
Colloidal Transport and Deposition Through Dense
Vegetation
Congrong Yu  (  cryu@hhu.edu.cn )

State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University,
College of Hydrology and Water Resources https://orcid.org/0000-0002-8403-3998
Peiyi Duan 

State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University,
College of Hydrology and Water Resources
Zhongbo Yu 

State Key Laboratory of Hydrology-Water resources and Hydraulic Engineering; Hohai University, College
of Hydrology and Water Resources
Li Chen 

State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University,
College of Hydrology and Water Resources
D. A. Barry 

Ecological Engineering Laboratory (ECOL), Institute of Environmental Engineering, Faculty of
Architecture, Civil and Environmental Engineering, Ecole Polytechnique Federale de Lausanne
Yufeng Sun 

State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University,
College of Hydrology and Water Resources
Ying Li 

State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University,
College of Hydrology and Water Resources

Research

Keywords: Colloids, dense vegetation, deposition rate coe�cient, travel distance, physical and chemical
condition

Posted Date: December 4th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-120407/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-120407/v1
mailto:cryu@hhu.edu.cn
https://orcid.org/0000-0002-8403-3998
https://doi.org/10.21203/rs.3.rs-120407/v1
https://creativecommons.org/licenses/by/4.0/


Version of Record: A version of this preprint was published at Chemosphere on January 1st, 2022. See
the published version at https://doi.org/10.1016/j.chemosphere.2021.132197.

https://doi.org/10.1016/j.chemosphere.2021.132197


 

1 

 1 

 2 

 3 

 4 

Colloidal transport and deposition through dense vegetation 5 

 6 

Congrong Yua,*, Peiyi Duana, Zhongbo Yua, Li Chena, D. A. Barryb,*,, Yufeng Suna, 7 

Ying Lia
 8 

 9 

 10 

aState Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai 11 

University, College of Hydrology and Water Resources, Nanjing, Jiangsu 210098, China 12 

bEcological Engineering Laboratory (ECOL), Institute of Environmental Engineering (IIE), 13 

Faculty of Architecture, Civil and Environmental Engineering (ENAC), Ecole Polytechnique 14 

Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland 15 

 16 

 17 

* Corresponding author: cryu@hhu.edu.cn; andrew.barry@epfl.ch 18 

Submitted to: Environmental Sciences Europe 17 November 2020  19 

mailto:cryu@hhu.edu.cn


 

2 

Abstract 20 

Background 21 

This paper investigates the effectiveness of dense vegetation on removal of 22 

colloids, which are important nonpoint source pollutants. In small scale colloid 23 

transport experiments, the deposition rate of colloids in dense vegetation is often 24 

taken as constant.  25 

Results 26 

This assumption was tested by experiments and modeling aimed at quantifying 27 

changes in colloid retention during transport in dense vegetation, in particular how 28 

colloid retention changes with travel distance. Flume experiments using a 10-m long 29 

dense vegetated strip were conducted under various conditions with combinations of 30 

different flow velocities, initial colloid concentrations, solution pH and ionic strength. 31 

The advection-dispersion model coupled with first-order deposition kinetics simulated 32 

the experimental data satisfactorily.  33 

Conclusions 34 

It showed that the colloid deposition rate decreased with travel distance, with the 35 

decline following a power law, and reached steady state after about 10 m. Diffusion 36 

and interception processes in colloid filtration theory were sufficient to describe the 37 

observed deposition kinetics. The decreasing trend in colloid deposition could be 38 

attributed to decreased diffusion along the travel path. 39 
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Background 42 

Removal of colloidal particles by dense vegetation is critical to non-point source 43 

(NPS) pollution control. Colloids with a size range of 0.1~10 µm, such as bio-colloids 44 

like bacteria, viruses and protozoa (Hickey and Doran, 2004; Magette et al., 1989), 45 

are an emerging contaminant with different characteristics to traditional NPS 46 

pollutants such as solute or sediments (Barry et al., 2013; Jin et al., 2019; Yan et al., 47 

2020). Colloids can also influence the fate of chemical pollutants, such as 48 

radionuclides (Koelsch et al., 2006; Tomer et al., 2003), pesticides (Wang and Wang, 49 

2008) and heavy metals (Bin et al., 2011; Bundschuh et al., 2018), due to their high 50 

specific surface area. 51 

Capture of colloids by vegetation is an important mechanism for removing 52 

colloids from surface water (Palmer et al., 2004). Dense vegetation is the most 53 

effective due to the ultra-fine size of the colloids (Davies et al., 2004; Olilo et al., 54 

2016; Palmer et al., 2004; Wu et al., 2014; Yu et al., 2012). The literature on colloid 55 

removal in porous media is extensive (Bradford et al., 2003, 2013; Chen et al., 2015; 56 

Corapcioglu et al., 1999; Gao et al., 2004; Molnar et al., 2015; Phenrat et al., 2010; 57 

Saiers and Ryan, 2005; Wang et al., 2016). Typically, it is modeled using first-order 58 

deposition kinetics (Kretzschmar et al., 1997; Molnar et al., 2015). Classical filtration 59 

theory, used to explain the colloid deposition mechanism in porous media (Jin et al., 60 

2018), is also appropriate to describe the retention of colloids by dense vegetation 61 

(Wu et al., 2012; Yu et al., 2012, 2019). In this context, the deposition rate coefficient 62 

(𝑘𝑑) is the key parameter quantifying colloid filtration by vegetation. 63 
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For porous media, although many studies took 𝑘𝑑 as a constant (Albarran et al., 64 

2014; Chen et al., 2015; Syngouna and Chrysikopoulos, 2013), evidence from both 65 

laboratory and field experiments (Molnar et al., 2015; Schijven and Simunek, 2002; 66 

Tufenkji et al., 2003; Wang et al., 2014) demonstrated that 𝑘𝑑 near the entrance of 67 

the porous medium is greater than in the rest of the medium. It was suggested that this 68 

phenomenon is caused by the non-uniform colloidal particle size distribution and 69 

surface charge effects (Chatterjee et al., 2011; Foppen et al., 2007; Molnar et al., 70 

2015; Tong and Johnson, 2007). For instance, it was observed that the negative 71 

surface potential of mobile colloids increases with the transport distance in a 72 

laboratory soil column (Tufenkji and Elimelech, 2005). Tong and Johnson (2007) 73 

reasoned that colloids with lower surface potential are easily adsorbed during 74 

transport via the second energy minimum according to DLVO theory. In other words, 75 

the higher the colloid surface potential, the lower the colloid adsorption. 76 

For porous media, the colloid size distribution can also produce differences in 𝑘𝑑 77 

with transport distance. Chatterjee et al. (2011) found that the diameter of retained 78 

colloids decreases along soil columns due to size-selective removal. Overall, the size 79 

distribution of colloids leads to a decreasing trend of 𝑘𝑑 with transport distance. Up 80 

until now, evidence for a similar conclusion for colloidal transport through dense 81 

vegetation was not available. Specifically, this paper considers if 𝑘𝑑 changes with 82 

transport distance and, if so, whether the mechanism related to non-uniform colloidal 83 

particle size distribution and surface charge affects. 84 

It is recommended that at least 10 m of dense vegetation be used to remove 85 
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colloidal contaminants (Reichenberger et al., 2007; Syversen and Bechamann, 2004). 86 

Reported studies on plant filtration of colloids in the literature involve small-scale 87 

setups, such as the scale of single plant stem or several centimeters of vegetation (Wu 88 

et al., 2011; Wu et al., 2012; Wu et al., 2014; Yu et al., 2012; Yu et al., 2013). 89 

Upscaling from the small laboratory (centimeter) scale to the applicable-in-practice 90 

10-m scale is infeasible if the behavior of 𝑘𝑑with length scale is unknown. Therefore, 91 

it is of practical significance to investigate the removal mechanism of colloids by 92 

vegetation over a 10-m travel distance. Consequently, the objectives of this study are 93 

as follows: (1) to determine whether the deposition rate coefficient (𝑘𝑑) of colloids in 94 

dense vegetation is constant; and (2) to explore if the mechanisms governing colloid 95 

deposition in dense vegetation correspond to those pertinent to porous media. 96 

Materials and Methods 97 

Materials 98 

Powdered kaolinite (Tianjin Fuchen Chemical Reagents Factory, China) was 99 

thoroughly mixed in deionized water at three concentrations by adding 40, 80 or 120 g 100 

to 2 L of water. Mixing was achieved by vigorous shaking with an ultrasonic bath for 101 

30 min, after which the mixtures were left to stand for 7 h. The colloids remaining in 102 

suspension were then siphoned into a flask. The colloid concentration was determined 103 

by ultraviolet spectrophotometer at a wavelength of 350 nm. The colloid size was 104 

900-1200 nm, and mostly around 1100 nm (measured with a Malvern Zetasizer Nano 105 

ZS90). Potassium nitrate at a concentration of 307 ppm was used in the experiment as 106 

a conservative chemical tracer. Plastic turf grass (in blocks of 0.4 m length and 0.6 m 107 
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width, grass height of 5 cm) was selected as the experimental vegetation. The density 108 

of vegetation is 1029 stems/m2. 109 

Colloid transport experiments 110 

The colloid transport experiments were conducted in a 12 m × 0.6 m × 0.2 m 111 

flume that contained a layer of plastic turf grass (Fig. 1). A pump was used to produce 112 

a constant-rate inflow. A rectifying tube was used to stabilize inflow in the first 1 m of 113 

the flume. A board located at the end of the flume controlled the water depth. The 114 

experiments had a flow depth of 2 cm (i.e., less than the grass height of 5 cm). The 115 

colloid and tracer were injected as a pulse at the flume’s inlet. 116 

(a) 117 

 118 

(b) 119 

   
Fig. 1. Laboratory experiment: (a) schematic of the experimental setup, and (b) left – 120 
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rectifying tube system used to stabilize the inflow in the first 1 m of the flume, middle – 121 

dense, plastic turf grass in the flume, right – water depth controller at the end of the flume. 122 

Inflow with colloid-free water was first applied to the flume for about 30 min 123 

from a 3-m3 tank, allowing the flume system to reach a steady flow condition. One 124 

liter of colloid and potassium nitrate mixture was then injected into the flume inlet as 125 

a pulse injection (0 m in Fig. 1a). Surface water samples were collected at 1, 2, 4, 6 126 

and 10 m from the injection point at different intervals (from 10 s to 2 mins, 3 127 

samples collected across each section, and averaged) for 11 min. An ultraviolet 128 

spectrophotometer was used to determine nitrate and colloid concentrations in the 129 

samples at wavelengths of 220 and 350 nm, respectively. In addition, the zeta 130 

potential and the average size of the colloids were measured with a ZetaPlus 131 

instrument (Brookhaven Instrument Co., Holtsville, NY). For each condition (see next 132 

section), the transport experiment was repeated three times. 133 

Experiment conditions 134 

The experiments were designed to examine the effects of flow rate, initial colloid 135 

concentration, pH and ionic strength on retention of colloids in dense vegetation. The 136 

flow rate was controlled by the pump (Fig. 1a), while the ionic strength (IS, by 137 

calculation) and pH (by pH meter) in the 3-m3 tank were adjusted using KCl and a 138 

NaOH/HCl mixture. The specific experimental conditions were listed in Table 1. 139 

Transport model 140 

Mathematical models were applied in this study to simulate the transport of 141 

colloids in the dense vegetation system. Following previous colloid transport 142 
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investigations in porous media (Kretzschmar et al., 1997), the advection-dispersion 143 

equation with deposition kinetics was applied: 144 

Ck
x

C
v

x

C
D

t

C
d












2

2

                      (1) 145 

where C is the concentration of the liquid phase [ML−3], t is time [T], D is the 146 

diffusion/dispersion coefficient [L2T−1], x is distance [L], v is the average flow 147 

velocity in the dense vegetation [LT−1] and kd [T
−1] is the first-order colloid deposition 148 

rate. Eq. (1) can be solved numerically for zero initial concentrations, a pulse-input 149 

boundary condition at inflow, and zero-concentration-gradient boundary condition at 150 

the outflow. 151 

STANMOD (https://www.ars.usda.gov/pacific-west-area/riverside-ca/agricultural-152 

water-efficiency-and-salinity-research-unit/docs/model/stanmod-model/), a computer 153 

code for reactive transport in porous media, was used to solve Eq. (1). In the model, 154 

the average flow velocity v was determined using the arrival time of the breakthrough 155 

peak concentration at each section. The model was first applied to simulate the 156 

transport of the potassium nitrate (non-reactive tracer), to determine D. Then, it was 157 

applied to simulate the transport of colloids in the system under different conditions to 158 

determine the optimized first-order deposition rate, kd. 159 

Colloid filtration and DLVO theory 160 

The deposition rate (𝑘𝑑) according to colloid filtration theory can be typically 161 

represented by the efficiency, 𝜂, of the capture of colloid particles onto a single-plant 162 

stem. An expression for η is as a product of the attachment efficiency (α) and the 163 

https://www.ars.usda.gov/pacific-west-area/riverside-ca/us-salinity-laboratory/docs/stanmod-model/
https://www.ars.usda.gov/pacific-west-area/riverside-ca/agricultural-water-efficiency-and-salinity-research-unit/docs/model/stanmod-model/
https://www.ars.usda.gov/pacific-west-area/riverside-ca/agricultural-water-efficiency-and-salinity-research-unit/docs/model/stanmod-model/
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single-plant stem contact efficiency (𝜂0): 164 𝜂 =  𝛼𝜂0                              (2) 165 

Table 1. Experimental conditions. 166 

ID 
Flow rate 

(m/s) 
Depth 
(cm) 

Initial colloid 
concentration 

(g/L) 

pH 
Ionic strength 
(mmol/L） 

I.1 0.017 5 13 7.62 — 

I.2 0.025 5 13 7.62 — 

I.3 0.029 5 13 7.62 — 

II.1 0.025 5 7 7.62 — 

II.2 0.025 5 13 7.62 — 

II.3 0.025 5 21 7.62 — 

III.1 0.025 5 13 6.2 — 

III.2 0.025 5 13 7.62 — 

III.3 0.025 5 13 9.55 — 

IV.1 0.025 5 13 7.62 0.01 

IV.2 0.025 5 13 7.62 0.1 

IV.3 0.025 5 13 7.62 0.2 

In Eq. (2), 𝜂0 is the ratio of the rate at which colloids contact the vegetation to 167 

the rate at which colloids flow toward the vegetation. Three transport mechanisms 168 

contribute to 𝜂0: interception, sedimentation and diffusion. Since sedimentation is 169 

controlled by gravity, it can be neglected for the case of overland flow given that the 170 

colloidal input was in the form of a stable suspension. Only interception and diffusion 171 

contribute to the deposition efficiency of a single plant stem in the surface water as 172 

follows: 173 𝜂0 =  𝜂𝐼 + 𝜂𝐷                           (3) 174 

where 𝜂𝐼 and 𝜂𝐷 are, respectively, the interception and diffusion contributions to 175 

the deposition efficiency of vegetation (Eq. 3). Palmer et al. (2004) presented theory 176 

on the single cylindrical plant stem contact efficiency of suspended sediments in 177 
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aquatic systems. The interception and diffusion components of 𝜂0 can be determined 178 

as a function of particle/stem size ratio (𝑅 = 𝑑𝑝/𝑑𝑐, where 𝑑𝑝 and 𝑑𝑐 are the 179 

diameter of the colloid particle and vegetation stem, respectively) and the collector 180 

Reynolds number (𝑅𝑒𝑐  = 𝑣𝑑𝑐/𝜇, where 𝑣 is runoff flow velocity and 𝜇 is the 181 

kinematic viscosity). Interception to a smooth cylinder for creeping flow is 182 

(Rubenstein and Koehl, 1977; Spielman, 1977): 183 𝜂𝐼  =  1(2 − ln 𝑅𝑒𝑐 ) [(1 + 𝑅) ln(1 + 𝑅) − 𝑅(2+𝑅)2(1+𝑅)] ≈  𝑅2(2 − ln 𝑅𝑒𝑐)      184 

(4) 185 

where 𝑅𝑒𝑐 < 1, and the given approximation is reasonable for R < 0.01. No 186 

analytical solutions exist for intermediate Reynolds numbers (50-500), which 187 

typically dominate natural systems (Palmer et al. 2004). Here, we use the creeping 188 

flow relationship to assess the interception process in the dense vegetation. 189 

The removal efficiency for particle removed by contact with a stem due to 190 

diffusive motions is, for creeping flow (Rubenstein and Koehl, 1977; Spielman, 191 

1977): 192 𝜂𝐷  =  1.17𝜋𝐷∗2/3𝑣𝑑𝑐 [ 𝑅𝑒𝑐𝜇2(2−ln 𝑅𝑒𝑐)]                     (5) 193 

where the particle diffusivity, D*, is given by (Rubenstein and Koehl, 1977; Spielman, 194 

1977): 195 𝐷∗  =  𝑘𝑇3π𝜇𝑑𝑝                            (6) 196 

In Eq. (6), 𝑘 is the Boltzmann constant and T is the temperature (°K). 197 

The parameter α in Eq. (2) is defined as the fraction of contacts between colloids 198 

and vegetation that result in attachment. It reflects the chemistry of the system, such 199 
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as ionic strength and solution pH. Theoretical formulations to calculate α were 200 

established based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The 201 

interaction energy profile between colloids and vegetation can be represented by the 202 

zeta potential and diameters of the vegetation stems and colloids (Shen et al. 2010). 203 

The DLVO theory of colloidal stability is used to model forces acting between 204 

interfaces and to interpret particle deposition to planar substrates (Derjaguin and 205 

Landau, 1941; Verwey, 1947). The theory assumes that electrostatic double layer 206 

forces and van der Waals forces are independent and therefore can be superimposed. 207 

The DLVO theory estimates inter-surface forces for surface separations down to about 208 

5 nm (Shen et al. 2010), and is used to estimate α in Eq. (2). 209 

Results and Discussion 210 

Experimental and simulated colloid and nitrate breakthrough curves 211 

The observed and simulated BTCs (breakthrough curves) of nitrate and kaolinite 212 

with a flow velocity of 0.029 m/s, initial concentration of 21 g/L, pH of 6.2 and ionic 213 

strength (IS) of 0.1 mmol/L are shown in Fig. 2 (other observed and simulated BTCs 214 

are in the Supporting Information). All BTCs for nitrate and colloids are reasonably 215 

symmetrical although some tailing is evident, and show the expected broadening and 216 

lowering of the peak concentration with increased travel distance. For colloids, the 217 

removal rate and tailing in the BTCs are greater than for nitrate. This is consistent 218 

with a first-order kinetic rate for colloid deposition on the surface of vegetation. The 219 

model simulated the transport of nitrate and colloids well, with all R2 values above 220 

0.9. The optimized value of D determined for nitrate was used in the colloid transport 221 



 

13 

model, i.e., only the deposition rate (𝑘𝑑) was determined for the latter model. 222 

  223 

  224 
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  226 

Fig. 2. Observed (E) and simulated (Simulation) BTCs of nitrate and kaolin: (a) nitrate BTC 227 

with flow velocity of 0.029 m/s (I.3, Table 1) with error bars calculated from replicate 228 

experiments; (b) nitrate BTC with colloid initial concentration of 21 g/L (II.3) with error bars; 229 

(c) nitrate BTC with pH of 6.2 (III.1); (d) nitrate BTC with ionic strength of 0.1 mmol/L 230 

(IV.2); (e) colloid BTC with velocity of 0.029m/s (I.3); (f) colloid BTC with colloid initial 231 

concentration of 21 g/L (II.3); (g) colloid BTC with pH of 6.2 (III.1); and (h) colloid BTC 232 

with ionic strength of 0.1 mmol/L (IV.2). 233 

Colloid deposition decreased with travel distance 234 

The fitted kaolinite deposition rate coefficient 𝑘𝑑 (1, 2, 4, 6 and 10 m) decreased 235 

nonlinearly with travel distance for all experiments (Fig. 3), a result that is consistent 236 

with colloid transport in soil columns (Chatterjee et al., 2010; Tong and Johnson, 237 

2007). The colloidal deposition rate coefficient showed a trend that would reach a 238 

quasi-steady value after a travel distance of 10 m. Values of 𝑘𝑑 were reduced with 239 

travel distance 𝑥, and followed a power law (p-value < 0.05) (Table 2). 240 

Table 2. Power law fit of the deposition rate coefficient kd as a function of travel distance 𝑥 241 

for different cases (Table 1). 242 

ID Condition Power law fit for kd 
(/s) 

R2 p-value 

I.1 v = 0.017 m/s 0.002𝑥−0.682 0.967 0.002 

I.2 v = 0.025 m/s 0.004𝑥−0.352 0.827 0.021 

I.3 v = 0.029 m/s 0.003𝑥−1.036 0.858 0.015 

II.1 C0 = 7 g/L 0.007𝑥−0.598 0.830 0.020 

II.2 C0 = 13 g/L 0.004𝑥−0.353 0.827 0.021 

II.3 C0 = 21 g/L 0.003𝑥−1.049 0.863 0.014 
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III.1 pH = 6.20 0.003𝑥−0.617 0.563 0.089 

III.2 pH = 7.62 0.004𝑥−0.352 0.827 0.021 

III.3 pH = 9.55 /§ / / 

IV.1 
IS = 0.01 
mmol/L 

0.004𝑥−0.765 0.901 0.009 

IV.2 
IS = 0.1 
mmol/L 

0.004𝑥−0.775 0.878 0.012 

IV.3 
IS = 0.2 
mmol/L 

0.004𝑥−0.614 0.793 0.027 

§ “/” means the relationship between kd and travel distance x did not follow a power law 243 

Fig. 3. Deposition coefficient of kaolinite decreased with travel distance under different 244 

physical and chemical conditions: (a) flow velocity, (b) initial colloids concentration, (c) pH, 245 

and (d) ionic strength. Points are optimized values from experiments and the lines are power 246 

law fits. 247 

For porous media, the decreasing surface potential and size of colloids are 248 
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considered to be the main causes of the decreasing deposition rate coefficient trend 249 

with travel distance (Chatterjee et al., 2010; Chatterjee et al., 2011; Tong and Johnson, 250 

2007). Colloids with higher surface potential and larger diameters are more readily 251 

deposited in porous media because of the decreased repulsive energy barrier with soil 252 

particles and/or an increased second minimum according to DLVO theory, which 253 

indicated the increasing α in Eq. (2). In our experiments, however, the colloid 254 

surface potential, indicated by the zeta potential, increased slightly with travel 255 

distance (Fig. 4a). In addition, the diameter of colloids did not show a significant 256 

increasing trend along the travel distance (Fig. 4b). Both these observations are 257 

different from those of porous media. 258 

From the perspective of colloidal filtration theory, interception and diffusion in 259 

this case contributed to the colloidal deposition on vegetation. For porous media, 260 

Messina et al. (2016) suggested that the removal of colloids through direct 261 

interception was greater in the forepart of a row of spherical collectors than that of the 262 

subsequent collectors. Hence, the colloid deposition coefficient 𝑘𝑑  decreased with 263 

travel distance x in their study. In our experiments, 𝑅𝑒𝑐 values were 94, 137 and 155 264 

(flow velocities of 0.017, 0.025 and 0.029 m/s, respectively), i.e., smaller than 500 265 

(Palmer et al., 2004). The colloid size (𝑑𝑝) increased slightly with travel distance (Fig. 266 

4b) while the vegetation was uniform and homogeneously distributed, thus having a 267 

constant collector size (𝑑𝑐). Therefore, the particle/collector ratio (R) slightly 268 

increased along the flume from 0.000307 to 0.000323 with Experimental Condition 269 

IV.1. According to Eq. (4) then, 𝜂𝐼 increased for dense vegetation, in contrast to soil 270 
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column experiments (Messina et al., 2016). Consequently, interception is unlikely to 271 

be the reason for the decreasing trend of 𝑘𝑑 with travel distance. 272 

273 

 274 

Fig. 4. (a) Zeta potential and (b) average diameter of colloids versus transport distance at 275 

different pH and ionic strength values. Dashes lines show trends for each case. 276 

As shown in Fig. 4b, the average particle size (dp) along the flume increased. 277 
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Since particle diffusivity (D*) is inversely proportional to dp, D* decreases along the 278 

travel distance, which leads to a decreasing 𝜂𝐷 along the flume. This suggests 𝜂𝐷 as 279 

the main cause of the decreasing trend of 𝑘𝑑 with travel distance. Since Eqs. (5) and 280 

(6) are limited to creeping flow and further that the flow was through tightly packed 281 

vegetation, other effective diffusivities were not considered, for example, eddy 282 

diffusivity. In a flowing system, the effective diffusivity decreased along the travel 283 

distance (Nepf, 2012). 284 

The deposition rate coefficient 𝑘𝑑 decreased with travel distance, while the 285 

attachment efficiency (α) and interception (𝜂𝐼) increased. Only the diffusive removal 286 

(𝜂𝐷) decreased. Besides the increased diameter of colloids, the decreased diffusivity 287 

might be also introduced by the blade scale flow turbulence induced by vegetation 288 

(Nepf, 2012). 289 

Flow velocity, initial concentration, pH and IS are four important factors that 290 

impact the deposition of colloids in the porous media. Their effect on the deposition 291 

rate coefficient might differ with that in the porous media. 292 

Flow velocity effect on kd 293 

The flow velocity impacted the relationship between 𝑘𝑑 and 𝑥 (Fig. 3a) – kd 294 

increased and then decreased with increasing velocity from 0.017 to 0.029 m/s (Fig. 295 

5). The single plant stem colloid removal efficiency (η) in surface water is mainly 296 

determined by interception and diffusion at different flow velocities. The relationship 297 

derived for single plant stem has limitations when applied to dense vegetation in 298 
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which the flow field is far more complex (Purich, 2006). A single plant stem is 299 

relevant for colloid deposition via interception since the upstream flow rate was low. 300 

In arrays of plant stems, with the increase of the flow rate, the existence of turbulence 301 

makes the diffusion deposition important. A decreasing deposition rate with increasing 302 

velocity was observed in the experiments of Purich (2006). These experiments had 303 

similar grass densities (around 2000 stems/m2) to the present experiments (1029 304 

stems/m2). Purich (2006) suggested that the presence of vortices in the vegetation 305 

produced by increased velocity might influence the dominant particle deposition 306 

mechanism and so impact the deposition coefficient. For the present experiments, a 307 

velocity of 0.025 m/s could be considered as a threshold value for different dominant 308 

deposition mechanisms (Fig. 5). When the flow velocity was under 0.025 m/s, the 309 

interception process was dominant and the deposition increased with flow rate 310 

increase; when it increased from 0.025 to 0.029 m/s, the diffusion process became 311 

dominant, and the deposition decreased with increasing flow rate. 312 

Besides diffusion, when the flow velocity increased from 0.025 to 0.029 m/s, the 313 

hydrodynamic drag produced by the increased flow rate might became important (Li 314 

et al., 2005). Due to the double layer electrostatic repulsion between colloids and 315 

plants, the hydrodynamic drag produced by increased flow rate may indirectly 316 

decrease colloid deposition “within” the primary energy minimum by decreasing the 317 

particle flux over the energy barrier under conditions where a low energy barrier and 318 

deep secondary minimum (> 5 kT) exist (Li et al. 2005). The primary energy barrier 319 

was around 60 kT and the secondary minimum around -13.9 kT (Fig. 6b). Compared 320 
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with the 60 kT energy barrier (Fig. 6b), the increased hydrodynamic drag when flow 321 

velocity increased from 0.025 to 0.029 m/s in the dense vegetation could mitigate the 322 

colloids passing over the energy barrier (Fig. 6b), resulting in a decreasing kd with 323 

increasing velocity. 324 

The flow velocity can affect the colloid deposition process on the surface of 325 

dense vegetation by changing the flow regime. 326 

 327 

Fig. 5. kd vs. flow velocity at the travel distances of 1, 2, 4, 6 and 10 m. 328 

Initial concentration effect on kd 329 

The kd values in the experiments decreased with the increasing initial 330 

concentration in each monitoring section when the colloid injection concentration 331 

ranged from 7 to 21 g/L (Fig. 6a). The DLVO energy profile between colloids and 332 

the plant (Fig. 6b) showed that the primary energy barrier was about 60 kT and the 333 

second energy minima was 13.9 kT, indicating unfavorable conditions for attachment 334 

in the primary minimum. Most colloids were weakly associated with the plant stem 335 
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by a secondary energy minimum. As the initial concentration increases, the 336 

consequent increased number of collisions act to remove weakly associated colloids 337 

from the plant stem (Li et al., 2005), hence decreasing kd. The retention rates were 338 

50, 42 and 16% with increasing initial concentration from 7 to 21 g/L. In addition, 339 

the increased values of kd at the 1 m section as the initial concentration increased 340 

from 13 to 21 g/L is likely due to incomplete mixing of the injected colloid with the 341 

water in the flume. 342 

  343 

Fig. 6. (a) 𝑘𝑑 vs. kaolinite initial concentration and (b) the total energy between colloids and 344 

plants according to DLVO theory. 345 

pH and ionic strength effects on kd 346 

Both pH and ionic strength can impact the DLVO interaction energy between 347 

colloids and the solid surface of plant, resulting in changes of the attachment 348 

efficiency (α) and the deposition coefficient (kd). The effect of pH on colloid 349 

deposition was examined for pH values of 6.5 (acidic), 7.5 (neutral) and 9.5 350 

(alkaline). The maximum kd value was found for neutral conditions (Fig. 7a). The 351 

surface of the plant and colloid were both negatively charged. The surface charge 352 
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(zeta potential) of kaolinite colloids decreases with increasing pH due to the reduction 353 

of H+ (Palmer et al., 2004), thereby increasing the repulsive electrical energy between 354 

the colloid and the solid surface of the plant. In addition, the hydrodynamic size of the 355 

kaolinite under alkaline conditions is double that for the acidic condition (Fig. 4b) due 356 

to aggregation (Wang et al., 2019), reducing the deposition coefficient for the alkaline 357 

case. For neutral and acidic conditions, the hydrodynamic size for the former was 358 

slightly smaller (Fig. 4b). The DLVO interaction energy under neutral conditions had 359 

a lower energy barrier and slightly deeper second energy minimum than for the acidic 360 

condition (Fig. 7b), resulting in a maximum kd value for neutral conditions. In 361 

summary, colloid removal would be higher for neutral pH values than for acidic or 362 

alkaline conditions. 363 

 364 

Fig. 7. (a) 𝑘𝑑 vs. pH and (b) the total energy between colloids and plants at pH values of 6.2 365 

and 7.62 according to DLVO theory. 366 

An increase of ionic strength of the water could decrease the double layer around 367 

the colloid and reduce the repulsive energy between the colloids and plant surface, 368 

thereby enhancing colloid deposition. The values of 𝑘𝑑 determined in this study 369 
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show a slight upward trend as the ionic strength increases from 0.01 to 0.2 mmol/L 370 

(Fig. 8a). Based on the calculated DLVO energy (Fig. 8b) between colloids and plants, 371 

the maximum energy barrier was gradually reduced, facilitating colloid deposition at 372 

the first energy minimum. Meanwhile, the second energy minimum gradually became 373 

deeper, enhancing the colloids falling in the second energy minimum. Thus, colloid 374 

deposition increased with increasing ionic strength. 375 

 376 

Fig. 8. (a) Relationship between 𝑘𝑑 and ionic strength (IS) and (b) the total energy between 377 

colloids and plants at different ionic strengths. 378 

Conclusions 379 

In this paper, the retention and transport of colloids in vegetative filter strips were 380 

studied using indoor large flow chamber experiments and modeling under various 381 

conditions. An empirical relationship of colloid deposition rate, 𝑘𝑑, decreased 382 

following an approximate power law behavior with travel length was developed, 383 

which can be attributed to the decreasing diffusivity of the colloids along the flow 384 

path. Basically the colloid process in the dense vegetation was similar to that in the 385 

porous media. In wetlands and shallow streams, colloid capture by dense vegetation 386 
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could achieve maximum at flow rate around 0.025 m/s, lower colloid concentration , 387 

high ionic strength at neutral pH value.  388 
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Figures

Figure 1

Laboratory experiment: (a) schematic of the experimental setup, and (b) left – rectifying tube system
used to stabilize the in�ow in the �rst 1 m of the �ume, middle – dense, plastic turf grass in the �ume,
right – water depth controller at the end of the �ume.



Figure 2

Observed (E) and simulated (Simulation) BTCs of nitrate and kaolin: (a) nitrate BTC with �ow velocity of
0.029 m/s (I.3, Table 1) with error bars calculated from replicate experiments; (b) nitrate BTC with colloid
initial concentration of 21 g/L (II.3) with error bars; (c) nitrate BTC with pH of 6.2 (III.1); (d) nitrate BTC
with ionic strength of 0.1 mmol/L (IV.2); (e) colloid BTC with velocity of 0.029m/s (I.3); (f) colloid BTC



with colloid initial concentration of 21 g/L (II.3); (g) colloid BTC with pH of 6.2 (III.1); and (h) colloid BTC
with ionic strength of 0.1 mmol/L (IV.2).

Figure 3

Deposition coe�cient of kaolinite decreased with travel distance under different physical and chemical
conditions: (a) �ow velocity, (b) initial colloids concentration, (c) pH, and (d) ionic strength. Points are
optimized values from experiments and the lines are power law �ts.



Figure 4

. (a) Zeta potential and (b) average diameter of colloids versus transport distance at different pH and
ionic strength values. Dashes lines show trends for each case.



Figure 5

kd vs. �ow velocity at the travel distances of 1, 2, 4, 6 and 10 m.

Figure 6



(a) k_d vs. kaolinite initial concentration and (b) the total energy between colloids and plants according to
DLVO theory.

Figure 7

(a) k_d vs. pH and (b) the total energy between colloids and plants at pH values of 6.2 and 7.62 according
to DLVO theory.

Figure 8

(a) Relationship between k_d and ionic strength (IS) and (b) the total energy between colloids and plants
at different ionic strengths.
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