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Abstract Wet methods for nanoparticle characteriza-
tion need to use the surfactants to prevent the agglom-
eration of particles in hydrosols. In this work, we inves-
tigated the effect of pH on the agglomeration state and
the stability of differently sized Fe2O3 nanoparticles,
notably 35 and 120 nm in average, in amino acid solu-
tions as glycine, L-lysine and L-glutamine, using the
method of dynamic light scattering. The lowest electro-
kinetic stability and maximum agglomeration of both
hydrosols was found in the acidic medium, particularly,
at pH = 3.5 for Fe2O3-35 and pH = 6.5 for Fe2O3-120
(surface isoelectric point). At pH ≤ 7 in amino acid–
based solutions, the charge direction was depended on
the particles size. The pH growth from 5 to 9 suppressed
Fe2O3 particle agglomeration although the effect of pH
was much higher in glycine (neutral amino acid) where
the agglomerates’ size decreased by 4.5 times compared

with 2.8 in glutamine (acidic amino acid) and 1.8 in
lysine (basic amino acid). It was concluded that the pH
predominantly affected an agglomeration with respect to
the particle size and acidity of amino acids. In alkali
medium at pH = 9, particles had a maximum charge and
minimum size in all solutions. For example, in glycine,
the average size/zeta potential of Fe2O3-35 and Fe2O3-
120 agglomerates were, respectively, 180 ± 20 nm/−
32 mVand 263 ± 80 nm/− 38 mV compared with water
510 ± 20 nm/− 18 mVand 180 ± 69 nm/− 24 mV.
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Introduction

Iron oxide nanoparticles (IONPs) are widely demanded
in diverse engineering sectors because of their improved
magnetic, optical, catalytic, electrochemical, and thermo-
physical properties. IONPs with controlled particles sur-
face, chemical composition, shape, and size, are used as
catalysts (Nagajyothi et al. 2017). They have great poten-
tial as contaminant removal (Parida et al. 2017; Gao et al.
2016), remediation, and water treatment (Mohammed
et al. 2017). Due to their high biocompatibility, low
toxicity, and spatial imaging capability, IONPs with an
appropriate surface chemistry can be beneficial in
nanotheranostic application for cancer imaging and treat-
ment (Ren et al. 2014; Bao et al. 2015). Thus, an
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extensive application of IONPs results in the unprece-
dented growth of their elaboration and production.

For a better understanding of nanoparticle behavior
and control of their properties, whole life cycle of nano-
scaled particles is inevitably accompanied with the char-
acterization of particle size (Holbrook et al. 2015;
Cabrera et al. 2015). Scientists use various methods
for size analysis such as transmission electron micros-
copy, laser diffraction, mass-spectrometry with induc-
tively coupled plasma, low-temperature adsorption of
nitrogen, and nanoparticle tracking analysis (Rasmussen
et al. 2018). Although each method has advantages,
dynamic light scattering (DLS) is often chosen by spe-
cialists since it is highly expressed and cheap method
which allows fast measurements (Ramos 2017).

Despite the effectiveness of the DLS method, it
requires the use of nanoparticles dispersed in a liquid,
most often in an aqueous medium. Compared with
stirring and sonication used to disperse particles
(Farre et al. 2009), the application of stabilizers is
preferable to control the size growth of IONPs in
liquids for a long time (Bhattacharya et al. 2011; Li
et al. 2017; Jiang et al. 2009).

Amino acids exhibit environmentally favorable char-
acteristics, such as green, low irritation, good antibacte-
rial properties, excellent water solubility, and biodegrad-
ability (Doyen et al. 2016). Moreover, amino acids
possess unique zwitterionic nature due to the presence
of amine and carboxylic groups, which can both be used
for nanoparticle surface functionalization depending on
the conditions (Shen et al. 2017). Therefore, amino acids
(e.g,. glycine (Chaudhari et al. 2013; Biju et al. 2014), L-
phenylalanine, L-serine, L-alanine, L-glutamine, L-
glutamic acid (Kandori et al. 2006; Wang et al. 2011),

L-aspartic acid, L-lysine, L-asparagine (Wang et al.
2011), and L-arginine (Cao et al. 2008)) have been
widely used as assistants for the fabrication and modifi-
cation of differently shaped IONPs (Li et al. 2017).
Besides, proteins, drugs, and other biomolecules can
be attached through the surface amino group
(Mohapatra et al. 2007). Thus, amino acids help to
simulate biological media directly during dispersive
analysis.

On the other hand, the charge and the size of IONPs
stabilized entirely by electrostatic repulsion are highly
sensitive to pH fluctuation (Lin et al. 2005; Lin et al.
2018; Teja and Koh 2009). It has been reported that after
coating with citric acid, the zeta potential of IONPs was

− 35 mV compared with bare IONPs (− 8 mV) at pH =
7. But the surface isoelectric point of coated IONPs was
close to pH = 3 (De Sousa et al. 2013). There are studies
(Ingram et al. 2010; Li et al. 2014; Morgan et al. 1986),
where the oleic acid may show improved colloidal sta-
bility at neutral and basic pH conditions and prevents
rapid agglomeration under slightly acidic pH conditions
(pH = 5). Bare magnetite nanoparticles, with an isoelec-
tric point close to neutral pH, are not very stable and can
easily agglomerate in natural aquatic systems (Liu et al.
2008).

When controlling the pH of the medium, it is possible
to fabricate nanocomposites of nanographene-doped
Fe2O3 with a larger specific surface area by introducing
acidic amino acid. However, it was shown that the
composites prepared by adding basic (lysine) and neu-
tral (glycine) amino acids were agglomerated and had
smaller surface area (Wu et al. 2018). Other authors
have demonstrated that an increase of the pH may have
an adverse effect on IONP dispersions containing func-
tional groups. Indeed, at pH growth from 4 to 9,
functionalization by NH2- and SH- groups causes the
agglomeration of chitosan-coated magnetic nanoparti-
cles compared with OH- and СООН- ions that lead to
strong disagglomeration (Bhattacharya et al. 2011).

It was also shown that the adsorption efficiency of
alginate on γ-Fe2O3 was increased at high pH values
due to strong electrostatic interactions between carbox-
ylate functions of alginate and cationic dye (Talbot et al.
2018). However, the adsorption amounts of alginate on
Fe3O4 nanoparticles decreased with increasing pH, and
the zeta potential of alginate-coated Fe3O4 nanoparticles
shifted to a lower value but remained to be positive at
lower pH (Xu et al. 2006). It was clearly demonstrated
that the functionalization of magnetic nanoparticles with
cysteine could be done only under acidic conditions
(pH = 4–5) (Kast and Schnurch 2001; Schnurch et al.
2004). Furthermore, α-amino acids such as glycine,
lysine, serine, and glutamic acid, showed trends of dif-
ferent absorptions onto engineered TiO2 nanoparticles
in buffered solutions at pH of 6, 7.4, and 9 (Ustunol et al.
2019). The differences were attributed to the different
speciation of the functional groups within the amino
acids and the TiO2 surface charge at each pH.

Although the value of pH is crucial for synthesizing
and stabilizing nanoparticles, the choice of the amino
acid as a surfactant for IONPs is still questionable since
their acidity determines the surface chemistry and

Page 2 of 12208888 J Nanopart Res (2019) 21: 2088



thereby particles’ agglomeration and stability. There is
still lack of results demonstrating the difference between
acidity of amino acids used for stabilizing IONPs at the
broad range of pH. Moreover, the size and surface
charge of engineered nanoparticles are of great concern
in terms of understanding particles’ migration in living
organisms. Due to the diversity of engineered nanopar-
ticles, the accumulation of experimental data is still
necessary to develop methods for preparing hydrosols
with high agglomeration stability.

The purpose of this work was to show the effect of
the pH, the acidity of low molecular weight aliphatic
amino acids, and the size of nanoparticles on the ag-
glomeration state and stability of iron oxide nanoparti-
cles in a hydrosol.

Materials and methods

Engineered nanoparticles

We used two batches of IONPs labeled as Fe2O3-35 and
Fe2O3-120. The sample of Fe2O3-35 was obtained via 4-
h annealing of Fe3O4 nanoparticles at 500 ± 0.5 °C in a
muffle furnace SNOL 6.7/1300 (Lithuania, heating
rate—10 °C/min) prior to a natural cooling until 25 ±
2 °С. Initial Fe3O4 nanoparticles were synthesized by
pulsed laser ablation of iron target (99.5% of Fe) in air
by laser with wavelength of 1064 nm, pulse duration of
7 ns, repetition frequency of 20 Hz, and laser pulse
energy of 150 mJ (the pulse density of the radiation
power density of 400 MW/cm2). The experimental con-
ditions on laser ablation and the characteristics of the
nanoparticles for the sample of Fe2O3-35 are given in
detail in (Svetlichnyi et al. 2018). The sample Fe2O3-
120 was obtained by electrical explosion of iron wire in
air atmosphere and was purchased fromAdvanced Pow-
er Technologies LLC, Tomsk, Russia.

Characterization of dry nanoparticles

The specific surface of IONPs was determined by low-
temperature adsorption of nitrogen (BET method) using
a NOVA 1200e device (Quantachrome Instr., USA,
error—± 0.20 m2/g). The obtained surface value was
used to calculate the surface average diameter of parti-
cles (dS), assuming that all the particles had the same
diameter and a spherical shape by the formula:

dS ¼ 6
ρ⋅S, where dS was surface average diameter of

particles (m); S is the specific surface of particles (m2/
kg); ρ is the matter density (kg/m3) (5.24 for Fe2O3).

The phase composition of IONPs was identified
by the powder X-ray diffraction on a diffractometer
XRD-7000 (XRD, Shimadzu, Japan). The X-ray re-
cord was performed using the CuKα-emission in 2θ
angles ranging from 10 to 70°. Decryption was per-
formed by card index of ICPDS (International Center
for Diffraction Date).

The morphology of nanoparticles was determined by
a scanning electron microscope VEGA3 (SEM, Tescan,
Czech Republic). Before recording, a carbon film was
sputtered on a thin layer of powder, applied on a con-
ductive tape; recording was carried out at an accelerat-
ing voltage of 0.1–30 kW.

Surfactants

Three aliphatic amino acids of different acidities were
used as stabilizers of particles: amino acetic acid (Gly,
glycine, NH2-CH2-COOH, CAS 56-40-6, neutral amino
acid), L-glutamic acid (Glut, C5H9NO4, CAS 56-85-9,
acidic amino acid), and L-lysine (Lys, C6H14N2O2, CAS
56-87-1, basic amino acid) produced by Sigma-Aldrich.
Amino acids possess unique zwitterionic nature due to
the presence of both amine and carboxylic groups. Due
to two COOH groups, Glut is an acidic hydrophilic acid,
and due to two NH2 groups, lysine is a basic hydrophilic
acid. For all selected pH, these amino acids behave
either as acids (proton donors) or as bases (proton ac-
ceptors). From the studied pH range (3–9), we excluded
the isoelectric points of amino acids (3.24—Glut,
5.97—Gly, 9.82—Lys) since at these pH values, acids’
hydrophilicity was low. However, based on acids’ iso-
electric points, we can suggest that dissolved Gly does
not form charged particles (non-ionic surfactant), Glut is
a source of H+ and forms an anion (anionic surfactant),
and Lys is a protonated acid in water carrying a positive
charge in aqueous solutions (cationic surfactant).

Considering the broad pH range of natural and
engineered aquatic environments (5–9), it is important
to study the stability of IONPs over this pH range.
However, in most of previous studies, the stability of
organic-coated IONPs was only studied at neutral pH
condition (Majewski and Thierry 2007; Tartaj et al.
2003; Teja and Holm 2002).
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Preparation of surfactant solutions

In all manipulations, we used distilled water with pH =
6.3–6.9, obtained on a D-30938 distiller (Gesellschaft
LabortechnikmbH). The pH value was controlledwith a
pH meter pH-150MI (Izmeritelnaya technika, Russia).
Samples of nanoparticles and substances were prepared
with the AND GR-202 scales (A&D Co Ltd., Japan, ±
0.0001 g). The stirring of solutions and the titration was
performed with a magnetic stirrer MR Hei-Tec
(Heidolph Instruments GmbH & Co, Germany) at the
frequency of 300 cycles per minute (the magnetic bar
with size of 5 × 10 mm). All solutions and suspensions
were prepared and stored at 25 ± 2 °C.

The solutions of surfactants with a concentration of
0.05 wt% were prepared based on distilled water in glass
vessels (100 ml). The Glut solution was alkalified in a
molar ratio of NaOH:Glut = 1:1 until complete dissolu-
tion. Prepared solutions of Gly, Lys, and Glut with pH
6.7, 9.8, and 6.5, respectively, were kept for no more than
24 h; after which, the pHwas adjusted to pH = 3, 5, 7, and
9 by titration with 0.1 M NaOH, and 0.1 M HNO3.

Preparation of nanoparticle suspensions

Nanoparticle hydrosols were prepared based on distilled
water adjusted to the predetermined pH in plastic con-
tainers (50 ml). The concentration of the particles in the
solution was adjusted experimentally to obtain repro-
ducible results on a laser diffractometer and was 0.01
and 0.1 wt% for Fe2O3-35 and Fe2O3-120 hydrosols,
respectively. Hydrosols were mixed by vortexing and
incubated at most 24 h.

To prepare a hydrosol, a dry amino acid was mixed
with dry nanoparticles in a plastic container of a homog-
enizer Ultra-Turrax Tube Drive (IKA, Germany) with
glass beads (diameter of 5 mm) by shaking with a power
of 5 units (speed of 3300 rpm). Components were mixed
within 3 min prior to a gradual adding of 1, 4, 5, and
40 ml of surfactant solution with the predetermined pH
and alternate shaking on a homogenizer for 3 min after
each addition. Mixing dry nanoparticles with dry acids
provided more even distribution of a stabilizer on the
particles surface due to the absence of OH ions tending
to the surface in water surrounding.

The final hydrosols were again adjusted to the re-
quired pH by titration of 0.1 M NaOH, and 0.1 M
HNO3. The mass ratio of the NP:acid was 1:1. Next,
the hydrosols were separated from the beads with a

polymer sieve followed by the sonication on a
UIP1000hd ultrasonic homogenizer (Transducer, Ger-
many, 1000W, 20 kHz) for 1 min. Sampling for analysis
was carried out at least three times within 24 h from the
upper third of the volume of the hydrosols after shaking
for 1 min.

We prepared fresh suspensions for each experiment.
The experiment was repeated at least three times in
different days at 25 ± 0.5 °С.

Characterization of hydrosols

The agglomeration state and stability of particles were
evaluated based on the measurement of quantitative
particle size distribution (PSD) and zeta potential (ZP)
of particles in hydrosols. The measurements were taken
by dynamic light scattering technique, based on the
Smoluchowski calculations, by a Zetasizer nanoparticle
analyzer equipped with the helium-neon laser with 4-
mV power and 633-nm wavelength (Malvern, USA).

To calculate statistics, we took reproducible data
conforming to ISO standards. The selection of experi-
mental result was carried out according to quality
criteria parameters of the instrument. During each mea-
surement, the mean counting rate of scattering light
reported was between 100 and 500 counts per seconds.
The instrument attenuator value was between 4 and 9.
For routinely analysis, T was set at 25 °C. Triplicate
measurements were taken with 120-s equilibrium time
between each repetition. The measurement quality was
evaluated by the correlation function and count rate plot
considering the polydispersity and sedimentation of the
system and the phase plot for measuring zeta potential
(ISO 13099-2: 2012). TheU-shaped polystyrene cuvette
was used for measurements.

Electrostatic mobility of particles was used to deter-
mine the zeta potential, and the calculated results
depended on various conditions such as nanomaterial
properties, solution features, and the selected theoretical
model. The Smoluchowski model was applied to mea-
sure the zeta potential of nanoparticles and their agglom-
erates by the following equation:

ζ ¼ μ � η= ε0 � εrð Þ;
where μ is the electrostatic mobility, η = 8.90·10−4 (Pa s)
is the viscosity of the solvent (water, 25 °C), ε0 = 8.85
(pF/m) is the vacuum permittivity, and εr = 78.54 (pF/
m) is the relative permittivity of water.
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The quantitative particle size distribution was used to
calculate an average particle size (dav) according to the
formula:

dav ¼ ∑d q %ð Þ
100 %ð Þ, where d represented the particle

size in dispersion, and q is the differential percent of
particles with the size d in the dispersion.

Results and discussion

Nanoparticle composition and morphology

According to XRD, nanoparticle phase composition
preferably comprises phase of hematite (ɑ-Fe2O3, Fig.
1). The sample Fe2O3-120 contains residual amounts of
Fe3O4 and Fe (Table 1). The nanopowders are nearly
similar in shape (Fig. 2a and b), but they have a different
dispersion compositions and specific surface. The aver-
age particle size of Fe2O3-120 calculated from BET
method is consistent with SEM analysis (Table 1). For
Fe2O3-35, a bigger BET particle size is due to the partial
fusion between particles.

SEM images show that primary particles form agglom-
erates (Fig. 2) with average sizes of 239 and 659 nm—on
average 6.8 and 5.5 particles in an agglomerate, respec-
tively, for Fe2O3-35 and Fe2O3-120 (Table 1).

pH effect on particle agglomeration in hydrosols

When entering an aqueous medium, particle ag-
glomerate and and the particle size distribution
(PSD) for Fe2O3-35 is 90–3000 nm (SEM 23–

447 nm) (Fig. 3), and for Fe2O3-120 is 79–
1990 nm (SEM 85–1204 nm) (Fig. 4). In Fe2O3-35
hydrosols at pH = 3, we can see the bimodal PSD
with the modes of 190 nm (q1 = 12%) and 460 nm
(q2 = 7%, Fig. 3a), whereas at pH = 5, the modes are
255 (q1 = 10%) and 531 nm (q2 = 9%, Fig. 3b) and at
pH = 9, there is a monomodal PSD with a peak of
342 nm (q = 13%, Fig. 3d). In a neutral medium, we
find trimodal PSD with the modes of 255 (q1 = 9%),
460 (q2 = 8%), and 1281 nm (q3 = 5%, Fig. 3c).
Besides, at pH = 7, there is the highest measurement
error characterized by a high instability of resulting
systems. It is noted that the maximum peak of PSD
obtained at the pH of 3, 5, 7, and 9 on the size scale
moves to the right and is related to the size of 190,
255, 255, and 342 nm (Fig. 3).

Regardless of the medium acidity, the PSD of Fe2O3-
120 particles remains bimodal, but the mode values
change randomly (Fig. 4). In general, with increasing
pH, PSDs are shifted to the left and are 142–2670 nm
(Fig. 4a), 106–1280 nm (Fig. 4b), 122–484 nm (Fig. 4c),
and 79–1100 nm (Fig. 4d) for hydrosols with pH 3, 5, 7,
and 9, respectively. It has been found that at pH = 3, the
mode of the largest peak is 342 nm (20% in Fig. 4a); in
an alkalinemedium, most of the particles in water (28%)
have a size of 106 nm (Fig. 4d).

The analysis of the obtained distributions has shown
that all hydrosols contain both individual and agglom-
erated particles not divided under sonication. In this
case, it is possible to generalize the pH effect on the
agglomeration stability by comparison of the average
particle size (dav) and zeta potential (ZP).

The agglomeration stability of Fe2O3-35 hydrosols
noticeably lessens and the surface is positively charged
at lower pH: with the increasing pH from 3 to 5, dav goes
up from 318 ± 30 to 565 ± 80 nm (Fig. 5a), and the ZP
decreases from + 35 to + 17 mV (Fig. 5b). In the pH
range of 5–9, the lowest electrokinetic stability of sus-
pensions is observed: the absolute value of the ZP does
not exceed 17mV (Fig. 5b), and dav is 545 ± 45 nm (Fig.
5a). The surface of Fe2O3-35 is charged neutrally at
pH = 6.5. Contrary, rhomb-shaped ɑ-Fe2O3 particles
with sizes 28 × 39 nm had zero charge at pH = 8.2
measured by potentiometric titration (Demangeat et al.
2018). Although 10-nm Fe3O4 particles with aggregates
of 205.7 nm had an isoelectric point near to pH = 6.8
(Favela-Camacho et al. 2019), bare Fe3O4 particles with
size of 9.3 nm was charged positively in the pH range
between 3 and 9 (Xu et al. 2006). Differently,Fig. 1 XRD patterns of nanoparticles
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chemically synthesized γ-Fe2O3 nanoparticles with a
median diameter of 12 nm at neutral pH approach the
value of zero-charge determined from acoustophoresis
during titrations (Lucas et al. 2007).

In our findings, the best electrokinetic stability was
observed at pH = 3 that agrees with the results showing
relatively high colloidal stability of γ-Fe2O3 particles
which at pH = 3 had the ZP + 20mV (Lucas et al. 2007).
Also, at pH = 6 and lower, the pH drastically modified
the ɑ-Fe2O3 size distribution to a more stable aggrega-
tion state characterized by a monomodal distribution
(40 nm) and higher abundance of finer particles (<
400 nm) in (Demangeat et al. 2018).

Regarding Fe2O3-120, the surface charge ex-
change at pH = 3.5 weakly affects the particle ag-
glomeration state: at pH 3–4 the value of dav is
fluctuating within the range of 320–344 nm (Fig.
5a). Despite the maximum electrokinetic stability of
Fe2O3-120 in neutral and weakly acidic media (ZP
is 21–− 25 mV, Fig. 5b), the size of the agglomer-
ates has the highest value (520 ± 213–580 ±
314 nm, Fig. 5a). When adding H+ or OH− ions,
the dav reduces to 385 ± 122 (pH = 5) and 177 ±
103 nm (pH = 9, Fig. 5a), although ZP value varies
insignificantly (− 18–− 20 mV) in the range of pH =
5–9 (Fig. 5b).

Table 1 Composition and morphology of the studied nanoparticles

Sample XRD BET SEM

Phase composition Specific surface, m2/g/average
particle size (nm)

Size distribution/average
particle size (nm)

Size distribution/average size
of primary agglomerates (nm)

Fe2O3-35 Fe2O3 19.2/59.6 23–150/35 125–447/239

Fe2O3-120 Fe2O3 92%
Fe3O4 4%
Fe 4%

9.8/114.5 85–218/120 252–1204/659

Fig. 2 SEM images of
nanoparticles: Fe2O3-35 (a) and
Fe2O3-120 (b)
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In general, with pH increasing from 3 to 9, Fe2O3-35
nanoparticles tend to agglomerate more while Fe2O3-
120 better resists agglomeration. Herewith, disregarding
the dry particles’ size, the fewest probability of IONP
agglomeration has been found in acidic and neutral
media. It has also been noted that the decrease of the
particle size from 120 to 35 nm leads to a shift of the
surface isoelectric point from pH = 3.5 to pH = 6.5.

pH effect on the particle agglomeration in surfactant
solutions

Acid-basic conditions have a great influence on the
agglomeration state and stability of IONP hydrosols.
According to DLS, both particles agglomerate in sur-
factants at high acidity: for example, at pH = 3, the
average sizes of agglomerates for Fe2O3-35 and
Fe2O3-120 are 2.0 ± 0.2 (Fig. 6a) and 3.0 ± 0.5 times
(Fig. 7a) higher in average in comparison with water.
With the increase of pH from 5 to 9, the dav value is
predominantly reduced in all amino acids: for example,
in the Glut at pH 5, 7, and 9, the dav values of Fe2O3-35
and Fe2O3-120 are 480, 200, and 170 nm (Fig. 6a) and
1065, 1058, and 370 nm (Fig. 7a), respectively. There-
fore, the disagglomeration of particles in surfactants
becomes more perceptible in a neutral medium, and
with an excess of OH− ions (pH = 9), the size of

agglomerates is the lowest. The disagglomeration may
be due to the adsorption of amino acids in the form of
H2N-CHR-COO

− anions in an alkaline medium, which
compete with OH− ions and concentrate near particle
surface forming a thick diffusive layer of counter-ions.

Dispersion properties of the particles in amino acid
solutions correspond to the electrokinetic state of their
surface. Adding an amino acid shifts the pH of isoelec-
tric point for the Fe2O3-35 from 6.5 to 3.8–4.2, and for
Fe2O3-120 from 3.5 to 5. In the hydrosols of Fe2O3-
120 at pH = 3–5, the most unstable suspensions are
formed and the absolute value of ZP was less than
18 mV. It has been shown that the ZP value is lower
for higher pH conditions (the surface becomes more
negatively charged). For example, in Lys for pH 3, 5,
7, and 9 the ZP values of Fe2O3-35 are 5, − 14, − 22, and
− 27 mV (Fig. 6b), and for Fe2O3-120, they are 19, 0, −
20, and − 30 mV (Fig. 7b). The lowest agglomeration of
both IOPNs in amino acids is reached at pH = 9: the dav
of Fe2O3-35 drops to 180 ± 20 nm (− 32 mV) compared
with water 511 ± 20 nm (− 17 mV) (Fig. 6), whereas the
minimum dav of Fe2O3-120 is 263 ± 80 nm (− 38 mV)
versus water—180 ± 69 nm (− 24mV) (Fig. 7). Besides,
the highest agglomeration stability of both particles is
achieved in solutions of amino acids at pH = 9 as in
water: ZP reaches − 27–− 38 mV compared with −
18 mV in water (Figs. 6b and 7b).

Fig. 3 The particle and agglomerate size distribution for Fe2O3-35. a pH= 3. b pH= 5. c pH= 7. d pH= 9

Fig. 4 The particle and agglomerate size distribution for Fe2O3-120. a pH= 3. b pH= 5. c pH= 7. d pH= 9
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The effect of particle size on the agglomeration state
and stability of nanoparticle hydrosols

Although powders were produced by different methods,
the surface chemistry of both particles was identical.
The sample of Fe2O3-35 was annealed at 500 °С and
included only hematite. In Fe2O3-120, small amounts
Fe3O4 and Fe were mainly inside biggest particles.
Therefore, we compared size effect on the agglomera-
tion state and stability of nanoparticle hydrosols.

It has been experimentally shown that in spite of
different particle size and fabrication conditions, the
surface of Fe2O3 nanoparticles in amino acid solutions
is charged positively at pH = 3. Moreover, the surface
isoelectric point of both particles is in an acidic medium
(pH ~ 4 for Fe2O3-35 (Fig. 6b) and pH ~ 5 for Fe2O3-
120 particles (Fig. 7b). Low electrokinetic stability

initiates the agglomeration of particles at pH = 3–5.
The sizes of agglomerates exceed their sizes in water
averagely by 2 times (1.9 and 2.6 times for Fe2O3-35
and Fe2O3-120, respectively, Figs. 6a and 7a). Also, the
mutual tendency is that in the range of pH = 5–9, adding
OH− leads to a weaker agglomeration and the formation
of more stable IONP hydrosols: at pH = 9, there are
particles with minimum dav and maximum charge (−
38 mV).

It has been found that the addition of amino acids to
the hydrosols in acidic conditions causes different net
charges depending on the initial particle size. Thus, the
net charge of smaller particles is more negative (Fig.
6b), whereas the surface of bigger particles is more
positively charged compared with water (Fig. 7b). For
example, in Lys at pH = 3, the ZP values of Fe2O3-35
and Fe2O3-120 are 5.4 and 24 mV (Fig. 6b and 7b)

Fig. 5 The pH effect on the average size dav (a) and zeta potential (bs) of Fe2O3-35 and Fe2O3-120 particles in hydrosols

Fig. 6 The pH effect on the average size of agglomerates dav (a) and zeta potential (b) of Fe2O3-35 particles in amino acid solutions
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while in water, it is 35 and 9 mV, respectively (Fig. 5b).
Apparently, different electrosurface properties are con-
nected not only with the size (and, therefore, the surface
adsorbing surfactants) but also with the surface quality
state that is changing due to the conditions of fabrica-
tion. Probably, negatively charged COOH- anions are
concentrated on the Fe2O3-35 surface with a higher
positive charge and decreased ZP value. Meanwhile,
positive NH2

+ groups settle on the more negatively
charged surface of Fe2O3-120 that leads to a higher
ZP. In the alkaline medium, the concentration of OH−

obviously prevails over the influence of particle size.
If we estimate the agglomeration degree as the

number of particles in an agglomerate, it may be
concluded that regardless of the media, the agglom-
eration degree of IONPs increases for smaller par-
ticles. Indeed, for Fe2O3-120 and Fe2O3-35, the
agglomeration degrees are, respectively, 5.4 and
6.8 in air, 1.5 and 14.6 in water (pH = 9), and −
1.4 and 5.1 in Gly (pH = 9).

The effect of acidity of amino acids on the particle
agglomeration in hydrosol

Despite the different acidities of amino acids at their
selected concentrations, particle behavior differs slightly
in acidic media: at pH = 3–5, the size of the agglomer-
ates in all surfactants exceeds dav in water by 1.8–3.6
times (Figs. 6a and 7a). Despite the fact that at pH < 7,
amino acid cations H3N-CHR-COOH replace the pro-
tons concentrated on the particle surface, and the solva-
tion shell grows significantly, the agglomeration is
mostly caused by the surface charge close to the

isoelectric point (Figs. 6b and 7b), which leads to parti-
cles sticking due to intermolecular Van der Waals inter-
action between particles.

It has been demonstrated that in surfactant solutions,
isoelectric point of the IONPs remain in an acidic media
even if it is shifted in the presence of all amino acids.
The surface of the bare Fe2O3-35 and Fe2O3-120 parti-
cles has neutral charge at pH = 6.5 and pH = 3.5, respec-
tively. Indeed, in surfactant solutions, regardless of the
amino acid nature, isoelectric points of the Fe2O3-35
and Fe2O3-120 are at pH = 4 ± 0.2 and pH = 5 ± 0.2,
respectively (Figs. 6b and 7b). However, ɑ-amino acid
nature affects isoelectric state of TiO2 nanoparticle sur-
faces: glycine and lysine increase the pH of the isoelec-
tric point from 6.1 to 6.4 and 7.1, respectively, whereas
glutamic acid and serine decrease for the value of pH of
neutrally charged particles to 5.4 and 4.4, respectively,
as shown recently (Ustunol et al. 2019).

Furthermore, in all the prepared hydrosols at higher
concentration of OH− ions, the net charge of the parti-
cles goes towards negative values: for example, at pH 3,
5, 7, and 9, the ZP of Fe2O3-35 and Fe2O3-120 particles
in Lys is 5, − 14, − 26, and − 32 mV (Fig. 6b) and 19, 0,
− 20, and − 30 mV, respectively (Fig. 7b). This behavior
could be explained by the presence of negatively
charged COOH− ions, but in an acidic environment,
the adsorption of functional groups is more associated
with the particle nature, rather than with the amino acid
nature. Due to the fact that the same trend is observed for
hydrosols without surfactants, it can be concluded that
under the chosen conditions, the influence of the pH has
a greater impact on the agglomeration and stability of
IONPs compared with amino acid nature.

Fig. 7 The pH effect on the average size of agglomerates dav (a) and zeta potential (b) of Fe2O3-120 particles in amino acid solutions
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Generally, with an increase of the pH from 3 to 9, all
suspensions are characterized by particle size reduction:
for example, in Gly at pH 3, 5, 7, and 9, dav is 581, 725,
170, and 170 nm (Fig. 6a) and 1188, 1014, 358, and
263 nm (Fig. 7a) for Fe2O3-35 and Fe2O3-120, respec-
tively. At the same time, the impact of pH on the
agglomeration shows maximum in neutral surfactants.
For example, when increasing the pH from 5 to 9, the
dav decreases in the series of Lys, Glut, and Gly by 1.8,
2.8, and 4.5 times (Fig. 7a). That is consistent, for
example, with the study (Wang et al. 2011), wherein
the solution of neutral amino acid arginine synthesized
nanoparticles smaller than particles synthesized in a
solution of a basic amino acid—lysine. Under the equal
acid-basic conditions, the effect of amino acid acidity on
the particle charge is not significant: for example, in Gly,
Lys, and Glut, at pH = 5, the zeta potential of Fe2O3-120
is – 9, − 10, and − 14 mV (Fig. 6b).

Conclusion

In this work, we used iron oxide (III) nanoparticles
synthesized by two different methods—pulsed laser
ablation followed by annealing and electric explosion
of a metallic conductor in air, with an average particle
sizes of 35 and 120 nm and sizes of dry agglomerates of
240 and 660 nm (SEM data), respectively, in order to
show the influence of pH and acidity of aliphatic amino
acids (glycine, glutamine, and lysine) as surfactants on
the agglomeration state and stability of particles in hy-
drosols. The analysis of particle size distributions ob-
tained by the dynamic light scattering method showed
that in hydrosols containing 0.01–0.1 wt% particles and
0.05 wt% of amino acids, there are both individual and
agglomerated particles. The agglomeration degree and
surface charge of particles highly depends on acid-basic
conditions and the size of dry particles.

It has been shown that the agglomeration degree of
Fe2O3-35 particles in the hydrosols without amino acids
(only ultrasonic treatment) is almost unchanged at pH =
3–9, while the agglomeration of Fe2O3-120 particles is
weakened only with an excess of OH− ions. After
adding amino acids, regardless of their acidity and initial
particle size, the agglomeration degree of Fe2O3 parti-
cles at pH = 3 increases by 2 times compared with water
(1.9 and 2.6 times for Fe2O3-35 and Fe2O3-120, respec-
tively) and particles are positively charged. With the pH
growth from 5 to 9, the particles disagglomerate in all

surfactants. If we define the degree of pH effect as
agglomerate size reduction, it can be seen that Gly-
hydrosols are most susceptible to pH effect. Thus, with
an increase of the pH from 5 to 9, the dav decreases by
1.8 times in lysine (basic acid), 2.8 times in glutamine
(acidic amino acid), and 4.5 times in glycine (neutral
amino acid).

Furthermore, the lowest agglomeration stability of
Fe2O3 particles has been found at pH = 3.5–6.5 due to
a low net charge close to the surface isoelectric point.
Besides, at pH ≤ 7, particle agglomeration stability is
more connected with the particle nature or the fabrica-
tion conditions.

Due to insignificant contribution of surfactant acidity to
the particle surface charge, it has been concluded that the
pH have the prevailing impact on the particle agglomera-
tion state and stability over the acidity of amino acids. As
demonstrated, at pH = 9, the maximum disagglomeration
of both particles is achieved: the size of Fe2O3-35 is 180 ±
20 nm (− 32 mV) compared with water 511 ± 20 nm (−
17mV); for Fe2O3-120, the size is 263 ± 80 nm (− 38mV)
versus 180 ± 69 nm (− 24 mV) in water.

Based on the obtained results, it can be concluded
that the agglomeration state and stability of Fe2O3 hy-
drosols in an acidic medium (pH = 3–5) are influenced
by the pH and the initial size of the dry particles. To
these factors, the influence of acidity of amino acids in a
neutral medium is added, but in weak alkaline solution,
stability is affected only by the pH.

According to the classification of nanoparticle sus-
pensions by stability given in the study (Patel and
Agrawal 2011), hydrosols obtained in this work can be
classified as moderately (± 20–± 30 mV) at pH = 7 and
highly stable (< ± 30 mV) at pH = 9 for both Fe2O3-35
and Fe2O3-120 nanoparticles in amino acid solutions.
Stable particles tend to form smaller agglomerates
which have higher mobility compared with bigger ag-
glomerates. Indeed, agglomeration and stability of
nanoparticles is extremely important in order to con-
ceive and to predict the mobility, reactivity, and bio-
environmental fate of nanoparticles. It has been proven
that when nanomaterials enter complex biological envi-
ronment, biomolecules are adsorbed to their surface,
forming nanomaterial-corona complexes stabilizing
nanoparticles (Palchetti et al. 2016). Due to the moder-
ate stability of hydrosols achieved in neutral medium (−
29 mV), hematite nanoparticles may easily migrate in
biological fluids which mostly have the pH between 7
and 7.5.
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It is obvious that the properties of hematite nanopar-
ticles are most sensitive to external factors in a weakly
acidic medium (from 5 to 7) provoking the surface
charge exchange and the size-depended orientation of
the functional groups. Regarding the practical applica-
tion of the results, it can be used to prepare hematite
nanoparticle suspensions in an alkaline medium to en-
sure high electrokinetic stability of hydrosols. The large
surface charge makes it possible to prevent the nanopar-
ticle agglomeration throughout the analysis process that
can last up to 60 min.
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