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Abstract 

Nanosized colloids of iron oxide adsorb heavy metals, enhance the biodegradation of 

contaminants, and represent a promising technology to clean-up contaminated aquifers.  

Goethite particles for aquifer reclamation were recently synthesized with a coating of humic 

acids to reduce aggregation.  This study investigates the stability and the mobility in porous 

media of this material as a function of aqueous chemistry and it identifies the best practices to 

maximize the efficacy of the related remediation.  Humic acid-coated nano-goethite 

(hydrodynamic diameter ~90 nm) displays high stability in solutions of NaCl, consistent with 

effective electrosteric stabilization.  However, particle aggregation is fast when calcium is 

present, and to a lesser extent also in the presence of magnesium.  This result is rationalized 

with complexation phenomena related to the interaction of divalent cations with humic acid, 

inducing rapid flocculation and sedimentation of the suspensions.  The calcium dose, i.e., the 

amount of calcium ions with respect to solids in the dispersion, is the parameter governing 

stability.  Therefore, more concentrated slurries may be more stable and mobile in the 

subsurface than dispersions of low particle concentration.  Particle concentration during field 

injection should be thus chosen based on concentration and proportion of divalent cations in 

groundwater.   

 

Keywords: particle stability, site remediation, humic acid, calcium bridging, aggregation, 

transport, porous media, goethite, calcium dose. 
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Graphical Abstract 

  

 

• goethite nanoparticles are used in contaminated site remediation 

• the particles are stable in monovalent ion solutions due to an adsorbed layer of humic 

acids 

• above a threshold concentration of divalent cations particles aggregate and sediment 

• stability in suspension and transport in porous media correlate well 

• high particle/calcium ratios increase stability and facilitate use in field application 
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1. Introduction 

Nanosized iron oxide is a promising material to enhance bioremediation of sites contaminated 

by organic and inorganic pollutants (Bosch et al. 2010, Lee et al. 2012, Tosco et al. 2012, 

Braunschweig et al. 2013, Meckenstock and Bosch 2014).  Nanoparticles of hematite, 

ferrihydrite, and goethite have been shown to act as electron acceptors for iron-reducing 

bacteria during the oxidative degradation of numerous hazardous and recalcitrant compounds 

(Waychunas et al. 2005, Tobler et al. 2007, Bosch et al. 2010, Braunschweig et al. 2013).  

They are also effective in the adsorption and immobilization of toxic metals (Benjamin et al. 

1996).  The high reactivity of these materials is also due to their stability under typical 

environmental conditions (Keller et al. 2010, Xu et al. 2015), which helps maintaining a large 

surface area available for reaction.  Stability is also a crucial property to optimize the delivery 

of slurries of iron oxide nanoparticles to directly target the contaminant close to the source of 

contamination and to create filtration barriers for heavy metals (Tosco et al. 2012, Luna et al. 

2015). 

The aqueous stability of iron-based and iron oxide nanoparticles is highly influenced 

by natural or engineered adsorption of polyelectrolytes to their surface (Lowry et al. 2012, 

Raychoudhury et al. 2012, Philippe and Schaumann 2014, Velimirovic et al. 2014, Tiraferri 

and Borkovec 2015).  The charged chains control the stability of the modified colloids and 

they can provide long-ranged electrostatic and steric repulsive interactions.  The effect of 

surface coating on particle reactivity has yet to be fully understood, but previous studies 

suggest that a possible loss in particle reactivity is offset by benefits obtained from reduced 

aggregation and improved mobility in porous media (Gastone et al. 2014, Velimirovic et al. 

2014, Vindedahl et al. 2016, Vindedahl et al. 2016).  Furthermore, the organic content at the 

particle surface was shown to reduce the toxicity of the oxide colloids towards nematodes 
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(Hoss et al. 2015).  Therefore, iron oxide nanoparticles for site remediation have been recently 

synthesized with a coating of humic acids that form a stabilizing layer on the solid surface. 

Humic acids are polyelectrolytes with a high density of carboxylic and phenolic 

functional groups.  While humic substances and humic acids often prevent aggregation and 

increase the transport of numerous colloids and oxide nanoparticles (Illes and Tombacz 2006, 

Baalousha 2009, Domingos et al. 2009, Dong and Lo 2013, Chekli et al. 2014, Vindedahl et 

al. 2016), they are also known to interact strongly with calcium and other metal ions primarily 

through carboxyl moieties (Hering and Morel 1988, Sander et al. 2004).  In fact, accelerated 

aggregation and deposition have been observed in both natural and engineered systems 

comprising humic acid and calcium (Dong and Lo 2013).  This mechanism may be important 

during the delivery of nanosized oxides coated with humic acids or other carboxyl-rich 

polyelectrolytes.  

Therefore, a number of practical considerations should be taken into account when 

designing a remediation based on this technology.  The reactive suspensions are produced and 

delivered at very high concentrations of solids, in the order of 100 g/L.  Prior to injection, the 

concentrated stock is diluted to facilitate handling and this procedure must consider the 

possible influence of the water chemistry used to treat the dispersion.  Once injected in the 

subsoil, the nanoparticle slurry is then further diluted by groundwater, whose composition 

needs full characterization.  Knowledge of the possible interactions of the nanomaterials 

undergoing these dilutions with ions present in water is crucial to predict the success of the 

remediation process (Bianco et al. 2016).  In principles, this understanding would allow to 

specifically design the initial suspension and the various handling steps to achieve the best 

results for each specific site. 

In this study, we evaluate the aqueous behavior of concentrated suspensions of humic 

acid-coated goethite nanoparticles, recently designed and manufactured for use in reclamation 
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of contaminated aquifers.  We present results obtained at near neutral pH, relevant for 

groundwater application, and in solutions of NaCl, CaCl2, MgCl2, as well as in tap water.  In 

particular, we investigate numerous combinations of dispersed solid content and of ionic 

composition.  We measure the surface potential of the modified nanoparticles and we relate 

this parameter to their aggregation and to their ability to remain in suspension.  We also 

conduct transport tests in an idealized sandy system, to correlate colloid stability with 

mobility.  Therefore, we identify the main drivers controlling the behavior of suspensions in 

water and we suggest how to avoid pitfalls and how to maximize the delivery of these 

nanoparticles to achieve effective site reclamation. 

 

2. Materials and Methods 

2.1 Preparation and chemical properties of particle suspensions.  

A stock suspension of stable, colloidal goethite nanoparticles with a solid concentration of 

roughly 110 g/L was obtained from University of Duisburg-Essen (Germany) where it was 

produced, specifically for site remediation, according to US patent 8,921,091 B2 

(Meckenstock and Bosch 2014).  During synthesis, the nanoparticles were coated by humic 

acids, which were added in excess and thus were present in the final suspension both as 

unadsorbed chains and as adsorbed layers on particles.  Large amounts of surface modifiers 

are needed to functionalize the highly concentrated slurries injected in the subsoil.  Among 

the suitable polymeric modifiers, humic acids were chosen because inexpensive, easy to find 

and to use, biocompatible, and able to provide the necessary functionalities.  Furthermore, 

humic acids are naturally present in aquifers and would adsorb on the particles once dispersed 

in groundwater.  Unless otherwise stated, the stock suspension was diluted with deionized 

(DI) water to perform experiments at different values of solid concentration, and the ionic 

composition of the final suspensions was changed by addition of NaCl, CaCl2, or MgCl2.  
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Some experiments were conducted by diluting the stock suspension in tap water to understand 

the effect of dilution in field application and they are discussed in the last chapter of this 

manuscript.  According to our inductively coupled plasma, ionic chromatography, and 

alkalinity analyses, tap water contained 0.3 mM sodium, 2.1 mM calcium, 0.5 mM 

magnesium, 0.5 mM chloride, 0.4 mM nitrate, 3.6 mM bicarbonate, 0.4 mM sulfate, and other 

ions at negligible concentrations, yielding a total ionic strength of approximately 11 mM and 

a total hardness of 260 mg/L as equivalent CaCO3.  The pH of all suspensions was always 

stable and between 7.5 and 8, relevant for groundwater application, obtained without addition 

of a buffer.  Experiments were performed at different pH values by addition of small amounts 

of concentrated HCl or NaOH to the final suspensions.  Throughout the text, we refer to the 

solid or to the slurry content as the concentration of particles plus humic acids in the final 

suspensions.  Both adsorbed and dissolved humic acids contribute to system behavior and are 

included in the calculations. 

 

2.2 Measurements of size, aggregation rate, and electrophoretic mobility.  

Electrophoretic mobility of the humic acid-coated goethite particles was measured over a 

range of pH values and ionic compositions.  The influence of solid concentration was also 

investigated.  The instrument was a ZetaSizer Nano ZSP (Malvern) comprising as light source 

a He/Ne laser operating at 633 nm.  The suspensions were equilibrated for at least 1 min prior 

to measurement.  Several runs were performed for each sample, and the resulting values of 

electrophoretic mobility were averaged.  Zeta potentials were calculated from average 

electrophoretic mobility values using Smoluchowski equation, assuming that the Debye 

length of the particle double layer, 1/κ, was always much smaller than the particle radius, a, 

that is, 1aκ ⋅ >>  (Elimelech et al. 1995).  The same instrument was utilized to measure the 

kinetics of change in particle size upon variation of the solution chemistry.  Suspensions were 
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initially introduced into a plastic cuvette having 10 mm path length and the hydrodynamic 

diameter of primary nanoparticles was obtained (initial Z-average, 0

aveZ , of 98 ± 4 nm).  

Subsequently, an electrolyte at known concentration was introduced into the vial to induce 

aggregation.  Measurements were started immediately after mixing of the suspension.  The 

tests were conducted in backscattering mode at an angle of 173°, with automatic settings.  

Calculations were carried out by analyzing the change of Z-average values provided by the 

software, 
ave

Z .  Its apparent rate of change was divided by the initial size value and by the 

solid (particle and humic acids) concentration of each sample, cS, as 
0

1 ave

S ave

dZ

c Z dt
Σ =

⋅
 (units: 

( )

1 1

/s g L
), proportional to the absolute aggregation rate coefficient, k.  The stability ratio was 

calculated as the apparent rate under conditions of diffusion-limited aggregation regime, 

divided by the prevailing rate under each investigated condition, 
fast

W
∑

=
∑

, which is thus 

equivalent to 
fast

k

k
 (Elimelech et al. 1995, Holthoff et al. 1997).  Experiments in diffusion-

limited regime were conducted at solid concentrations of 0.22 or 0.11 g/L.   

 

2.3 Batch sedimentation and transport experiments.  

For batch sedimentation experiments, dispersions were prepared using the same protocol as 

for light scattering experiments.  The same disposable cuvette with a path length of 10 mm 

were used, which were filled with 4 mL of suspension and shaken prior to the experiment 

upon addition of the salt to induce sedimentation.  The sedimentation profiles were obtained 

by measuring the optical density as a function of time at a wavelength of 800 nm using a UV-

vis spectrophotometer (Specord S600, Analytik Jena, Germany).   
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Further batch sedimentation experiments were conducted with suspensions prepared 

by removing some of the unadsorbed portion of humic acids, thus leaving mostly that 

adsorbed on the surface of nanoparticles.  To this purpose, the stock slurry was filtered in an 

ultrafiltration setup at low applied pressure (~ 30 psi) using polysulfone membranes with a 

molecular weight cutoff of approximately 40 nm (PS20, Sepro Membranes, Oceanside, CA).  

The pore size of the membranes ensured all particles to be retained in the feed solution while 

letting dissolved polyelectrolytes pass into the permeate, which was discarded.  The feed 

suspension was filtered and re-diluted using DI water in a number of cycles to reduce the 

amount of non-adsorbed humic acid to a minimum.  

Transport experiments were performed in a porous medium consisting of idealized 

sand (Dorsilit n.7, Dorfner, Germany) with a mean diameter of roughly 0.87 mm.  For each 

test, a chromatographic column with an inner diameter of 16 mm was wet packed with a fixed 

amount sand (36.5 g dry weight), to achieve an average column length of 11.3 cm.  Prior to 

packing of the column, the sand was cleaned, degassed, and completely hydrated.  Porous 

medium parameters were determined via inverse fitting of breakthrough curves of NaCl used 

as a conservative tracer, resulting in an average effective porosity of 0.45 and an average 

dispersivity 6.17×10
‒4

 m.  The concentration of both salt and colloidal particles at the inlet 

and outlet of the column was monitored online via optical density measurements in the same 

spectrophotometer employed for sedimentation experiments, but equipped with flow-through 

cells characterized by a 2 or 5 mm light path (Hellma, Germany).  Monitoring wavelengths of 

198.5 nm for NaCl and 800 nm for the colloids were chosen: linear relationship between 

absorbance and concentration was observed at these wavelengths.  To conduct the transport 

test, the column was equilibrated by flushing it with DI water, followed by five pore volumes 

of solution at the same background ionic composition used later for particle injection.  Then, 

the experiments included the injection of five pore volumes of the slurry, followed by 
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flushing of the column with five more pore volumes of the particle-free background solution.  

Further details on the setup are given in previous publications (Tosco et al. 2012). 

 

3. Results and Discussion 

3.1 The dose of calcium governs the behavior of concentrated nanoparticle slurries.  

Humic acids adsorb onto oxide particles, determining their surface properties (Lowry et al. 

2012, Philippe and Schaumann 2014, Tiraferri and Borkovec 2015).  The goethite 

nanoparticles investigated in this study had a saturated coating of humic acid (Maroni et al. 

2015).  The surface potential of modified goethite particles was thus governed by the behavior 

of the adsorbed polyelectrolyte chains, as illustrated in Figure 1 (Szilagyi et al. 2014). 

 

 

Fig. 1  Zeta potential of humic acid-coated goethite nanoparticle suspensions as a function of pH in (a) 20 mM 

NaCl, (b) 0.5 mM CaCl2, and (c) 0.5 mM MgCl2.  Zeta potentials were calculated using Smoluchowski equation 

from electrophoretic mobility values, measured at varying slurry concentrations.  Data points are averages of at 

least three runs; lines are intended to be used as guide for the eyes only.  Experiments were performed at 25°C 

 

The isoelectric point of the suspensions was approximately 3 in all cases, consistently 

with charging of carboxylic groups of humic acid.  Above this pH, nanoparticles exhibited 

negative values of zeta potential.  While the potential reached a plateau at roughly ‒50 mV in 
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NaCl solution regardless of slurry concentration, in the presence of calcium and magnesium 

counterions, the charging behavior was influenced by the amount of solids in suspension.  In 

particular, slurries of lower particle concentration exhibited values of zeta potential of lower 

magnitude.  Similar results were observed when mobilities were measured at a fixed pH of 

7.5-8 and as a function of ionic strength; see Figure S1 of Online Resource 1.  This result is 

rationalized with complexation of counterions with humic acid adsorbed on the nanoparticle 

surface.  Divalent cations may also form complexes with the goethite surface, thus further 

influencing the electrophoretic mobility.  As the slurry concentration decreased, the density of 

complexed ions increased, causing a reduction of the overall negative potential. 

This mechanism is better illustrated in Figure 2, where values of zeta potential are 

plotted as a function of dose.  Dose is here defined as the ratio between the mass of added 

counterion in solution and the mass of solids in suspension.  The latter parameter was used as 

a proxy for the amount of functional groups in the system, based on the assumptions that their 

concentration is proportional to solid content.  Therefore, Figure 2 provides a semi-

quantitative description of the change of zeta potential due to the interaction of ions in 

solution with functional groups adsorbed on particle surface. 

Plots in Figure 2 suggest that the zeta potential of nanoparticle slurries depended on 

the dose of counterion and not merely on solid or ion concentration, as the data points 

measured at different dilutions but at the same ion dose overlap nicely.  The steep decrease of 

potential values at around 0.01 calcium dose and 0.03 magnesium dose suggests that a 

threshold concentration of divalent cations exist, above which suspensions become rapidly 

unstable.  The higher amount of magnesium needed to cause this change imply higher ability 

of calcium to form complexes with the functional groups in the system.  No change in zeta 

potential was observed at relatively low concentrations of NaCl, suggesting weak specific 

interactions of sodium with goethite and with humic acids. 
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Fig. 2  Zeta potential of humic acid-coated goethite nanoparticle suspensions as a function of dose of (a) NaCl, 

(b) CaCl2, and (c) MgCl2.  Zeta potentials were calculated using Smoluchowski equation from electrophoretic 

mobility values, measured at varying slurry concentrations and at pH 7.5-8.  Data points are averages of at least 

three runs.  Experiments were performed at 25°C 
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Figure 3a shows the stability ratio as a function of NaCl concentration.  The observed 

trend is typical for colloidal aggregation and it may be explained with DLVO theory.  A 

reaction-limited regime was followed by a diffusion-limited regime to aggregation in 

increasing salt, whereby probability of aggregation upon collision was highest (Elimelech et 

al. 1995).  High NaCl concentration was needed to destabilize the suspension, which supports 

the observation that the adsorbed polyelectrolyte had a high charge density (Illes and 

Tombacz 2006, Domingos et al. 2009).  The critical coagulation concentration, CCC, of NaCl 

was close to 450 mM.  It is important to note that the stability ratio was independent of 

particle concentration in the presence of sodium, as aggregation experiments conducted at 

different dilutions yielded comparable results.  Typical data obtained from aggregation 

experiments in the presence of NaCl are presented in Figure S2 of Online Resource 1.  A 

different outcome was obtained when calcium was added to induce aggregation.  Aggregation 

behavior was found to depend strongly on slurry concentration.  This influence is evident in 

Figure 3b, where the data points of apparent aggregation rate divided by the solid 

concentration decrease as this concentration increased, in the same solution containing 1.4 

mM CaCl2.  This decrease is substantial, as a five-fold increase in solid concentration 

produced a reduction of aggregation rate of roughly four orders of magnitude.  These results 

are consistent with those of electrophoresis experiments: lower solid content in the slurry, i.e., 

higher calcium doses, was related to particles with lesser negative surface potential that did 

not allow effective stabilization.  However, they are also somewhat counterintuitive, as they 

imply that suspensions of larger particle concentrations are significantly more stable than their 

diluted counterparts.  An analogous trend was observed upon addition of 0.7 mM CaCl2; see 

Figure S3 of Online Resource 1.  The aggregation behavior with calcium cannot be explained 

by DLVO theory and we suspect that attractive bridging interactions induced by calcium 

counterions might be significant in this system.  Bridging occurs through the formation of 
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complexes between calcium ions and the carboxyl functional groups on humic acid chains 

adsorbed on different nanoparticles (Sander et al. 2004, Chen et al. 2007).   

 

Fig. 3  Results of aggregation experiments.  (a) Stability ratio as a function of NaCl concentration (red circles).  

Continuous lines represent the best fits of the stability ratio in the reaction-limited regime and in the diffusion-

limited regime.  The CCC occurring at their intersection is indicated by a vertical dashed line.  (b) Apparent 

aggregation rate (green squares), 
0

1 ave

S ave

dZ

c Z dt
Σ =

⋅
, as a function of slurry concentration in the presence of 

1.4 mM CaCl2.  For comparison, two horizontal lines are added to this second plot to represent the normalized 

rate, independent of solid concentration, which would be observed in 100 mM NaCl and 300 mM NaCl.  

Experiments were conducted at 25°C and at a pH value of 7.5 
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3.2 There is a threshold concentration of calcium above which suspensions are unstable.  

Sedimentation and transport of goethite nanoparticle dispersions were studied to evaluate how 

the influence of aqueous chemistry, discussed above, may translate into efficacy of delivery 

into the subsurface.  Figure 4a shows data of exemplificative batch sedimentation tests carried 

out at fixed slurry content and by varying the concentration of CaCl2.  Table S1 of Online 

Resource 1 presents pictures of the vials related to these tests.  Experiments conducted with 

MgCl2 and with different amounts of solids in suspension are also summarized in Online 

Resource 1 (Figure S4).  As the concentration of divalent cations increased, aggregation and 

sedimentation became faster.  Low concentrations of calcium (between 0.5 and 2.0 mM, 

equivalent to hardness of 50 to 200 mg/L expressed as CaCO3) were needed to induce 

sedimentation of the dispersions investigated here within a few hours.  At the same slurry 

concentrations, higher amount of magnesium was required to produce sedimentation, 

consistently with zeta potential results presented above.  We underline that the settling 

conditions in our experiments were far from a regime of compression sedimentation and that 

sedimentation results correlated well with the hydrodynamic size of particles measured for 

some of the samples at the end of the batch settling test. 

During field works for particle injection, slurries of modified goethite nanoparticles need to 

remain in suspension for several hours.  From the sedimentation tests carried out at each 

different particle content, we confirmed the hypothesis that there is a threshold concentration 

of calcium above which this ion is capable to induce destabilization of the suspensions.  In 

particular, we identified the threshold calcium concentration causing sedimentation of each 

suspension in less than five hours.  We chose this time frame based on a purely empirical 

rationale based on the typical time needed to maintain slurries stable during field injection.  

Just as an example, the threshold calcium concentration for the data plotted in Figure 4a 

would be 1 mM.  We then graphed these values of threshold counterion concentration as a 



17 

 

function of related slurry content in Figure 4b.  The obtained trend is nearly linear and the 

slope value may be directly used to design a remediation activity, when the calcium content in 

groundwater is known.  Below (lower calcium concentration) or to the right (larger solid 

concentration) of this line, the system is stable because the calcium dose is below the 

destabilization threshold, and vice versa. 

 

Fig. 4  Results of sedimentation experiments.  (a) Normalized light absorbance of samples at 800 nm wavelength 

for a solid content of 1.70 g/L and varying concentration of CaCl2.  The different concentrations are labeled.  (b) 

Concentration of calcium needed to induce sedimentation of the nanoparticle suspension within a few hours of 

sample preparation as a function of solid content.  Solid circles refer to experiments conducted with each diluted 

suspension tested as is, while open squares are data points associated with suspensions from which most of the 
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dissolved humic acids were removed by filtration.  All experiments were performed at pH 7.5-8 and at 

temperature of 25 °C 

 

Few batch sedimentation tests were performed with suspensions containing lower 

amount of unadsorbed humic acids, which were removed by filtration.  The results obtained 

with the filtered dispersions are presented as open squares in Figure 4b.  When some of the 

unadsorbed chains of humic acids were removed, the concentration of calcium needed to 

destabilize the suspension decreased compared to unfiltered suspensions at the same dilution; 

see sedimentation curves in Figure S5 of Online Resource 1.  As expected, the intercept of the 

best fit line of these data is the same as in the case of unfiltered suspension, but its slope was 

roughly halved.  This observation suggests that dissolved polyelectrolyte chains were 

responsible for sequestering a portion of calcium ions, rendering these cations unavailable for 

complexation and for bridging mechanisms.  This contribution was not negligible and 

deserves further investigation.  Additionally, the interaction of unadsorbed humic acids with 

contaminants in the aquifer may be important especially for substances with low polarity and 

it should also be understood. 

 

3.3 Transport of suspensions in porous media may be enhanced by working at high 

particle concentration. 

Transport experiments conducted under idealized conditions confirmed that mobility is 

closely related to aqueous stability; see Figure 5 as well as Figures S6 and S7 of Online 

Resource 1.  Nanoparticles were highly mobile in sand saturated with solutions of NaCl, 

consistent with predictions of colloid filtration theory under unfavorable attachment 

conditions.  Previous studies have also discussed similar transport of iron-based and metal 

oxide nanoparticles upon modification with acidic polyelectrolytes and organic matter (Petosa 

et al. 2012, Raychoudhury et al. 2012, Dong and Lo 2013, Tosco et al. 2014, Velimirovic et 
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al. 2014).  It is possible that unadsorbed humic acid chains contributed to the mobility by 

coating the sand grains and providing an electrosteric barrier to particle deposition.   

 

 

Fig. 5  Breakthrough curves of humic acid-coated goethite nanoparticles in silica sand (a) at 1.70 g/L solid 

content and in the presence of CaCl2 at different concentrations and (b) in 1.5 mM CaCl2 at varying solid 

content.  In the y-axis, the value of concentration at the outlet with respect to the injected concentration, C0, both 

calculated from values of light absorbance at 800 nm wavelength based on a calibration line.  In the x-axis, the 

pore volumes injected into the column.  The nanoparticle suspension was introduced at time 0.  The key 

experimental conditions were: pH 7.5-8, pore volume 10.2 mL, temperature 25 °C, and approach velocity 

1.7×10
‒4

 m/s 

 

Figure 5a shows that a suspension of 1.70 g/L slurry content was highly transported 

in CaCl2 solutions of 0.5 mM and 1 mM.  These concentrations of calcium were in fact equal 

or lower than the threshold value needed to cause sedimentation of the suspensions in few 

hours; see Figure 4a.  Particles in the inlet tank had a hydrodynamic radius of less than 200 

nm under both conditions at the end of the tests.  However, a change in calcium concentration 

to 1.5 mM, above the destabilization threshold, resulted in negligible transport of the 

dispersion within the sandy column.  These results cannot be simply explained by colloid 

filtration theory and are mostly due to the large aggregates forming within the pores, causing 

mechanical filtration, physical straining, and ripening effects.  Data collected by keeping the 

same calcium concentration and increasing slurry content to 10.2 g/L show that this new 
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dispersion of lower dose was again transported easily through the porous medium; see Figure 

5b.  For this experiment, nanoparticles in the injection tank were stable and had a 

hydrodynamic diameter of 104 nm at the end of the test, thus preventing filtration phenomena 

that would have occurred in the presence of aggregates.  These results confirm that the 

transition between stable and unstable suspensions may be relatively sharp and that 

sedimentation tests may be successfully used also to predict mobility within the subsurface. 

 

3.4 Practical considerations regarding slurry stability in field applications.  

Contrary to zerovalent iron particles that are poorly stable due to magnetic attractive forces 

(Tosco et al. 2014, Luna et al. 2015), the slurries investigated in this study are characterized 

by strong electrosteric repulsive interactions imparted by humic acids that prevent 

aggregation and deposition in solutions of monovalent ions.  However, the same modification 

responsible for such stabilization gives rise to phenomena that may cause sedimentation of the 

suspension in the presence of relatively low concentrations of calcium.  When the 

concentration of the suspension is low, the low amount of carboxyl groups imparting stability 

may be neutralized and bridged by calcium ions in solution.  Therefore, higher particle loads 

would guarantee that a larger density of ionized carboxyl groups remain available to provide 

electrostatic repulsion. 

All the results discussed so far were observed in solution obtained by adding salts or 

pH adjusters to deionized water.  In the field, dilution of the stock suspension using readily 

available tap water would simplify the engineering works and would translate into an 

economic advantage compared to the use of pure water.  We have investigated the possible 

effects of such dilution on the suspension stability by using tap water from our lab at 

Politecnico di Torino.  This water has an average pH of 7.4, it contains approximately 2.1 mM 

calcium, 0.3 mM sodium, and has a total ionic strength of roughly 11 mM and hardness of 
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260 mg/L as CaCO3.  Figure 6 summarizes the results of zeta potential, sedimentation, and 

transport obtained with these samples at various dilutions.  The relatively high concentration 

of calcium in tap water resulted in reduced values of measured electrophoretic mobility 

compared to the initial stock.  These values were closer to zero as the slurry content in the 

suspension decreased, consistent with results obtained in synthetic calcium solutions and 

discussed above; see Figure 6a.  Values of zeta potential with absolute magnitude smaller 

than 30 mV resulted in rapid aggregation and sedimentation of the suspensions obtained by 

diluting the stock 20 and 60 times, characterized by a final hardness of 247 and 256 mg/L as 

CaCO3, respectively.  Data obtained within six hours of sedimentation are presented in 

Figures 6b and 6d.  The most concentrated dispersion (10× dilution, hardness of 234 mg/L as 

CaCO3) did not sediment during 24 hours, as summarized in Table S2 of Online Resource 1.  

Data from transport experiments in Figure 6c and in Table S3 of Online Resource 1 agree 

well with sedimentation results.  The most mobile suspension in sand resulted from the lowest 

dilution (10× dilution) of the initial stock of nanoparticles.  The hydrodynamic diameter of 

these particles was measured as 126 nm in the injection tank at the end of the experiment, 

suggesting little aggregation occurring during the test.  While a 20× dilution of the dispersion 

reduced the mobility slightly, it was not possible to evaluate the transport of the more diluted 

suspensions as they sedimented quickly during injection. 
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Fig. 6  Behavior of humic acid-coated goethite nanoparticles diluted in tap water from Politecnico di Torino as a 

function of dilution.  (a) Zeta potential, (b,d) sedimentation within six hours, and (c) transport in sandy columns.  

All experiments were performed at pH 7.5-8 and temperature of 25°C.  Unless specified, all other conditions 

were analogous to those in previously discussed experiments 

 

4. Conclusions 

This manuscript discussed the colloidal stability of goethite particles modified with humic 

acids as a function of chemistry and ionic composition under near neutral pH conditions.  

Behavior of these suspensions was dominated by the presence of divalent cations and in 

particular of calcium.  These ions form complexes with both the dissolved and the adsorbed 

chains of humic acid, thus reducing electrosteric stabilization and giving rise to attractive 

bridging interactions among particles.  The dose of calcium is the most important parameter 

to be considered when designing particle-driven remediation.  At a solid content in the range 
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of 1-10 g/L, concentrations of about 1-2 mM of calcium are sufficient to cause rapid 

sedimentation of the suspensions, thus possibly impairing the remediation process.   

These results suggest a practice to tune the mobility of the nanoparticle slurries to 

target specific subsurface areas to be reclaimed.  If the aim is to enhance mobility as much as 

possible, lower extent of dilution of the particle stock would unintuitively represent a better 

practice.  Once injected into the subsurface, suspensions will be naturally diluted by 

groundwater.  As long as the system is below a certain calcium/particle dose, the slurries are 

mobile in groundwater, while above a certain dose value they deposit, ideally forming 

reactive zones.  During the remediation design stage, we suggest to perform qualitative 

sedimentation studies in different dilutions obtained by using groundwater from each specific 

contaminated site.  These tests would allow prediction of the suspension mobility in the 

subsurface and estimation of the approximate particle travel distance.   

 

Electronic Supplementary Material (submitted separately) 

Electrophoretic mobility of humic acid-coated goethite nanoparticle suspensions as a function 

of ionic strength.  Examples of raw data from aggregation experiments.  Apparent aggregation 

rate as a function of slurry concentration in the presence of 0.7 mM CaCl2.  Additional results 

of sedimentation experiments at varying concentration of CaCl2 and MgCl2.  Pictures of 

sedimentation vials for different doses of calcium.  Representative results of sedimentation 

experiments of suspensions from which most of the unadsorbed humic acid were removed by 

filtration.  Breakthrough curves of humic acid-coated goethite nanoparticles (total solid 

content of 1.70 g/L) in silica sand in 10 mM NaCl.  Pictures of the column during transport 

tests carried out in 1.5 mM CaCl2 and 10 g/L solid content.  Pictures of sedimentation vials 

for different dilutions in tap water.  Results of transport tests conducted with suspensions 

diluted with tap water (PDF). 
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