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Abstract  

 

The fate of silver nanoparticles (nAg), an emerging environmental contaminant, has been widely 

studied particularly around wastewater and groundwater systems. The transport and deposition of 

nanoparticles onto the surface of environmental porous media-like soils are most commonly 

modeled using classical colloid filtration theory to assess the filtration efficiency and dispersal of 

suspended nAg in percolating groundwater. However, the variation of porous media including 

surface roughness and chemical heterogeneity renders findings system specific. This work 

sought to determine how deep the attractive potential well must be to capture silver nanoparticles 

(nAg) under conditions where the equilibrium interaction potential should follow classical 

DLVO modeling. Using a well-defined model system of 50 nm nAg particles and 50 10 µm 

silica collector particles under gravity-driven flow (low Reynolds number and low Peclet 

number), it was determined that at -2.5 kT attractive well ~ 92 % of nAg were captured in the 

column. The nAg particles were released by increasing electrostatic repulsion through reduction 

in ionic strength. Subtle changes in the ionic strength in the range 5 to 12.5 mM, which are 

commonly found in soil, transitioned from transport to deposition and vice versa. These findings 

will be useful for predicting transport or capture in more complex systems. 
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1. Introduction  

 

Because of their antimicrobial and antibacterial properties, silver nanoparticles (nAg) are widely 

used in various consumer products including textiles, cosmetics (Badawy et al. 2010), medical 

devices, and drug delivery (Lee and Jun 2019; Cornelis et al. 2013; Badawy et al. 2010 ). As a 

result, nAg enters the environment through wastewater effluents (Patiño, Kuhl, and Morales 

2020;  Cornelis et al. 2013) and can contaminate water sources and soil (Mahdi et al. 2018). To 

evaluate the risk and toxicity of nAg in the environment, understanding its colloidal deposition, 

transport, and retention is essential (Cornelis et al. 2013;  Godinez et al. 2013). The 

physiochemical factors that alter nAg transportation are pH, ionic strength (Liu, Sun, and 

Santamarina 2019; Patiño, Kuhl, and Morales 2020), porous media size distribution (Mahdi et al. 

2018), surface roughness (Bradford and Torkzaban 2015), heterogeneous collector surface (Lin 

et al.2011), and particle flow (Liang et al. 2013). Previous work on the transportation and 

retention of particles in saturated porous media has varied these physiochemical factors including 

the concentration of nAg (Liang et al. 2013), particle size, pH,ion type (Liang et al.2013),  ionic 

strength (Mahdi et al. 2018), the role of dissolved organic matter (Sagee, Dror, and Berkowitz 

2012), humic acid (Patiño, Kuhl, and Morales 2020), and carbonate absorption (Liu et al. 2019). 

 

Colloidal filtration theory (CFT), presented by Harvey and Garabedian 1991 ES&T, has been 

used extensively to model the fate of nAg in the environment. CFT combines convection and 

diffusion of nanoparticles with classical colloidal interactions, and a sink term to predict the 

retention of nAg in soil   (Harvey and Garabedian 1991; Liang et al. 2013; Yao, Habibian, and 

O’Melia 1971). In the CFT governing equation (Eq. 1), 𝐶 is the nanoparticle concentration, 𝐷 is 

the dispersion coefficient, v is the mean pore velocity, and 𝑘𝑑  is the irreversible deposition rate. 
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The rate constant 𝑘𝑑 depends on the attachment efficiency 𝛼,  media porosity , mean particle 

radius 𝑅𝑀, and single collector efficiency 𝜂0. This approach has been used extensively in the 

field of environmental remediation to better understand and predict the fate of nAg. 

 

 
𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2 − 𝜐
𝜕𝐶

𝜕𝑡
− 𝑘𝑑𝐶                                                                Eq. (1) 

                        𝑘𝑑 =
3

4

(1−𝜃)

𝑅𝑀
𝜐𝛼𝜂0                                                                    Eq. (2) 

 

The specific objective of this research was to quantitatively establish the depth of the attractive 

well required to capture nAg particles in a well-defined system. The column was composed of 40 

µm silica particles, and the experiments were in the diffusive regime  (supporting document) 

with nAg transported in the column by gravity-driven flow. The foundation for predicting 

colloidal interactions between particles under the measurement conditions is the Derjaguin,, 

Landau, Vervey and Overbeek (DLVO) theory (Swanton 1995). By varying the solution ionic 

strength, the interaction potential between nAg and silica particles could be precisely modulated, 

enabling the attractive well depth to be quantitatively determined. Significantly, the ionic 

strength range of interest, 5mM to 25mM, for tuning the nanoparticle fate from transport to 

capture is in accordance with ionic strengths in typical soils. 
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2. Materials and Methods  

 

2.1 Chemicals 

 

Bio Pure monodispersed silver nanospheres with a diameter of 50 nm   4 nm,1 mg/ml 

concentration in 2 mM sodium citrate were purchased from nanocomposix. The sodium citrate 

coating helps prevent the aggregation of particles and these coatings may affect the surface 

charge and provide steric and electrostatic repulsion (Petosa et al.2010a) (Sagee, Dror, and 

Berkowitz 2012). Sodium nitrate (NaNO3,99.995% purity, Sigma) was used to prepare 

monovalent electrolyte solutions for transport column experiments and zeta potential 

measurements. Silica gel (Silicon dioxide )230-400 Mesh, Grade 60 was purchased from Fisher 

Chemical (Thermo Fisher Scientific) with particle sizes 50 10 µm. RCA silica beads from 

polysciences (400nm ± 40nm, nSiO2) were used as a proxy for silica zeta potential 

measurements. Milli-Q gradient water was used for all experiments.  

2.2 Zeta Potential 

 

A Malvern Zetasizer Pro ZS (Malvern Instruments Ltd.) was used to measure the zeta potential 

of nAg and nSiO2 with different electrolyte solution concentrations. A 1.0 ml sample of 
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0.01mg/ml concentration of nAg at the desired ionic strength was loaded into DT 1070 

disposable folded capillary cells and equilibrated to 25 ⁰C for 30 seconds. The scattering angle 

was 90⁰.  Refractive index values for silica and nAg were 1.46 and 0.06, respectively. A 

minimum of three independent samples were tested with 3 separate measurements of 12 runs 

each (Table 1). The zeta potential depends on the ionic strength, ion type, and pH but is 

independent of nanoparticle concentration under these conditions (Liu, Sun, and Santamarina 

2019). The pH was not controlled for the measurements to be consistent with column 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Transport column Experiments  

 

Transport and retention of nAg in porous media experiments were carried out in 10 mL 

polystyrene serological pipettes (1.1 cm inner diameter) from Fisher Scientific. The columns 

were packed with silica (~1.27 g), these porous media may affect the energy profiles due to 

charge heterogeneity (Bradford and Torkzaban 2015). To avoid leakage of silica particles from 

Sample 
Particle 
size (nm) pH  Solution Zeta  (mV) 

Silica 400 ± 40 8.5 MilliQ -70 ± 7 

Silica 400 ± 40 7.9 10, 12.5mM -58 ± 8 

Silica 400 ± 40 8.1 5, 7.5mM  -74.1±6 

nAg 50 ± 4 7.2 MilliQ -57 ± 10 

nAg 50 ± 4 6.1 10, 12.5mM -39 ± 12 

nAg 50 ± 4 6.1 5, 7.5mM -42 ± 18 

Table 1: Zeta potential measurements of silica and nAg as a function of 

NaNO3 ionic strength. Grouped ionic strengths were indistinguishable from 

one another.   
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the column, a cotton plug was placed at the column base prior to filling. The column was then 

vibrated to achieve uniform packing and to avoid air gaps (Liang et al. 2013). Subsequently, the 

column was filled with the desired electrolyte solution and flushed at least 5 times. The liquid 

volume to completely wet the silica was 2 ml, and the residence time for 2 ml was approximately 

30 mins. Ionic strengths from 0 to 50 mM NaNO3 were explored. The salt titration data 

(supplemental information, figure S2) demonstrates that 50nm nAg dispersions were stable 

below 50 mM ionic strength. Figure 1 shows the column setup under different ionic strengths. 

 

Figure 1. Transport and retention of nAg in the SiO2 column at different ionic strengths (control, 

5mM, 7.5mM, and 12.5mM NaNO3). The control column contains only the background 

electrolyte solution. 

 

Silver nanoparticle samples at a concentration of 0.05 mg/ml in the desired ionic strength were 

sonicated before adding to the wetted column at the same ionic strength (Sagee, Dror, and 

Berkowitz 2012). No pressure was applied, and the silver particle solution moved through the 

column by gravity-driven flow (natural convection) under creeping flow conditions (Supporting 

Information). A load volume of 2 ml was used in all cases and flush volumes were also done in 2 

ml aliquots. The effluent samples were collected in 250L fractions in borosilicate glass tubes 

n-Ag
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for concentration determination using a UV-vis spectrophotometer (Molecular Devices 

SpectraMax 384 plus Microplate Reader) with a 96-well PCR plate (Thermo Fisher Scientific). 

A wavelength of 420 nm and path length of 0.5 cm was used to quantify the concentration using 

Beer Lambert's law. Known concentrations of nAg stock were used to establish an absorption 

calibration curve (supplemental information, figure S1). In some cases, the silica column was 

dried and broken down after the experiments to determine whether the particles adhered to the 

column walls. Adhesion to the walls was not observed. In addition, nAg was found to adsorb to 

the cotton fibers in the cotton plug. The adsorbed amount was quantified by soaking a cotton 

plug in different electrolyte solutions with 0.05 mg/ml nAg for approximately 2 hours. After 

removal of the cotton plug, the absorbance value showed that approximately 16  13.5 % of 

nanoparticles were absorbed to the cotton plug. At least triplicate experiments were conducted in 

all cases and the average of these experiments is reported. 

2.4 Interaction Energy Profile -DLVO Theory  

 

For nAg in a hydrated, porous silica column, the dominant interactions are van der Waals 

attraction and electrostatic repulsion. In this well-defined system, DLVO theory can be used to 

accurately predict the interaction energy between nAg and the much larger silica particles. The 

electrostatic energy (V𝑒𝑙𝑒𝑐 (ℎ)) between silica and nAg was calculated using the non-linear 

Poisson-Boltzmann (NLPB) equation for two flat plates and converted to sphere-sphere 

interaction using Equation (3) (Grabbe 1993; Patiño, Kuhl, and Morales 2020). For these 

measurements, the dielectric constant was 78, and temperature 25⁰C. The Debye length 𝜅 (Å) for 

monovalent salts was determined from 3.04/M, where 𝑀 is molarity. 𝑅1 is the radius of nAg 

(25 nm), and 𝑅2 is the radius of SiO2 particles (20 to 30 m). Since 𝑅2 ≫ 𝑅1 the interaction is 

scaled by 𝑅1 of nAg. The surface potential of the nAg and silica was determined by measuring 
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zeta potential in colloidal suspensions under the relevant electrolyte conditions (Table 1).  

Equation (4) was used to calculate the van der Waals (V𝑣𝑑𝑊(ℎ)) attraction between spheres where 

𝐷 is the separation distance, and 𝐴 is the Hamaker constant based on the refractive index of silica 

and Ag, acting in water. The value, 𝐴 = 4.3 × 10−20𝐽, was used based on experiments by Patiño, 

Kuhl, and Morales 2020. The total interaction energy between the nAg and the silica 

particles, VT(h), is the sum of the van der Waals attraction, (V𝑣𝑑𝑊(ℎ))  and electrical double 

layer interaction, V𝑒𝑙𝑒𝑐 (ℎ)) ( Huynh and Chen 2011). 

W𝑒𝑙𝑒𝑐  =  (
𝑅1×𝑅2

𝑅1 + 𝑅2  
 ) ×

2𝜋

𝜅
 𝑁𝐿𝑃𝐵𝑓𝑙𝑎𝑡𝑠       Eq. (3) 

 

                     W𝑣𝑑𝑊  =  
−𝐴

6𝐷
 (

𝑅1×𝑅2

𝑅1 + 𝑅2  
)                        Eq. (4) 

 

3. Results and Discussion  

 

3.1 Chromatography Column: Transport and Retention  

 

The goal of this work was to experimentally determine the depth of the DLVO attractive well 

required to capture nAg using a well-defined system with silica collector particles. If the surface 

roughness of SiO2 is considered based on the asperities of the sphere on a porous media, then the 

DLVO calculation should be accounted for sphere and flat plate with alterations in depth of 

secondary minimum and energy barrier (Shen et al.2012). The size of nanoparticles and porous 

media could affect the heterogeneity and surface roughness (Petosa et al.2010b). The presence of 

surface roughness could deepen the secondary minimum well (Shen et al.2012).  As the van der 

Waals attraction is constant, the depth of the minimum can be altered by modulating the 

electrostatic repulsion through the solution ionic strength (Israelachvili 1991; Israelachvili and 

Adams 1978;  Liang et al. 2013). As shown in Figure 1, the transport or capture of nAg can be 

qualitatively detected visually at a concentration of 0.05 mg/ml. The control column was filled 
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with background electrolyte solution (5mM, 7.5mM ,10mM ,12.5mM) The pore volume in a 

saturated column was 2 ml, and 2 ml aliquots of nAg in the same ionic strength were gently 

added atop the wetted column at the same ionic strength. The solution was allowed to drain by 

gravity and an additional 2 ml electrolyte solution only, no nAg, was added atop the wetted 

column (water saturation) to ensure the column did not dry out. The residence time for 2 ml was 

approximately 30 mins. By visual inspection and mass balance, at 5 mM ionic strength, the nAg 

particles eluting from the column was 65 % with 16  13.5 % nAg absorbed in cotton plug. At 

7.5 mM and 10 mM the mass recovery was approximately 24 % and 11% respectively with 16  

13.5 % nAg absorbed in cotton plug . At 12.5 mM nAg loaded into the column was captured 

with 8% mass recovery and when re-eluted 41% was the mass recovery (Supporting 

Information). The attractive minimum was sufficiently deep at 12.5 mM and only clear 

electrolyte solution eluted.  

More quantitative measurements were based on column eluent UV-visible absorbance as shown 

in Figure 2. At 5 mM the nAg eluted out of the column with ~ 65 % mass recovery. At 12.5 mM 

the initial eluent was clear. To confirm that the nanoparticles were captured in the secondary 

minimum and not physically stuck between the collector particles, MilliQ water in 2 ml aliquots 

was added to reduce the ionic strength and decrease the secondary minimum well depth (Liang et 

al. 2013). Figure 2(b) demonstrates that the nAg once captured at 12.5mM, eluted when DI was 

added .The particle remobilization was only tested with DI because it alters the ionic strength 

and changes the depth of secondary minima and particle stability. Figure 2(c) shows the relevant 

ionic strength data plotted together for easy comparison.  
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a)  

 

b)  

 

c)  

 

Figure 2. Breakthrough curves at (a) 5 mM column elution (green line) and (b) 12.5 mM column 

elution (red line) represent the no capture and capture conditions. The blue arrow indicates when 

the Milli-Q water was added to the column. The dashed lines represent the pre-tested 0.05mg/ml 

nAg control samples. Between these ionic strengths (c) nAg elution at 7.5mM and 10mM.  
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3.2 UV-Visible Spectroscopy  

 

The eluent UV-visible spectrophotometer absorbance was used to understand more about 

transport and retention conditions. The absorbance was tested for all the elution samples from the 

column. The initial absorbance of the nAg samples regardless of ionic strength was 3.23 ± 0.05 

(nAg control). From mass balance and absorbance values the capture and transport of nAg at 

tested ionic strengths were heterogeneous. The maximum absorbance was 0.1 ± 0.06 in 

agreement with the absorbance of the pure 12.5 mM electrolyte solution (0.053 ± 0.002). The 

absorbance values for 12.5mM were consistent for all the effluent samples until Milli-Q water 

was added to the column, decreasing the ionic strength. The blue arrow indicates the introduction 

of Milli-Q water (figure 2 (b)). At 7.5mM and 10mM the capture and elution were partial with 

maximum absorbance values of 1.0 ± 0.3 and 0.3 ± 0.1 respectively. 

3.3 DLVO Theory  

 

 

 

 

 

 

 

 

Table 2: Summary of Debye length and secondary minimum well depth for different electrolyte 

concentrations based on the DLVO calculation Eqs. 3 and 4. 

 

ELECTROLYTE 

CONCENTRATION (mM) 

DEBYE LENGTH (Å) WELL DEPTH (kT) 

5 43 -1.4 ± 0.2 

7.5 35 -1.8 

10 30 -2.2 

12.5 27 -2.5 
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Figure 3. Interaction energy-distance profiles between nAg and SiO2 from 5 to 12.5 mM. In the 

inset, the red line (12.5 mM) shows the well depth for capture is -2.5 kT and the green line (5 

mM) shows no capture when the depth is decreased to about -1.5 kT. In between these extremes 

the behavior was mixed between elution and capture. 

 

Based on the van der Waals attraction and electrostatic repulsion using the Poisson Boltzmann 

equation and constant surface potential, the total interaction energy was calculated at different 

salt concentrations (5, 7.5, 10, and 12.5 mM). The secondary minimum depth values are 

summarized in Table 2. However, if the depth of the secondary minimum is shallow the colloidal 

particles could be eluted out due to Brownian motion (Shen et al.2012). The relevant range of 

ionic strength for the transition from no capture to retention ranges from 5  to 12.5 mM with 

mixed behaviors.  Importantly, typical soil ionic strength is in 1 to 20 mM range (Cai et al. 

2022). The energy differences across these ranges were approximately 1 kT (green compared to 

red lines in Figure 3), with varied behavior.  
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Because of the 3 orders of magnitude difference in the size of nAg and silica collector particles, 

the interaction is essentially independent of SiO2 collector size and only depends on the nAg 

radius.  

4. Conclusion  

 

This work investigated the mobility of nAg at different ionic strengths in saturated porous media 

composed of micron-sized silica particles. The relevant range of ionic strength for monovalent 

salts to go from transport to capture was from 5mM to 12.5mM. The well-defined system 

enabled determination of the attractive well depth to capture nAg using DLVO theory. The 

captured nanoparticles were eluted upon decreasing the ionic strength and concomitant decrease 

in the depth of the secondary minimum. The results indicated that the behavior was 

heterogeneous for capture and elution of nAg for an ideal system with uniform silica collector 

particles .Surface roughness would likely change the depth of the secondary minimum well 

(Shen et al.2012).  

Future work will drive towards more realistic systems by introducing dissolved organic matter 

(DOM), divalent salts, including roughness of collector particles, chemical heterogeneity as it 

may affect the retention of particles (Bradford and Torkzaban 2015; Shen et al.2012) and more 

complex soil mimics to better understand the transport and retention of nanoparticles in real 

systems. 
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6. Supporting Information  

 

Figure S1. Control measurements for UV-vis absorbance at 420 nm for 50 nm silver 

nanoparticles (nAg) as a function of concentration.  

Figure S2. Size of nAg particles as a function of ionic strength measured by dynamic light 

scattering (DLS). 

 

 

Figure S1. UV-vis calibration curve as a function of nAg concentration. Absorbance was 

measured at a wavelength of 420 nm. 

 

  
 

Figure S2. The size of nAg by dynamic light scattering (DLS) as a function of ionic strength in 

monovalent NaNO3. 
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Reynolds number  

Re =𝜌. 𝑣. 𝐿/𝜇 

 - 1000 kg/m3 

Velocity  

V = m *g / 6  r  

m = 4/3   r3 𝜌 

- density of silver -10.5 g/cm3 

m= 7 *10-19 kg  

g =9.8 m/s2 

r = 25 *10-9m  

- 1 *10-3 Ns/m2 

V = 1.5*10-8 m/s 

 

Characteristic length - 0.125 m (length of column 12.5cm ) 

Dynamic viscosity - 1 *10-3 Ns/m2 

Re = 1.9 *10-5 (Laminar flow )   

 

Peclet number  

Pe =𝐿 ∗ 𝑣/𝐷 

Velocity -1.5*10-8 m/s 

Characteristic length - 0.125 m  

Diffusivity of water =2.3 *10-9 m2/s  

Pe= 0.815 (Diffusive regime) 

 

CONSERVATION OF MASS  

 

The area under the curve was calculated using the Trapezoidal rule. 

The total area under the curve for control = 3.23 ± 0.05  * 2ml = 6.46 (ml. a.u) 

The mass recovery at 5mM - ~65% 

                                  7.5mM- ~ 24% 

                                   10mM- ~11% 

                                  12.5mM- ~8% 

The total recovery with addition of DI in 12.5mM ~41% 

All the mass recovery was calculated with cotton plug absorption of 16 13.5 % 
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