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THE ROLE OF CHARGE REVERSAL OF IRON ORE TAILING SLUDGE ON THE FLOCCULATION TENDENCY

OF SEDIMENTS IN MARINE ENVIRONMENT
ABSTRACT

In the mining industry, tailings are conventionally stored in artificial ponds that are susceptible to
ruptures, as occurred in Southeast Brazil in November 2015. The Fund3do failure dumped
approximately 40 million m® of very fine iron-rich tailing material into the Doce River watershed,
where part reached the adjacent continental shelf. Part of the spilled material remained suspended
in the water column after reaching the ocean. Zeta potential measurements (pH and salt
dependence) were conducted to verify the flocculation tendency of suspensions. Surface sediment
samples were collected in areas representative of key stages of tailings transport through the river
and subsequent deposit on the continental shelf. A surface sediment sample from the continental
shelf prior to the failure was used as a control. Previously published data suggested an influence
from goethite on the flocculation of samples containing iron ore tailing sludge. Here we show that
although a flocculation tendency was observed under influence of salts, the presence and quantity of
iron oxyhydroxide were determinant in the flocculation pattern of contaminated sedimentary
samples. Only sediment from the continental shelf before the mining dam breach exhibited classical
zeta potential behavior dependence on pH and salinity expected in natural sediments containing clay
minerals. Sediments contaminated with the iron ore tailing sludge displayed a clear influence of

goethite on their zeta potential.

Key words: flocculation, Doce River, iron ore, zeta potential, iron oxyhydroxide.

1 INTRODUCTION
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tailings generated by mega-scale mining operations. In many cases, tailings are conventionally stored
in artificial ponds or dams that are susceptible to accidental discharges and ruptures. A number of
associated environmental issues pose significant risks to the human population in the surrounding

areas (Wang et al., 2014).

In Brazil, one of the most important mining companies is Samarco Mineragdo S.A., that specializes in
processing itabirite. Itabirite is an ore with low iron content and fine grain size, composed primarily
of quartz and hematite. The quartz is undesirable and removed, leaving a residue after treatment
that has approximately 57% iron content (Pires et al., 2003). This residue is a fluid of fine mineral
tailings which consists of a mixture of by-products of waste generated by the recovery of minerals,
metals and other ore resources that pass through a selective extraction and processing to form the
tailings stream. After processing the itabirite, two products are generated by Samarco Mineragado
S.A.: a concentrate, which is transported via pipeline for shipment, and a tailing sludge (residue) that
is deposited in dams. In the dams, the solids and process fluids separate by gravity after a long
sedimentation time that promotes the formation of gels resistant to consolidation. This gel also binds

a significant volume of process water (Wang et al., 2014).

In November 2015, a mining dam failure dumped approximately 40 million m?® of very fine iron-rich
tailing material into the Doce River watershed and onto the adjacent continental shelf of Southeast
Brazil. Settling column experiments (Grilo et al., 2018) conducted after the mining dam breach
demonstrated different properties and behavior of flocs between natural sediment samples and
those contaminated by the iron ore tailing sludge. The presence of smaller and more porous flocs in
the latter was explained by a very fine fraction of clay and/or a metallic coating. Santos and Brand3o
(2003) studied a dam at the same iron ore processing complex and showed that the extensive

presence of goethite in the residue generates a fine porous material (96 % < 2 mm, with the largest
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during reverse cationic flotation (Nakhaei and Irannajad, 2018), where goethite is considered to be a
sludge generator and therefore is removed in desliming process followed by its deposition in the dam

(Totou et al., 2011)

Nanoparticles such as iron oxyhydroxides from the dam breach may lead to serious environmental
risks if they have a long residence time in the water column. Their aggregation with native
components (clays, organic matter and plankton) and ingestion by organisms (plankton and nekton)
and subsequent transport and deposition will have a strong biogeochemical impact (Darland and
Inskeep, 1997; Ju-Nam and Lead, 2008; Lin et al., 2010; Qafoku, 2010). The nanoparticles’ unique
physical and chemical properties, due to their high surface area to volume ratio and nanoscale size,
leads to their transport over large distances, persistence and bioavailability in the environment, all
essential parameters to be considered in risk assessment and management (Wiesner et al., 2009).
Changes in size due to their aggregation can also significantly alter transport potential as well as their
reactivity, toxicity and bioavailability properties (Klaine et al.,, 2008; Xu et al., 2015). The
nanoparticles that aggregate will settle and be less prone to dispersion, while the sorbent mineral
will act as a sink for metal ions. Subsequently, changes in the pH and redox conditions make the
sorbent mineral work as a chronic source of metal ions for the aqueous environment (Smith, 1999).
Nanoparticles can also be ingested by organisms and potentially enter the food chain (Wiesner and
Bottero, 2007). Assimilation and toxicity of metals in marine environments is dependent on the
oxidation state of the metal and its tendency to form complexes with ligands (Domingos et al., 2015),
where metal-carbonate complexes are an example of the effect of ligands on metal assimilation
(Rahmana et al., 2014). A better understanding of the transport and deposition of the sorbent
nanoparticles in regions near coral reefs and rhodolith banks, such as on the continental shelf near

the Doce River, is therefore crucial.
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their stability (Breeuwsma and Lyklema, 1973). The behavior of metals in agueous media is very
complex, as ions can undergo a series of chemical reactions and change their speciation according to
the pH of the solution. This results in chemical products having a high reactivity with clay particles.
The increase in the ionic concentration of metal ions in solution results in a decrease of the repulsive
interactions. When in excess, these ions induce a charge reversal on the surface of the particle,
(Hunter and James, 1992; Ma and Pierre, 1997; Wang et al., 2014), resulting in a stable suspension,
which was observed in settling column experiments by Grilo et al. (2018). A critical review and
evaluation of deposition and aggregation behavior of nanomaterials in aquatic systems under
favorable and unfavorable conditions (Petosa et al., 2010) noted that conditions favoring particle-
surface interactions (i.e. non-repulsive interactions) promote aggregation and may enhance density,
resulting in deposition. While hematite is a dense and compact iron oxide of higher density, goethite
has a hydrated and porous form that might result in lighter particles. Both goethite and hematite
minerals exhibit variable charge, resulting in a greater reactivity relative to clay minerals (Antelo et
al. 2005). After entering the aquatic environment, the composition of fluid fine mineral tailings will
evolve with respect to the water chemistry and presence of other suspended particles. The stability
of colloidal suspensions in the presence of an electrolyte solution can be described by the Derjaguin,
Landau, Vervey, and Overbeek (DLVO) theory (Derjaguin and Landau, 1941; Verwey, 1947). While an
attractive van der Waals force allows the particles to flocculate, the Coulombic forces between
colloidal particles of same charge are repulsive. The relative strength between these forces will
determine the stability of the suspension (i.e. if particles will aggregate or not). Non-DLVO forces also
play an important role in the aggregation and deposition of colloidal particles. Some nanoparticles
can contain hydrophilic material, functional groups or biomolecules on their surfaces that can trap

significant quantities of water (Petosa et al., 2010) that may increase the mutual repulsion between
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and behavior of suspensions, cohesion of aggregates, physical properties of tailings (viscosity and
yield stress) as well as the consolidation and permeability of the bottom sediment. The zeta potential
is a measure of the magnitude of repulsion or attraction between particles. The magnitude of the
zeta potential is an important criterion in determining the stability of colloidal systems of charged
particles. The isoelectric point (IEP) and the point of zero charge (PZC) correspond to the pH of a
suspension in which amphoteric particles have a neutral charge. While the IEP determines the charge
of the outer surface of the particles in solution, i.e. the pH value at which particles are
electrokinetically uncharged (Everett, 1972), the PZC represents the total value, i.e. the charge of
both the inner and outer surfaces (Menéndez et al., 1995). The IEP is defined by electrokinetic
measurements (Kosmulski, 2016) and corresponds to the charge at the plane of shear. Thus, the pH
corresponding to the IEP also corresponds to the PZC, where the particle has no charge. The PZC can
also be reached by addition of salt. In that case, there is no IEP (i.e. the surface of the particle
remains charged), but the concentration of counterions behind the plane of shear is such that they
compensate for the surface charge. At the PZC, the particle appears uncharged even though it is
charged, the zeta potential is zero, and the suspension unstable, as particles can then easily
flocculate and consequently settle. The PZC can be reached either by adjusting the ionic strength of
the suspension, in which case the surface charge of the particle is (for a given ionic strength) fully
screened by counterions from the added electrolyte, or by adjusting the pH, in which case the
surface charge of the particle is modified so as to carry no net charge (for a given pH). From DLVO
theory, it can be estimated that the flocculation occurs for zeta potential values between +25 and -25
mV (Hunter et al., 1981). If particles are anisotropic with different surface charge groups and non-
DLVO forces can play a role, these boundary values of +25 and -25 mV are subject to change and

should be used with caution (Chassagne et al., 2009).
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delayed flocculation (Grilo et al., 2018). The focus of this work is to explore and define how the
electrochemical properties of particles coming from the mining breach may be influencing the
delayed flocculation and settlement of material exported by the Doce River after the iron ore dam
breach. The marine area adjacent to the river mouth is known as favorable to flocculation. A
depocenter was already documented (Quaresma et al., 2015). The data presented here reinforce the
influence of the tailing sludge on the behavior of fine material when it enters the marine

environment.

Zeta potential measurements were conducted to verify 1) if iron ore tailing sludge is promoting
delayed flocculation due to the great abundance of iron oxyhydroxide in the composition; 2) if
delayed flocculation is dependent on salts and/or pH differences between the fluvial Doce River
environment and marine waters; and 3) if the new particles coming from the iron ore tailing sludge
aggregate with the natural sediment. The measurements were performed by varying pH and using
multiple electrolyte solutions at several ionic strengths. The pH and salinities used are representative
of environments in which the spilled material can be found along the Doce River and adjacent
continental shelf. Zeta potential analysis was also performed with pure synthetic goethite (PS
goethite) suspensions to serve as an iron oxyhydroxide reference due to the great abundance of
goethite in the iron ore tailing sludge (Santos and Brand3o, 2003; Pires et al., 2003; Quast, 2012;). A
sample from the continental shelf prior to the mining dam failure was used for comparison purposes

as a control.

2 MATERIALS AND METHODS

2.1 Sampling and background information
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analysis. Sampling sites are presented in Figure 1; their respective particle size distributions for the
mud fraction (< 63um) of bottom sediment samples are presented in Figure 2 (further detail in Grilo

et al., 2018).

The Mining Dam (MD) sample is considered to be representative of the iron ore tailing sludge end-
member, while the Continental Shelf 1 (CS 1; before dam breach) represents the end-member
without the iron ore tailing sludge input (sampled before the dam breach). The Doce River bed
sediment sample (RV) represents the mixture between the iron ore tailing sludge and riverbed
sediment prior to the rupture of the dam before entering the marine environment; sampling
occurred after the iron ore tailing sludge input. The influence of the dam breach on the continental
shelf sediment is represented by the differences between CS 1 and Continental Shelf 2 (CS 2; after
the breach), where the latter contains a mixture of sediment (and tailing sludge) exported by the
Doce River before and after the mining dam breach. Flocculation tendency of these same samples in
settling column experiments are also presented in Grilo et al. (2018), where authors identified minor

flocs and slower settling velocity for RV sample.

The historical average of pH for the Doce River is = 7, but during the “mud tide” (mix of mud and iron
tailing sludge transported downstream) was variable; at some points it reached values near 6
(Instituto Mineiro de Gestdo de Aguas, 2016). pH values from an ongoing monitoring has registered
an average of 7.39 + 0.34 for fluvial waters before reaching estuarine area and an average of 7.44 +
0.38 at the estuary mouth (Fundacdo Renova, 2019). pH values for coastal waters at adjacent
continental shelf usually range between 7.5-8.45 (MMA, 2006) and presented an average of 8.48 +
0.19 in a monitoring during December 2015 (Golder, 2017). Marine water has not been observed in
proximity to the RV sediment sample site; its salinity is of fluvial water (0.25 + 0.32; Fundacio

Renova, 2019). Mineralogical analysis of the sediment indicates the presence of goethite, kaolinite,
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PS (Pure Synthetic) goethite was prepared based on Villacis-Garcia et al. (2015). Briefly, a 0.5 M
solution of Iron (lll) nitrate nonahydrate ((Fe(NOs);-9H,0) in water was prepared. To this solution, 2M
KOH was added at a rate of 10 ml/min until the pH reached 12. The precipitated slurry was aged for
60 hours in an oven at 60°C. The slurry changed color from orange-brown to ochre during ageing. The
precipitate was washed with demi-water and filtered through a 0.45 um Miillipore filter for PS
goethite recovery. A stock PS goethite nanoparticle suspension was prepared by diluting PS goethite
with demi-water (pH 6.5). All suspensions (PS goethite and sediment samples) were sonicated for 5
min prior to measurement. All chemicals used in experiment were high-quality grade from Sigma-

Aldrich.

2.3. Zeta potential measurements

The electrophoretic mobility of the suspensions was measured by Doppler velocimetry using a
Zetasizer Nano ZS (Malvern Panalytical). Three different samples and over 10 subruns for each
sample were performed which led to an average deviation of + 3 mV. Complementary zeta potential
measurements as a function of time were done by electrophoresis, using video microscopy
(Zetameter ZetaCompact, CAD Instruments). The zeta potential values were acquired in suspensions
at 9 different pH values (ranging from 2 to 10), adjusted by adding acid (HCI) or base (NaOH) and with
monovalent (NaCl and KCl) and divalent (MgCl, and CaCl,) salts. The pH was measured using pH
indicator paper (pH range 0-14, non-bleeding; Whatman), having an accuracy within one pH value.
Electrolyte solutions were prepared with demi-water (conductivity < 10 uS/cm; pH 6). A dilution of
the bulk sediment of each sample was made until the desired sediment concentration was achieved.
Directly afterwards, samples were injected into the cell for measurements of the electrophoretic
mobility of the suspensions. The voltage applied during measurements was 50 V, an optimal value for

these types of measurements as established by Chassagne and lbanez (2013). The temperature was
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The electrophoretic mobility values are given as ‘apparent’ zeta potential (AZP) values (mV) using the
Smoluchowski formula: T = nu/e, where u is electrophoretic mobility of the particle, n is the viscosity
of the suspending liquid, € is the dielectric constant of the suspending medium, and T is the zeta
potential (Hunter 1981). In line with Kaya et al. (2006), we used +25 and -25 mV limits (gray areas in
Figures 3, 4, 5 and 6) to indicate the flocculation range. It is expected that aggregates can be
approximated by spheres reasonably well, therefore these limits are representative for our systems.
As discussed above, these limits have to be adapted if the particles are anisotropic, which is the case
for non-flocculated goethite particles (rods). Connection lines on Figures 3 to 7 are trend lines, rather

than correspondent to a fitted model.

Measurements on the interaction between kaolinite and PS goethite were also performed to verify
the flocculation tendencies between these two types of particles. The PS goethite and kaolinite were
mixed the day before the analysis to allow sufficient time for the particles to interact and stabilize.
The kaolinite (China clay Al,0,—2Si0,—2H,0) was obtained from VE-KA Industrie Keramische

Grondstoffen Ltd., The Netherlands. Goethite was synthesized as described below.

3 RESULTS

AZP dependence on pH (2 to 10; Figure 3) and monovalent (KCl and NaCl; Figure 4) and divalent
(MgCl, and CaCly; Figure 5) salts assessed the surface charge of suspended particles in aqueous
solution to better understand the flocculation of studied samples and PS goethite in different
electrolytes. An addition of PS goethite to the CS 1 sample (obtained prior to the failure) and to the
kaolinite sample were also analyzed to define the influence of goethite on natural sediments (Figure

6). Kaolinite was chosen due to its great abundance in the Doce River sedimentary basin. It is a

rharacteristic mineral in cediments resilting fram the weatherino nf feldsnars in the anartz-rich
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3.1 Zeta potential dependence on pH

Although sediment samples were collected in different environments (mining pond, fluvial and
marine waters), those containing the iron ore tailing sludge (MD, RV and CS 2) presented the same
pattern under a varying pH, where a charge reversal (PS goethite and MD sample) and a sudden jump
(CS 2 and RV samples) in the AZP values occurred in the same pH range (between 6 and 7; Figure 3).
PS goethite AZP values were nearly constant for acidic (positive AZP) and basic (negative AZP) pHs.
The sediment from the continental shelf prior to the failure exhibited a continuous and gradual

increase of negative charge with increasing pH, without any jump or charge reversal.

3.2 Zeta potential dependence on monovalent and divalent salts

AZP values of sediment samples and PS goethite for monovalent (NaCl and KCl) and divalent (MgCl,
and CaCl,) salts are presented in Figures 4 and 5. The sediment samples exhibited similar trends with
increasing electrolyte concentration, mainly for divalent salts. The sample most sensitive to salt
influence was MD while RV was the least sensitive for monovalent salt, with initial AZP values near -
40 mV and reaching a value of -22.9 mV at 30 mM KCl. For divalent salts, CS 1 was slightly less
sensitive than the others. AZP trends for continental shelf samples were very similar, although CS 1
exhibited lower AZP values for monovalent salts than CS 2. For PS goethite, divalent salts had a

stronger influence on the AZP values than monovalent salts.

4 DISCUSSION

Iron oxyhydroxide particles are usually found in very small sizes (a few micrometers to a few
nanometers), resulting in a high surface-to-volume ratio and a high reactivity to changes in

environmental conditions. Reactions at the solution/iron oxyhydroxide interface influence oxide
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containing particles, where type, concentration and pH of the electrolyte strongly affect aggregates’

properties (Baalousha, 2009).

From Figure 3, we conclude that sediments samples (CS 1, CS 2, RV and MD) are prone to flocculate
at pH < 6 and deflocculate at pH = 7. As for PS goethite, flocculation may occur only in a very narrow
pH range, between pH 6 and 7, when a charge reversal occurs. This charge reversal has shown to be
an interesting feature to track iron oxyhydroxide in the sediment samples, as it is also a feature for
goethite-rich sediment samples (as seen in MD data in Figure 3). The difference between CS 1 and CS
2 (before/after the dam failure) clearly shows the impact of goethite on the AZP behavior. Although,
charge reversal for the CS 2 and RV samples does not occur as for the MD sample, the decline trend
is comparable to the charge reversal in the same range as for PS goethite. The reversal absence can

be explained by the mixing of riverine and marine sediment and the amount of iron oxyhydroxide.

Typical charge curves of metal oxides present an amphoteric behavior (Koopal, 1996). Because
goethite is a hydrated form of metal oxide (oxyhydroxide metal) it also exhibits a classical behavior of
charge variation just like minerals that have pH dependence (Livage et al., 1988; Xu et al., 2015),
having an almost constant AZP for acidic (positive AZP) and basic (negative AZP) pH values. Outside
the reversal zone (6 — 7 pH), the suspension is stable and does not tend to flocculate. An essential
characteristic for the formation and development of charges in variable charge colloids is the
possibility of hydroxylation at their surfaces. In the presence of water, iron ions located on the
surface of minerals such as goethite complete their coordination layer with a water molecule, thus

the entire surface becomes hydroxylated (Stumm, 1992).

The influence of organic matter (polyelectrolytes) present in the RV and CS samples on the charge
reversal of goethite was not studied, but Figure 3 seems to indicate that their presence does not

influence the position (between pH = 6-7) of the reversal, as it occurs in the same range for RV, MD
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during the transport downstream in the Doce River resulted in differences in composition and
particle sizes between these two samples. Complexation of metals by dissolved ligands may increase
or inhibit sorption reactions (Davis and Leckie, 1978), in which complexation with inorganic ligands
(Smith, 1999) and humic acid (Chekli et al., 2013) tends to inhibition. Although iron nanoparticles
enveloped by humic acid have a higher stability under pH changes (Chekli et al., 2013), the charge
reversal for sediment samples is in the same range as for PS goethite; the electrical double layer
compression under high concentration of NaCl and the similar response of the electrical double layer

compression by CaCl, and MgCl, exclude this envelopment hypothesis.

In aqueous media, considering a system with no organic and inorganic ligands, the ferric ions of a
oxyhydroxide particle coordinate with OH™ groups (hydroxyl) or water molecules by sharing a free
electron pair of the oxygen atom with iron. During adsorption, the water molecules usually dissociate
and cover the ferric ions with OH groups (Livage et al., 1988). This hydroxylation reaction is fast and
is followed by the binding of other water molecules through hydrogen bonds to OH groups (active
and on the surface of the particle). The bound OH™ group still has a double pair of electrons and a
dissociable proton that allows its reaction with acids and bases (Livage et al., 1988; Smith, 1999;
Fontes et al., 2001; Cornell and Schwertmann, 2003). In this way, charge reversal (positive in acid pH
and negative in basic pH) of PS goethite is a result of gradual protonation/deprotonation with
decreasing/increasing pH and repulsive forces overcame van der Waals force when the suspension

pHis <6/>7 (Xu et al.,2015).

Kaolinite is a clay mineral and its surface charge is also pH-dependent (Gupta and Miller, 2010; Yan et
al., 2011), although it is less sensitive to deprotonation with increasing pH than metal oxides (Wang
et al., 2014). The PZC of alumina faces of the kaolinite is between 6 and 8 (Gupta and Miller, 2010),

imnlying that only at pH > 8 the kaolinite discs are fully charged (Zhou and Gunter, 1992). CS 1
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without tailing sludge input and was the only one to behave in a similarly way to a natural clay
mineral, having a permanent negative charge (Smith, 1999; Fontes et al.,, 2001) when no other
ligands (organic matter and dissolved metals) are considered. Samples presenting both clay particles
and tailing sludge (MD, RV and CS 2 sediment) have a different behavior, as if the final AZP of the
sample was the sum of the values of oxyhydroxide and clay minerals particles. That means under acid
pH, the greater the amount of oxyhydroxide the more AZP will tend to positive values, while under
basic pH the AZP will tend to negative values, as the PS goethite curve showed positive and negative
AZP values for acidic and basic pH, respectively; the quantity of iron oxyhydroxide is shown to be

determinant for the flocculation and settling processes.

Besides hydroxylation, the compression of the electrical double layer for sediment samples under the
influence of salts lead to an increase of the AZP with the increase of electrolyte concentration
(Figures 4 and 5), which is typical for indifferent ions (Smith, 1999; Kosmulski, 2002), where divalent
salts impose greater double layer compression than monovalent salts (lbanez et al.,, 2014),
particularly for MD sample. In presence of monovalent salts (KCl and NaCl) no flocculation is
expected based on the values of the AZP (> 25 mV), while in the presence of divalent cationic salts
(MgCl, and CaCl,) flocculation is expected, even at a low salt concentration (1 mM). As seawater
contains a substantial quantity of divalent cations (for a salinity of 35, approximately 300 times more
dissolved salts than average river water; about 545, 52 and 10 milimol/kg respectively for CI, Mg*
and Ca’+; Pilson, 1998; Millero, 2006) flocculation is therefore expected in the transition zone
between the river and the continental shelf. The AZP of PS goethite is almost constant with salt
addition. The AZP decreases for high salinities; the surface charge is then screened to such an extent

that mobility is affected.

From the results it can be determined that pH variation is more important for flocculation in
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(see CS 1), are negatively charged. This implies that below pH = 6, strong flocculation is expected
between goethite and clay particles, but for pH > 7 these particles tend to repel. A discussion about

interaction between goethite and clay particles is written below.

4.1 Binding of goethite to sediment

Even though the influence of iron oxyhydroxide is clearly visible on the AZP, it remains to be
investigated if the goethite is simply mixed with the sediment, or if it is (partially) bound to it. As we
know that the sediment of the Doce River is in large part composed of kaolinite, we used this clay
mineral as a proxy for the RV before disaster. According to Zhou and Gunter (1992), at high pH (pH >
8) all kaolinite surfaces become negatively charged, kaolinite particles are dispersed and the
suspension is stable. As PS goethite presented a high negative AZP at basic pH (pH = 7), it will not
(easily) aggregate with kaolinite. As stated in the introduction, salt-induced aggregation is possible
thanks to van der Waals forces at high ionic strength, so flocculation between PS goethite and
kaolinite is expected at high ionic strength (such as in seawater). However, salt-induced flocs are
extremely sensitive to shear (Chassagne et al.,, 2009), so the flocs are not likely to grow large in
energetically active regions like the adjacent continental shelf to the Doce River mouth. A detailed
study on the interaction between PS goethite and kaolinite particles was therefore made at acidic
pH, where flocculation would be easily possible due to opposite charges. The flocs obtained are also
stronger, as the PZC would correspond to the IEP, implying that the flocs will aggregate in the region

of interaction energy corresponding to the primary minimum (Hunter et al., 1981).

A change in the suspension AZP in relation to PS goethite addition was found, when different
proportions of PS goethite were added to suspensions of pure kaolinite (Figure 6). The bottom panel
of Figure 6 shows that kaolinite might indeed react with PS goethite as the dependence on PS

goethite is not linear. The CS 1 sample exhibits a linear dependence on the addition of PS goethite
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contains other minerals including those coming from the Doce River watershed (like muscovite,
gibbsite and illite; Tintelnot et al., 1998) and those produced in situ (carbonates; Quaresma et al.,

2015).

To confirm the interaction between goethite particles and kaolinite, additional electrophoretic
mobility experiments were performed using video microscopy (Figure 7). It takes approximately 15
min to reach an equilibrium AZP distribution in that case. The goethite-kaolinite interaction is thus
not fast, considering the fact that they are oppositely charged, but one should remember that the
edges of kaolinite become positive at pH < 5 (Williams and Williams, 1978; as in the present
experiment) due to exposed hydroxyl groups coming from Si-OH and Al-OH situated at the broken
edges (Tombacz and Szekeres, 2006) and may result in a weak repulsion from the edge side. Even
with edges presenting positive charge under low pH, the negative and permanent charge of the basal
plane controls the overall electrokinetic behavior of the clays (Preocanin et al., 2016). In marine
environment the repulsion between goethite and kaolinite particles may become even greater, as
goethite turns negative in basic conditions. This will result in different transport mechanisms for
tailing sludge versus the natural sediment. During the mining dam failure event, two plumes were
identified in the marine environment: one with a wider dispersion at the surface (probably mostly
composed of iron oxyhydroxide nanoparticles) and another of a high-concentrated suspended
particulate matter plume near the bottom (probably most composed of kaolinite-rich sediment)

(Directorate of Hydrography and Navigation of Brazil, 2015).

Reactions on the surface of a crystalline solid such as goethite are difficult to describe due to the
multiple functional groups that have different protonation and deprotonation trends. When the
binding occurs with carbonic acid (H,CO;), the surface of the goethite becomes positive; when the

bond is made with bicarbonate (HCO;), the surface becomes negative (van Geen et al., 1994). This is

18/38


Caroline Grilo
Nota
Words missing:
"in agreement with what was found in the present study (Fig. 3) and also with the main dissolved carbonate species found in the fluvial (H2CO3) and marine (HCO3􀀀 ) environments. For the sedimentary"


30/04/2020

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

https://reader.elsevier.com/reader/sd/pii/S0883292720300925?token=D5CCBA551F678069BOCDF5F727E773C697BD7AE93F30BF56B3268. ..

The role of charge reversal of iron ore tailing sludge on the flocculation tendency of sediments in marine environment | Elsevier En...

samples, the only one to not present a surface charge reversal or a sudden jump in AZP was CS 1,

indicating a deprotonation pattern in all others.

The change of flocculation tendency between circumneutral do basic conditions is of fundamental
importance for the knowledge of the dispersion pattern of suspended particles exported by the river,
as it corresponds to a transition from fluvial to marine environments. Fluvial waters generally vary in
pH between 5 and 7 (= 7 for the Doce River; Instituto Mineiro de Gestdo de Aguas, 2016) while
typical marine waters have an average pH = 8.1 (NOAA, 2019), reaching a minimum of 7.5 at the
adjacent continental shelf (MMA, 2006) mainly because fluvial water input. As the AZP values of
sediment samples indicate that they are prone to flocculation at pH < 7, suspensions were unstable
and particles tended to settle inside the river. As soon as sediment reached coastal waters through
the transport of fluvial flux toward the ocean, the pH reach values higher than 7 dues to the mixing

of fluvial and marine waters. The suspension turns stable as they leave the flocculation range limits.

Such delayed-flocculation behavior for the samples implies that sediment exported by the river after
the mining dam breach is more prone to be dispersed in the marine environment. Sediment before
the failure (CS 1) can be considered naturally weathered, containing clay minerals and exhibiting
flocculation upon reaching the shelf. As much of the tailing sludge was deposited on the side banks
and floodplains along the Doce River (Carmo et al., 2017 and references therein) and although iron
hydroxides are found unstable in the fluvial environment (as indicated by the AZP), flood events may
erode and transport these particles to the marine environment, where they will undergo a
desorption process and release metals that were previously adsorbed (Pires et al., 2003; Hatje et al.,
2017; Queiroz et al., 2018). As the river conditions recover and the pH returns from acidic values to
circumneutral/moderately alkaline values, some metals may desorb from solid phases such as iron

oxyhydroxides due to cationic competition (Olias et al. 2004) and became free in the water column to
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continuous source of metals to the aquatic environment and may become a permanent source of

contamination.

5 CONCLUSION

The apparent zeta potential analysis allowed us to make inferences regarding the flocculation
tendency for sediments contaminated with iron ore tailing sludge and PS goethite under the
influence of varying pH (2 to 10) and ionic strength of monovalent (NaCl and KCl) and divalent (MgCl,
and CaCl,) salts. Even though contaminated samples with tailings presented flocculation tendency
under influence of divalent salts, the presence (and amount) of iron oxyhydroxides and their charge
dependence on pH variation were determinant in the flocculation pattern of sedimentary samples.
When sediments were also subjected to pH variation, the iron oxyhydroxide signal could be clearly
tracked in other environmental matrices containing the iron ore tailing sludge, such as sediment
samples from inside the mining dam, inside the Doce River main channel and from the continental
shelf adjacent to the Doce River mouth in samples collected after the mining dam breach. While the
sediment for the continental shelf before the input of the iron ore tailing material are typical natural
weathered sediments containing clay minerals, sediments contaminated with the iron ore tailing
sludge had a clear influence of iron oxyhydroxide on their apparent zeta potential pattern. This has
great implications for the transport and deposition of this new sediment (mixture of clay minerals
and iron ore tailing sludge) on the continental shelf, as it is more prone to be dispersed in marine

environments due to a charge reversal of goethite when the pH turns basic.

The present study was conducted under hydrochemical conditions (pH and dissolved salts) that are

common in natural environments. The results can thus be used for predicting the transport and

nsitinn nf iran nxvhvdroxide nannnarticles ac well as sediments cantaminated hv irnn are tailing
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Figure 1. Sampling map of the study area. Red dots are sample sites: CS 1=Continental Shelf before
the mining dam failure; CS 2=Continental Shelf after the failure; RV=River; MD=Mining Dam. Note

that CS 1 and CS 2 dots overlap. Salinity and pH are indicated in the figure.

Figure 2. Particle size distribution according to Wentworth (1922) classification for the mud fraction
(< 63 um) of each sample (Modified from Grilo et al., 2018). CS 1=Continental Shelf before the mining

dam failure; CS 2=Continental Shelf after the failure; RV=River; MD=Mining Dam.

Figure 3. Zeta potential measurements corresponding to different pH (2 to 10) in demi-water.
Flocculation zone (gray square) follows Hunter et al. (1981) boundaries. CS 1=Continental Shelf
before the mining dam failure; CS 2=Continental Shelf after the failure; RV=River; MD=Mining Dam;

PS Goethite = Pure Synthetic Goethite.

Figure 4. Zeta potential measurements for samples with increasing monovalent salt electrolyte

concentrations in demi-water pH = 6.5. The type of electrolyte is indicated to the right of each graph.
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Shelf before the mining dam failure; CS 2=Continental Shelf after the failure; RV=River; MD=Mining

Dam; PS Goethite=Pure Synthetic Goethite.

Figure 5. Zeta potential measurements for samples with increasing divalent salt electrolyte
concentrations in demi-water pH = 6.5. The type of electrolyte is indicated to the right of each graph.
Flocculation zone (gray square) with boundaries according to Hunter et al. (1981). Each
measurement was made separately for each sample, as indicated in the legend. CS 1=Continental
Shelf before the mining dam failure; CS 2=Continental Shelf after the failure; RV=River; MD=Mining

Dam; PS Goethite=Pure Synthetic Goethite.

Figure 6. Zeta potential (mV) as function of PS (Pure Synthetic) goethite addition to CS 1, where CS
1=Continental Shelf before the mining dam failure (top panel) and pure kaolinite (bottom panel)
suspensions at pH 6.5 (demi-water). The % of goethite indicates the mass percentage of goethite
suspension i.e. mass of goethite compared to the clay (kaolinite or CS 1) mass. Flocculation zone

(gray square) with boundaries according to Hunter et al. (1981).

Figure 7: Kaolinite particles (50%) in the presence of goethite (50%) at pH = 3 in demi water; Att=0
(filled square) two zeta potential peaks are observed, one corresponding to kaolinite particles
(around -10 mV) and one corresponding to goethite particles (around + 20 mV). After 15 minutes
(open square), the particles have aggregated and formed aggregates of zeta potential of

approximately 0 mV.
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Research highlights

* Material from an iron ore mining dam breach has been exported by the Doce River onto the
continental shelf.

* Zeta potential measurements were performed to determine the surface charge of suspended
particles in agueous solution to understand flocculation tendencies.

*  Contaminated sediment showed zeta potential behavior similar to goethite while non-
contaminated sediment showed a characteristic curve of clay minerals.

*  When in marine waters pH, zeta potential had sudden jump in the negative values and left
the flocculation tendency zone.

* The amount of tailings in the sediment had a different influence on the behavior of the zeta

potential.
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