) in most of our
samples corresponds to the plateau of the citrate adsorption
isotherm reported by Dubois et al.25 This ensures the optimal
colloidal stability of the citrate-coated IONP at neutral and
basic pH.

2.2. Dye Adsorption/Desorption Studies. The study of
methylene blue (MB) and methyl orange (MO) adsorption
onto the surface of IONPs dispersed in aqueous solvents was
performed in a batch mode according to the protocol
described in Section 4.4. The adsorption properties of
IONPs are strongly affected by the solution pH. Thus, in the
beginning, we have investigated the pH effect on the dye
adsorption efficiency Eeq (introduced in Section 4.4) in a pH
range from 2 to 12. At constant IONP weight concentration cw
= 2 g/L and total dye concentration C0 = 0.4 mmol/L, the

Figure 1. Effect of pH on adsorption efficiency: (a): MB/FFA (blue) and MO/FFA (orange); (b) MB/FFCit (squares) and MB/FFA (circles); C0
= 0.4 mmol/L and cw = 2 g/L.
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adsorption efficiency is proportional to the surface density of
the adsorbed dye molecules, and the dependencies Eeq(pH)
plotted in Figure 1 reflect the pH effect on the amount of
adsorbed dye on the IONP surface.
In the case of FFA (Figure 1a), when IONPs are positively

charged (pH values lower than 7), the highest amount of
adsorbed molecules occurs for the negatively charged MO dye,
while the electrostatic repulsion between the positively charged
MB and IONP prevents its adsorption. When the pH value
increases above the PZC (pHPZC ∼ 7.5, Figure S7), the surface
charge of IONP becomes negative and the adsorption of MB
increases, while the electrostatic repulsion induces a desorption
of MO. Around the PZC, the adsorption is almost zero for
both dyes. This allows concluding that electrostatic inter-
actions between dye molecules and the bare IONP surface are
dominant over other possible interactions.
In the case of FFCit (Figure 1b, squares), MB adsorption on

citrate-coated nanoparticles occurs at a lower pH than with
naked nanoparticles with 95% adsorption at pH = 4.2. Above
this pH value, the free carboxylate functions of the adsorbed
citrate are progressively deprotonated, inducing strong electro-
static interactions with the positively charged dye. For pH < 4,
the carboxylate protonation becomes significant (ionization
degree decreases to 43% at pH = 4, as follows from Figure S1f)
and the MB adsorption progressively decreases with a decrease
of pH. No adsorption with protonated carboxylate occurs at
pH ≤ 2.
In summary, by controlling the pH of the solution and the

nature of the IONP surface, positively and negatively charged
species can be selectively adsorbed. With naked nanoparticles,
positively charged pollutants can be selectively adsorbed for
pH > 7 and negatively charged pollutants can be selectively
adsorbed in an acid medium. On the other hand, the citrated
nanoparticles adsorb only negative species for pH > 4.
The kinetics of dye adsorption by IONP was also

investigated. Figure S9 illustrates the effect of contact time
on the adsorption of dyes. The adsorption is fast, and in all
cases, the equilibrium is reached in less than 30 min. Since
magnetic nanoparticles are not porous, the adsorption sites are
easily accessible to dye molecules. The quantities adsorbed at
equilibrium for the chosen initial dye concentrations agree with
the adsorption isotherms described below. In view of these
results, for all experiments carried out at equilibrium, the
reaction time chosen will be at least 1 h, which is enough to
reach equilibrium.
The adsorption isotherms of MB on the surface of IONPs

with or without citrate coating and MO on the surface of bare
IONPs are shown in Figure 2. The weight concentration of
IONP, cw, is 2 g/L, and the measurements were carried out at a
pH value (listed in Table 2) for which adsorption is the most
efficient. In the three cases, the amount of adsorbed dye
increases with increasing concentration of dye until reaching a
plateau, which corresponds to the maximum adsorption
capacity of IONPs. This maximum is explained by a definite
quantity of active sites on IONPs. The experimental data are
satisfactorily fitted by the single Langmuir-type isotherm.26 Its
linearized form is Ceq/Qeq = 1/(QmaxKL) + Ceq/Qmax, where Qeq
is the amount of adsorbed dye at equilibrium, Qmax is the
maximum adsorption capacity corresponding to the plateau of
the adsorption isotherm, Ceq is the concentration of the dye in
the solution at equilibrium, and KL is the Langmuir constant.
Linearized Langmuir plots are presented in Figure S10. Table 2
reports the values of fitting parameters Qmax and KL. Langmuir

constants KL of MO/FFA and MB/FFA systems are quite
close, indicating a nearly similar energy of interaction between
the dye molecule and surface adsorption sites. On the other
hand, when MB adsorptions onto bare (FFA) and citrated
(FFCit) IONPs are compared, the interaction energy is clearly
higher for citrated IONPs likely because of the stronger
electronegativity of free carboxylate groups of bound citrate
than hydroxyl groups present on the surface of bare IONPs.
For further analysis, we also present in Table 2 the

maximum adsorption capacity in terms of the maximal number
density Zmax = QmaxNA/S of adsorbed dye molecules. Possible
mechanisms of adsorption will be discussed in Section 2.3 for
the MB/FFCit sample, but we can already notice the following
points. In the case of FFA, the Qmax value obtained for MB
adsorption on naked IONP (Qmax = 0.22 ± 0.02 mmol/g or
Zmax = 0.85 ± 0.08 nm−2) is close to the amount of available
negatives sites at pH 9.8 (Qtot ∼ 0.22 mmol/g or |Ztot| ∼ 0.85
nm−2) as inferred from potentiometric and conductimetric
measurements (Figure S7). This is in agreement with a 1:1
ionic exchange between MB and the nitrate counterions of
IONP and corresponds to the dense packing of MB molecules
oriented horizontally on the IONP surface, i.e., with the largest
B face (of an area 1.3 nm2, cf. ref 27, Figure S1b) adsorbed
onto the surface of bare IONPs. For MO, it is quite different:
Qmax = 0.78 ± 0.05 mmol/g and Zmax = 3.1 ± 0.2 nm−2 are
much greater than the number of available sites Qtot = 0.33 ±
0.05 mmol/g and Ztot = 1.3 ± 0.2 nm−2, as inferred from
Figure S7 at pH = 3.9 ± 0.07. Some hypotheses are proposed
to explain this. First, we observed a precipitation of MO in

Figure 2. Adsorption isotherms of dyes on IONPs for MO (a) and
MB (b). Experimental data are represented by symbols, and the fit by
the Langmuir adsorption law is represented by solid black lines. The
IONP weight concentration is cw = 2 g/L. The pH values are reported
in Table 2.
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Milli-Q water without IONPs probably due to dye aggregation
(likely promoted by aromatic short-ranged interactions). The
pH/concentration ranges where precipitation was observed
sometimes overlapped with those of the adsorption isotherm.
The formation of these aggregates would affect the dosage of
MO in the supernatant by underestimating its value, which
could explain the high value of Qmax. Another possibility is to
suppose that, geometrically, the obtained surface density Zmax
corresponds to a dense packing of MO with the aromatic rings
oriented perpendicularly to the IONP surface. This corre-
sponds to the molecular adsorption area ∼1/Zmax ∼ 0.3 nm2

situated between geometric areas ∼0.13−0.28 nm2 and
∼0.43−0.48 nm2 of two MO faces perpendicular to aromatic
rings.28,29 We can speculate that the maximal adsorption
capacity is limited by steric hindrance between MO molecules
rather than by the number of available adsorption sites. This is
likely thanks to attractive π-stacking interactions between MO
molecules promoting their lateral aggregation on the IONP
surface (as often observed during dye adsorption30−32) and
increasing adsorption capacity. Nevertheless, a more detailed
study is required to further elucidate the discrepancy between
Qmax and Qtot values for MO adsorption on bare IONPs.
For FFCit, the Qmax value obtained for MB (Qmax = 0.37 ±

0.01 mmol/g, Zmax = 1.6 ± 0.2 nm−2) is lower than the
estimated adsorption sites of citrate-coated IONPs (Qtot = 0.51
± 0.08 mmol/g, |Ztot| = 2.2 ± 0.5 nm−2), and this issue will be
inspected in detail in Section 2.3 in close relation with the
study of IONP agglomeration induced by MB adsorption.
From a practical perspective, reusability of magnetic

nanoparticles is one of the key factors in evaluating the
performance of IONPs as dye adsorbents. To investigate this
reusability, an adsorption/desorption cycle was realized 9
times for the system MB/FFCit using an initial MB
concentration equal to C0 = 4 mmol/L at cw ∼ 20 g/L.
Adsorption was realized at pH = 8.1 and desorption at pH =
1.8, nitric acid being used as the desorption agent. Its function
is to protonate the carboxylate of the adsorbed citrate to
substantially reduce the electrostatic interaction between MB
and IONP. As it can be seen in Figure 3, the amount of
desorbed MB varies between 61 and 79%, where we expected
almost 100% with regard to Figure 1b. At this moment, we do
not have a clear explanation for incomplete MB desorption.
Reducing the pH further can promote dye desorption but
induce dissolution of the nanoparticles. However, the
compromise chosen is acceptable because the adsorption
remains greater than 90% even after nine adsorption/
desorption cycles. This result shows that the citrate-coated
IONPs could be used in a water treatment process without
significant losses of their adsorption efficiency. It is worth
noticing that, apart from pH reversal, the IONP regeneration
could likely be realized by transferring nanoparticles from an
aqueous solvent to an organic one. Such a technique allowed
more than 80% regeneration efficiency after multiple MB

adsorption/desorption cycles using acetone and acetonitrile
solvents as desorbing agents and graphene/wood composites
as sorbent materials.33

Notice finally that the values of the maximum adsorption
capacity Qmax reported in Table 2 (257 mg/g for MO and 81−
139 mg/g for MB) are in general comparable to those reported
in the literature on adsorption of MO and MB onto iron oxide-
based nanocomposites: for instance, 152 mg/g for MO
adsorption onto porous carbon/IONP composites, 48−62
mg/g for MB adsorption onto carbon nanotube/IONP
composites, and 93 mg/g for MB adsorption onto humic
acid-coated IONP (see reviews by Tan et al.34 and Gupta et
al.35 and the references therein), 73 mg/g for MB adsorption
onto polyoxometalate/IONP hybrids36,37 and 14 mg/g for MB
adsorption onto cellulose-capped IONPs,38 although chitosan-
based magnetic composites offer a higher adsorption capacity:
750 mg/g for MO39 and 2800 mg/g for MB (see the review by
Kyzas et al.40 and the references therein).

2.3. Focus on MB Adsorption and Adsorption-
Induced Agglomeration of Citrate-Coated IONPs. The
very important issue that cannot be ignored while considering
adsorption is nanoparticle agglomeration induced by adsorp-
tion (primary agglomeration). On the one hand, MB
adsorption on citrate-coated IONPs is expected to promote
attractive colloidal interactions between nanoparticles inducing
agglomeration. On the other hand, this agglomeration could
impact the spatial distribution of adsorbed MB molecules and
somehow influence the adsorption equilibrium. Finally, this
adsorption-induced agglomeration facilitates nanoparticle
aggregation (secondary agglomeration) and magnetic separa-
tion in the presence of a magnetic field, as will be discussed in
detail in the companion paper (Part II). We start by empirical
description of the primary agglomeration, and at the end of this

Table 2. Langmuir Parameters and Surface Density of Adsorbed Dyes (Qmax and Zmax) vs Surface Density of Available
Adsorption Sites (Qtot and |Ztot|)

FF dye pH Qmax (mmol/g) Qmax (mg/g) Zmax (nm
−2) KL (L/mmol) Qtot (mmol/g) |Ztot|(nm

−2)

FFA MO 3.9 ± 0.7 0.78 ± 0.05 257 ± 16 3.1 ± 0.2 20 0.33 ± 0.05a 1.3 ± 0.2
FFA MB 9.8 ± 0.1 0.22 ± 0.02 81 ± 8 0.85 ± 0.08 32 ∼0.22a ∼0.85
FFCit MB 7.5 ± 0.2 0.37 ± 0.01 139 ± 4 1.6 ± 0.2 93 0.51 ± 0.08 2.2 ± 0.5

aThe values of Qtot for MO/FFA and MB/FFA samples are taken from Figure S7 at the pH values reported on the third column of this table. These
values of Qtot are therefore different from the value Qtot = 0.39 mmol/g reported in Table 1 for pH ∼ 2.

Figure 3. Cycles of successive adsorption (black) and desorption
(red) of MB on citrate-coated IONPs (MB/FFCit samples) at the
initial MB concentration C0 = 4 mmol/L, IONP weight concentration
cw ∼ 20 g/L, reaction time 30 min, adsorption pH = 8.1 ± 0.4, and
desorption pH = 1.85 ± 0.04.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02401
ACS Omega 2021, 6, 19086−19098

19090

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02401/suppl_file/ao1c02401_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


section, we will try to understand its reasons by a more careful
inspection of the adsorption mechanisms.
These studies have been carried out with the diluted

ferrofluids of weight concentrations cw = 0.18 g/L (sample SD)
and 8 g/L (sample SC). The lowest concentration allowed a
reliable hydrodynamic size and electrophoretic mobility
measurements, while the highest concentration allowed reliable
determination of sodium and citrate concentrations in the
solvent and was used in magnetic separation studies (cf.
companion paper, Part II). All relevant characterizations of the
samples SD and SC are summarized in Table 3. Adsorption
isotherms were remeasured for the samples SD and SC within
the range of free MB concentration Ceq = 0−0.20 mmol/L,
relevant for these experiments. We observe that within
experimental errors, the adsorption isotherm is similar for
three considered concentrations cw = 0.18, 2, and 8 g/L
(Figure S11). We believe therefore that the concentration
difference between different data of this section should not
affect the main conclusions.
To proceed, we introduce the surface coverage θ = Qeq/Qmax

as a dimensionless counterpart of the surface density Qeq of
adsorbed MB molecules. The primary agglomeration of IONP
as a result of the MB adsorption was tested through the
hydrodynamic size distribution measurements shown in Figure
4a for the SD-MB samples for different surface coverages θ and
at elapsed time equal to 1 h after the end of the mixing of MB
and IONP solutions. The size distribution appears to
progressively shift to the higher hydrodynamic sizes with
increasing surface coverage, and initially monomodal distribu-
tion in the absence of MB becomes multimodal with increasing
θ. The Z-average diameter and the polydispersity index (PDI)
are shown in Figure 4b as a function of the surface coverage or
surface density of adsorbed MB. The Z-average size exhibits an
exponential increase with θ, clearly observed in the semi-log
scale: dH = dH0 exp(α0θ), with dH0 = 17 ± 5 nm and α0 = 6.0 ±
0.3two fitting parameters, the first of which (dH0) is the Z-
average size in the absence of MB. Notice that the
experimental value of the hydrodynamic size in the absence
of MB (22 nm, cf. Table 3) enters the confidence interval of
the above value of dH0 obtained by the fit. Such a behavior
along with a pronounced increase of the PDI with θ clearly
indicates the agglomeration of IONPs with increasing amounts
of adsorbed MB. Such an agglomeration could result either in
dense dropletlike aggregates, as often reported for IONPs with
screened electrostatic repulsion,41,42 or in fractal clusters.
Nevertheless, for any of these morphologies, the hydrodynamic
radius dH/2 of the agglomerates revealed by DLS is relatively
close to their gyration radius,43 such that dH can still be
associated with the geometric size. Experiments also show that
at θ < 54%, the hydrodynamic size of agglomerates increases
drastically during mixing of MB and IONP solutions and does
not evolve substantially with time for 3 h after the end of MB/
IONP stirring but only evolves on the scale of a few days
(results not shown for brevity). This can be associated with a

faster shear-induced flocculation during stirring than Brownian
flocculation after stirring.
At first glance, the most intuitive reason for the IONP

primary agglomeration induced by MB adsorption is related to
a decrease of effective electric charge on the negatively charged
IONP surface when positively charged MB species adsorb onto
this surface. To check this hypothesis, we measured the
electrophoretic mobility of IONP agglomerates in the presence
of adsorbed MB and converted it into the effective charge
density on the surface of individual nanoparticles constituting
agglomerates using the model of Miller et al.44 (SI, Section C).
The electrophoretic mobility μE (the left ordinate axis) and the
effective charge density Zeff (the right ordinate axis) are plotted
as functions of either the surface concentration of adsorbed
MB Qeq or the surface coverage θ in Figure 5a for the SD-MB
samples. We remark that, in contrast to what was expected, Zeff

Table 3. Physicochemical Characterization of the FFCit Dilute Ferrofluid Samples

sample
cw

(g/L)
dH

(nm) PDI pH
μE

(108 × m2 s−1 V−1)
σ

(mS/cm) CNa
a (mM)

Qtot = QNa
a

(mmol/g) I (mM) κ−1 (nm)
|Ztot|

(nm−2)
|Zef f |

(nm−2)

SD 0.18 22 0.23 6.50 −3.3 0.074 0.60 ± 0.10 0.51 ± 0.05 1.2 ± 0.2 8.8 ± 0.8 2.2 ± 0.4 0.12
SC 8.0 N/A N/A 7.60 −3.2 2.36 24.9 ± 0.1 0.57 ± 0.03 49.8 ± 0.2 1.5 ± 0.1 2.5 ± 0.3 0.23

aObtained by ICP-AES.

Figure 4. Hydrodynamic size distribution of primary agglomerates
measured in SD-MB samples by DLS (a) and dependencies of the Z-
average size (on the left ordinate axis) and PDI (on the right ordinate
axis) on the surface coverage/surface density of adsorbed MB (b).
The red line in (b) stands for the exponential fit of the dH(θ)
dependency. The points of the dH(θ) dependency corresponding to
highly agglomerated samples are marked in red; the DLS measure-
ments are subjected to large errors for these points.
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experiences only a slight variation over the wide range of
surface coverage 0 ≤ θ < 60%, and its absolute value decreases
to a near-zero value only at θ close to 100%. Furthermore, the
value of the effective charge |Zeff| ≈ 0.1 nm−2 at the plateau of
the Zeff(θ) curve is much smaller than the value of the total
(structural) charge |Ztot| = 2.2 ± 0.4 nm−2 for the SD sample or
|Ztot| = 2.5 ± 0.3 nm−2 for the SC sample, as revealed by
sodium dosage (Table 3).
Thus, the results presented in Figures 4 and 5a raise the

following three questions.

(1) How to explain the relative smallness of the effective
charge |Zeff| as compared to the structural charge |Ztot|?

(2) How to explain the insignificant variation of |Zeff| with
adsorption of MB up to surface coverage θ ∼ 60%?

(3) What is the possible reason for the IONP primary
agglomeration within the range 0 < θ < 60%, at which
the surface charge (Figure 5a) and the Debye length
(Figure S8) show only a slight variation with θ, such that
the electrostatic repulsion between IONP is expected to
be almost unaltered, at least in the limit of the

Derjaguin−Landau−Verwey−Overbeek (DLVO) theor-
y?45

The first two questions can be responded considering the
condensation of sodium counterions onto the citrate-coated
IONP surface. In general, counterion condensation is defined
as the formation of a dense counterion phase near a charged
surface when the counterions do not specifically adsorb to any
surface site but possess a translational freedom along this
surface.46,47 In the absence of MB, the nanoparticle effective
charge density is equal to the difference of the structural charge
density and the charge density of the condensed sodium
counterions: |Zeff| = |Ztot| − ZNa. According to the counterion
condensation theory,46 the counterions start condensing onto
the charged surface if the structural surface charge |Ztot|
overcomes a critical value Zc. If |Ztot| ≥ Zc, the effective particle
charge remains nearly constant and equal to |Zeff| ≈ Zc. If |Ztot|
< Zc, the counterions no longer form a condensed phase, and
the effective particle charge equals the total structural charge
|Zeff| ≈ Ztot. The absolute value of the critical charge density for
the present case of monovalent counterions condensed onto a
spherical nanoparticle is evaluated through48 Zc ≈ −(1 + κdO/
2)ln(κλB)/(πλBdO), where λB ≈ 0.71 nm is the Bjerrum length,
dO = 8.0−9.6 nm is the IONP diameter comprising the citrate
shell (Section 2.1), and the values of the Debye length κ−1 are
provided in Table 3 and Figure S8. We evaluate Zc ≈ 0.2 nm−2

for both SC and SD samples. This value is an order of
magnitude smaller than the experimental value of the structural
charge |Ztot| ≈ 2.2 − 2.5 nm−2 and suggests counterion
condensation. The theoretical value (|Zeff| ≈ Zc ≈ 0.2 nm−2) of
the effective charge is on the same order of magnitude as the
experimental value |Zeff| ≈ 0.1 nm−2, both being much lower
than the structural charge.
When MB is added to FFCit samples, it is expected to bind

to the free carboxylate groups of the adsorbed citrate ions. This
should reduce the number of free carboxylates available on the
surface as well as the surface charge density ZCOO < 0
associated with free deprotonated carboxylates. The sodium
condensation is likely governed by the charge density ZCOO
rather than by the total structural charge Ztot before MB
adsorption (notice that Ztot is equal to ZCOO in the absence of
MB). With increasing amounts Qeq (or θ) of adsorbed MB,
|ZCOO| progressively decreases up to some critical value Zc at
some critical surface density Qc of adsorbed MB. Following
Manning’s theory, the sodium counterions are condensed and
the effective charge density remains constant |Zeff| ≈ Zc ≈ 0.1
nm−2 at Zc ≤ |ZCOO| ≤ |Ztot| and within the MB surface density
range 0 ≤ Qeq ≤ Qc. Above the Qc value, the sodium
counterions are expected to no longer be condensed onto the
IONP surface but are present in excess in the diffuse electric
double-layer. At Qeq > Qc, the absolute value of the effective
charge density |Zeff| should progressively decrease with increase
of Qeq. This reasoning qualitatively explains the shape of the
experimental curve Zeff(Qeq) shown in Figure 5a.
For quantitative evaluation of this curve, we need to know

the relationship between |ZCOO| and Qeq. At first glance, the
amount of free deprotonated carboxylates is equal to the
difference of the total structural charge and the quantity of
adsorbed MB: |ZCOO| = |Ztot| − QeqNA/S, with NA ≈ 6.0 × 1023

mol−1 being the Avogadro number and S = 123−148 m2/g
being the geometric specific area of citrated IONPs (Table 1).
However, at maximum MB adsorption, Qeq = Qmax = 0.37
mmol/g, we get |ZCOO| = 0.6−0.9 nm−2, which is substantially

Figure 5. Dependencies of the electrophoretic mobility and the
effective charge density (a) as well as of the surface density of the
sodium counterions adsorbed (condensed) on the IONP surface (b)
on the surface coverage/surface density of the adsorbed MB.
Experiments are realized on SD-MB samples (a) and SC-MB samples
(b). The solid red line in (a) corresponds to the prediction of the
counterion condensation theory. The solid red line in (b) stands for
the linear fit of the surface density of adsorbed (condensed) sodium
counterions vs surface density of adsorbed MB molecules.
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higher than the experimental critical surface charge density Zc
≈ 0.1 nm−2. This implies that the sodium counterions should
be in the condensed state, and the effective charge density
should be constant in the whole range of the MB surface
coverage, which is inconsistent with the experimental curve in
Figure 5a. The value of ZCOO needs to be checked, and it can
be evaluated by dosage of the condensed sodium counterions
by ICP-AES, as described in Section 4.2.
The surface density QNa of sodium counterions condensed

on the IONP surface is plotted as a function of the surface
density of adsorbed MB, Qeq (or the surface coverage θ) in
Figure 5b, for the SC-MB samples. Despite some dispersion in
data (related to analytical errors), they seem to collapse onto a
straight line, QNa ≈ Qtot − 1.5Qeq, where Qtot = 0.57 ± 0.03
mmol/g is the surface density of the structural charge of the
SC samples (Table 3), determined by ICP-AES. A negative
slope of the QNa vs Qeq dependency is roughly equal to −1.5,
meaning that about 1.5 sodium ions are displaced per each
adsorbing MB molecule. If we assume that the surface charge
density |ZCOO| of deprotonated free carboxylates approximately
corresponds to the amount of condensed sodium counterions,
we can evaluate the critical surface density Qc of adsorbed MB
above which the effective particle charge significantly decreases
to zero. This is done by equating |ZCOO| = QNaNA/S to the
critical surface charge density Zc ∼ 0.1 nm−2. This gives us the
concentration of the condensed sodium QNa ≈ 0.03 mmol/g
and corresponds to the concentration of adsorbed MB Qc =
(Qtot − QNa)/1.5 ≈ 0.36 mmol/g and to the surface coverage θ
≈ 0.97. The theoretical dependency of Zeff(Qeq) takes the final
form as follows
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The theoretical dependence Zeff(Qeq) is plotted as a solid red
line in Figure 5a. We see that the theory overestimates the Qc
value likely because the concentration of condensed sodium
does not reflect correctly the amount of deprotonated free
carboxylates in the vicinity of Qc.
Figure 5b deserves further analysis. It reveals the counterion

exchange between sodium and MB and shows that the 1:1
balance of the counterion exchange is violated (as long as 1
MB+ displaces 1.5 Na+). Such a charge imbalance is supported
by the adsorption imbalance, i.e., inequality between the

amount of adsorption sites, Qtot = 0.57 ± 0.03 mmol/g and the
maximum adsorption capacity Qmax = 0.37 ± 0.01 mmol/g,
with the ratio Qtot/Qmax = 1.55 ± 0.12. The adsorption
imbalance can be quite easily understood from simple steric
considerations. From the geometrical point of view, at the
adsorption plateau, one MB molecule occupies an area equal to
SMB = S/(QmaxNA) ≈ 0.54−0.69 nm2. The evaluated value of
SMB is consistent with the dense layer of adsorbed MB
molecules oriented toward the surface by their C-face (Figure
S1b,c) having an area27 SC ≈ 0.55−0.70 nm2. Such an
orientation with the plains of the aromatic rings perpendicular
to the adsorbent surface is schematically presented in Figure 6
and has been reported for MB H-aggregates adsorbed on
anionic dendrimers.30

Thus, the packing density Zmax = 1.6 ± 0.2 nm−2 of adsorbed
MB molecules at the adsorption plateau appears to be smaller
than the surface density of the available adsorption sites (|Ztot|
= 2.5 ± 0.3 nm−2 for SC samples or 2.2 ± 0.4 nm−2 for SD
samples). In the same vein, the hydrated sodium ions of
diameter ∼0.5 nm do not have enough place at the IONP
surface when it is fully covered by the MB adsorbed layer, so
they are expected to be fully expelled from the IONP surface
by the steric hindrance effect. This partially explains the charge
imbalance at the counterion exchange. However, at the
observed stoichiometry 1 MB+ vs 1.5 Na+, we expect the
effective charge density at full surface coverage by MB (θ = 1)
to be equal to |Zeff| = (Qtot − Qmax)NA/S ∼ 1 nm−2. This would
imply extremely high electrophoretic mobility (ζ-potential ∼
−300 mV). This is in stark contradiction with experimental
values |Zeff| ≪ 0.1 nm−2 at θ ∼ 1 displayed on Figure 5a. The
effective charge remains small, and the charge imbalance has to
be somehow compensated. There could exist different
mechanisms of such a compensation. In general, the MB
adsorption could involve changes in adsorption equilibria of
citrate ions or protons. First, partial displacement of citrate
ions by MB molecules could decrease the number of negatively
charged carboxylate groups on the IONP surface. However, by
HCl titration of trisodium citrate, we checked that the amount
of free citrate ions in the solvent does not change with MB
adsorption; thus, we can exclude possible citrate desorption.
Second, some of the free carboxylate (COO−) groups of the
bound citrate ions could progressively adsorb onto the iron
oxide surface as the MB molecules invade the nanoparticle
surface. This would decrease the structural charge |Ztot| and

Figure 6. Schematic representation of the MB adsorption process on citrate-coated IONPs. On the left, the citrate-coated surface with a condensed
layer of sodium counterions without adsorbed MB molecules is shown. In the middle, the beginning of MB adsorption is shown with formation of
H-aggregates, unbalanced 1:1.5 counterion exchange with sodium, and possible protonation or adsorption of a few free carboxylate groups of
adsorbed citrate ions allowing the maintaining of a weak effective charge density |Zeff| ∼ 0.1 nm−2. On the right is the final stage of the MB
adsorption forming a monolayer of the densely packed molecules oriented “perpendicularly” to the surface and attached by their C-face (Figure
S1b,c) to the surface.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02401
ACS Omega 2021, 6, 19086−19098

19093

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02401/suppl_file/ao1c02401_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02401/suppl_file/ao1c02401_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02401/suppl_file/ao1c02401_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02401/suppl_file/ao1c02401_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02401?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compensate the charge difference between MB and Na ions.
Nevertheless, according to Kallay and Matijevic,24 a triple
bond of the citrate ion to the iron oxide surface would require
a much larger surface area per adsorbed citrate than a double
bond, which is likely incompatible with the high surface
density of the bound citrate, Qcit = 0.55 mmol/g and Zcit = 2.1
nm−2, found in our experiments. Third, energy minimum
arguments can in principle significantly displace the proto-
nation equilibrium as a function of surface charge and the
presence of adsorbed or condensed counterions.49 It is
therefore possible that MB adsorption and repulsion of Na
from the surface makes the protons adsorb to some of the free
carboxylate groups compensating the charge difference
between MB and Na ions. A weak pH decrease upon MB
adsorption onto citrate-coated IONP was systematically
observed in adsorption experiments without pH adjustment
(from pH = 7.7 at θ = 0 to pH = 6.8 at θ = 94% for SC
samples). However, without knowledge of the pKa of the free
carboxylate groups of the bound citrates, we cannot state if the
observed pH variation is adequate to support this scenario.
The second and third hypotheses are schematized in Figure 6,
and they need a deeper inspection.
The third question concerning the adsorption-induced

agglomeration of IONP is closely related to MB adsorption
mechanisms that have to be well understood before going to
agglomeration. Analysis of the MB absorption UV−visible
spectra (see Figure S12 with its detailed description in the SI,
Section E) allows us to conclude the following. (1) In the
studied concentration range, C0 = 0.0141−0.0395 mmol/L,
MB is present in a monomer phase in the suspending liquid
and in the H-aggregate phase on the IONP surface, where MB
molecules are laterally stacked to each other due to aromatic π-
stacking interactions enhanced due to the relatively high MB
local concentration at the surface, as reported for MB
adsorption on polyelectrolytes,30−32 charged clays,50,51 or
titanate nanowires.52 A chemical structure of the H-aggregate
is presented in Figure S1c. (2) The MB interaction with the
charged IONP surface seems to be mainly electrostatic because
upon addition of 0.5 M of the sodium chloride (NaCl) salt, the
interaction seems to be screened, resulting in desorption of the
major amount of MB and disappearance of H-aggregates on
the MB surfacea similar effect has been reported for MB
adsorption on polyelectrolytes31,32 and MO adsorption on iron
oxide/chitosan beads.39 The remaining minor part of non-
desorbed MB upon NaCl addition could stem from either a
change of the adsorption equilibrium in the presence of a large
amount of dissolved salt or from nonelectrostatic interactions
like hydrogen bonds. Unfortunately, we were unable to detect
any intermolecular bond between adsorbed MB and citrate-
coated IONP by FTIR spectroscopy because of the abundant
signal from iron oxide and/or insufficient spectral resolution
(cf. Figure S5b and SI, Section A for details). Notice that
incomplete MB desorption by salt addition correlates with
incomplete desorption by the pH change, as it stems from the
adsorption−desorption cycles (Figure 3).
On the basis of the described counterion condensation and

MB adsorption behavior, we can finally propose different
mechanisms of the primary agglomeration of IONP resulting
from MB adsorption. We must however warrant the reader
that we were not able to provide direct experimental proof for
the below-considered mechanisms, and they have to be
carefully analyzed in future.

The first possible reason for agglomeration comes from
electrostatic attractive interactions due to surface domain
correlations, beyond the classical DLVO model, as described in
the seminal book of Evans and Wennerström.45 In fact, by
analogy with adsorption of charged surfactant micellar
aggregates onto an oppositely charged solid surface, one
could expect a heterogeneous adsorption of MB molecules
forming H-aggregates on the IONP surface, as shown
schematically in Figure 6. This creates a nonuniform surface
charge distribution, and two approaching nanoparticles will try
to accommodate a position in which low charge surface
domains of one particle are faced toward high charge domains
of another particle. This could considerably lower the
electrostatic repulsion between particles as compared to the
case of uniform charge distribution at the same average surface
charge density. If some domains become positively charged,
the overall electrostatic interaction can become attractive. The
charge heterogeneity affects interparticle interaction on the
length scale equal to the size of adsorbed MB H-aggregates.
Taking the largest dimension of the MB molecule27 (R ≈ 1.7
nm), we see that the characteristic length scale of the surface
domain correlation is approximately the same as the Debye
screening length κ−1 ≈ 1.5−2 nm for the SC-MB samples
(Table 3 and Figure S8a). Thus, together with a decrease of
steric repulsion (because of masking of citrate ions by
adsorbed MB molecules), the surface domain correlation
could reduce the repulsive barrier between nanoparticles and
promote their agglomeration under van der Waals forces.
The second possible reason for agglomeration comes from

attractive π-stacking interactions between two MB molecules
(or two H-aggregates), each “belonging” to opposite IONP
surfaces, and thus “bridging” both particles. Such a mechanism
has been claimed to significantly contribute to the self-
assembly of macroions by multivalent aromatic dye counter-
ions,53,54 although electrostatic complexation was also
important for multivalent dyes, as opposed to our case of
monovalent MB dye. Alternatively, one H-aggregate can bind
to both charged surfaces thanks to the equivalence of both of
their C-faces bound to two opposite particles (Figure S1b,c).
However, we have to keep in mind that π-stacking interactions
are very short-ranged (as opposed to surface domain
correlation) and possibly cannot promote efficient self-
assembly in the beginning of aggregation. It is possible that
the surface domain correlation mechanism dominates at small
surface coverage by MB and/or in the beginning of
agglomeration when heterogeneous surface charge distribution
is expected. At high surface coverage close to the surface
packing limit of MB, the charge should no longer be
heterogeneous and short-ranged π-stacking interactions could
dominate. In any case, it is very likely that MB adsorption and
particle agglomeration are interconnected processes occurring
at similar time scales. A more detailed analysis employing
numerical simulations is required to shed more light into this
problem.

3. CONCLUSIONS
This series of two papers is devoted to elucidation of the effect
of molecular adsorption on the surface of magnetic nano-
particles on the enhancement of their field-induced (secon-
dary) agglomeration and magnetic separation due to screening
of the repulsive interactions between nanoparticles that
involves their primary agglomeration in the absence of
magnetic fields. This effect has been studied in detail for a
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particular case of charged organic dyes adsorbing onto
oppositely charged iron oxide nanoparticles (IONPs). The
present paper (Part I) is focused on the physicochemical
mechanisms of dye adsorption and on adsorption-induced
primary agglomeration of IONPs.
To this purpose, either bare or citrate-coated IONPs

(maghemite γ-Fe2O3) have been synthesized by the
coprecipitation method and their aqueous dispersions have
been carefully characterized. Adsorption of cationic (methyl-
ene blue, MB) or anionic (methyl orange, MO) dyes to
oppositely charged IONPs is found to be mostly promoted by
relatively weak electrostatic interactions and is very sensitive to
pH variations changing the particle surface charge and to ionic
strength variations tuning the interaction length scale.
However, adsorption is not fully reversible versus the pH or
ionic strength change likely because of a weak contribution of
nonelectrostatic interactions. Furthermore, the maximum
surface density Zmax of adsorbed MB seems to correspond to
the packing density of an adsorbed monolayer, which,
depending on the molecular orientation, can be smaller than
(for the MB/citrated IONP pair) or equal to (for the MB/bare
IONP pair) the surface density |Ztot| of the available adsorption
sites. Inequality between Zmax and |Ztot| seems to violate basic
hypotheses of the Langmuir adsorption theory. Nevertheless,
the experimental adsorption isotherms are still correctly fitted
to the Langmuir law, as long as in most cases of monolayer
adsorption, the isotherms have a shape similar to that of the
Langmuir one.55

For the particular case of the MB/citrated IONP pair, MB is
shown to form H-aggregates on the IONP surface. The
effective electric charge on the IONP surface remains nearly
constant in a broad range of surface coverage by MB, 0 ≤ θ <
60%, which is explained by the combined action of sodium
counterion condensation and counterion exchange between
sodium and MB. In the classical DLVO limit, the electric
double-layer repulsion between IONPs seems to be unaltered
by MB adsorption. Primary agglomeration of IONPs (revealed
by an exponential increase of the hydrodynamic size dH with
surface coverage θ) probably comes from surface domain
correlations (as a result of heterogeneous surface charge
distribution on the scale of MB H-aggregates) or π-stacking
aromatic interactions between adsorbed MB molecules or H-
aggregates.
From the application perspective, the optimal adsorption

conditions have been determined for the two dyes. The
maximum adsorption capacity of MB is equal to 139 ± 4 mg/g,
and it is obtained with citrate-coated nanoparticles in a large
pH range (from 4 to 11). On the other hand, the maximum
adsorption capacity of MO with bare nanoparticles is greater
than for the MB, and it is equal to 257 ± 16 mg/g in an acid
medium (pH ∼ 4). The reusability of IONPs was checked with
MB and citrate-coated nanoparticles. The adsorption efficiency
remains about 99% even after nine adsorption/desorption
cycles of the dye. We can conclude that, besides its
fundamental interest, this study could also be helpful in the
development of magnetic adsorbents; IONPs present a high
application potential for the recovery of charged pollutants
from water due to their magnetic properties, adsorption
efficiency, and reusability. A further step to the practical
application would be development of the magnetic composites
allowing simultaneous removal of cationic and anionic dyes.
This would be possible using carbon materials (like graphene
oxide), having a strong affinity to both charged species.56

Another strategy consists of using specially designed IONPs
for catalytic degradation of dyes57the technique not
requiring dye adsorption but necessitating recovery of catalytic
properties of the IONP surface for multicycle application.
Based on the present results, the companion paper (Part II)

will report the enhanced magnetic separation of IONPs thanks
to primary agglomeration of nanoparticles due to dye
adsorption on their surface.

4. EXPERIMENTAL SECTION
4.1. Chemicals. Methylene blue (MB), methyl orange

(MO), and trisodium citrate were supplied in a powder form
by Sigma-Aldrich and used without any prior purification.
Chemical formula, molecular weight, molecular structure, and
pKa of MB, MO, and trisodium citrate are shown in the SI
(Figure S1 and Table S1). Stock solutions of dyes were
obtained by dissolving the powder in Milli-Q water followed
by an Orbital shaker stirring for 30 min. All other reagents and
solvents were purchased and used without further purification.

4.2. Preparation of IONPs. IONPs were synthesized
according to Massart’s method17,18 by alkaline coprecipitation
in concentrated ammonium hydroxide of an aqueous
stoichiometric mixture of FeCl2 and FeCl3. The resulting
dark-black magnetite (Fe3O4) was then stirred in nitric acid,
oxidized into maghemite (γ-Fe2O3) by a boiling solution of
Fe(NO3)3, and, after washing, dispersed into distilled water,
leading to a stable suspension denoted the FFA sample. At this
time, nanoparticles, positively charged with nitrate counterions,
are dispersed in dilute nitric acid solution. The pH value of the
resulting suspension is about 2. To obtain magnetic citrate-
coated nanoparticles, solid trisodium citrate was added to the
ferrofluid FFA, the molar ratio Ccit/CFe being equal to 0.12
with Ccit and CFe being the molar concentrations of added
citrate ions and iron in FFA, respectively. Then, the mixture
was stirred for 30 min at 80 °C. By adding citrate, a self-
assembly between the negatively charged citrate and positively
charged nanoparticles occurs, leading to the formation of a
dark-brown precipitate, which was recovered from the reaction
mixture using a permanent magnet. Then, IONPs were washed
three times using acetone and diethyl ether and dispersed in an
appropriate volume of Milli-Q water. A stable ferrofluid
denoted the FFCit sample was obtained. It consists of
negatively charged citrate-coated nanoparticles, dispersed in a
diluted sodium citrate solution. Notice that free sodium citrate
appears in the solvent because the excess was not completely
removed from the solvent after IONP washing, which allows
thermodynamic equilibrium between the adsorbed and free
citrate ions. Free carboxylate functions of the adsorbed citrate
are at the origin of the negative surface charge, and the
counterions are sodium ions. The pH value of the citrated
ferrofluid is about 7.5. The two parent ferrofluids FFA and
FFCit remain stable for years.

4.3. Experimental Methods. Iron and sodium concen-
trations in IONP suspensions were determined by AAS using
an air-acetylene flame (Perkin Elmer AAnalyst 100 apparatus).
The sodium-ion concentration was also measured using ICP-
AES (Perkin Elmer Optima 8000 DV) at two wavelengths λ =
330.237 nm and 589.592 nm after appropriate internal
calibration. Before these measurements, samples with magnetic
nanoparticles were heated to boiling point in concentrated
hydrochloric acid (≈12 mol/L) until total dissolution of the
nanoparticles into iron (III) ions was achieved. From the iron
molar concentration of the ferrofluid (CFe), the weight
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concentration of iron oxide (cw) and the magnetic nanoparticle
volume fraction (φ) were deduced, φ = cw/ρ, with ρ = 5.074
g/cm3 being the maghemite density. FTIR spectra of trisodium
citrate, MB, FFA, FFCit, and MB/FFCit samples were
recorded in KBr discs in the wavenumber range of 4000−
400 cm−1 on a Bruker Tensor 27 apparatus. In the cases of
FFCit and MB/FFCit samples, the nanoparticles were
precipitated, and the supernatant was rapidly eliminated to
minimize the quantity of free citrates and/or MB molecules
before the FTIR analysis. The amount of citrate adsorbed on
nanoparticles was estimated from TGA performed on dried
nanoparticles in a N2 atmosphere at a heating rate of 10 °C/
min (TA Instruments SDT Q600). The morphology of the
magnetic nanoparticles was observed by TEM using a Jeol
model JEM 100 CX at 100 kV. The magnetization curves of
parent ferrofluids were measured at room temperature using a
homemade vibrating sample magnetometer (VSM) based on
the one described in ref 58. The magnetic size distribution of
the nanoparticles, which can be approximated by a log−normal
law, was obtained by fitting magnetization curve parameters
and led to the median diameter dM (ln dM = ⟨ln d⟩) and
distribution width σM of the nanoparticles.59 XRD on dried
samples using a Rigaku Ultima IV apparatus with a copper
anode (Cu Kα radiation, λ = 1.54178 Å) was performed to
identify the crystallographic structure.
The structural surface charge of the bare nanoparticles (FFA

sample) was obtained by potentiometric titration and
conductivity measurements performed on FFA following the
methodology of Campos et al.60 The surface charge density
(Ztot < 0) of the citrate-coated (FFCit sample) nanoparticles
(i.e., the number of elementary charges e per unit surface in
nm−2, including only negative charges of carboxylate groups)
was estimated from the quantity of sodium counterions of the
carboxylate groups (QNa in mmol per g of iron oxide), Ztot =
−QNaNA/S, where NA ≈ 6.0 × 1023 mol−1 is the Avogadro
number, S is the geometric specific area of citrated IONP,
estimated by modeling each particle as a sphere with a
diameter d, S ≈ 6/(ρd), and QNa = (CNa

0 − CNa)/cw, with CNa
0

(mmol/L) being the total sodium concentration of the
ferrofluid sample and CNa (mmol/L) being the sodium
concentration in the supernatant obtained after the removal
of IONP. To check the agglomeration state of IONP,
hydrodynamic size measurements were performed by DLS
using Zetasizer NanoZS (Malvern Instruments, U.K.) operat-
ing at a 173° scattering angle. The Z-average hydrodynamic
diameter, dH, and the PDI were obtained from a fit of the
measured DLS correlogram by the second-order Cumulant
method, while the size distribution over the intensity of the
diffused light (intensity distribution) was obtained from a
multiexponent fit using the standard CONTIN fit. Electro-
phoretic mobility measurements were realized using the same
Zetasizer apparatus on FFCit and MB/FFCit samples, while
pH and electric conductivity were also measured on the
supernatant of these samples. The effective charge density Zeff
< 0 (i.e., the surface density of the structural charge, in nm−2,
partially screened by adsorbed or condensed counterions) was
evaluated from the measured electrophoretic mobility μE of the
porous IONP agglomerates and the Debye screening length
κ−1, this last being evaluated through both conductivity
measurements and sodium-ion concentration measurements
(see details in the SI; Sections B and C).
During dye adsorption experiments, the dye concentration

was measured after appropriate calibration, by spectropho-

tometry using a UV−visible UVIKON XL Secoman apparatus
at a fixed wavelength λ = 664 nm (MB) and λ = 460 nm
(MO).

4.4. Adsorption/Desorption Experiments. Batch ad-
sorption experiments were carried out at room temperature
(≈20 °C). The dye-IONP samples (with the dye standing for
MB or MO) were prepared as follows. An appropriate amount
of the dye stock solution was added to the diluted ferrofluid to
obtain dye-IONP samples with the desired initial concen-
tration of dye C0; the total volume is equal to 10 mL, and the
weight concentration of iron oxide (cw) is about 2 g/L. If
necessary, the pH of the samples was adjusted using either
HNO3 or NaOH solutions. The samples were stirred using an
Orbital shaker (IKA KS 260) for the desired time ranging
between 25 and 350 min. Magnetic nanoparticles with the
adsorbed dye were then extracted from solution, either using a
permanent magnet when the sample is flocculated or by
centrifugation on a Macrosep Advance centrifugal filter (VWR,
France, 30 kDa) for stable samples. The molar concentration
(mmol/L) of dye remaining in the solution (nonadsorbed
molecules) at equilibrium (Ceq) or at time t (Ct) was measured
by UV−visible spectrophotometry, as described in Section 4.3.
The amount of adsorbed dye at equilibrium (Qeq) or at time t
(Qt), expressed in mmol/g of iron oxide, was deduced using
the mass balance equation Qt = (C0 − Ct)/cw. Based on these
measurements, experimental dependences of the adsorbed dye
concentration at equilibrium Qeq versus the molar concen-
tration of free dye Ceq, called the adsorption isotherm, were
plotted. In addition to them, kinetics of dye adsorption and
effect of pH on adsorption were also investigated for C0 ≈ 0.4
mmol/L and cw ≈ 2 g/L, and the obtained results were
analyzed in terms of the adsorption efficiency, defined as the
ratio of the amount of adsorbed dye to the initial concentration
of the introduced dye: E(t) = Qtcw/C0 for kinetic studies or Eeq

= Qeqcw/C0 for pH-effect studies.
In some cases, for the citrated MB/IONP pair, we analyzed

the full UV−visible adsorption spectra of either the super-
natant free of nanoparticles or MB/IONP samples to check the
presence of MB molecular aggregates. In addition, citrated
MB/IONP adsorption experiments were accompanied by
measurements of sodium and citrate ion concentrations in
the supernatant to check the counterion exchange induced by
MB adsorption and possible displacement of adsorbed citrate
ions by adsorbing MB molecules. Sodium was detected by
ICP-AES as described above, while free citrate was determined
by HCl acid titration of the trisodium citrate base using a
Mettler Toledo G20S automatic titrator.
To investigate the reusability of the IONP, adsorption/

desorption cycles were realized with MB/FFCit samples. An
appropriate amount of FFCit was first added to 10 mL of an
MB solution (C0 ≈ 4 mmol/L, cw ≈ 20 g/L) at pH 8, and the
solution was stirred for 1 h. Then, the nanoparticles were
magnetically recovered, gently washed with distilled water, and
introduced for 30 min into nitric acid solution at a pH value
close to 2. Then, the particles were again separated from the
solution. The quantity of desorbed dye in the supernatant was
determined by UV−visible spectrophotometry. Finally, IONPs
were washed with distilled water, sodium hydroxide was added
to raise the pH to 8, and nine adsorption/desorption cycles
were conducted.
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7010 Institute of Physics of Nice (INPHYNI), 06108 Nice,
France; orcid.org/0000-0002-3972-3957

Claire Lomenech − Université Côte d’Azur, CNRS UMR
7010 Institute of Physics of Nice (INPHYNI), 06108 Nice,
France

Charlotte Hurel − Université Côte d’Azur, CNRS UMR 7010
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UMR 7010 Institute of Physics of Nice (INPHYNI), 06108
Nice, France; Axlepios Biomedical, 06510 Carros, France

Gregory Verger-Dubois − Axlepios Biomedical, 06510
Carros, France

Layaly Obeid − Sorbonne Université, CNRS, UMR 8234,
PHENIX, 75252 Paris Cedex 5, France

Pavel Kuzhir − Université Côte d’Azur, CNRS UMR 7010
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