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Abstract 
Fate and Transport of Nano-TiO2 in Saturated Porous Media: Effect of pH, Ionic 
Strength and Flow Rate 
Tsegay Mengestab 

Titanium dioxide nanoparticles are widely used in a variety of products, such as pigments, paints, paper, 
plastics, cosmetics, nano-fibers, food coloring and photovoltaic cells, and the industry is growing at an 
exponential rate. It is believed that by 2025, 2.5 million tons of nano-TiO2 will be manufactured 
annually. Thus far, there has been very little research in the environmental impact of nano-TiO2. There 
is a need to understand the fate and transport of nanoTiO2 to mitigate their effect on human health, the 
ecosystems and the environment in general. The aim of this study was to investigate the impact of pH, 
flow rate and ionic strength on the deposition of nano-TiO2 in a saturated porous media (sand). Nano-
TiO2 formed aggregates in solutions that had a pH near the point of zero charge for TiO2, which is at 
approximately pH 6.2 for TiO2. The formed aggregates showed very little mobility due to site blocking 
in the pores of the sandy medium, whereas at pH 7.5, the solutions’ concentration was more stable than 
at pH 6.3 and more mobile up to 10 mM. Above 10 mM, a decrease in mobility, due to reduction in 
repulsive energy interaction between the medium and the nanoparticles could be observed. Flow rate 
had also a marked effect on the deposition, i.e., the slower the flow rate, the higher on deposition, 
because of an increase in attachment efficiency. To verify the experimental results, a finite element 
solution of the reactive transport equation in one dimension was used to compare the fit between 
observed and simulated results. The model was run in inverse mode, to determine unknown parameter 
values such as dispersivity and detachment rate. In general, it was possible to obtain a good fit to the 
experimental BTCs. 
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Populärvetenskaplig sammanfattning 
Transport och retention av nano-TiO2 i mättade porösa medier: effekter av pH, jonstyrka 
och strömningshastighet 
Tsegay Mengestab 

Nanopartiklar av titaniumdioxid används allmänt i en mängd olika produkter, såsom pigment, färger, 
papper, plast, kosmetika, nanofibrer, matfärgläggning, och solceller. Branschen växer explosionsartat. 
Man tror att år 2025 kommer 2,5 miljoner ton nano-TiO2 tillverkas årligen. Hittills har väldigt lite 
forskning gjorts på området nano-TiO2. Det finns ett behov av att förstå transportprocesser och vad som 
händer med nanoTiO2 i miljön för att bla kunna mildra effekter av dessa partiklar på människors hälsa, 
ekologi och miljö. Syftet med denna studie var att undersöka effekten av pH, flöde och jonstyrka (IS) 
på transporten av nano - TiO2 i vattenmättade porösa medier (sand). Nano - TiO2 bildade aggregat i 
lösningar som hade ett pH nära pH(PZC), pH(PZC) är pH-värdet vid vilket laddningen är noll, ungefär pH 
6,2 för TiO2. Vid pH 6,3 visade nano partiklarna mycket liten rörlighet på grund av fysisk igentäppning 
i porerna av sandmediet, medan vid pH 7,5 var lösningens koncentration mer stabil och partiklarna mer 
mobila upp till en jonstyrka på 10 mM. Över 10 mM, observerades en minskning i rörlighet, på grund 
av minskad repellerande energi mellan mediet och nano partiklarna. 

Flödeshastighet hade också en markant inverkan på retentionen av partiklar i kolonnen, ju 
långsammare flöde, desto större retention, på grund av mer gynnsamma förhållande för fastläggning av 
partiklar till mediet. För att verifiera de experimentella resultaten och jämföra observerade och 
simulerade resultat användes en lösning med finita-elementmetoden av den reaktiva transportekvationen 
i en dimension. Inversmodellering gjordes för att ta reda på okända parametervärden såsom dispersivitet 
och fastläggning. Det var i allmänhet möjligt att uppnå god överensstämmelse mellan observerade och 
experimentella genombrottskurvor. 
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1. Introduction 
 

1.1.Background 
 

Nanotechnology is a relatively new technology that has found many industrial scale applications in 

recent decades, because of their novel properties that can reduce energy cost, and enhance productivity 

rate and functionality (Solovitch 2010). Titanium is the ninth most common element on the earth’s 

crust, and thus it is being used for many purposes (Wang et al. 2014).  Engineered nanomaterials 

(ENMs) are typically small in size (at least one dimension is 1-100 nm) and are found in various 

products, such as pigments, paints, paper, plastics, cosmetics, nano-fibers, food coloring and 

photovoltaic cells (Chowdhury et al. 2011) and the industry has grown exponentially. It is estimated to 

be worth $1 trillion by 2015 (Rottman et al. 2012). The rapid expansion of nanotechnologies has 

triggered a concern for the potential adverse consequences for the environment, human health and 

ecology, if the nanomaterials are disposed of incorrectly.  

 In the USA alone 1,500 tons of TiO2-NPs enter the sewage system each year and by 2025, there 

will be an exponential increase, it is forecasted that 2.5 million tons will be manufactured annually 

Rottman et al., (2012) explained as 48% of the NPs are being disposed to the soil and 24% into surface 

water by accident or purposely. Therefore, a deeper understanding of the fate and transport of 

engineered nanoparticles is warranted (Rottman et al. 2012) to investigate.  

 The small amount of TiO2 used in each product may seem harmless and manufacturers may not 

consider the total release by others than themselves. It is therefore important that research on TiO2 fate 

and transport is intensified and raise the public awareness of the potential harm to the environment, 

health and ecology; this new multi-billion dollar industry may pose (Ramsden 2014). According to 

Chen et al. (2011), the number of studies on transport of TiO2-NPs is limited compared to other 

nanoparticles, such as carbon nano tubes. Those that have been conducted indicate that the most 

important factors are mainly porous media matrix (grain size, pore size and surface roughness), 

physical and chemical characteristics (ionic strength, pH and NOM), surfactant concentration, flow 

rate, intrinsic properties of NPs (size and shape) and setup of the column system itself (Godinez et al. 

2013).  

 Higher ionic strength and lower pH leads to aggregation of NPs in an aqueous solution and 

subsequently they clog the pores of the sandy media; NOM however disagglomerates the NPs (Wang 

et al. 2012).   

 

1.2. Objectives 
The main purpose of this study was to investigate which physical properties or chemical parameters 

(pH, ionic strength) are critical for transport and retention of nano-TiO2 in saturated porous media. The 
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laboratory experimentation was designed to elucidate the mechanisms governing the fate and transport 

of nano-TiO2 in quartz sands in the saturated zone. Flow-through column experiments were 

established to study the deposition and release of nano-TiO2 in saturated porous media as a function of 

flow rate (0.2 ml/min and 1 ml/min), pH (6.3 and 7.5) and ionic strength (0.1-100 mM).  
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2. Theory 
 

2.1. DLVO Theory 
 

In an aqueous solution, an electrical double layer (EDL) is developed when two particles of similar 

chemical makeup and structure get close to each other. High concentrations of NPs in an aqueous 

solution lead to aggregation and lower the mobility of nano-TiO2 in porous media due to straining 

(clogged pores) and enhance conditions for deposition (Bouhaik et al. 2013). The deposition of NPs in 

porous media can however be reversed if the pore water-pH is not near the pH(PZC) (Point of Zero 

Charge), which is around 6.2 for TiO2 (Wang et al. 2012), or if the IS is not close to the CCC-value 

(Critical Coagulation Concentration) (Bouhaik et al. 2013).  

 The scientists Derjaguin, Verwey, Landau and Overbeek developed a theory for colloidal systems 

that is commonly referred to as the DLVO theory (Lens et al. 2013). Although DLVO theory was 

developed for colloids with a spherical shape, it is applicable to nanoparticle aggregates (even if they 

are non-spherical) that can be characterized as minor colloids (Godinez, 2011).  According to this 

theory, the total energy is the sum of the attractive VW (Van Der Waals, ∆GLW) energy of the sand 

particles and the EDL (Electrical Double Layer, ∆GEDL) repulsive energy of the NP-particles 

(Solovitch 2010).  

 The zeta potential (ζ-potential) of Nano-TiO2 solutions increases with increasing IS and increasing 

pH (Wang et al. 2012).  

 To calculate the interaction energy between sand and nano-TiO2, we assume that the NPs have a 

spherical shape and the sand has a plate shape (Chen, Liu & Su 2011). The Hamaker constant for sand 

and nano-TiO2 in water is calculated to be 1.2*10-20 J from values given in Butt et al. (2003) (see 

Equation and paramaeter values in appendix A).  

 

The DLVO forces are calculated from the following equations: 

 

∆GLW = −𝐴𝐴 
6

[𝑟𝑟
ℎ

+ 𝑟𝑟
ℎ+2𝑟𝑟

+ ln � h
ℎ+2𝑟𝑟

�]                                   (Eq.1) 

∆GEDL = 64πrεε0[ 
𝑘𝑘𝑘𝑘
𝑧𝑧𝑧𝑧

 ]2 tanh[𝑧𝑧𝑧𝑧𝑧𝑧
4𝑘𝑘𝑘𝑘

] tanh[𝑧𝑧𝑧𝑧𝑧𝑧
4𝑘𝑘𝑘𝑘

] x exp (-κh)  (Eq.2) 

ψ = ζ (1+𝑑𝑑
𝑟𝑟
) x exp(κd)                                                          (Eq.3)  

∆Gtot = ∆GLW + ∆GEDL                                                                           (Eq.4) 
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Where: 

 

∆GEDL = Electrical Double Layer 

∆GLW = Van der Walls 

∆Gtot = Total energy 

A = Hamaker constant 

h = separation distance 

κ = reciprocal of the Debye length 

r = radius of the particle 

ε = dielectric constant 

ε0 = vacuum permittivity 

e = electron charge 

z = valence of electrolyte 

k = Boltzmann’s constant 

T = Temperature 

ψ = total interaction energies of the particles 

ζ = zeta potential 

d = distance between the surface of the charged particle and   the slipping plane. 
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3. Materials and Methods 
 

3.1.Porous media 
 

Coarse-sized quartz sand grains (250-350 µm) from Sibelco Nordic, Baskarp, Sweden were used in 

this study. After sieving out a grain size distribution between 250 µm and 350 µm, the sand was acid-

washed sequentially according to the procedure of Huang et al. (2004).  

 In brief, a solution of 0.1M HCl was prepared by adding 1 liter de-ionized water in a 2 liters flask 

and mixed with 8 ml 37% HCL. The next step was to weigh approximately 1000 g of sieved sand and 

add 1/3 of sand at a time into the HCl-solution. The sand and HCl mixture was shaken well and stored 

for 10 minutes until it was time to rinse the HCl out by adding de-ionized water.  

 The next step in achieving removal of organic matter was to add 700 ml de-ionized water with the 

sand, 40 ml 30% H2O2 was added to the flask and shaken and stirred 4 times (total 160 ml H2O2). 

Following this the flask was stored away for 40 minutes to allow the chemical reaction to take place.  

The sand was rinsed by de-ionized water at least 5 times; the chemically cleaned sand was further 

dried in an oven (105°C) for 24 hours and cooled for 2 hours upon completion. Each column 

experiment required 41 g sand (1.67 g/cm3 bulk density and porosity 0.37). 

 

3.2. Aqueous Solution Chemistry 
 
The tracer test was conducted to examine the hydrodynamic properties of the medium. The tracer used 

was (Brilliant blue FCF, Dr. Ehrenstrofer GmbH).  

 The nano-TiO2 type utilized for this study was TiO2-anatase with more than 99.5% purity and 25 

nm in diameter (Aeroxide TiO2 P25, Evonik Degussa Corporation, NJ). Titanium dioxide solutions 

with a concentration of 100 mg/l and different ionic strengths (see Table 1) were prepared, thereafter 

the solutions were ultrasonically homogenized (BioLogics Inc. Model 3000) for 15 minutes (50% of 

300 W). The solution pH was adjusted by mixing different amounts of monohydrate 

((NaH2PO4)*H2O) and heptahydrate ((Na2HPO4)*7H2O) phosphate buffer. The IS of both the 

background solution and NP-solution was regulated by the addition of NaCl. 

 

3.3. Experimental Setup 
 

A 5 cm long glass column (Chromaflex inc.) with a diameter of 2.5 cm was utilized in all experiments; 

the column was wet packed with quartz sand. The porous media was then flushed through with 

background solution (DI water/NaCl solution), using a peristaltic pump (IPC8, Ismatic), for 2-5 pore 
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volumes in order to obtain steady state flow. A fast flow rate a of 1 ml/min and a slow flow rate of 0.2 

ml/min were used for the experiments.  

 In the tracer test, 2 different phases; (phase I, tracer and phase II, DI water) were injected into the 

column for 5 pore volumes for each phase. In the NP-experiments 3 different phases (phase I, NP-

solution, phase II, background solution and phase III, DI water) flowed through the column for 5 pore 

volumes each (see figure 1). The solutions were pumped into the column and the samples were 

collected into a fraction collector (CF-2, Spectrum Labs). The elution absorbance/concentration was 

then measured by spectrophotometer (DR 5000, Hach Lange AB) at a wavelength of 325 nm for TiO2 

and 410 nm for tracer.  

 All the experiments were conducted at a constant flow rate with the exception for the transient 

flow experiment, S11 (see Table 1), which had the aim of exploring the effect of change in flow rate 

within the same column experiment. The test started with a slow flow rate and ran for 5 PVs (phase I), 

then changed to the fast flow (phase I) for 5 PVs and finally with the background solution (phase II) 

for 5 PVs. In this experiment IS was 20.2 mM.  

 

 

 

 

 
Figure 1: Experimental setup for TiO2-transport in saturated porous media. Phase I is injection of TiO2-solution, 

phase II is background solution and phase III is DI-water. 

 

6 
 



  

 

3.4. Column experiment scenarios 
 

To achieve the objectives set out for this study, flow rate, pH and IS were examined (see Table 1). The 

NPs solution concentration was kept constant at 100 mg/l throughout the study, while pH was altered 

from 6.3 to 7.5, IS was varied from 0.1 mM to 100.2 mM. The flow rate was at steady state for all the 

experiments except S11, which was changed from 0.2 ml/min to 1 ml/min within the same column 

experiment. 

 
Table 1: Experiment conditions: Steady state and transient flow of TiO2 NPs in saturated porous media. 

________________________________________________________________ 

Exp. IS (mM) pH 

(-) 

Flow rate 

(ml/min) 

Darcy 

velocity 

(cm/min) 

Pore 

Velocity 

(cm/min) 

S1 0.1 6.3 1 0.20 0.11 

S2 0.3 7.5 1 0.20 0.55 

S3 1 6.3 1 0.20 0.55 

S4 1.2 7.5 1 0.20 0.55 

S5 10.2 7.5 1 0.20 0.55 

S6 20.2 7.5 0.2 0.04 0.11 

S7 20.2 7.5 1 0.20 0.55 

S8 30.2 7.5 1 0.20 0.55 

S9 40.2 7.5 1 0.20 0.55 

S10 100.2 7.5 1 0.20 0.55 

S11 20.2 7.5 0.2→1 0.20→0.55 0.11→0.55 

 

 

 

3.5. Modelling 
 

A finite element solution of the reactive transport equation developed by O’Carroll (2009) and 

modified by Sharma et al. (2014) was used to simulate the mobility of TiO2 in a porous medium 

(quartz sand). The model solves the mass balance in the aqueous solution and solid phase. 
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The aqueous phase equation looks as follows: 

 

  𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑏𝑏
𝑛𝑛
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝐷𝐷 𝜕𝜕2𝜕𝜕

𝜕𝜕𝜕𝜕2
 = 0                            (Eq.5) 

 

And the equation for the solid phase: 

 
𝜌𝜌𝑏𝑏
𝑛𝑛
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝑘𝑘𝑎𝑎𝜕𝜕𝜕𝜕ΨC +

𝜌𝜌𝑏𝑏 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑
𝑛𝑛

𝑆𝑆 = 0                              (Eq.6) 

 

Where 

 

ψ =  �1 − 𝜕𝜕
𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚

�                                                     (Eq. 7) 

 

And 

 

𝑘𝑘𝑎𝑎𝜕𝜕𝜕𝜕 =  (1−𝑛𝑛)3𝛼𝛼𝑣𝑣𝑛𝑛0
2𝑑𝑑𝑐𝑐

                                                  (Eq.8) 

 

Where  

 

C = concentration of the TiO2 – solution. 

 t = time. 

𝜌𝜌𝑏𝑏 = solid phase bulk density. 

n = porosity. 

S = amount of Nano-TiO2 particles in the solid phase. 

v = pore water velocity. 

α1 = longitudinal dispersivity. 

D = v*α1 = Dispersion coefficient. 

x = length sand column. 

ψ = absorption site-blocking term. 

katt = rate of attachment. 

kdet =  rate of detachment solid phase. 

Smax = maximum adsorption capacity for the solid phase. 

α = attachment efficiency for deposition. 

dc = mean collector efficiency. 

𝜂𝜂0 = Theoretical single collector efficiency = 𝜂𝜂S (Sedimentation) + 𝜂𝜂I (Interception) + 𝜂𝜂D (Diffusion). 
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4. Results and Discussions 
 

4.1.Effect of pH 
 

The effect of pH on NP mobility is shown in figure 2 and 3. The BTCs for IS 0.1 mM and 1 mM at pH 

6.3 compared to IS 0.3 mM and 1.2 mM at pH 7.5 exhibit very dissimilar shapes. At pH 7.5, we had 

very stable suspensions, proven by BTCs almost matching the tracer’s BTC.  

 The solution pH has a clear affect on NP mobility. At pH 6.3, in addition to increased deposition 

rate in the column, the NPs settled rapidly in the beaker and a stable concentration throughout the 

duration of the experiments could not be obtained. The settled particles were visible with the naked 

eye at the bottom of the beaker. 

  Fang et al. (2013) examined a suspension of IS 0.1 mM as in our case. They tested pH 2.6, 7.1 

and 9.6 and found that pH had a big role in the mobility of NPs. In their study they found that at pH 

2.6, nano-TiO2 was completely retained, whilst in the case of pH 7.1 and pH 9.6 almost all (93%) the 

NPs were flushed out.  

 In previous studies, the pH(PZC) (point of zero charge) for TiO2 and sand is reported to be from pH 

3 to 6.2 (Wang et al. 2012), but the experiments in this study, conducted at IS 0.1 mM to 100.2 mM 

showed a negative ζ-potential both at pH 6.3 and pH 7.5 (See further discussion on pH in section 3.5).

  The curves should ideally be smooth, but in the laboratory some inconsistency is to be expected 

due to residual dust, liquid in the spectrophotometer cuvette, fraction collector tubes or mixing up the 

order of the fraction collector tubes. The results overall appear to be reliable and consistent with 

previous studies of nano-TiO2.    
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Figure 2: The effect of pH on NP retention at  pH 6.3, IS 0.1 mM and fast flow rate (solid red line), and at pH 

7.5, IS 0.3 mM, fast flow rate (solid blue line) and tracer (dashed black line). 

 

 
Figure 3: The effect of pH on NP retention. At pH 6.3, IS 1 mM and fast flow rate (solid red line) and at pH 7.5, 

IS 1.2 mM, fast flow rate (solid blue line). 
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4.2.Effect of ionic strength 
 

The impact of IS on the deposition behavior of NPs at pH 7.5 is illustrated in figures 4 and 5. At pH 

6.3, it was noted that the IS played a visible role as can be seen from the lack of elution from the 1 

mM BTC compared to 0.1 mM BTC (figure 2 and 3). From figure 2 and 3, a comparison between 

tracer, 0.3 mM and 1.2 mM shows that there is very small difference in the maximum eluted 

concentration. The existence of retained particles is made more visible at phase III, where we can see a 

small peak for 0.3 mM and slightly larger peak for 1.2 mM.  

 At pH 7.5 the suspension is relatively stable and a picture of the role of IS can be isolated and 

inspected. In figure 5, the 10.2 mM Solution shows that more particles are retained than in in figure 4, 

but when the IS was raised to 20.2 mM we saw that the suspension concentration in the beaker got 

more unstable and that also more particles are getting retained in the column. The trend of more 

retained particles for IS 30.2, 40.2 and 100.2 mM, by increasing ionic strength, continues.  

 These observations showed, that higher IS leads to NP-NP separation distance shortening, and 

favorable conditions for aggregation of NPs (Rottman et al. 2012), hence straining and deposition 

occurs in the porous media (Godinez et al. 2013). Those particles that were not eluted in phase II were 

almost fully eluted in phase III, except for 100.2 mM that did not elute anything in phase II and only a 

small fraction of the injected nano-TiO2 was eluted in phase III.  

 The result is consistent with previous studies and the DLVO theory (Sasidharan et al. 2014). See 

section 3.5 for further discussion on DLVO theory and the effect of IS on the zeta-potential of TiO2 

and sand. 
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Figure 4: Impact of IS on NP deposition in a saturated porous media at pH 7.5 and flow rate 1 ml/min. Tracer 

(dashed black line), 10.2 mM (Solid red line, S5) and 20.2 mM (solid blue line, S7). 

 

 

 
Figure 5: Impact of IS on NP deposition in a saturated porous media at pH 7.5 and flow rate 1 ml/min. Tracer 

(dashed black line), 30.2 mM (Solid red line, S8), 40.2 mM (solid blue line, S9), 100.2 mM (solid green line, 

S10). 
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4.3.Effect of flow rate 
 

In this study, two different flow rates, 0.2 ml/min (slow flow) and 1 ml/min (fast flow) were 

examined. Two tracer tests for each flow rate were conducted to get an idea of what an ideal 

breakthrough curve (BTC) should look like and to study the hydrodynamic properties of the medium. 

The mean BTCs for the tracer tests and IS 20.2 mM at slow and fast flow rate can be seen in figure 6 

below. 

 

 
Figure 6: Impact of flow rate (tracer and IS 20.2 mM) on NP deposition in a saturated porous media fast and 

slow flow rate at pH 7.5. 

 

 To evaluate the effect of flow rate, two solutions with IS 20.2 mM (Experiment S6 and S7) at pH 

7.5 were pumped through the porous media at a flow rate of 1 ml/min (slow flow) and 0.2 ml/min 

(slow flow) respectively.  

 The figures shows that the tracer tests at the two different flow rates match nearly perfectly. This 

indicates that the flow rate doesn’t impact the hydrodynamic properties of the medium. The results 

indicated that it is in combination with an increase in ionic strength, that the slow flow induces the 

deposition of the nanoparticles on the collector surface, due to a longer period of interaction.  

 The findings are consistent with other studies that have shown that higher flow rate increases the 

transport of nano-TiO2 because of the shorter time scale for attachment to the collector (Ben-Moshe, 

Dror and Berkowitz, 2010; Godinez 2011). In an ideal case, the slow and transient flow curves (figure 

7) should have coincided the first five PVs, but the transient flow shows a higher portion retained 

13 
 



  

 

particles than the slow flow BTC. This can be due to difference in suspension concentration. We can 

however observe that they are similar in shape, and therefore draw the conclusion that, there is a lag of 

approximately 2 PVs in the transient flow BTC (PV 10-12), due to the addition of retained NPs of the 

slow flow and nearly none retained in phase III. 

 

 
Figure 7: Impact of flow rate (IS 20.2 mM) on NP deposition in a saturated porous media, comparison between 

fast, slow and transient flow at pH 7.5. 

 

4.4.Modelling results 
 

The model was used to find the best combination of the unknown parameters’ values in equations 5-8 

in section 3.5 above. It was assumed that the detachment and the site blocking parameters are the most 

important mechanisms.  

 The model was programmed to find the minimum RMSE (root mean square error) between the 

experimental and simulated BTCs. The values of experiment S2 (0.3 mM) were used to get the 

longitudinal dispersivity (α1) of the medium, because the tracer data showed a higher discrepancy than 

the 0.3 mM IS-solution, while keeping the attachment and detachment rates equal to zero.  

 The best value for dispersivity at RMSE 0.047 was a good enough match. Since 

dispersivity only depends on the hydrodynamic properties of the medium, it was kept at 

0.0029 m for all the other experiments (see table 2).   
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Table 2: Simulated parameter values of IS 0.3-40.2 mM, pH 7.5 at flow rate 1 ml/min. 

Exp. IS α Smax Kremoval Kdet  α1(m) RMSE 

Tracer - 0.1 0.000004 0.0000 0.00000 0.0029 0.066 

S2 0.3 0.1 0.000000 0.0000 0.00000 0.0029 0.047 

S4 1.2 0.1 0.100000 0.0000 0.00009 0.0029 0.013 

S5 10.2 0.0081 0.012000 0.0000 0.00008 0.0029 0.057 

S7 20.2 0.045 0.000200 0.0003 0.00004 0.0029 0.059 

S8 30.2 0.056 0.000900 0.0007 0.00001 0.0029 0.009 

S9 40.2 0 0.015000 0.0010 0.00000 0.0029 0.034  

 

 

 For IS 0.3, 1.2 and 10.2 mM (figures 8, 9 and 10), the simulated and experimental BTCs match 

nearly exactly, which the RMSE values also confirm. But at 20.2 mM (fast and slow flow) in figure 

10, the model is not able to predict the straining effect and shows therefore a small difference.  

 

 

 

 
Figure 8: Simulation results for tracer and IS 0.3 mM. 
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Figure 9: Simulation results for IS 0.3 mM and 1.2 mM. 

 

 

 

 
Figure 10: Simulation results for IS 0.3 mM, 10.2 mM, 20.2 mM slow flow and 20.2 mM fast flow. 
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 In the IS 30.2 (very small) and 40.2 mM experiments (figure 11), a changing concentration with 

time, is injected into the column and thus shows a decreasing relative concentration gradient, while the 

opposite is what should have happened. The simulated BTCs (ideal conditions) show a more accurate 

behavior.     

 
Figure 11: Simulation results for IS 0.3 mM, 30.2 mM and 40.2 mM. 

 

 

 From the values the model predicted, there is a clear indication that the detachment rate (figure 12) 

decreases with increasing ionic strength and vice versa, the straining rate (figure 13) increases with 

increasing ionic strength. 

 

 
Figure 12: detachment rate of the particles. 
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Figure 13: Straining rate of the particles. 
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4.5.DLVO Results 
 

The ζ-potential values for sand and nano-TiO2 are derived from Sharma et al. (2014) and Wang et al. 

(2012) and were used to extrapolate the plots in figure 14 and 15. 

 

          

 
Figure 14: Effect of pH on ζ-potential. 

 

 

 
Figure 15: Effect of IS on ζ-potential. 

 

 

19 
 



  

 

 The DLVO forces for IS 0.3, 10.2 and 40.2 mM at pH 7.5 (figure 16) were obtained by inserting 

the values of different constants and values for IS and ζ-potentials into equations 1-4 in section 2.1. 

The ζ-potentials of sand and TiO2-NPs are listed in table 3 below. In figure 16, ∆Gtot/kT is the y-axis 

and the x-axis is particle separation distance in nm. 

 
Table 3: ζ-potential of sand and TiO2 at pH 7.5 and IS 0.3 - 40.2 mM. 

IS Solution (mM) ζ-potential sand (mV) ζ-potential TiO2 (mV) 

0.3 -47.2 -26.3 

1.2 -47.1 -20.5 

10.2 -46.4 -19.7 

20.2 -47.2 -18.8 

30.2 -49.7 -17.9 

40.2 -53.8 -17.0 

 

 
Figure 16: Nano-TiO2 – sand - water interaction energy. 

 

 The energy calculations confirmed what was observed in experimental and simulated results: as 

the IS increases, the the separation distance between particles decreases and there is therefore a 

creation of aggregates and deposition onto the collector surface. 
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Conclusion 
 

In this study, column experiments in sandy porous media were conducted to evaluate the impact of 

pH, IS and flow rate on the fate and transport of nano-TiO2.  

 

 The outcome of the investigations indicates, that: 

 

 The flow rate has an impact on the transport of the TiO2 nanoparticles, where high flow rates 

produces more NP-effluent. 

 

 At pH 7.5, the NP-solution is more stable and physical straining due to aggregation does not occur 

as much as is the case at pH 6.3. 

 

 The IS of a solution played an important role in the retention of particles in the solution, but 

raising pH from 6.3 to 7.5 stabilized the solution and the role of IS was limited to a certain degree. 

But above 10.2 mM at pH 7.5, retention increased again. 

 

 It is important to keep the solution stable and avoid settling and aggregation. Therefore a longer 

time for sonication and stirring the suspension continuously during the experiment is advisable in 

order to get accurate experimental results. One way to have a more stable concentration would 

have been to lower the concentration of the NP-solutions from 100 mg/l to a more suitable 

concentration.  

 

 The environmental impact of nanoparticles (NPs), such as their spreading in a groundwater 

aquifer, is controlled by the solution chemistry (IS, pH) and flow rate. In order to reduce the 

mobility of NPs in natural systems, it is important to raise the IS and/or keep the pH around 

pH(PZC).  
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Appendix A: Hamaker constant calculation.  

 

Table A1: Parameters for the calculation of Hamaker constant 

Parameter Value 

T (K)  293 

k (J/K) 1.38E-23 

h (Js) 6.63E-34 

υe (Hz) 1.2E+15 

R (nm) 12.5 

D0 (nm) 25 

 

 

Table A2: Dielectric constants and refractive indices for TiO2 in NaCl in a sand (Quartz) medium. 

 

Material Properties 

  Dielectric 

Constants 

Refractive Indices 

Phase 1 

(TiO2) 

ε1 114 n1 2.464 

Phase 2 

(Quartz) 

ε2 4.5 n2 1.46 

Medium 

(Water) 

ε3  78.5 n3 1.33 

 

 

 

 

 
Equation A1:  Hamaker constant (A) equation. 
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