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« Different interactions are involved: elec-
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ABSTRACT

The physicochemical characteristics of hematite nanoparticles related to their size, surface area and reactivity
make them useful for many applications, as well as suitable models to study aggregation kinetics. For several ap-
plications (such as remediation of contaminated groundwater) it is crucial to maintain the stability of hematite
nanoparticle suspensions in order to assure their arrival to the target place. The use of biopolymers has been pro-
posed as a suitable environmentally friendly option to avoid nanoparticle aggregation and assure their stability.
The aim of the present work was to investigate the formation of complexes between hematite nanoparticles and
a non-conventional galactomannan (vinal gum — VG) obtained from Prosopis ruscifolia in order to promote he-
matite nanoparticle coating with a green biopolymer. Zeta potential and size of hematite nanoparticles, VG dis-
persions and the stability of their mixtures were investigated, as well as the influence of the biopolymer
concentration and preparation method. DLS and nanoparticle tracking analysis techniques were used for deter-
mining the size and the zeta-potential of the suspensions. VG showed a polydispersed size distribution
(300-475 nm Z-average diameter, 0.65 Pdi) and a negative zeta potential (between —1 and —12 mV for pH 2
and 12, respectively). The aggregation of hematite nanoparticles (3.3 mg/L) was induced by the addition of VG
at lower concentrations than 2 mg/L (pH 5.5). On the other hand, hematite nanoparticles were stabilized at
concentrations of VG higher than 2 mg/L. Several phenomena between hematite nanoparticles and VG were in-
volved: steric effects, electrostatic interactions, charge neutralization, charge inversion and polymer bridging. The
process of complexation between hematite nanoparticles and the biopolymer was strongly influenced by the
preparation protocols. It was concluded that the aggregation, dispersion, and stability of hematite nanoparticles
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depended on biopolymer concentration and also on the way of preparation and initial physicochemical proper-

ties of the aqueous system.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Iron oxide nanoparticles promote rapid degradation of contami-
nants, reduction of the degradation time by favoring the delivery of sus-
pensions (Comba and Sethi, 2009) and reductive precipitation of metal
ions (Li and Zhang, 2007). These properties, which are related to their
size, high surface area, the possibility of surface modifications and
high reactivity, make them suitable for many applications (Comba and
Sethi, 2009; McHenry and Laughlin, 2000). Hematite (-Fe,05) is one
of the several iron oxide polymorphs, like magnetite and maghemite
(Xu et al., 2012). Magnetic particles with biocompatible coating have
been used for biomedical applications such as in vitro diagnosis, mag-
netic resonance imaging studies and treatment of some malignant
cells, since excess iron could be processed by the body (Berry, 2006).
The application of iron oxide particles can be regarded as an innovative
technology for the remediation of groundwater contaminated by heavy
metal ions and recalcitrant contaminants (Xu et al., 2012; Zhang, 2003).
The stability of iron oxide suspensions is crucial in order to assure the
arrival to the desired target place and the efficiency of remediation
(Dickson et al., 2012).

Hematite nanoparticles (hematite NPs) were found to inverse their
surface charge and to enhance their stability by the addition of polysac-
charides like guar gum (Tiraferri et al., 2008; Tiraferri and Sethi, 2009),
alginate (Chen et al., 2006), Arabic gum (Williams et al., 2006), and
carboxymethyl cellulose (He and Shao, 2007). The interaction of hema-
tite NPs with natural organic matter (NOM) has been studied before to
investigate the environmental impact of hematite nanoparticles when
entering natural aquatic systems (Baalousha, 2009; Nidhin et al.,
2012; Palomino and Stoll, 2013). The adsorption of negatively charged
humic substances on the positively charged surface of hematite NPs
was found to strongly modify their surface charge by inducing charge
inversion and thus enhanced their stability through electrostatic repul-
sion and steric effects. Illés and Tombacz (2006) have found that for a
certain natural organic matter concentration the aggregation of iron
oxide particles was induced, but at higher NOM concentration the
Fe,03; NPs were stabilized. Ferretti et al. (2003) also found that at a
given schizophyllan/hematite ratio the flocculation rate was maximum,
but the hematite particles were stabilized at higher concentration of
polysaccharide. Among the used additives, biopolymers are generally
preferred as they are environmentally safe (Nidhin et al.,, 2012), biode-
gradable, biocompatible and harmless toward organisms (Comba and
Sethi, 2009). In the presence of biopolymers, the inorganic particles
(i.e. zero valent iron, hematite or magnetite) have shown to modify
their stability and thus their transport properties (Comba and Sethi,
2009; Chen et al., 2006; Nidhin et al.,, 2012; Tiraferri and Sethi, 2009;
Williams et al., 2006; Gémez-Lopera et al.,, 2001). Many types of interac-
tions have been reported between organic material and inorganic col-
loids: hydrophobic, electrostatic, van der Waals, ligand exchange,
chelation, cation bridging and H-bonding (Philippe and Schaumann,
2014). In some cases, a non-electrostatic stabilization is needed to
keep the NP reactivity toward contaminants unaffected for a particular
application in targeted systems (Tiraferri et al., 2008; Williams et al.,
2006). Galactomannans like guar gum or locust bean gum form solu-
tions which are relatively insensitive to pH changes, addition of electro-
lytes and heat treatments (Mathur, 2012; Sittikijyothin et al., 2005). The
use of green biopolymer as hematite NP coating agent is of great inter-
est. In this sense, the use of the pH-stable galactomannans (Mathur,
2012) extracted from highly available sources offers the possibility to
control NP stabilization in a simple way and with less environmental
impact. Thus it is necessary to explore innovative and suitable resources

for their extraction. A promising biopolymer source is a leguminous
plant known as vinal (Prosopis ruscifolia), from the mesquite family na-
tive of North-East Argentina, very abundant in that region, being still an
unexploited resource. A galactomannan gum (a sugar polymer of man-
nose branched with galactose called vinal gum (VG)) extracted from
vinal seeds has similar structure and physicochemical properties as
guar gum (Busch et al., 2015). Expanding vinal uses will highly impact
the local development of innovative materials extracted from natural
resources. Considering that the nature and source of the organic materi-
al can affect its role while interacting with inorganic colloids, and pro-
duce changes in aggregation and sedimentation behaviors (Wilkinson
et al.,, 1997), it is important to study original, innovative biopolymer-
inorganic particle interactions and the corresponding complexation pro-
cesses. The purpose of the present work was to investigate the complex
formation and interactions between hematite NPs and a galactomannan
gum obtained from vinal (P. ruscifolia). The resulting changes of the hema-
tite NP surface charges and Z-average diameters as a function of a green
biopolymer concentration, dispersion stability and aggregation conditions
were considered.

2. Materials and methods
2.1. Materials

Sodium hydroxide (Titrisol 1 M®, Merck & Co. Inc., NJ, USA), ethanol
absolute (Biopack, Sistemas Analiticos S.A., Zarate, Argentina), HCI (an-
alytical grade — Sigma Aldrich Co., St. Louis, MO, USA) were used. All
water solutions were prepared with MilliQ water with a minimum re-
sistivity of 18 M-Q-cm™ .

2.2. Hematite synthesis

5.408 g of FeCl3-6 H,0 were added to 2 L of 0.02 M HCl solution at
98 °C. The solution was kept at 98 °C for 10 days (He et al., 2008;
Schwertmann and Cornell, 1991). Then, it was cooled to 25 °C and dia-
lyzed with SpectrumLabs Spectra/Por 12-14 kDa dialysis membrane in
order to remove the ions. A final hematite NP suspension of 1.64 +
0.04 g/L was obtained by using the molar extinction coefficient equal
t04.06 « 10> M~ '-cm™ ' at 385 nm (Schwertmann and Cornell, 1991)
within a HACH Lange DR-3800 spectrophotometer (HACH Lange,
Derio Vizcaya, Spain). The NPs were stored as a 0.2 g/L suspension in a
cold and dark environment. After image analysis of more than 50 SEM
pictures by Palomino and Stoll (2013), the mean SEM diameter of the
individual nanoparticles was found equal to 53 4+ 5 nm confirming
that the nanoparticle sizes were reasonably monodispersed. The
Z-average hydrodynamic diameter was found equal to 94 + 3 nm at
pH = 3, indicating the presence of dimmers and trimers in solution.

2.3. Separation of seeds and extraction of vinal gum

Vinal (P. ruscifolia) seeds were separated by milling the pods (from
Formosa province, Argentina, in 2010) and passing the obtained product
through sieves (Sonytest, Rey & Ronzoni S.R.L, Buenos Aires, Argentina).
Then, the endosperm (20 g seeds) was manually separated after alkaline
treatment (Chaires-Martinez et al., 2008) and stirred in 100 mL of double
distilled water for 24 h. After 3 min at 4500 rpm centrifugation, the super-
natant was poured into 200 mL of absolute ethanol and the biopolymer
flocculated during the storage in the refrigerator (8 °C) for 3 h. VG was
then manually separated, dry in oven at 25 °C (300 mbar) for 24 h, and
further purified by solubilizing in 50 mL of double distilled water and
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another precipitation in ethanol. The obtained VG was dried in a vacuum
oven at 25 °C (300 mbar) for 24 h to remove the ethanol and then was
freeze-dried by using a Heto Holten A/S, cooling trap model CT 110
freeze-dryer (Heto Lab Equipment, Alleroed, Denmark) operating at a
condenser plate temperature of — 111 °C, a chamber pressure of 30 Pa,
and shelf temperature of 25 °C. VG has molecular weights of 1.43 +
0.04 « 10° Da (viscometric) and of 0.73 + 0.03  10° Da (average
number), a mannose/galactose ratio determined by GC-MS of 1.6 and
an apparent viscosity of 600 cP at 0.1% (w/v) (Busch et al., 2015). The
pK, value of VG, obtained by titration with a 10~> M solution of sodium
hydroxide, was of 6.5 &+ 0.5.

24. Preparation of suspension of VG and hematite NPs

Hematite NP suspensions were prepared by adding 0.67 mL of the
0.2 g/L stock solution to 39.3 mL of MilliQ water and stirring 30 min at
500 rpm. Final concentration of hematite NP suspensions were
3.30 & 0.01 mg/L (6.4  10'? particles/L) for dynamic light scattering
(DLS) measurements and 0.33 + 0.01 mg/L (6.4 = 10" particles/L) for
nanoparticle tracking analysis (NTA) measurements. The dilution for
NTA measurement was done by adding 5 mL of the 3.30 4+ 0.01 mg/L
hematite NP dispersion in a 50 mL flask, filling with MilliQ water and
stirring 30 min at 500 rpm. Suspensions of VG were prepared by stirring
102.6 4+ 0.1 mg of VG in 1 L of MilliQ water for 24 h, and then were son-
icated in a Ultrasonic Cleaner Testlab Tb02TA (Instrumental Group S.A.,
Buenos Aires, Argentina) twice for 30 min. This stock suspension was
conserved at 8 °C for further utilization. Dilutions were done through
addition of the required amount of the stock suspension of VG to MilliQ
water, and stirring at 500 rpm for 30 min.

For increasing or decreasing pH measurements, the adjustment of
the pH of the different hematite NPs, VG or mixed solutions was done
by the addition of 0.1 or 0.01 M NaOH or HCl solutions. The measure-
ment of pH was performed by a Metrohm 744 pH meter with an
electrode Solitrode Pt 1000 (Metrohm AG, lonenstrasse, Switzerland).
The calibration was done with three commercial buffers (pH values of
4,7 and 10) obtaining a R? > 0.97 slope.

VG-hematite NP mixtures were prepared by two different ways:
i) hematite NP stock solution was added to the previously prepared
solution at a specific biopolymer concentration (experiment at fixed
concentration — FC), and ii) VG stock solution was sequentially added
to a suspension of hematite NPs achieving increasing concentrations
of biopolymer (experiment at incremental concentration — IC), and stir-
ring at 500 rpm for 30 min.

2.5. Zeta potential and size measurements

Electrokinetic behavior depends on the potential at the surface of
shear between the charged surface and the electrolyte solution. This
electrokinetic, called zeta potential, characterizes the electrochemical
equilibrium on interfaces and plays an important role on the aggrega-
tive stability. It depends on the properties of liquid as well as on proper-
ties of the surface. The higher the zeta potential, the stronger the
repulsion, the more stable the system becomes (Show, 1966). The hy-
drodynamic size measured by DLS is defined as the size of a hypothetical
hard sphere that diffuses in the same fashion as that of the particle being
measured. The Z-average mean is the best value to report when used in
a quality control setting and it is the harmonic intensity averaged parti-
cle diameter. The polydispersity index (Pdi) is a dimensionless number
calculated from a simple 2 parameter fit to the correlation data (the
cumulants analysis). Values greater than 0.7 indicate that the sample
has a very broad size distribution, and values smaller than 0.05 are rare-
ly seen except for highly monodisperse standards (International
Standard I1SO13321).

Zeta potential and Z-average diameter values were determined
with a Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK) equipped with a 633 nm He-Ne laser and operating with a fixed

scattering angle of 173°. After pH was equilibrated, all solutions were
stirred at 500 rpm for 15 min before DLS measurements. Stirring time
and speed were accurately controlled for measurement reproducibility.
3 measurements of 6 sub-runs of 8 s and 3 measurements of 10 sub-
runs were done in automatic mode for size and zeta potential determi-
nations, respectively, at 25 °C. A pause of 5 s between the runs was made
in order to stabilize the system before the next measurement. Samples
were contained in a disposable polycarbonate cell DTS1060C (Malvern
Instruments, Malvern, UK). The calculated ionic power of solutions
was in the range of 0.1-0.3 « 107> M.

The time dependence of hematite NP (3.3 mg/L) size was studied by
measuring the Z-average diameter at 0, 15, 30, 60, 120 and 225 min.
Two different VG concentrations were evaluated: 0.6 mg/L and
6 mg/L. The pH value for this kinetics study was 5.5 4 0.3.

2.6. Nanoparticle tracking analysis measurements

A NanoSight LM10 (Nanosight Ltd, Salisbury, UK) with NTA was
used to determine the size distribution of the prepared dispersions.
The NanoSight is a light scattering microscopy device designed to
track colloidal particles within the size range of 30-1000 nm (Filipe
et al., 2010). All measurements were made at 25 °C, by acquiring 25
frames per second for 1 min, with a drift velocity between 326 and
1334 nm/s and camera shutter between 11 and 30 ms.

The diffusion coefficient can be measured by tracking particle by
particle, and then, through application of the Stokes-Einstein equation,
particle size (sphere equivalent hydrodynamic diameter) can be deter-
mined. NTA has probed to complement DLS technique as it allows the
direct observation of the particles, has a better peak resolution, could
be applied on both monodisperse and polydisperse systems, and it has
avery broad range of diameter ratio population without losing accuracy
(Filipe et al,, 2010).

As the NTA requires a more dilute range of concentration, each solu-
tion was diluted by a factor of 10. Although concentration can modify
the distance between particles (He et al., 2008), the VG and hematite
NP ratio was kept constant in each system, and the behavior of systems
of two polymer-hematite ratios was investigated by both DLS and NTA
techniques.

3. Results and discussion
3.1. Hematite NP characterization

Fig. 1 (aand b) shows the zeta potential and size of hematite NPs in
water dispersions (without biopolymer). Zeta potential (Fig. 1a) was
measured by increasing pH from 2 to 12. The pH value at which the
charges are neutralized (point of zero charge or PZC) was found equal
to 6.3 + 0.1. Several authors observed that the hematite PZC was
strongly dependent on the size or crystalline phase of the synthesized
NPs, and thus Fe,03 PZC were found in the range of 5.5-9.5 (Dickson
et al,, 2012; He et al,, 2008; Nidhin et al., 2012; Palomino and Stoll,
2013). These differences between PZC values were also attributed to
synthesis and storage conditions, presence of impurities, and slow
aging of the dispersions (i.e. dissolution, aggregation, precipitation)
(Cromieres et al., 2002). Such results demonstrate the importance of
systematic nanoparticle dispersion characterizations prior conducting
further experiments.

The hematite NP size was analyzed as the Z-average diameter
(Fig. 1b) and was studied by increasing (from 2 to 10) and decreasing
pH (from 12 to 4). Starting from extreme pH values, the hematite NPs
were either positively or negatively charged (according to the data of
Fig. 1a). Upon increasing or decreasing pH their size remained between
100-120 nm up to points close to the PZC region, at pH values around 5
and 8 (delimited by the gray area in Fig. 1). In this region the hematite
NP size increased up to 411 nm in the increasing pH experiment, or
up to 611 nm in the decreasing pH experiment. The increase of particle
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Fig. 1. Zeta potential measurements of hematite NPs by increasing pH (a) and hematite NP
Z-average hydrodynamic diameter studied by increasing and decreasing pH (b). The he-
matite NP (3.3 mg/L) systems were stirred for 15 min at 500 rpm after pH equilibration.
PZC: point of zero charge. The gray zone indicates the range of pH corresponding to a
zeta potential of 0 4= 25 mV. Bars represent standard deviation values.

size close to the PZC can be explained by the reduction of the electro-
static repulsive forces (weaker at this point), and consequently the
predominance of the van der Waals attractive forces (Cromiéres et al.,
2002). These results agreed with other authors who have found the
largest size of hematite aggregates in colloidal systems at pH values
between 6 and 10 (Baalousha, 2009; Tombacz et al., 2004).

As shown in Fig. 1b, the aggregation of hematite NPs is not totally
reversible: by performing titration curves from acid to alkali and vice-
versa, it was observed that when passing through the PZC, further
addition of acid or alkali promoted a limited size decrease, but up to
about 300-500 nm (instead of the original particle size out of the PZC
of about 100-120 nm). The forces that predominate during the aggrega-
tion process (van der Waals and hydrophobic) showed to be strong
enough to prevent disaggregation and compete with the increasing
electrostatic forces during the addition of acid or alkali. As shown in
Palomino and Stoll, 2013 the surface charging process and charge
inversion of the hematite NPs and aggregates are not strong enough to
re-disperse the aggregates. Z-average diameter variations were
found different starting from different pH due to the formation of
large aggregates when the PZC region was reached. As shown by
Palomino and Stoll (2013), the zeta potential was not found to exhibit
hysteresis by increasing or decreasing the pH values. This indicates
that the hematite charging process is not dependent on the aggregate
formation.

3.2. Characterization of vinal gum dispersions

Fig. 2 shows the zeta potential (Fig. 2a) and Z-average diameter
values (Fig. 2b) of a 100.0 4 0.1 mg/L dispersion particles, obtained
at increasing and decreasing pH titration experiments (from pH
values from 2 to 12 and vice-versa). The zeta potential of VG showed
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Fig. 2. Zeta potential (a) and Z-average hydrodynamic diameter values (b) of vinal gum at
100 mg/L in water as a function of pH. The systems were stirred for 15 min at 500 rpm after
pH equilibration. Black circles and gray squares represent the values obtained by a pH
titration process from 2 to 12 and from 12 to 2, respectively. Bars represent standard
deviation values.

negative values, being more negative at higher pH. This behavior
was expected, since VG is a galactomannan like guar gum (Tiraferri
et al,, 2008) and locust bean gum (Haddarah et al., 2014), which has
weak acid behavior in solution, since the main functionality are hydroxyl
groups. The pK, value of VG, obtained by titration with NaOH, was of
6.5 £+ 0.5.

The negative charges promote intermolecular electrostatic re-
pulsions between biopolymer chains. In the case of the increasing
pH titration curve this fact could lead to dis-agglomeration of
some polymer chains which were aggregated at lower pH values.
It should also be noted that the change of pH can modify the confor-
mation of polymers; for instance, a more acidic media may promote
random coil shape and aggregation of galactomannan (Mathur,
2012) hence increasing the Z-average diameter if the aggregation
process is predominant.

As stated before, by increasing the pH value, the zeta potential was
found to be more negative in good agreement with the acid-base prop-
erties of vinal gum. A certain hysteresis in the zeta potential variation
was found when increasing and decreasing the pH that could be attrib-
uted to the kinetics involved in the changes of conformation at the bio-
polymer surface, importance of aggregation effects and kinetics aspects
related to the acid—base protonation and deprotonation effects. These
changes are not instantaneous, and involve several kinds of interactions
such as electrostatic, van der Waals, and hydrophobic (Jiang et al.,
2009). On the other hand no significant Z-average diameter difference
was found between the two curves (Fig. 2b). VG showed a high Pdi of
0.65 + 0.05 in the analyzed pH range. This high polydispersion strongly
influences the Z-average values, leading to higher uncertainty in the
mean. A significant decrease of the Z-average was observed due to the
charging process of the vinal gum chains and dis-agglomeration of ag-
gregates composed of vinal gum chains.
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3.3. Hematite NP stability as a function of vinal gum concentration

The adsorption of biopolymers on metal oxide NPs modifies the sur-
face charge of the NPs and thus the zeta potential values (Mhlanga et al.,
2012). In order to study the interactions between hematite NPs and VG,
zeta potential and particle size were investigated as a function of VG
concentration at pH 5.5. This pH value was chosen with the aim of pro-
moting electrostatic interactions between positively charged hematite
NPs and negatively charged VG. The systems were prepared in two dif-
ferent ways: i) hematite NPs were added to several previously prepared
solutions at different biopolymer concentrations (experiment at fixed
concentration — FC), and ii) VG was sequentially added to a suspension
of hematite NPs achieving increasing concentrations of biopolymer (ex-
periment at incremental concentration — IC).

The obtained zeta potential and particle Z-average hydrodynamic di-
ameter values for the hematite NPs suspended in VG are shown in Fig. 3
(a and b, respectively).

Fig. 3a shows that in both experiments (incremental and at fixed
concentration) the zeta potential decreased as the concentration of VG
increased due to the adsorption onto hematite NPs. At concentrations
above 2 mg/L the zeta potential for both experiments appeared stabi-
lized and did not change with a further increment on polymer concen-
tration. However, in the FC experiment the zeta potential acquired more
negative values than in the IC experiment at VG concentrations higher
than 1 mg/L, even though hematite NPs were overcharged in both FC
and IC experiments. Comba and Sethi (2009) observed the same effect
for zero-valent iron NPs in the presence of xanthan gum, and attributed
this difference to kinetics, steric and electrostatic effects but also chain
relaxation effects related to the biopolymer adsorption on hematite
NPs in particular when IC experiments are considered. Then, it could
be proposed that less surface area is available for polymer adsorption
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Fig. 3. Zeta potential (a) and Z-average hydrodynamic diameter (b) of hematite NPs as a
function of VG biopolymer concentration at pH 5.5. The dotted lines correspond to the iso-
electric point (IEP). ¥ values obtained by hematite NP addition to a fixed concentration of
VG (FC), @ values obtained by adding incrementally VG (incremental concentration—IC)
to a suspension of hematite NPs. The hematite NP concentration in both experiments
was maintained constant at 3.3 mg/L. Bars represent standard deviation values.

as the aggregate size is increasing (IC experiment), adsorbing less VG
on the surface, being the resulting zeta potential values less negative
in IC experiment than in the FC one.

The difference between FC and IC experiments is also observed on
the Z-average diameter values (Fig. 3b). In the FC experiment, NPs
showed larger diameters than the NPs without VG (130 nm) at a VG
concentration of 0.2-2 mg/L, arriving up to 320 nm at VG concentration
of 1.5 mg/L. However, for the 2-6 mg/L range the size of NPs was con-
stant with a Z-average diameter of 184 4+ 5 nm (FC experiment). The
FC experiment shows that a 2 mg/L VG concentration is enough to pre-
vent aggregation of hematite NPs and stabilize them sterically. In this
way, the long loops and tails of the biopolymer extend out into solution
(no time for polymer relaxation), leading to steric stabilization. Tiraferri
et al. (2008) indicated that systems that are sterically stabilized tend to
remain well-dispersed even under conditions at which the zeta potential
of the surfaces is significantly reduced. These authors observed that guar
gum stabilized nanoscale zero-valent iron NPs preventing NP aggregation,
reducing the hydrodynamic radius of bare NPs (154 mg/L) from 500 to
200 nm, by using >0.5 g/L of guar gum. Baalousha (2009) also found
that disaggregation of iron oxide aggregates occurred at a given concen-
tration of humic acids due to electrostatic repulsion and steric interac-
tions. Wilkinson et al. (1997) found that the charge neutralization and
the stabilization of particles exposed to natural organic matter depended
on size, charge and rigidity of the various groups of the present organic
macromolecules. It has to be noted that the maximum Z-average diame-
ter (FC experiment) is not coincident with the isoelectric point (VG =
0.47 mg/L). In addition to the charge neutralization process, other mech-
anisms must be involved during NP aggregation, such as conformational
changes of the biopolymer leading to bridging after neutralization, or
VG-NP interactions such as hydrogen bonding, as suggested for guar
and locust bean gums (Wang and Somasundaran, 2007). In the IC exper-
iment, the hematite NP diameter increased as the VG concentration was
increased to 2 mg/L, and then it was kept constant at 250 nm up to at
least 6 mg/L of VG. This fact shows that once hematite NP aggregates
are formed, they did not disaggregate by a further VG addition (at least
in the experiment timeframe of 30 min).

Results shown in Fig. 3 (a and b) indicated that the zeta potential and
particle size of hematite NPs suspended in VG will be different if they
are added to a VG suspension than if the VG suspension is added to
hematite NPs. Such results are also found in good agreement with the
findings of Loosli et al. (2015). Using isothermal titration calorimetry
they found that the mixing procedure between TiO, nanoparticles and
alginate polysaccharide chains was playing key roles in the complexa-
tion mechanisms.

Fig. 4 shows a scheme of the potential hematite NP adsorption and
interaction with VG in both FC and IC experiments. Fig. 4a schematizes
the situation at VG concentrations lower than the stabilized size
(which is reached at about 2 mg/L, according to Fig. 3b), in both FC
and IC experiments: hematite NP aggregation is promoted through in-
teractions with polymer chains. At a VG concentration higher than
2 mg/L, the behavior is different in both experiments. In the FC experi-
ment an initially high VG concentration (2-6 mg/L) leads to stabilization
of the size of the hematite NPs (Fig. 4b). While, in the IC experiment
(Fig. 4c) further addition of VG to the already aggregated NPs does not
promote size decrease at VG concentrations higher than 2 mg/L
(Fig. 3b). Besides, the charge neutralization process of the aggregat-
ed in the IC experiment induced a less negative zeta potential than
in the FC experiments, in which the NPs are less aggregated.

The observed phenomena have important practical consequences.
For instance, hematite NPs have a different behavior depending on if
they are added to a VG suspension or VG is added to a hematite NP sys-
tem. Thus, the NP properties will depend on the preparation protocol
and mixing procedure. It has to be taken into account that the initial
physicochemical properties of the aqueous system have to be previous-
ly determined, since they strongly influence the applicability as a reme-
diation strategy.
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Fig. 4. Schematic stability diagrams of hematite NPs (black circles, positively charged) in different concentrations of vinal gum (VG, in gray, negatively charged). Hematite NPs and polymer
chain sizes are not at scale. (a) Hematite NP aggregation is promoted by charge neutralization and large aggregates are formed with VG concentration 0.2-2 mg/L for IC and FC experiments
of Fig. 3; (b) hematite NPs are stabilized by steric and electrostatic repulsion if higher concentration of VG (>2 mg/L) was initially added (FC experiment); and (c) hematite NP aggregates
remain unchanged with further addition of polymer (IC experiment at concentration >2 mg/L).
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Fig. 5 shows intensity/relative concentration vs. particle diameter of
hematite NPs (a and b) and of VG-NP mixtures (c-f), analyzed by DLS
and NTA. In Fig. 5a and b the hematite NP concentrations used were
3.3 (for DLS analysis) and 0.33 mg/L (for NTA analysis), respectively. It
should be noted that diluted samples are required for NTA analysis.
However, the hematite NP:VG ratios were maintained for both DLS
and NTA analysis. NPs (Fig. 5a and b) behave as a monodisperse system
(Pdiof 0.21 + 0.1), with maximum at 130 nm (DLS) and 80 nm (NTA).
This size difference and higher size measured by DLS is explained by the
fact that size distribution obtained by DLS is intensity weighted while
the size distribution obtained by NTA is number based.

Considering the experiment at fixed concentration (FC), two differ-
ent conditions were analyzed: VG concentration at which hematite NP
aggregation is favored (up to 2 mg/L), and at VG concentration higher
than 2 mg/L (at which the size seems to be stabilized between 150
and 200 nm, as previously discussed in relation to Fig. 3b). Fig. 5 (c-f)
shows the size distribution of hematite NP-VG mixtures in the two
mentioned conditions. Fig. 5c and d shows that at the VG concentration
where NP aggregation is promoted, the NP-VG system is quite
polydispersed (Pdi of 0.4 + 0.1) and aggregated, according to the ob-
tained size by both techniques. On the other hand, at higher concentra-
tion of VG the hematite NPs were monodispersed (Fig. 5e and f),
showing smaller diameters than in the previous situation (Fig. 5c and
d). An increment of the size of hematite NPs due to the addition of a
polymer (alginate) has been reported by Chen et al. (2006), attributed
to the adsorption of the polymer onto NP surface. NTA videos of hema-
tite NPs (Video 1) and hematite NPs at two different polymer concentra-
tions (Videos 2 and 3) were included in the additional material. At a VG
concentration of 0.5 mg/L and hematite NPs at 0.33 mg/L, a high number
of particles with fast movements could be observed (Video 3, corre-
sponding to Fig. 5f), confirming their small size. At lower concentration
of VG (0.15 mg/L) and the same concentration of hematite NPs, fewer
particles with slower movements can be seen (Video 2, corresponding
to Fig. 5d). For many applications, such as for water remediation pur-
poses, it is important that particle size remains constant over time
(Dickson et al., 2012). Thus, the aggregation kinetics of hematite NPs
is a central practical point. Z-average diameter was studied as a function
of time at two different fixed VG concentrations, as shown in Fig. 6.
These concentrations were chosen according to Fig. 3b in order to pro-
vide information of the hematite NPs at low and high VG concentra-
tions. As expected, there were no differences in the initial hematite NP
size for both systems (130 nm). The curves observed in Fig. 6 showed
two different behaviors, according to the VG concentration range.
During the first 15 min, at a VG concentration of 0.6 mg/L (close to the
isoelectric point, Fig. 3b) the NP size increased from 129 + 3 to
274 + 6 nm and then continued to undergo slow aggregation reaching

400

300

Z- average diameter (nm)

r - L) »: L) b L)
0 100 200 300
Time (min)
Fig. 6. Z-average diameter of hematite NPs (3.3 mg/L) as a function of time in the presence

of different VG concentrations: 0.6 mg/L and 6 mg/L. Bars represent standard deviation
values. Lines are only indicative.

aZ-average diameter value of 381 + 19 nm (at t = 330 min). Instead, at
a VG concentration of 6 mg/L they increased from 129 + 3 to 191 +
4 nm, they stabilized their size at 100 min and remained constant (at
about 210 nm) in all the time-frame of the experiment. Thus, at the low-
est VG concentration the aggregation was promoted as the surface
charges were neutralized, leading to hematite NP aggregation and pos-
sible bridging of the polymer chains. The hematite NPs with the higher
VG concentration had a lower global growth rate. This could be attribut-
ed to polymer adsorption and further stabilization of hematite NPs, as
previously discussed in relation to Figs. 3 and 5.

Finally, it is important to analyze an apparent discrepancy, which is
explained by the stability conferred by VG. The zeta potential at
pH 5.5 4 0.3 (Fig. 1a) is of larger magnitude for bare particles than it
is for particles coated with VG (Fig. 3a), which could lead to stronger
electrostatic repulsion and finally to a higher stability of the particle
suspensions. However, the additional stabilization conferred by VG
through direct interaction (hydrogen bonding) provoked a steric stabi-
lization, allowing the system to remain well-dispersed (Fig. 6.) even
under conditions where the zeta potential of the surfaces is significantly
reduced.

4. Conclusions

- The particle Z-average diameter and zeta potential of VG, a polymer
from non-conventional sources, was characterized for the first time
as a function of pH at low concentrations. Vinal gum showed similar
characteristics as other galactomannan gums (locust bean gum
or guar gum) being highly polydispersed (Pdi equal to 0.65 +
0.05) and having negative zeta potential values for pH values be-
tween 2 and 12.

- The aggregation and/or stability of hematite NP systems depended on
VG concentration.

- Aggregation and dispersibility of hematite NPs depend on the way of
preparation: the addition of hematite NPs to VG dispersions showed
a different behavior than the addition of VG to dispersed hematite
NPs.

- The application of hematite NPs as a remediation strategy requires
both strict control of the polymer and NP suspensions and the knowl-
edge of the target aqueous system physicochemical properties.

- Atthe lower VG concentration range (between 0.2 and 2 mg/L), aggre-
gation of hematite NPs is promoted. At higher VG concentrations
(from 2 mg/L up to 6 mg/L), hematite NPs were stabilized.

- Several phenomena seem to be involved in hematite NP interactions
with VG: steric, electrostatic, charge neutralization and inversion,
and bridging of polymer chains.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.05.134.
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