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 i  g  h  l  i g  h  t  s

Organic acids  either  stabilize  or
destabilize  oxide  nanoparticles  in
natural  waters.
The stabilizing/destabilizing  effect
depends  on pH,  salinity  and organic
concentration.
Specific configuration  of  carboxylic
groups  is necessary  to  surface  com-
plexation.
Surface complexation  leads  to  high-
affinity  adsorption  isotherms.
Higher molecular  weight  organic
acids  provide  better  stability  than
smaller  ones.
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a  b  s  t  r  a  c  t

The  adsorption  of  different  organic  acids  and  their  influence  on  the  pH-dependent  charging,  salt  tol-
erance  and  so  the  colloidal  stability  of magnetite  nanoparticles  are  compared.  Adsorption  isotherms  of
citric acid  – CA, gallic  acid  – GA,  poly(acrylic  acid)  –  PAA,  poly(acrylic-co-maleic  acid)  – PAM  and  humic
acid  – HA  were  measured.  The  pH-dependent  charge  state  of MNPs  was  characterized  by electrophoretic
mobility  and  their  aggregation  by dynamic  light  scattering.  The  salt  tolerance  was  tested  in  coagulation
kinetic  experiments.  Although  the  adsorption  capacities,  the  type  of bonding  (either  H-bonds  or  metal
ion-carboxylate  complexes)  and  so  the bond  strengths  are  significantly  different,  the  following  general
trends  have  been  found.  Small  amount  of  organic  acids  at pH  <  ∼8 (the  pH  of  PZC of  magnetite)  – relevant
condition  in  natural  waters  – only  neutralizes  the  positive  charges,  and  so  promotes  the  aggregation  and
sedimentation  of nanoparticles.  Greater  amounts  of  organic  acid,  above  the  charge  neutralization,  cause
Please cite this article in press as: E. Tombácz, et al., Adsorption of organi
and  salt tolerance, Colloids Surf. A: Physicochem. Eng. Aspects (2013), http

anoparticle stabilization
vercharging

the sign  reversal  of  particle  charge,  and  at high  overcharging  promote  stabilization  and  dispersing.  The
thicker layer  of  PAA,  PAM  and  HA provides  better  electrosteric  stability  than CA  and  GA.  GA undergoes
surface  polymerization,  thereby  improving  stabilization.  The  organic  acids  studied  here  eliminate  com-
pletely  the pH  sensitivity  of  amphoteric  magnetite,  but  only  the  polyanionic  coverage  provides  significant
increase  in  resistance  against  coagulating  effects  of  salts  at neutral  pH commonly  prevailing  in natural
waters.
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1. Introduction
c acids on magnetite nanoparticles, pH-dependent colloidal stability
://dx.doi.org/10.1016/j.colsurfa.2013.01.023

In aqueous medium, the colloidal stability of dispersed mag-
netite nanoparticles as an example of environmentally relevant
metal oxides depends sensitively on not only the pH, but also the
amount of organic acids occurring mainly in surface waters. These

dx.doi.org/10.1016/j.colsurfa.2013.01.023
dx.doi.org/10.1016/j.colsurfa.2013.01.023
http://www.sciencedirect.com/science/journal/09277757
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rganic compounds can modify the surface charge properties of
agnetite entirely or partially depending on their chemistry and

mounts adsorbed.
The macromolecular humic acids (HA) are an important fraction

f the natural organic matter (NOM) [1].  The synthetic polyacrylic
cid (PAA) is often studied as HA analogue macromolecular com-
ound. They contain mainly carboxylic acidic groups, similarly to
he citric acid (CA). The natural humic macromolecules however,
ave aromatic rings besides aliphatic parts of carbon skeleton,
nd so phenolic groups have to be also considered among acidic
unctions [2].  Gallic acid (GA) is one of the common aromatic com-
ounds having both carboxylic and phenolic groups. It is found
requently in the ester bonds occurring in several natural antioxi-
ants such as flavonoids and green tea, or as a free acid released

nto the environment. GA is a labile compound, it polyconden-
ates spontaneously under neutral pH conditions, especially in the
resence of mineral particles [3].  HA is able to form appropri-
te stabilizing layer on metal oxide particles due to its specific
ffinity to metal ions and polyionic character [4,5]. Besides our
everal years’ experience with aqueous solutions of humic acids,
heir interaction with magnetite (Fe3O4, magnetic iron oxide) has
een also studied [6,7]. The CA, PAA and PAM interactions with
agnetite nanoparticles have been recently investigated [8,9,16].

esides their environmental relevance, these are important from
iomedical application point of view. Although magnetite nanopar-
icles can be easily prepared by co-precipitation of Fe(II) and
e(III) salts in an alkaline solution, different coating layers on
he surface of particles have to be developed to prevent particle
ggregation and to improve their colloidal and chemical stability
10]. Surfactants are often used to disperse nanoparticles entirely
n an appropriate medium. Coating of single-domain magnetite
anoparticles (typical size of about 10 nm)  with a double layer
f surfactants in an aqueous medium results in stable colloidal
ispersions [11]. The coverage of particles with adsorption layer
rovides enhanced resistance against the particle aggregation. In
queous medium, electrostatic, steric or combined (i.e., electros-
eric) stabilization layers can develop [5,12,13]. The thicker coating
rovides better stability [14]. Magnetite nanoparticles were stabi-

ized with CA as a well-known complexant of Fe OH surface sites
8,15], natural polycarboxylic acid HA [6,7,8] and artificial poly-

ers polyacrylic acid (PAA) and poly (acrylic-co-maleic) acid (PAM)
9,16].

In this work we show how the pH sensitivity of amphoteric mag-
etite can be eliminated and a significant increase in the resistance
gainst salt can be reached by coating iron oxide nanoparticles
ith the above polyanionic acids. The binding of the polyacids

o magnetite surface was studied in adsorption experiments and
he charging and aggregation of the particles in electrokinetic and
ynamic light scattering measurements. We  compared the effect of
he adsorption of the different organic acids on the pH-dependent
harging, salt tolerance and so the colloidal stability of magnetite
anoparticles. Some of the results used here can be found in our ear-

ier publications [6–9,16], together with the detailed discussions on
he mechanisms of adsorption. Therefore, we do not intend to go
nto those details, but we use our earlier conclusions to support
he findings of the present comparative study on the stabilizing
fficiencies of small and large molecular organic acids.

. Experimental

.1. Materials
Please cite this article in press as: E. Tombácz, et al., Adsorption of organi
and  salt tolerance, Colloids Surf. A: Physicochem. Eng. Aspects (2013), http

Synthetic magnetite (Fe3O4) was prepared by alkaline hydroly-
is of iron(II)- and iron(III)-salts. The method was used to prepare
uperparamagnetic magnetite with particle size below 10 nm.  The
 PRESS
icochem. Eng. Aspects xxx (2013) xxx– xxx

details of preparation and the characterization of magnetite itself
can be found in the papers published before [7,17,18,19].

Reagent grade citric acid (CA) and gallic acid (GA), and the
polyelectrolytes polyacrylic acid (PAA, Mw = 1800 DA) and poly
(acrylic-co-maleic) acid (PAM, Mw = 3000 DA, 50 wt.% in H2O) were
purchased from Sigma–Aldrich.

Humic acid (HA) was obtained from brown coal (Tatabánya,
Hungary) by a traditional alkaline extraction procedure using 0.1 M
NaOH solution. The ash content of raw HA was reduced by HF/HCl
treatment below 1%. The dried, ground HA was extracted with
benzene/ethanol in a Soxhlet apparatus for 72 h to remove tar
components. Na–humate solution was  prepared from the dried
HA sample dissolved in a calculated amount of NaOH equivalent
to the total acidity of HA measured by potentiometric titration
[6]. The amount of humic acids in moles cannot be given, because
the molecular weight of these natural materials is undefined due
to their polydisperse and fractal nature [1].  Because mainly the
acidic functional groups (carboxyl and phenolic OH) take part in
the complexation reactions and adsorption processes, it is straight-
forward to express the amount of HA in relation to the amount
of these groups. The whole amount of the acidic groups related
to the unit mass of HA (i.e., the total acidity of the sample) was
3.5 mmol/g, which was used to give the concentration of HA solu-
tions in mmol/L unit. The amount of the other two polyelectrolytes
PAA and PAM (Mw �3000 Da for both) was related to the num-
ber of carboxylic groups in the monomer units: COOH/AA = 1 and

COOH/AM = 3. The molar weights of the monomers are 72 (AA)
and 188 (AM) g/mol. We  did not use the amount of carboxylic
groups to express concentration in the case of small molecules CA
and GA, because their molecular weight is exact and it allows to get
a clear molecular picture of the interactions.

NaCl, HCl and NaOH, used to set the pH and ionic strength,
were analytical grade products of Reanal (Hungary). Milli-Q water
was used. All experiments were performed at room temperature
(25 ± 1 ◦C).

2.2. Methods

2.2.1. Adsorption
The adsorption isotherms of the polyacids at pH �6 and con-

stant salt concentration of 0.01 M NaCl were determined by batch
method. The magnetite suspensions (1–20 g/L) were equilibrated
with the series of polyacid solutions up to 10 mmol/L concentra-
tion in closed test tubes for 24 h at room temperature. The pH
was adjusted to 6.5 ± 0.1 by adding small portions of either NaOH
or HCl solutions and checked after adsorption time for 24 h. The
equilibrium concentrations were determined by measuring the
absorbance of supernatants at 260 nm (GA), 450 nm (HA) or the
differential absorbance at 223 and 250 nm (PAA and PAM) in an
USB4000 spectrometer (Ocean Optics) after perfect separation of
the solid particles by centrifuging at 13000 rpm for 1 h. At higher
polyacid concentrations the separation was assisted by a perma-
nent magnet and membrane filtration (0.22 �m MILLEX-GP). The
equilibrium concentration of CA was determined by cerimetric
titration using ferroin indicator [15].

2.2.2. Electrophoretic mobility measurement
Electrophoretic mobilities of the pure (naked) and the polyacid

coated magnetite samples were measured at 25 ± 0.1 ◦C in a dispos-
able zeta cell (DTS 1060) of NanoZS (Malvern, UK) apparatus. The
settings of the instrument were checked by measuring a standard
latex sample with the zeta potential of �55 ± 5 mV.  The measure-
c acids on magnetite nanoparticles, pH-dependent colloidal stability
://dx.doi.org/10.1016/j.colsurfa.2013.01.023

ments were performed under optimal scattering condition (�105

counts per second) applying either 0.05 or 0.1 g/L magnetite con-
tent depending on the aggregation state of the dispersions. The
range of pH was  between �3 and �10. The measurements were

dx.doi.org/10.1016/j.colsurfa.2013.01.023
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Fig. 1. Adsorption isotherms of carboxylic acids on magnetite nanoparticles mea-
sured at pH �6–6.5 and 0.01 M ionic strength. The enlargement of the HA isotherm
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tarted after one hour equilibration time. In one series of experi-
ents the effect of the added amounts of polyacids (expressed as

he amounts of acidic groups for HA, PAA and PAM) up to 0.6 mmol
elated to 1 g magnetite was measured at pH �6. Then, the pH-
ependence was investigated in the presence of various selected
mounts of polyacids ranging from 0.05 to 1.8 mmol/g. The exper-
ments were performed at constant ionic strengths 0.005 M (CA),
.002 M (HA) and 0.01 M (GA, PAA and PAM) set by NaCl.

.2.3. Particle sizing – dynamic light scattering (DLS)
Measurements were performed using a NanoZS apparatus

Malvern, UK) with a He-Ne laser (� = 633 nm), operating in
ackscattering mode at angle 173◦. The stock sol of magnetite par-
icles was diluted with NaCl electrolyte to achieve 0.1 g/L solid
ontent. The pH of the systems was adjusted in the range of 3–10,
easured directly before placing the sample in the measuring cell.

he pH-dependent particle aggregation was measured at constant
onic strength, 0.005 M (CA), 0.002 M (HA) and 0.01 M (GA, PAA and
AM), set by NaCl. The stabilizing effect of the adsorption of poly-
cids was investigated at different added amounts of them similarly
o that in the electrophoretic mobility measurements. All measure-

ents were performed at a given kinetic state achieved by 10 s of
ltrasonication followed by 110 s of relaxation. The average val-
es of the hydrodynamic diameter were calculated from 3rd order
umulant fits of the correlation functions.

.2.4. Coagulation kinetic measurement
The salt tolerance of stabilized magnetite nanoparticles was

ested in coagulation kinetic measurements by using Zetasizer
 (Malvern, UK) apparatus. NaCl concentration was changed
radually from 0 mM to 1000 mM at pH �6. The magnetite sol con-
entration to achieve optimum scattering and diffusion conditions
as 0.0025 g/L. The DLS method was used to follow the size evolu-

ion of aggregates in time. The coagulation rate was  calculated from
he slope of kinetic curves as explained before [7,12].  The stability
atio (W)  was calculated from the initial slopes of kinetic curves
elonging to the slow and fast coagulation as suggested in litera-
ure [20,21].  To ensure the onset of fast coagulation regime, at least
hree different, instantly coagulating concentrations of NaCl were
pplied. The critical coagulation concentration (CCC) was  deter-
ined from the log10 W versus log10 cNaCl (NaCl concentration)

unction. In a typical experiment, changes in the hydrodynamic
iameter (Z-average values, Zave) were monitored for an hour with

 time resolution of 2 min.

. Results and discussion

.1. Adsorption of carboxylic acids on magnetite nanoparticles

The adsorption isotherms of the different low and high molecu-
ar weight carboxylic acids are seen in Fig. 1. The adsorbed amounts
epresent mmoles of CA or GA per g of MNP, and mmoles of COOH
roups per g of MNP  for the polyelectrolytes, and thus only the fea-
ure of the isotherms is directly comparable. All the isotherms, with
he exception of PAA, are of H-type, meaning that the adsorption
s of high affinity. This is explained [22] by either the cooperative
nteractions occurring between the many functional groups of the

acromolecules and the surface sites of the MNPs or the intrin-
ic high affinity of the individual carboxyl groups to the surface
ites. We  have proven the formation of direct metal–carboxylate
urface complexes in the case of CA, PAM and HA [6,8,15,16],  and
nly H-bonding in the case of PAA [9]. The results suggest that
Please cite this article in press as: E. Tombácz, et al., Adsorption of organi
and  salt tolerance, Colloids Surf. A: Physicochem. Eng. Aspects (2013), http

urface Fe–carboxylate complex bonds can form when the geo-
etric arrangement of the neighboring carboxyl groups matches

he distance between surface Fe–OH sites. We  have found that
arboxylic groups belonging to neighboring carbon atoms in CA
is  seen in the inset. (The amount of the macromolecular polyacids (HA, PAA and
PAM) was related to the moles of acidic groups. The lines are drawn to guide the
eyes.)

and in the carbon backbone of PAM and HA can take part in such
interaction. The neighboring carboxylates in PAA belong to every
second C atom of the backbone of polyacid chain, a geometrically
unfavorable condition for Fe–carboxylate formation.

In the case of GA, the high adsorption affinity can result from
�–electron interactions with the polar surface of the MNPs, as well
as from complex bond formation at Fe–OH sites with the partici-
pation of two neighboring phenolic OH groups of GA [23]. It should
be noted that although the shape of the PAA, CA and GA isotherms
may  look somewhat similar at low equilibrium concentrations, the
high-affinity part is definitely absent from the PAA isotherm. The
latter is a clear indication that the mechanism of PAA adsorption is
different from that of CA and GA. The adsorption of PAA, PAM and
HA reaches definite plateau region at the adsorbed amounts of �0.6
[9], �0.9 [16] and �0.85 mmol/g, respectively. The full isotherms of
PAA and PAM adsorption (up to their equilibrium concentration of
�8 and �7 mmol/L, respectively) are seen in Refs. [9] and [16]. On
the contrary, once the high-affinity adsorption limit (�0.1 mmol/g)
has been exceeded, the adsorption of both CA and GA increases
linearly without leveling off at a plateau value. The linear increase
in the adsorbed amounts is probably connected with the polymer-
ization of the molecules in the adsorption layer. It is well known
that GA polymerizes easily in solution [24]. After its adsorption, the
polymerization continues with an even greater rate at the surface
as well [3].  Regarding the linear part of the CA isotherm, our pre-
liminary studies clearly indicate the appearance of C O vibrations
in the FTIR spectra belonging to ester groups; the results being pub-
lished in a forthcoming paper on the adsorption mechanism of CA
and GA.

3.2. The effect of different organic acids on particle charge of
magnetite

The addition of carboxylic acids to the MNP  dispersions at
pH �6.5 and I = 0.01 M had a pronounced effect on the electrokinetic
potential of the particles, as seen in Fig. 2. During the adsorption,
the polyacids CA, HA, PAM and PAA take negative charges to the
c acids on magnetite nanoparticles, pH-dependent colloidal stability
://dx.doi.org/10.1016/j.colsurfa.2013.01.023

surface in excess of that necessary to neutralize the original pos-
itive charges of the magnetite at the given pH and ionic strength.
The amount of carboxylic acids at the point of charge neutralization
(the zero value of the electrokinetic potential, a kind of isoelectric

dx.doi.org/10.1016/j.colsurfa.2013.01.023
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Fig. 2. Effect of the addition of carboxylic acids on the electrokinetic potential of the
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NPs, measured at pH �6–6.5, and at I = 0.01 M.  (The amount of the macromolecular
olyacids (HA, PAA and PAM) was related to the moles of their acidic groups. The

ines are drawn to guide the eyes.)

oint – IEP) is nearly the same for all the four macromolecular poly-
cids; the small deviations are within the inaccuracy range of the
easurements (±5 mV,  Section 2.2.2). According to our conception,

hese amounts are the actual moles of COO− groups linking the
olyacids to the surface sites. Further adsorption of the polyions

n excess of surface charge neutralization causes charge reversal of
articles. Addition of GA, a monocarboxylic acid, should not induce
harge reversal, if the carboxylic group becomes coordinated or
lectrostatically attached to the surface. The changes in the elec-
rokinetic potential of MNPs with increasing GA adsorption are very
imilar to that of the polyacids, meaning that GA adsorption neu-
ralizes and overcharges the MNPs. This single fact shows that the
arboxylic groups of GA are not involved directly in GA bonding
o MNPs, which is in line with the findings in Ref. [23]. The elec-
rokinetic potential of the GA-coated MNPs changes with time, as
t is presented in Fig. 3. This unique behavior indicates that surface
olymerization of GA proceeds, leading to the increasing thickness
f the coating shell and the decreasing absolute values of electroki-
etic potential. We  will give a detailed analysis of the adsorption,
urface polymerization and stabilizing effect of GA on MNPs in a
Please cite this article in press as: E. Tombácz, et al., Adsorption of organi
and  salt tolerance, Colloids Surf. A: Physicochem. Eng. Aspects (2013), http

orthcoming publication.
We  have also studied the stability of the dispersions in the

unction of the added amount of the carboxylic acids by mea-
uring the size of the primary particles and aggregates in DLS

ig. 3. Time-dependence of the electrokinetic potential of GA-coated MNPs. (The
ines are drawn to guide the eyes.)
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experiments. The results show that MNPs aggregate at pH �6.5
and 0.01 M ionic strength and the hydrodynamic diameter of the
aggregates is �300 nm.  The size of the aggregates increases with
addition of small amounts (0.1–0.2 mmol/g) of carboxylic acids up
to d �1000 or even to �2000 nm.  Larger amounts of each polyacid
decrease the hydrodynamic diameter down to the size of the pri-
mary MNPs (around 100 nm)  measured for the uncoated particles at
pH<5, well below the IEP of naked MNPs (pH �8 [8]). Thus, all car-
boxylated coatings can stabilize the individual MNPs at the most
common pHs generally prevailing in environmental waters.

3.3. The effect of small and macromolecular organic acid coating
on the pH-dependent charge state and aggregation of magnetite

We have examined the stabilizing effect of the different car-
boxylic acids in terms of the breadth of the pH range, in which the
coated nanoparticles are dispersed individually in a colloidally sta-
ble state. As it is seen on the left side in Fig. 4, the IEP of MNPs shifts
from pH �8 to lower pH values upon addition of 0.1 mmol/g of all
carboxylic acids. At their higher added amounts (1.2–1.8 mmol/g,
right side in Fig. 4) the electrokinetic charge of the coated particles
was principally negative in the whole range of pH studied here. In
the presence of the small molecules CA and GA, the IEP shifted to
pH �3, and so the pH-range of their stability is narrower than that of
the polyacids. The size of the particles (individual and aggregated)
was measured in DLS experiments in parallel with the electroki-
netic potential measurements, to support that aggregation occurs
near the IEPs.

The pH-ranges of aggregation are shown in Table 1 together with
the IEP values. The results show that the pH-dependent stability
shifts in parallel with IEP in each case, the differences are only in
the amounts that can completely mask the original amphoteric fea-
ture of magnetite. In addition, small deviation has been found in
the average hydrodynamic sizes of particles covered by different
organic acids due to the difference in the structure and thickness of
the adsorbed layers. High molecular weight polyelectrolytes gen-
erally led to larger values of hydrodynamic diameter than smaller
molecules, for example, �150 nm for PAA and PAM [16,19], as com-
pared to �100 nm for CA and GA stabilized systems, measured in
dynamic light scattering experiments.

3.4. Salt tolerance of different carboxylated magnetite
nanoparticles

Salt tolerance of the MNPs coated with different amounts of
carboxylic acids was measured at pH �6.5 in coagulation kinetics
experiments. We  observed that the critical coagulation concen-
tration (CCC) of the coagulating NaCl electrolyte increases with
increasing amount of carboxylic acid, if the IEP of the actual car-
boxylic acid coated MNP  is lower than pH �6.5. In the case that
the added amount of carboxylic acids is insufficient to decrease IEP
well below pH �6.5, the CCC does not increase compared to that of
the naked MNPs. At low coverage, the partially covered (i.e., deco-
rated) particles can aggregate because of the electrostatic attraction
between the oppositely charged uncoated and coated patches on
the particle surfaces [7,25].  The highest attained values of CCC and
the respective amounts of added polyacids are collected in Table 2.
It is seen that the small molecules CA and GA cannot stabilize the
MNPs at neutral pH to resist higher salt concentrations, despite the
approximately identical values of electrokinetic potentials (within
the range of −35–−55 mV  at pH �6.5, right side of Fig. 4). On  the
contrary, the thicker coating shells prepared with macromolecular
c acids on magnetite nanoparticles, pH-dependent colloidal stability
://dx.doi.org/10.1016/j.colsurfa.2013.01.023

polyelectrolytes PAA, PAM, HA and the surface polymerized PGA
enhance the salt resistance equally up to CCC �500 mM.

It is worth mentioning that there are hardly any publica-
tions giving CCC values for colloidal particles, relevant for the

dx.doi.org/10.1016/j.colsurfa.2013.01.023
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Fig. 4. Shifting in the values of the electrokinetic potential of the MNPs due to the addition of small (left side) and large (right side) amounts of carboxylic acids, measured
at  different pHs and at I = 0.01 M.  (The lines are drawn to guide the eyes.)

Table 1
Effect of the quality and added amounts of carboxylic acids on the IEP and the pH-range of aggregation of MNPs.

Carboxylated coating agents Added amounta (mmol/g) pH of IEP pH-range of aggregation

CA 0.13 6.0 4.5–9.5
0.65 3.0 <4.5

GA 0.02  6.8 <9
0.1  4.8 <7.5
0.6  4.2 <6
1.8  2.7 <5.2

PAA 0.1  6.5 4–7
0.48 3.8 3.5–5.5
1.15 3.0 <3.5

PAM 0.1  6.2 3.5–8.5
0.47 3.5 <5
1.3  2.5 <3.5

HA 0.08  4.3 3.5–8.5
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a The added amount of HA, PAA and PAM was related to the moles of their acidic

agnetite/polyelectrolyte systems studied here. In the paper of Hu
t al. [26] the CCC value of magnetite nanoparticles is given in the
resence of 20 mg/g of humic acid at pH 9.8 as 125.5 mM (NaCl).
t this high pH, the magnetite itself had considerable electrostatic
tability with CCC = 23.8 mM NaCl (for comparison, CCC = 1 mM
aCl at pH �6.5 in our experiments) and the charge of both MNPs
nd HA is negative. Correspondingly, the adsorbed amount of the
umate must be low, i.e., restricted to the specific effects only
e.g., Fe–carboxylate surface complex formation), which are hardly
ffected by pH. Of course, the probability of close contact of HA
arboxylates and Fe OH groups on MNP  surface, thus the chance
f complex formation, is reduced by the increased electrostatic
Please cite this article in press as: E. Tombácz, et al., Adsorption of organi
and  salt tolerance, Colloids Surf. A: Physicochem. Eng. Aspects (2013), http

epulsion at pH 9.8. Unfortunately, the authors did not provide
dsorption data. Nevertheless, even under electrostatically unfa-
orable conditions, the stabilizing effect of HA on MNPs has been
hown.

able 2
CC values of uncoated and coated MNPs, measured at pH �6.5.

Polyacids@MNP Added amounta (mmol/g) Approx. CCC NaCl, (mM)

Naked MNP  0 1
CA@MNP 0.3 70
GA@MNP 2 20b

PAA@MNP 1.12 500
PAM@MNP 1.18 500
HA@MNP 1.5 500
PGA@MNP 2 500c

a The added amount of HA, PAA and PAM was related to the moles of their acidic
roups.
b Measured after 1 h standing.
c Measured after 2 weeks standing (while GA surface polymerization took place).
3.2 <3

s.

7. Conclusion

The colloidal stability of magnetite as an example among
the environmentally relevant iron oxides dispersed in aqueous
medium depends sensitively on not only the pH, but also the
amount of organic acids such as humic acids occurring mainly in
surface waters. These polyanionic organic complexants can modify
the surface charge properties of magnetite entirely or in a certain
degree depending on their amount adsorbed.

The adsorption of different organic acids and its effects on the
pH-dependent colloidal stability and salt tolerance of magnetite
nanoparticles were studied. The adsorbed amounts were given in
the molar amount of acidic groups per unit mass of iron oxide
for macromolecular acids HA, PAA, PAM and PGA. This approach
made the quantitative comparison of the amounts of acidic groups
of large organic acids (both the well, and the undefined poly-
electrolytes) in the adsorbed layer with the amount of surface
charge of magnetite practicable. Thus, the charge neutralization
and charge reversal could be interpreted on chemical bases. The
specific chemical feature of the interacting partners has to be con-
sidered, because chemical reactions take place at the electrified
interface, i.e., the functional groups of organic acids interact with
the charged/uncharged surface sites of magnetite. The exact feature
of the specific interactions depends definitely on the geometry of
complexing groups of organic molecules.

Trace amounts of the organic acids can destabilize magnetite
c acids on magnetite nanoparticles, pH-dependent colloidal stability
://dx.doi.org/10.1016/j.colsurfa.2013.01.023

dispersions, while their high loading masks the original surface
properties of magnetite and improves colloidal stability and salt
tolerance of dispersions. Trace amounts of CA, GA, PAA, PAM or
HA only neutralize the positive charges of magnetite at pH lower

dx.doi.org/10.1016/j.colsurfa.2013.01.023
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han its pH PZC �8, and so promote aggregation between the parti-
les having both positive surface sites and negative patches coated
y the organic polyanions. These conditions, i.e., fine iron oxide
articles dispersed in water with neutral or slightly acidic pH and
nly trace amount of organic acids dissolved in it, are relevant in
atural waters. In the presence of greater amounts of polyacids
above the adsorption saturation) however, the surface coverage
f magnetite becomes complete causing a sign reversal of particle
harge and overcharging of nanoparticles. The thicker layer of the
acromolecular coating shell provides better electrosteric stabil-

ty than that formed from the small molecules of CA or GA. It has
een proved that the pH sensitivity of amphoteric magnetite can
e completely eliminated by both small and large molecular stabi-

izers, but only the macromolecular coverage of particles increases
ignificantly in the resistance against salt at neutral pH commonly
revailing in natural waters. One additional interesting finding is
hat apparently there is no correlation between the stabilizing effi-
iency of the carboxylic acids and the concentration of the fully
issociated carboxylic groups.
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