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A B S T R A C T

Rapid infiltration due to rainfall events, groundwater pumping, and artificial recharge of groundwater result in 
temporal variations in both flow and chemistry in the subsurface and may lead to remobilization of retained 
colloids, thereby re-contaminating the groundwater resources. Many researchers have studied the effects of 
temporal variations in water velocity and in water chemistry separately. These variations, however, almost al
ways occur simultaneously. To the best knowledge of the authors, there are no studies reported in the literature 
where the effect of simultaneous temporal variations in flow velocity and ionic strength on colloid release is 
investigated. One cannot assume that those effects can be simply superimposed. In fact, in this study, we show 
that these effects are not simply additive. We have performed eight sets of saturated column experiments on the 
effects of temporal variations in flow velocity alone and simultaneous temporal variations in flow velocity and 
ionic strength on retention and remobilization of colloids. Temporal increases in average water velocity caused 
an instantaneous spike release of colloids in the measured breakthrough curve, with the time to peak coinciding 
with the instant of velocity increase. Further, the effect of temporal variations in average water velocity on 
remobilization of deposited colloids is ionic-strength dependent. The simultaneous temporal increases in flow 
and decreases in ionic strength caused a spike release of colloids followed by long tails. The release curve for 
every step-change in velocity and ionic strength was unimodal for deposition ionic strengths of 100 and 10 mM, 
with the peak coinciding with the instant of arrival of ionic strength front at the column outlet. However, the 
release curve was bimodal for deposition ionic strengths of 50 and 25 mM. There, the first instantaneous spike 
coincided with the instant of increase in flow velocity, and the second delayed one coincided with the passage of 
the ionic strength front. Temporal variations in both flow and ionic strength released more colloids in the effluent 
than when only ionic-strength or only flow velocity was varied. This is due to the combined effects of greater 
hydrodynamic torque exerted on attached particles together with smaller adhesive torque.

1. Introduction

Groundwater is a major source of drinking water for millions of 
people worldwide, and contributes to significant quantity of agricultural 
and industrial water (Carrard et al., 2019; Ramesh and Elango, 2012; 
Singh et al., 2006). However, alarming increase in groundwater 
contamination poses a significant threat to human health and environ
ment (Karunanidhi et al., 2021; Lapworth et al., 2012; Li et al., 2021). 
Several colloidal contaminants such as pathogenic microorganisms, 
microplastics, and engineered nanoparticles enter the subsurface 
through various human activities, such as improper maintenance of 

septic tanks, leakages from sewer lines, and sewage disposal on land 
without proper treatment (Akhtar et al., 2021; Mishra et al., 2019; 
Mukhopadhyay et al., 2022). Soil acts as a filter by retaining a fraction of 
the infiltrated colloids, thereby partially decontaminating the infiltrated 
water. However, temporal variations in flow and chemistry of subsur
face due to precipitation events, groundwater pumping, and artificial 
recharge of groundwater may lead to remobilization of previously 
deposited colloids from soil surfaces, leading to recontamination of the 
groundwater resources (Auset et al., 2005; Bradford and Kim, 2012; 
Bradford et al., 2015; Lenhart and Saiers, 2003; Tosco et al., 2009; 
Torkzaban et al., 2010; Torkzaban et al., 2015; Zhuang et al., 2007). 

* Corresponding author.
E-mail address: seetha@ce.iith.ac.in (N. Seetha). 

Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier.com/locate/jhydrol

https://doi.org/10.1016/j.jhydrol.2024.132144
Received 10 June 2024; Received in revised form 14 September 2024; Accepted 22 September 2024  

Journal of Hydrology 645 (2024) 132144 

Available online 11 October 2024 
0022-1694/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:seetha@ce.iith.ac.in
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2024.132144
https://doi.org/10.1016/j.jhydrol.2024.132144


Hence, it is essential to understand the mechanisms of colloid retention 
and release during temporal variations in flow and chemistry to assess 
the groundwater contamination potential. So far, effects of such varia
tions have been studied separately, as explained below.

A few studies investigated the effect of temporal variations in flow 
velocity on remobilization of deposited colloids in saturated porous 
media (Auset et al., 2005; Bergendahl and Grasso, 2000; Carstens et al., 
2017; El Farhan et al., 2000; Kermani et al., 2020; Nishad et al., 2021; 
Torkzaban et al., 2015; Wang et al., 2016; Zhang et al., 2012, 2015). The 
above studies observed a spike release of colloids, coinciding with the 
increase in flow velocity, followed by a long tail (Bergendahl and Grasso, 
2000; El Farhan et al., 2000; Torkzaban et al., 2015; Zhang et al., 2015). 
This is due to greater hydrodynamic drag force acting on deposited 
colloids at larger velocities, which remobilizes them. However, it was 
observed that only a fraction of deposited colloids was released during 
every step-increase in velocity, and the amount of release depended on 
the magnitude of velocity change (Bergendahl and Grasso, 2000; El 
Farhan et al., 2000; Torkzaban et al., 2015). The fractional release of 
colloids was attributed to the spatial variability of adhesive and hy
drodynamic torques due to charge heterogeneity and roughness of soil 
grains, presence of flow stagnation zones, and presence of strained 
colloids (Bradford and Bettahar, 2006; Bradford and Torkzaban, 2013; 
Du et al., 2013; Johnson et al., 2007; Kermani et al., 2020). The above 
findings were supported by the micromodel investigations of Zhang 
et al. (2015) and Nishad et al. (2021). Additionally, the attached colloids 
on pore wall were observed to translate during flow interruption and 
were released when the flow was resumed (Carstens et al., 2017).

The effect of temporal variations in ionic strength on remobilization 
of deposited colloids has been studied by several researchers through 
column-scale and pore-scale experiments (Bradford and Kim, 2012; 
Bradford et al., 2015; Krishna et al., 2022; Lenhart and Saiers, 2003; Li 
et al., 2017; Liang et al., 2020; Nishad et al., 2021; Nocito and Tobiason, 
1996; Pazmino et al., 2014; Sadeghi et al., 2011; Shen et al., 2007, 2012, 
2015, 2018; Torkzaban and Bradford, 2016; Torkzaban et al., 2010; 
Tosco et al., 2009; Wang et al., 2019, 2020; Zhou et al., 2011). The 
above studies observed that colloid release curve during step-decreases 
in ionic strength is characterized by sharp peaks followed by extended 
tailing and the time to peak coincides with the time of arrival of ionic 
strength front at the outlet of the column (Bradford and Kim, 2012; 
Bradford et al., 2015; Krishna et al., 2022; Lenhart and Saiers, 2003; 
Torkzaban et al., 2010; Tosco et al., 2009). Decrease of the ionic strength 
results in changes in interaction energy which leads to the release of 
deposited colloids. Decrease in ionic strength increases the repulsion 
between a colloid and collector, resulting in decreased primary and 
secondary minima depths, thereby causing detachment of deposited 
colloids (Fang et al., 2013; Zhou et al., 2011). Also, the mass of colloids 
released was found to be greater when the colloids were deposited at 
high ionic strengths (Krishna et al., 2022; Li et al., 2017; Nishad et al., 
2021; Nocito and Tobiason, 1996). However, the fraction of deposited 
colloids that was released decreased, when the colloids were deposited 
at higher ionic strengths (Krishna et al., 2022; Lenhart and Saiers, 2003; 
Pazmino et al., 2014; Torkzaban et al., 2010). Though many studies 
observed colloid release during every step-decrease in ionic strength 
(Bradford et al., 2015, Krishna et al., 2022; Lenhart and Saiers, 2003; 
Wang et al. 2020), Tosco et al. (2009) observed colloid release only 
when the ionic strength was decreased to 0 mM or when the pH was 
increased to 11. Surface roughness and charge heterogeneity of sand 
grains were found to play important roles in colloid remobilization. The 
colloids deposited at the top of roughness elements will be released due 
to the elimination of finite depth of primary minimum upon reduction in 
ionic strength (Bradford et al., 2015; Torkzaban and Bradford, 2016; Li 
et al., 2017; Liang et al., 2020; Shen et al., 2012, Wang et al., 2019, 
2020). However, colloids are found to be irreversibly retained in the 
concave locations between the roughness asperities and are not sus
ceptible to release with reduction in ionic strength (Liang et al., 2020). 
Further, Nishad et al. (2021) and Bhuvankar et al. (2022) reported 

re-deposition of released colloidal clusters in the downstream regions 
resulting in pore clogging.

The above studies focused on the remobilization of colloids due to 
temporal variations in either flow velocity or ionic strength. However, 
infiltration due to rain events and agricultural activities affects both 
velocity and chemistry of the underlying groundwater. Rapid infiltration 
of rainwater may cause the groundwater velocity to increase and ionic 
strength to decrease. Colloids already deposited on the surface of the soil 
grains may get remobilized due to these perturbations, leading to 
recontamination of groundwater. To the best knowledge of the authors, 
no studies in the literature investigated the effects of simultaneous 
temporal variations in flow velocity and ionic strength on remobiliza
tion of deposited colloids. One cannot assume that the effect of temporal 
changes in water velocity and chemistry can be simply superimposed. In 
fact, as there are threshold values in flow velocity and in ionic strength 
beyond which remobilization may occur, we expect such temporal 
changes to influence each other’s effect on colloid remobilization. In our 
previous study (Krishna et al., 2022), we investigated the effect of 
temporal variations in ionic strength on colloid release in a saturated 
porous medium experimentally and numerically. We found that there 
exists a critical ionic strength between 10 and 1 mM, below which the 
colloid release was significant. In the current study, for the same phys
icochemical conditions as in Krishna et al. (2022), we assess the effects 
of a) temporal variations in flow velocity alone, and b) simultaneous 
temporal variations in flow velocity and ionic strength on colloid 
retention and remobilization in saturated porous media. A total of eight 
sets of column experiments were performed in this study, four experi
ments for temporal variations in flow alone and four for simultaneous 
temporal variations in flow velocity and ionic strength.

2. Materials and methods

2.1. Sand, colloids, and background electrolyte

River sand with grain size between 425 and 600 µm was used as the 
representative aquifer material for performing column experiments. 
Before packing into the column, the sand was washed with hydrochloric 
acid to eliminate metal oxides and other organic impurities as explained 
in Krishna et al. (2022). Carboxylate-modified latex (CML) beads of size 
1 µm, purchased from Thermo Fisher Scientific Pvt. Ltd., were used as 
the model colloids in this study. NaCl was used for preparing the 
background electrolyte at six different ionic strengths of 100, 50, 25, 10, 
1, and 0.1 mM, in which CML colloids were suspended. The injection 
concentration of CML colloids for all experiments was 7.3 × 107 no./mL. 
The pH of the background electrolyte was maintained at neutral by using 
0.1 N HCl and 0.1 M NaOH. The zeta potentials of sand were measured 
to be − 13.08 (±1.61), − 16.03 (±3.35), − 20.03 (±3.76), − 29.57 
(±2.42), − 30.36 (±0.69), − 31.01 (±1.82), and − 44.46 (±2.96) mV at 
ionic strengths of 100, 50, 25, 10, 1, 0.1 and 0 mM, respectively. The 
corresponding zeta potentials of CML colloids were − 16.46 (±0.39), 
− 41.16 (±0.68), − 45.35 (±1.06), − 48.95 (±0.66), − 67.46 (±0.96), 
− 78.66 (±3.04), and − 84.15 (±3.64) mV, respectively.

2.2. Column experiments

A cylindrical plexi-glass column with an inner diameter of 2.5 cm 
and a length of 15 cm was used for performing the column experiments. 
The column was placed vertically and wet-packed with sand. The bulk 
density and porosity of sand were determined to be 1.67 g/cm3 and 
0.37, respectively. A detailed description of the experimental setup is 
given in Krishna et al. (2022). Eight sets of column experiments were 
performed in this study (Tables 1 and 2): experiments 1–4 correspond to 
colloid transport and release behavior due to temporal variations in flow 
velocity while maintaining a constant ionic strength throughout the 
experiment (Table 1), and experiments 5–8 correspond to colloid 
transport and release behavior due to simultaneous temporal variations 
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in flow velocity and ionic strength (Table 2). The experimental pro
cedure for performing each of the above experiments is described below.

The packed column was flushed with 10 pore volumes (PVs) of 
deionized (DI) water at an average water velocity of 0.55 cm/min (flow 
rate of 1 mL/min). Subsequently, a tracer experiment was conducted by 
passing an aqueous solution of 100 mM NaCl for 3 PVs, followed by 
flushing the column with DI water for another 3 PVs by maintaining the 
same average water velocity of 0.55 cm/min. Effluent samples were 
collected from the column outlet at regular intervals of 0.22 PVs and 
analyzed for NaCl concentration using an electrical conductivity meter. 
Following this, the column was equilibrated with 10 PVs of background 
electrolyte at the desired ionic strength and at an average water velocity 
of 0.55 cm/min. Finally, experiments were performed to investigate 
colloid transport. Each colloid transport experiment comprised of three 
stages: stages 1 & 2 investigated colloid transport at a constant average 
water velocity of 0.55 cm/min (flow rate of 1 mL/min) and at a desired 
ionic strength of 100, 50, 25, or 10 mM, whereas stage 3 corresponded to 
temporal variations in flow (and chemistry) due to a step increase in 
average water velocity without (or with) a simultaneous step decrease in 
ionic strength of the inflow solution. In stage 1, the colloidal suspension 
was injected into the column at a desired ionic strength at an average 
water velocity of 0.55 cm/min for 3 PVs, followed by stage 2 in which 
the flow of colloid-free background solution at the same average water 
velocity and ionic strength was continued for 3 PVs. Experiments 1–4 
correspond to temporal variations in flow rate in stage 3, with each 
experiment having a different ionic strength as given in Table 1. For 
each of these experiments, the average water velocity was increased 
stepwise from 0.55 to 2.75, to 5.5, and to 11 cm/min without any 
change in the ionic strength. The corresponding flow rates are 5, 10, and 
20 mL/min, respectively. After each step increase in average water ve
locity, the flow was continued for 3 PVs until the next step increase. It 
must be noted that the flow of water was never halted during any of the 
experiments. Effluent samples were collected from the column outlet at 
regular intervals of 0.22 PVs and analyzed for colloid concentration 
using a turbidity meter.

Experiments 5–8 correspond to simultaneous temporal variations in 
flow and chemistry in stage 3 with each experiment corresponding to a 
different initial ionic strength in stages 1 & 2 as given in Table 2. For 
each of these experiments, the average water velocity was increased in 
steps from 0.55 to 2.75, to 5.5, and to 11 cm/min in stage 3 with 
simultaneous step-decreases in ionic strength to 0 mM (DI water) 

(Table 2). Each step change in average water velocity and ionic strength 
was applied for 3 PVs. After the average water velocity reached 11 cm/ 
min in step 3, further temporal variations corresponded to only step 
decreases in ionic strength to 0 mM by maintaining the average water 
velocity at 11 cm/min (Table 2). Samples were collected from the col
umn outlet at regular intervals of 0.22 PVs and colloid concentrations 
were measured using a turbidity meter. Each of the experiments (ex
periments 1–8) was repeated thrice to check the reproducibility of the 
results. The colloid breakthrough curve was then plotted as the 
normalized concentration of colloids in the effluent (c/c0) versus PVs, 
where c0 is the injection concentration of colloids.

At the end of each experiment, the sand inside the column was 
dissected into approximately 1 cm long sections to obtain the colloid 
retention profile. The mass of colloids retained on the sand in each 
section was then determined by first adding 20 mL of DI water to the 
sand followed by gentle shaking to release the colloids into the sus
pension (Wang et al., 2008; Xu et al., 2006). The suspension was then 
allowed to stand for 15 min for the sand particles to settle. After that, the 
colloid concentration in the supernatant was measured. Colloid reten
tion profile is then plotted as the mass of colloids retained per mass of 

soil (s
[

M
M

]

) in each section versus distance from the column inlet.

3. Results and discussion

3.1. Colloid remobilization due to temporal variations in velocity

Figs. 1–4 show the colloid breakthrough curves for experiments 1–4, 
respectively. Fig. 5a and b show the colloid retention profiles at the end 
of stages 2 and 3 of experiments 1–4, respectively. The mass balance 
information for the above experiments along with the mass released 
during every step-increase in average water velocity in stage 3 are given 
in Table 3. Negligible release of attached colloids was observed when the 
ionic strength was 100 mM (experiment 1 and Fig. 1). This might be 
because of the large adhesive torque due to a deep primary minimum 
between the attached particles and soil grains at 100 mM ionic strength 
(Krishna et al., 2022 and Fig. S1). The hydrodynamic torque imparted by 
increased velocity could not overcome this adhesive torque. This is 
supported by Table 3 which shows that only 0.35 % of the injected mass 
was released in stage 3 of experiment 1.

A spike instantaneous release of colloids was observed with every 
step-increase in flow velocity at ionic strengths of 50 and 25 mM (ex
periments 2 and 3 and Figs. 2 and 3), with the release peak coinciding 
with the instant of velocity variation. This is due to the fact that at those 
lower values of ionic strength, the adhesive torque is not strong enough 
and the hydrodynamic torque acting on particles at larger velocities can 
remobilize attached colloids (Auset et al., 2005; Carstens et al., 2017; El 
Farhan et al., 2000; Kermani et al., 2020; Nishad et al., 2021; Zhang 
et al., 2015). Further, the release peak coinciding with the instant of 
velocity variation indicates an exponentially increasing release of 
colloidal mass with distance from the column inlet, with the greatest 
release occurring at the column outlet. Our preliminary modeling results 

Table 1 
List of experiments on colloid remobilization due to temporal variations in 
average water velocity.

Experiment no. Ionic 
Strength 
(mM)

Average water velocity (cm/min)

Stages 1 & 2 Stage 3

Step 1 Step 2 Step 3

1 100 0.55 2.75 5.5 11
2 50 0.55 2.75 5.5 11
3 25 0.55 2.75 5.5 11
4 10 0.55 2.75 5.5 11

Table 2 
List of experiments on colloid remobilization due to simultaneous temporal variations in flow and ionic strength.a

Experiment no. Stages 1 & 2 Stage 3

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

v IS v IS v IS v IS v IS v IS v IS

5 0.55 100 2.75 50 5.5 25 11 10 11 1 11 0.1 11 DI
6 0.55 50 2.75 25 5.5 10 11 1 11 0.1 11 DI − −

7 0.55 25 2.75 10 5.5 1 11 0.1 11 DI − − − −

8 0.55 10 2.75 1 5.5 0.1 11 DI − − − − − −

a v is the average water velocity in cm/min and IS is ionic strength in mM.
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supported this hypothesis (modeled data not presented). Moreover, the 
comparison of colloid retention profiles at the end of stages 2 and 3 of 
experiments 1, 2, and 3 reveals that in stage 3, colloids were remobilized 
from near the column inlet, but were redeposited downstream near the 
column outlet (Fig. 5). This was also observed by Zhang et al. (2015). 
The step increases in velocity did not release any colloids when the ionic 
strength was 10 mM (Fig. 4) as the retained particle mass at the end of 
stage 2 was much less than experiments 1–3 (Table 3). Hence, fewer 

colloids were available for release during temporal variations in flow in 
stage 3 for experiment 4. This is supported by similar colloid retention 
profiles at the end of stages 2 and 3 for experiment 4 in Fig. 5 which 
shows that the velocity variations didn’t have any significant impact on 
the retention profile at the end of stage 3, and the retained colloidal mass 
was almost uniformly distributed throughout the soil column. This im
plies colloid retention predominantly in low velocity regions at 10 mM 
(Du et al., 2013; Torkzaban et al., 2010). Increase in velocity will not 

Fig. 1. Observed breakthrough curve of CML colloids for experiment 1. Average water velocity variation is shown on the secondary y-axis. Ionic strength was 
100 mM.

Fig. 2. Observed breakthrough curve of CML colloids for experiment 2. Average water velocity variation is shown on the secondary y-axis. Ionic strength was 50 mM.

Fig. 3. Observed breakthrough curve of CML colloids for experiment 3. Average water velocity variation is shown on the secondary y-axis. Ionic strength was 25 mM.
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alter the hydrodynamic torque acting on colloids retained in low ve
locity regions. As a result, we did not observe any significant release 
during velocity increases in stage 3 of experiment 4 (Fig. 4).

Our results clearly show that the effect of temporal variations in 
average water velocity on remobilization of deposited colloids is ionic- 
strength dependent (Figs. 1–4), with the highest release occurring at 
an ionic strength of 25 mM (Table 3). Also, Figs. 1–4 show that the 
highest release at any ionic strength occurred during the first step- 
increase in average water velocity, i.e., from 0.55 to 2.75 cm/min, 
except for experiment 1. Table 3 shows that significant mass of depos
ited colloids was still retained in the soil at the end of stage 3 in all the 
four experiments. This indicates the minimal effect of temporal varia
tions in velocity on remobilization of deposited colloids. The fractional 

release of deposited colloids during any step-increase in average water 
velocity depends on the spatial variation of the hydrodynamic and ad
hesive torques in the 3D pore space of the soil acting on the deposited 
colloids (Bergendahl and Grasso, 2000; Torkzaban et al., 2015). Colloids 
will be released from grain surfaces where hydrodynamic torque ex
ceeds the adhesive torque and vice versa. Negligible release of deposited 
colloids during stage 3 in experiments 1–4 (Figs. 1–4 and Table 3) in
dicates very large adhesive torque between the colloids and grains that 
could not be overcome by the hydrodynamic torque caused by velocity 
increase. Surface roughness and charge heterogeneity of the soil grains 
are known to have significant effects on the magnitudes of adhesive and 
hydrodynamic torques (Bergendahl and Grasso, 2000; Bradford and 
Torkzaban, 2013; Shen et al., 2012), and thereby on the colloid release 

Fig. 4. Observed breakthrough curve of CML colloids for experiment 4. Average water velocity variation is shown on the secondary y-axis. Ionic strength was 10 mM.

Fig. 5. Colloid retention profile at the end of (a) stage 2 and (b) stage 3 of experiments 1–4. Ionic strength was 100, 50, 25, and 10 mM in experiments 1, 2, 3 and 4, 
respectively.

Table 3 
Experimental mass balance information for experiments 1–4.

Experiment no. Stages 1 & 2 Stage 3

Ionic strength (mM) Meluted
a

(%)
Mretained

b

(%)
Step 1 Step 2 Step 3 Total Meluted 

c (%) Total Mretained 
d (%)

1 100 20.41 79.59 0.06 0.14 0.15 0.35 79.33
2 50 43.75 56.25 1.72 0.66 1.56 3.94 51.67
3 25 55.39 44.61 2.90 0.84 1.28 5.02 38.47
4 10 79.18 20.82 0.23 0.04 0.06 0.33 18.44

a Percentage mass eluted during stages 1 and 2.
b Percentage mass retained inside the column at the end of stage 2 obtained from colloid retention profile.
c Percentage mass eluted during stage 3.
d Percentage mass retained inside the column at the end of stage 3 obtained from colloid retention profile.
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behavior during temporal variations in velocity. Surface roughness of 
the soil grains decreases the energy barrier, thereby favoring primary 
minimum deposition leading to increased adhesive torque and immo
bilization (Bradford and Torkzaban, 2013). Moreover, roughness re
duces the local flow velocity near the grain surface between the 
protrusions, thereby reducing the hydrodynamic torque. Hence, the 
particles attached between the protrusions may not get detached due to 
velocity increase (Zhang et al., 2015). Also, colloids deposited at flow 
stagnation zones may not get released due to increase in flow velocity 
(Bradford and Bettahar, 2006; Du et al., 2013; Johnson et al., 2007; 
Torkzaban et al., 2010).

The observations from this study are consistent with the experi
mental results at the column scale (Bergendahl and Grasso, 2000; 
Torkzaban et al., 2015; Zhang et al., 2012) and pore scale (Zhang et al., 
2015). Torkzaban et al. (2015) observed negligible release of natural 
colloids from consolidated sandstone samples during temporal increase 
in velocity from 8 m/d to 100 m/d due to injection of native ground 
water. However, in the same experiment, a spike release of deposited 
colloids was observed with each step-increase in velocity when, instead 
of native groundwater, desalinated water was used. The reason behind 
this release was due to the low ionic strength of reverse osmosis water 
leading to small adhesive torque which could be easily overcome by 
increasing hydrodynamic torques due to temporal increase in velocity. 
However, only a small fraction of deposited colloids was released upon 
each subsequent step-increase in flow velocity, and the fraction of 
released colloids decreased with increase in the number of step- 
increases in velocity (Torkzaban et al., 2015). Similar distributed 
release of deposited colloids was also observed by Bergendahl and 
Grasso (2000) and Zhang et al. (2015), who reported that the hydro
dynamic forces are spatially variable due to the complex pore structure 
of the porous media and roughness of the grain surfaces, and there exists 
a critical hydrodynamic shear force at each velocity which allows only a 
fraction of the deposited colloids to get detached. Also, some studies 
observed decreased release of colloids with increase in the duration of 
flow interruption due to increased deposition caused by gravity settling 
and diffusion, and colloid aggregation and subsequent straining in pore 
throats (Carstens et al., 2017; Wang et al., 2016; Zhang et al., 2012). 
Hence, it can be concluded from the above discussion that reattachment 
of released colloids in the downstream reach of the column is an 
important mechanism and might be the reason behind the negligible 
release of colloids in the effluent during stage 3 in experiments 1–4.

3.2. Colloid remobilization due to simultaneous temporal variations in 
velocity and ionic strength

Colloid breakthrough curves for experiments 5–8 are given in 
Figs. 6–9, respectively. Colloid retention profiles in soil at the end of 
stages 2 and 3 of experiments 5–8 are given in Fig. 10a and b, respec
tively. The mass balance information for the above experiments along 
with the mass released during every step-change in velocity and ionic 
strength is given in Table 4. For comparison, we have also included in 
Figs. 6–9 the observed breakthrough curves of CML colloids during 
temporal variations in ionic strength alone as reported in Krishna et al. 
(2022). The simulated ionic strength variations at the outlet of the 
column obtained by solving advection–dispersion equation as reported 
in Krishna et al. (2022) are also shown in Figs. 6–9. Figs. 6–9 show that 
the colloid release curves during stage 3 were characterized by sharp 
peaks followed by long tails. The release curve for each simultaneous 
step-change in velocity and ionic strength was either unimodal or 
bimodal depending on the deposition ionic strength in stages 1 & 2 
(Figs. 6–9). In experiment 5, we did three simultaneous variations of 
velocity and ionic strength followed by three step decrease of ionic 
strength while velocity is kept constant (Fig. 6). In all cases we observed 
a single spike for every step-change in flow and/or ionic strength, and 
the peak coincided with the time of arrival of the ionic-strength front at 
the column outlet (Fig. 6). Fig. 6 shows that the instantaneous colloid 
release in the effluent due to increasing velocity is negligible for 
experiment 5 as there is no spike in concentration at the instant of ve
locity increase. Fig. 6 also indicates that the colloid release behavior 
during simultaneous temporal variations in flow and ionic strength is 
similar to that of temporal variations in ionic strength alone, with the 
peak concentration being larger for the simultaneous temporal varia
tions in flow and ionic strength than the ionic-strength only case. The 
increased release during simultaneous temporal variations in flow and 
ionic strength is caused by a greater hydrodynamic torque exerted on 
attached particles due to larger velocities combined with reduced ad
hesive torque due to ionic strength reductions.

Figs. 7 and 8 show that in experiments 6 and 7, for each simultaneous 
step-change in velocity and ionic strength, we get two distinct spikes; 
one corresponding to the instant of increase of flow velocity and the 
second one corresponding to the time of arrival of ionic strength front at 
the outlet. This becomes evident from comparing Figs. 7 and 8 to the 
corresponding release curves obtained during temporal variations in 

Fig. 6. Observed breakthrough curves of CML colloids for experiment 5 (black circles) and the corresponding experimental results during temporal variations in ionic 
strength alone plotted from Krishna et al. (2022) (green diamonds). Average water velocity and simulated ionic strength variations at the outlet of the column as 
reported in Krishna et al. (2022) are shown on the secondary y-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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Fig. 7. Observed breakthrough curve of CML colloids for experiment 6 (black circles) and corresponding experimental results during temporal variations in ionic 
strength alone plotted from Krishna et al. (2022) (green diamonds). Average water velocity and simulated ionic strength variations at the outlet of the column as 
reported in Krishna et al. (2022) are shown on the secondary y-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 8. Observed breakthrough curve of CML colloids for experiment 7 (black circles) and corresponding experimental results during temporal variations in ionic 
strength alone plotted from Krishna et al. (2022) (green diamonds). Average water velocity and simulated ionic strength variations at the outlet of the column as 
reported in Krishna et al. (2022) are shown on the secondary y-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 9. Observed breakthrough curve of CML colloids for experiment 8 (black circles) and corresponding experimental results during temporal variations in ionic 
strength alone plotted from Krishna et al. (2022) (green diamonds). Average water velocity and simulated ionic strength variations at the outlet of the column as 
reported in Krishna et al. (2022) are shown on the secondary y-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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flow alone (Figs. 2 and 3) and temporal variations in ionic-strength 
alone ((experimental results of Krishna et al. (2022) presented as 
green diamonds in Fig. 6). The magnitudes of the first peaks in Figs. 7 
and 8 for every step-change in flow and ionic strength are similar to 
those in Figs. 2 and 3, respectively. This indicates that the ionic strength 
variation in each step for experiments 6 and 7 does not contribute to the 
first spike in the release curve which was caused by velocity increase 
alone. This is because the increase in velocity is instantaneous 
throughout the column whereas the change in ionic strength is gradual. 
Hence, the adhesive torque remains unaltered during the instant of flow 
variations and when the hydrodynamic torque on particles becomes 
larger than the adhesive torque, they get released into the bulk fluid. 
However, the magnitude of second peak in the release curves during 
simultaneous temporal variations is greater than those during temporal 
variations in ionic strength alone (green data points in Figs. 7 and 8). 
This is because a larger hydrodynamic torque, exerted on particles due 
to increased velocity, together with smaller adhesive torque, due to 
decreased ionic strength, drives more release of particles from grain 
surfaces.

The colloid release curve for experiment 8 (Fig. 9) is characterized by 
a single spike for every step-change in flow velocity and ionic strength, 
with the peak occurring during the passage of the ionic strength front at 
the column outlet. Unlike experiments 6 and 7 (Figs. 7 and 8), but 
similar to experiment 5 (Fig. 6), there was no instantaneous release due 
to flow variations in experiment 8 (Fig. 9). This release behavior is 
similar to that for temporal variations in flow alone at 10 mM ionic 
strength (experiment 4 and Fig. 4), where no release was observed 
during step-increases in flow velocity.

Experiments 5–8 (Figs. 6–9) show that for every step-change in ve
locity and/or ionic strength, the peak in the release curve caused by the 
passage of the ionic-strength front is higher than the peak caused by 
velocity increase. Also, results show that simultaneous temporal 

variations in flow and chemistry (experiments 5–8, Figs. 6–9) released 
more colloids than temporal variations in ionic strength alone 
(Figs. 6–9) and temporal variations in flow velocity alone (experiments 
1–4, Figs. 1–4). Weak adhesive forces due to ionic strength reduction 
coupled with higher hydrodynamic drag due to increased velocity are 
the cause of more release of colloids during simultaneous temporal 
variations in flow and chemistry. Figs. 6–9 show that significant release 
of deposited colloids occurred when the ionic strength was reduced to 
below 10 mM. However, the critical value of ionic strength, i.e., the 
ionic strength below which the release is significant, is velocity- 
dependent, and hence, will take different values for different experi
ments (experiments 5–8). We hypothesize that the critical value of ionic 
strength due to simultaneous temporal variations in flow and chemistry 
to be larger than that due to ionic strength reduction alone (7.48 mM as 
found in Krishna et al. (2022)). Further, Table 4 shows that the per
centage of retained colloids released in stage 3 increased with 
decreasing ionic strength in stages 1 and 2. The corresponding values are 
50.4 %, 69.4 %, 80.5 %, and 92.6 % for experiments 5–8, respectively. 
These results are in line with the colloid retention profile at the end of 
stage 3 shown in Fig. 10 which represents larger retention for experi
ment 5, when the colloids were deposited at a high ionic strength of 100 
mM during stages 1 and 2. Moreover, significant mass of injected col
loids, 40 % and 20 %, was still retained in soil at the end of stage 3 for 
experiments 5 and 6, respectively (Table 4). Fig. 10 shows that the 
retained mass of colloids for experiment 5 is greater near the outlet than 
the inlet. This might be due to re-deposition of the colloids released near 
the inlet in the downstream region. More colloid retention at the outlet 
was also observed for experiment 7 where the colloids were deposited at 
an ionic strength of 25 mM during stages 1 and 2.

A balance of hydrodynamic and adhesive torques acting on attached 
colloids is essential to explain the partial release of deposited colloids 
during various steps in stage 3 for experiments 5–8. The torque balance 

Fig. 10. Colloid retention profiles for CML colloids at the end of (a) stage 2, and (b) stage 3 for experiments 5–8.

Table 4 
Experimental mass balance information for experiments 5–8.

Experiment 
No.

Stages 1 and 2 Stage 3

Average water 
velocity (cm/min)

Ionic 
strength 
(mM)

Meluted
a

(%)
Mretained

b

(%)
Step 
1

Step 
2

Step 
3

Step 
4

Step 
5

Step 
6

Total 
Meluted 

c

(%)

Total 
Mretained 

d

(%)

5 0.55 100 19.95 80.05 0.00 0.00 2.32 11.37 15.12 11.52 40.33 38.71
6 0.55 50 40.82 59.18 3.92 7.78 17.41 5.29 6.69 − 41.09 16.78
7 0.55 25 53.80 46.20 6.05 10.27 13.39 7.49 − − 37.20 7.83
8 0.55 10 79.39 20.61 5.01 8.48 5.61 − − − 19.10 1.32

a Percentage mass eluted during stages 1 and 2.
b Percentage mass retained inside the column at the end of stage 2 calculated using colloid retention profile.
c Percentage mass eluted during stage 3.
d Percentage mass retained inside the column at the end of stage 3 calculated using colloid retention profile.
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performed by calculating adhesive torque using interaction energy 
profile obtained from DLVO theory (Fig. S1) and hydrodynamic torque 
by assuming a smooth collector and average water velocity could not 
explain the partial release of colloids observed during stage 3 (data not 
shown). This is because the DLVO theory assumes the particles and 
grains to be uniformly charged (Redman et al., 2004; Shani et al., 2008; 
Johnson and Hilpert, 2013) and hence, the effect of grain surface 
roughness and charge heterogeneity on adhesive torque is not accounted 
for. Also, calculation of hydrodynamic torque by assuming the collector 
to be a uniformly-shaped smooth sphere cannot account for the spatial 
variation in the average water velocity in soil. The incomplete release of 
retained colloids from soil during stage 3 is potentially due to the effect 
of surface roughness and charge heterogeneity of the sand grains, as well 
as colloid retention in flow stagnation zones. The sand surface has both 
convex and concave regions, which play a crucial role in colloid depo
sition and release (Li et al., 2017; Shen et al., 2015). The velocity is low 
in concave regions, and the colloids deposited there do not get remo
bilized even when ionic strength is decreased and/or velocity is 
increased (Li et al., 2017). However, the colloids that were retained at 
the top of the convex asperities can get easily detached due to pertur
bations in flow and chemistry. This is because the convex asperities 
significantly reduce the depth of the primary minimum, thereby 
reducing the adhesive torque of colloids at grain surfaces (Li et al., 2017, 
2020; Shen et al., 2015, 2018). Also, particles retained at the flow 
stagnation zones would not get affected by velocity variations. Thus, the 
complex interplay between surface roughness and surface charge het
erogeneity plays critical roles in the retention and release of colloids 
during temporal variations in flow and chemistry. Other factors that can 
cause spatial variations in hydrodynamic torque are pore-size distribu
tion of sand, pore connectivity and pore-shape variations (Bergendahl 
and Grasso 2000; Bradford and Torkzaban, 2013; Li et al., 2017, 2020; 
Shen et al., 2015, 2018; Zhang et al., 2015). Hence, detailed experi
mental and modeling studies at pore scale are essential to understand 
the mechanisms behind the observed release during simultaneous tem
poral variations in flow and chemistry.

4. Summary and conclusions

In this study, first we investigated the effect of temporal variations in 
flow alone, and then simultaneous temporal variations in flow velocity 
and ionic strength on remobilization of deposited colloids in saturated 
porous media through laboratory column experiments. Four experi
ments, each at a different ionic strength (100, 50, 25, and 10 mM), were 
performed to study the effect of temporal step increases in velocity on 
colloid remobilization. An instantaneous spike release of colloids fol
lowed by a long tail was observed with every step-increase in average 
water velocity for 50 and 25 mM, with the peak coinciding with the 
instant of velocity increase. However, negligible colloid release was 
observed in the effluent for ionic strengths of 100 and 10 mM. The 
instantaneous sharp release of colloids might be due to a distance- 
dependent exponential increase in colloid release rate, with the great
est release occurring at the column outlet. The effect of temporal vari
ations in velocity on remobilization of deposited colloids is ionic- 
strength dependent with the highest release occurring at an ionic 
strength of 25 mM. Experimental results showed minimal effect of 
temporal variations in velocity on remobilization of deposited colloids 
with significant mass retained in the soil at the end of all the experi
ments. The fractional release of deposited colloids during temporal 
variations in velocity depends on the spatial distribution of the hydro
dynamic and adhesive torques acting on the deposited colloids, which in 
turn are affected by pore-size distribution, pore connectivity, grain 
roughness, and charge heterogeneity of soil grains. It is also found that 
the remobilized colloids from near the inlet were redeposited in the 
downstream regions, leading to negligible release in the effluent.

The colloid release curves due to simultaneous temporal variations in 
flow and ionic strength were characterized by sharp peaks followed by 

long tails. The release curve for every step-change in velocity and ionic 
strength was unimodal for deposition ionic strengths of 100 and 10 mM 
and coincided with the instant of arrival of the ionic-strength front at the 
column outlet. However, the release curve for every step-change in ve
locity and ionic strength was bimodal for deposition ionic strengths of 
50 and 25 mM, with the first peak coinciding with the instant of increase 
in flow velocity and a second delayed spike coinciding with the passage 
of the ionic strength front. Temporal variations in both flow and ionic 
strength released more colloids in the effluent than temporal variations 
in ionic-strength alone or temporal variations in flow velocity alone. The 
increased release during simultaneous temporal variations in flow and 
chemistry is due to the coupling of greater hydrodynamic torque exerted 
on attached particles due to larger velocities with the smaller adhesive 
torque due to ionic strength reductions. However, significant mass was 
still retained in soil at the end of all experiments. The incomplete release 
of retained colloids from soil during simultaneous temporal variations in 
flow and ionic strength might be due to the effect of surface roughness 
and charge heterogeneity of the sand grains, and colloid retention in 
flow stagnation zones. The amount of colloids released during simulta
neous temporal variations in flow and ionic strength depends on the 
temporal and spatial variations in the hydrodynamic and adhesive tor
ques acting on the attached colloids. Transient flow and chemistry 
conditions result in temporal variations in hydrodynamic and adhesive 
torques, respectively, acting on attached colloids. Pore-size distribution, 
pore connectivity, and grain surface roughness lead to spatial variations 
in hydrodynamic torque acting on the attached colloids whereas charge 
heterogeneity and surface roughness of soil grains causes spatial varia
tions in adhesive torque acting on attached colloids. A calculation of 
hydrodynamic and adhesive torques performed by assuming smooth 
uniformly-charged spherical grains could not explain the partial release 
of colloids during temporal variations. Hence, experimental and 
modeling studies at pore scale are essential to unravel the mechanisms 
behind the observed release during combined temporal variations in 
flow and chemistry.
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