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Role of Surface Roughness 
in Chemical Detachment of 
Colloids Deposited at 
Primary Energy Minima
This study theoreƟ cally and experimentally examined eff ects of surface roughness on 
detachment of colloids deposited under favorable chemical condiƟ ons on reducƟ on of 
soluƟ on ionic strength. A superposiƟ on approach based on elemental geometric models 
was developed to esƟ mate variaƟ on of Derjaguin–Landau–Verwey–Overbeek (DLVO) inter-
acƟ on energies between a colloid and a rough surface under diff erent soluƟ on chemistries. 
TheoreƟ cal analysis showed that most colloids aƩ ached at rough surfaces via primary-
minimum associaƟ on are irreversible on reducƟ on of soluƟ on ionic strength because 
primary minima are deeper and the detachment energy barriers are greater at lower ionic 
strength. A fracƟ on of colloids iniƟ ally aƩ ached at Ɵ ps of nanoscale protruding asperiƟ es, 
however, will detach from a rough surface at low ionic strength because the net force act-
ing on the colloids can become repulsive (i.e., calculated DLVO interacƟ on energy curves 
show monotonic decreases of interacƟ on energies with separaƟ on distance at low ionic 
strength). Column experiments were conducted with 1156-nm polystyrene latex parƟ cles 
and rough sand (300–355-μm diameter) to examine the detachment of colloids iniƟ ally 
deposited at primary minima. Experimental results confi rmed that a fracƟ on of colloids 
are released at low ionic strengths. Our theoreƟ cal and experimental results are consistent 
with literature observaƟ ons, adding convincing evidence to challenge the usual belief that 
colloids aƩ ached at primary minima are irreversible on reducƟ on of soluƟ on ionic strength. 
Although the importance of surface heterogeneity on colloid deposiƟ on has been widely 
recognized, our study implies that surface heterogeneity also plays a criƟ cal role in colloid 
detachment under both favorable and unfavorable condiƟ ons.

AbbreviaƟ ons: AFM, atomic force microscopy; DLVO, Derjaguin–Landau–Verwey–Overbeek; SEI, surface 
element integraƟ on.

Knowledge of colloid transport behavior in porous media is of impor-
tance in a variety of applications such as remediation of contaminated soil and groundwater, 
granular fi ltration in water and wastewater treatment, and natural fi ltration of pathogenic 
microorganisms (Ryan and Elimelech, 1996; Tufenkji and Elimelech, 2005; Shang et al., 
2010). Deposition and detachment are two primary factors controlling the transport of 
colloids in porous media. Particle deposition in porous media has received considerable 
attention in the literature. In particular, a systematic framework, i.e., the colloid fi ltra-
tion theory (CFT) has been developed to predict particle deposition in porous media 
(Yao et al., 1971; Rajagopalan and Tien, 1976; Tufenkji and Elimelech, 2004a; Ma et al., 
2009). Th e CFT considers that the colloid deposition rate is controlled by three individual 
mechanisms: Brownian diff usion, interception, and sedimentation. In CFT, the colloid 
deposition rate is characterized by single collector contact effi  ciency, a parameter that 
quantifi es the frequency of colloid collisions with a collector grain. Despite successful pre-
dictions by the CFT for colloid deposition under favorable chemical conditions (i.e., when 
Derjaguin–Landau–Verwey–Overbeek [DLVO] interaction energy barriers are absent), 
large discrepancies have been frequently reported between theoretical calculations and 
experimental observations under unfavorable conditions (Ryan and Elimelech, 1996).

Th e CFT assumes that particle and collector surfaces are perfectly smooth; however, the 
surfaces of natural colloids and collectors all contain some degree of physical nonunifor-
mity at various scales (Suresh and Walz, 1996). Th erefore, surface roughness has been 
frequently regarded as one of the primary factors (surface roughness, charge heterogene-
ity, and secondary minimum) causing the discrepancies between theoretical predictions 
and experimental results (Elimelech and O’Melia, 1990a,b; Ryan and Elimelech, 1996; 
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Bhattacharjee et al., 1998; Cooper et al., 2001; Hoek et al., 2003; 
Hoek and Agarwal, 2006; Katainen et al., 2006; Shen et al., 2007, 
2008; Jaiswal et al., 2009). Several mechanisms by which surface 
roughness infl uences colloid deposition have been disclosed. Of 
those, reduction of the DLVO interaction energies is considered 
the most signifi cant according to theoretical analysis (Suresh and 
Walz, 1996; Bhattacharjee et al., 1998; Hoek et al., 2003; Hoek and 
Agarwal, 2006; Huang et al., 2010) and microscopic examinations 
(Bowen and Doneva, 2000; Suresh and Walz, 1997). In addition, 
Kemps and Bhattacharjee (2009) found that surface roughness 
could modify the fl ow fi eld and increase the surface area available 
for colloid deposition. Saiers and Ryan (2005) demonstrated that 
surface roughness infl uences single collector contact effi  ciency.

Th e eff ect of surface roughness on colloid detachment has received 
much less attention in the literature. Colloid detachment occurs 
due to a disturbance to the hydrodynamics or solution chemistry 
in the system (Bergendahl and Grasso, 1999, 2000). In this study, 
these two types of detachments are referred to as hydrodynamic 
detachment and chemical detachment, respectively, following Das et 
al. (1994), Bergendahl and Grasso (1999, 2000), and Burdick et al. 
(2005). Das et al. (1994) and Burdick et al. (2005) investigated the 
eff ects of surface roughness on the hydrodynamic detachment of 
colloids and showed that surface roughness inhibits colloid detach-
ment by increasing the dominance of adhesive torque over the 
hydrodynamic drag that colloids experience in the fl ow fi eld. Th e 
infl uence of surface roughness on the chemical detachment of col-
loids from surfaces, however, remains unclear to date. Considerable 
studies (McDowell-Boyer, 1992; Ryan and Gschwend, 1994a,b; 
Roy and Dzombak, 1996; Bergendahl and Grasso, 1999; Canseco 
et al., 2009) indicated that the detachment of colloids due to chem-
ical disturbance was caused by the variation of DLVO interaction 
energies between attached colloids and collector surfaces. Because 
surface roughness also infl uences DLVO interaction energies, it 
is reasonable to anticipate that surface roughness has important 
eff ects on chemical detachment of colloids.

Th is study theoretically investigated the role of surface rough-
ness in the chemical detachment of colloids from surfaces using 
a modifi ed Derjaguin approach. Special attention was paid to 
the detachment of colloids initially deposited under favorable 
chemical conditions. We selected this condition to eliminate 
the interference of secondary minimum energy so that the role 
of surface roughness could be examined more unambiguously. 
Our results showed that the responses of the attached colloids to 
chemical disturbance depend on local geometric confi gurations in 
the colloid–rough surface systems. Most colloids deposited under 
favorable chemical conditions are chemically irreversible; however, 
a fraction of colloids attached at the tip of nanoscale protruding 
asperities can be detached when low ionic strength (e.g., 0.001 mol 
L−1 in this study) solutions are introduced. Th e theoretical fi ndings 
were supported by column experiment results from the present 
study and additional observations reported in the literature (Ryan 

and Gschwend, 1994a,b; Chen and Elimelech, 2006; Tosco et al., 
2009; Hahn et al., 2004; Roy and Dzombak, 1996).

Theore  cal Considera  ons
To quantify the infl uence of surface roughness on the DLVO 
interaction energies during the detachment process, accurate 
representation of the surface roughness is required; however, 
the geometric complexity of rough surfaces inhibits its rigorous 
description by any mathematical models (Hoek et al., 2003). In 
addition, because surface roughness varies from place to place even 
for one collector (e.g., Supplemental Fig. S1; supplemental material 
is available online), it is impractical to calculate DLVO interaction 
energies at all locations for all collectors in a porous medium. To 
surmount this obstacle, an alternative is to introduce elementary 
models of a rough surface and examine their eff ects on DLVO 
interaction energies. Atomic force microscopy (AFM) images 
(Suresh and Walz, 1997; Bowen and Doneva, 2000; Rabinovich 
et al., 2000; Hoek et al., 2003; Katainen et al., 2006; Jaiswal et 
al., 2009; Shen et al., 2011) showed that rough surfaces consist 
of two main components: convex asperities and concave valleys 
between the asperities. In this study, we considered the interac-
tion of a sphere with either one hemisphere on a fl at surface or 
with two hemispheres against each other (see Fig. 1a and 1d) to 
represent the aforementioned two rough components. Treating 
a rough surface as a smooth plate covered with hemispheres has 
been used in a number of previous studies (Suresh and Walz, 1996; 
Bhattacharjee et al., 1998; Hoek et al., 2003; Hoek and Agarwal, 
2006). Figures 1a to 1d schematically present typical stable depo-
sition morphologies for the interaction of a colloid with the two 
rough confi gurations. Th e attachments in these scenarios are stable 
because the applied and adhesive forces and torques that the col-
loid experiences at these locations can be balanced. To calculate 

Fig. 1. Schematics of interactions of colloids with smooth surfaces cov-
ered with hemispheres.
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the variation of DLVO interaction energy profi les with chemical 
disturbance for these interaction confi gurations, we assumed that 
the colloid leaves the rough surface along a line perpendicular to 
the fl at surface.

Surface element integration (SEI) has been developed to calculate 
the eff ects of surface roughness on DLVO interaction energies. 
Th e SEI calculates DLVO interaction energies by integration of 
the interaction energy of elements with elements using the exact 
geometry of the rough surfaces. For each element–element inter-
action, the result of the interaction energy between two infi nite 
fl at plates is used (Bhattacharjee et al., 1998). Th is approach only 
considers the interactions with the rough surface area that overlaps 
with the projected area of the approaching colloid (Bhattacharjee 
et al., 1998; Huang et al., 2010). Th erefore, it is not suitable for cal-
culating the interactions of colloids with concave surfaces (e.g., Fig. 
1b) where sidewall interactions (i.e., colloid–asperity interactions 
in Fig. 1b) are signifi cant. Similar to previous studies (Elimelech 
and O’Melia, 1990a,b; Hoek et al., 2003; Shen et al., 2008, 2011), 
the eff ects of surface roughness in this study were determined as 
the sum of particle–surface (sphere–plate) and particle–asperity 
(sphere–sphere) DLVO interaction energies. Th e retarded van der 
Waals attraction (ΦvdW) energies for colloid–asperity (pg) inter-
action and colloid–fl at surface (ps) interaction were calculated as 
(Ho and Higuchi, 1968)
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where A is the Hamaker constant, ag is the asperity radius, ap is 
the colloid radius, h is the separation distance (surface to surface) 
between a colloid and an asperity, H is the separation distance 
between a colloid and a f lat surface, and λ is a characteristic 
wavelength of the dielectric, usually taken as 100 nm (Hahn and 
O’Melia, 2004; Hahn et al., 2004). Th e electrical double layer 
potentials (Φdl) of colloid–asperity and colloid–fl at surface inter-
actions for constant surface potentials were calculated as (Hogg 
et al., 1966)
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where ε0 is the permittivity of a vacuum, ε is the relative water 
dielectric constant or relative permittivity of water, κ is the recip-
rocal double layer thickness, and ψp, ψg, and ψ s are the zeta 
potentials of the colloid, asperity, and surface, respectively. We 
assume ψg = ψs.

When the extended DLVO approach is considered, the short-range 
repulsion (e.g., hydration) has to be included, which can be evalu-
ated by calculating the Born potential energy (Ryan and Elimelech, 
1996). Feke et al. (1984) developed an equation to calculate the 
Born potential (ΦBorn) for sphere–sphere interaction:
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where x = ag/ap, R = 1 + x + h/ap is the center-to-center separation 
distance normalized by ap, and σ is the collision parameter. A typi-
cal, experimentally derived value for σ is 0.5 nm (Ruckenstein and 
Prieve, 1976; Feke et al., 1984; Hahn et al., 2004). Th e expression 
to calculate the Born potential for sphere–plane interaction can 
be written as (Ruckenstein and Prieve, 1976)
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Th e total extended DLVO interaction energies (ΦT) for the con-
fi gurations of Fig. 1a, 1b, 1d, and 1e were calculated using the 
equations shown in Table 1, which were obtained based on the 
following superposition. For example, take the case of Fig. 1d. Th e 
colloid particle interacts with two hemisphere asperities and a fl at 
surface, therefore,
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where, in this case, if the colloid is located symmetrically above the 
two asperities (or detached from the fl at surface perpendicularly), 
the geometric relation between h and H is

( ) ( )22 2
p g gEH a a h a a+ + = + +  [6]

In this simple superposition treatment, there is a certain level 
of repetition. When ag << ap, Eq. [5] recovers the correct limit-
ing behavior because all terms for colloid–asperity interactions 
approach zero. When ag and ap are comparable, Eq. [5] can be 
viewed as a reasonable fi rst approximation because the colloid–
asperity interaction will dominate over the colloid–fl at surface 
interactions for the case in Fig. 1d; in other words, the additional 
colloid–surface interactions that represent double counting are 
relatively small. A similar argument can be used to justify the 
superposition treatment as a fi rst approximation for the cases 
shown in Fig. 1a, 1d, and 1e. For all the cases considered in 
Table 1, the colloid is assumed to be detached from the surface 
perpendicularly relative to the reference fl at surface. Details for 
the derivation of the equations in Table 1 can be found in the 
Supplemental Material.

Th e interaction energy for the confi guration of Fig. 1c is equal to 
that of the interaction of a colloid with a fl at surface (i.e., ag = 0 
nm), namely, the asperity is too far to infl uence the deposition 
of the colloid.

  Experimental Materials 
and Procedures

Colloidal Par  cles and Porous Media
White carboxyl-modifi ed polystyrene latex micro-
spheres (Interfacial Dynamics Corp., Portland, 
OR) with a diameter of 1156 nm were used as 
model colloids. Th ey are hydrophilic, with a density 
of 1.055 g cm−3 (as reported by the manufac-
turer). Colloidal concentrations were determined 
by UV-Vis spectrophotometry (DU Series 640, 
Beckman Instruments, Fullerton, CA) at a 440-nm 
wavelength.

Quartz sand with a diameter ranging from 300 to 
355 μm was used as the model collector grains. Th e 
sand was sieved from Accusand 40/60 (Unimin 
Corp., Le Sueur, MN) with a stainless steel mesh. 
Th e procedure of Zhuang et al. (2005) was used to 
elaborately remove metal oxides and other impuri-
ties from the sand and glass beads.

Th e electrophoretic mobilities of the colloids and sand in NaCl 
electrolyte solutions of diff erent ionic strengths were determined 
by a Zetasizer Nano ZS (Malvern Instruments, Southborough, 
MA) at 25°C. Th e fi nest fraction of sand sieved from the Accusand 
was used for the measurement. Th e determined zeta potentials for 
the colloid were −27.38, −35.21, and −46.73 mV at 0.3, 0.2, and 
0.001 mol L−1 ionic strengths, respectively. Th e zeta potentials 
for the sand were −20.37, −27.49, and −39.27 mV at 0.3, 0.2, and 
0.001 mol L−1 ionic strengths, respectively. Th e 0.3 mol L−1 solu-
tion had a pH of 10 and the 0.2 and 0.001 mol L−1 solutions had 
pH values of 6.0 to 6.5.

Th e surface roughness of the sand was measured using a bioscope 
atomic force microscope (Veeco Instruments, Plainview, NY) 
mounted on an Axiovert 200 inverted fl uorescent microscope 
(Carl Zeiss, Jena, Germany). Sand grains were bonded to glass 
microscope slides with epoxy and the surface roughness was then 
measured with contact-mode imaging in air using silicon tips of 
8-nm radius curvature (Veeco Instruments).

Colloid Deposi  on and 
Detachment Experiments
Colloid transport experiments were conducted in acrylic columns 
packed with the sand. Th e column setup used in this study was 
similar to that used in Shen et al. (2007). Briefl y, the column was 
3.8 cm in diameter and 10 cm long, with a top and a bottom plate. 
Th e sand was wet-packed in deionized water with vibration to min-
imize layering and air entrapment in the column. Th e porosity of 
the packed bed for each experiment was determined to be 0.33 
(based on a particle density of 2.65 g cm−3 for the sand).

Table 1. Th e equations used to calculate total extended DLVO interaction energies (ΦT) 
for the four typical cases shown in Fig. 1. 

Scenario Calculation equations†

Case 1 of Fig. 1a ΦT = Φpg(h) + Φps(h + ag)

Case 2 of Fig. 1b
( ) ( )2T pg ps p g p2h h a ha a

⎡ ⎤
⎢ ⎥Φ =Φ +Φ + + −
⎢ ⎥⎣ ⎦

Case 3 of Fig. 1d
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† Φpg, DLVO interaction energy between a colloid and an asperity; Φps, DLVO interaction energy 
between a colloid and a fl at surface; h, surface-to-surface separation distance between a colloid 
and an asperity; H, surface-to-surface separation distance between a colloid and the reference 
fl at surface; Φpg and Φps are functions of the expressions in the parentheses and brackets.
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Th e fi rst set of experiments was conducted to examine the chemi-
cal reversibility of colloids deposited in NaCl electrolyte solutions. 
Analytical reagent-grade NaCl (Fisher Scientifi c, Pittsburgh, PA) 
and deionized water were used to prepare the electrolyte solutions 
at three ionic strengths (0.001, 0.2, and 0.3 mol L−1). 
Th e pH of the electrolyte solutions was adjusted by 
addition of NaOH and NaHCO3. Th e experiments 
were performed at a fi xed approach velocity of 8.0 ×
105 m s−1 to avoid hydrodynamic detachment. For 
each experiment, degassed NaCl electrolyte solution 
at 0.3 mol L−1 and pH 10 was fi rst delivered to the 
column upward for at least 20 pore volumes to stan-
dardize the ionic strength and pH of the system. Th en 
a three-step procedure, similar to that adopted in the 
previous studies (Shen et al., 2007, 2008; Hahn and 
O’Melia, 2004), was used for colloid deposition and 
release. Briefl y, six pore volumes of colloid suspension 
(10 mg L−1, corresponding to 1.2 × 1010 particles 
L−1) in 0.3 mol L−1 NaCl at pH 10 were fi rst intro-
duced to the packed column (Phase 1), followed by 
elution with colloid-free electrolyte solution of the 
same ionic strength and pH (Phase 2), and fi nally 
with electrolyte solutions at 0.2 or 0.001 mol L−1 at 
pH 6.0 to 6.5 until no colloids were detected in the 
effl  uent (Phase 3).

The second set of column transport experiments 
was to examine the chemical reversibility of colloids 
deposited in CaCl2 electrolyte solutions. For each 
experiment, the three-step procedure presented above 
was used to quantify colloid deposition and release. 
Th e ionic strength of the CaCl2 electrolyte solutions 
used in Phases 1 and 2 was 0.2 mol L−1 and in Phase 
3 was 0.1 or 0.001 mol L−1. Th e pH of the electrolyte 
solutions used in Phases 1 and 2 was 6.0 to 6.5 and 
in Phase 3 was 5.2.

Results
DLVO Interac  on Energy Curves
Th e DLVO theory was used to infer whether detach-
ment can occur for colloids deposited in the presence 
of surface roughness at 0.3 mol L−1 NaCl on elution 
with NaCl electrolyte solutions at 0.2 or 0.001 mol 
L−1 ionic strength. Th e measured zeta potentials of 
the colloid and sand in NaCl electrolyte solutions 
were adopted for theoretical calculations. A value of 
1 × 1020 J was chosen as the Hamaker constant for 
the polystyrene–water–quartz system (Elimelech and 
O’Melia, 1990a,b; Shen et al., 2007, 2008, 2010).

Because an atomic force microscope image showed 
that the height and curvature of the asperities on the 

sand surface varied signifi cantly (see Supplemental Fig. S1), we 
considered the interaction of colloids with rough surfaces with a 
wide range of asperity radii (0–5000 nm) in the theoretical calcula-
tions. Figure 2 presents DLVO energy profi les for the interaction 

Fig. 2. Th e DLVO interaction energy (ΦT) profi les for the rough confi guration in Fig. 
1a with diff erent asperity radii (ag) at diff erent ionic strengths (thick solid line, 0.3 mol 
L−1; thin solid line, 0.2 mol L−1; dashed line, 0.001 mol L−1). Note the change in scale 
of the y axes among the various graphs. Inserts are replotted fi gures at a diff erent y axis 
scale to highlight the primary minimum.
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confi guration shown in Fig. 1a at 0.3, 0.2, and 0.001 mol L−1

ionic strengths. At 0.3 mol L−1, only primary minima exist in the 
DLVO energy profi les for all asperity radii considered; therefore, 
all colloids are deposited at primary minima. For ag = 0 nm and 
ag > 10 nm, when the solution ionic strength is reduced to 0.2 mol 
L−1, steeper increases of potential energies (representing a stron-
ger attractive force) from the separation distance corresponding to 
the primary minimum are obtained. Th is indicates that, for these 
sizes, the colloids initially deposited in primary minima at 0.3 mol 
L−1 are irreversible in these cases. Although primary minima are 
shallower at 0.2 mol L−1 than at 0.3 mol L−1 for 1 nm ≤ ag ≤ 10 
nm, colloid release is still diffi  cult because these conditions are 
favorable for colloid deposition (i.e., no repulsive force exists at the 
separation distance corresponding to the primary minimum where 
the colloids are located). To further understand whether detach-
ment happens at 0.2 mol L−1, the values of the detachment energy 
barrier (ΔФ) were calculated by subtracting the primary minimum 
from the maximum energy barrier under unfavorable conditions 

or equating it to the primary minimum depth under favorable 
conditions (see Fig. 3). Colloids retained in primary minima 
have to overcome the detachment energy barrier to successfully 
release back into bulk solutions. Figure 3a shows that detachment 
energy barriers are lower at 0.2 mol L−1 than at 0.3 mol L−1 for 
all asperity radii; however, even the smallest detachment energy 
barrier (22.56 kT, where k is the Boltzmann constant and T is the 
absolute temperature) at 0.2 mol L−1 is still much larger than the 
average Brownian kinetic energy (1.5 kT). In addition, the calcu-
lated adhesive torque is much larger than the hydrodynamic torque 
(see Shen et al., 2010). Th erefore, no detachment is expected at 0.2 
mol L−1 for the interaction confi guration shown in Fig. 1a. When 
the solution ionic strength is decreased from 0.3 to 0.001 mol L−1, 
steeper increases of potential energies with separation distance 
from the primary minima are obtained for ag < 2 nm and ag > 10 
nm (see Fig. 3). Consequently, the deposited colloids are irrevers-
ible at 0.001 mol L−1 under these conditions. For 2 nm ≤ ag ≤ 10 
nm, however, monotonic decreases in the interaction energies with 

Fig. 3. Calculated detachment energy barrier (ΔФ) for diff erent colloid–rough surface confi gurations as a function of the asperity radius at diff er-
ent ionic strengths (triangle, 0.001 mol L−1; square, 0.2 mol L−1; circle, 0.3 mol L−1). Th e values of ΔФ were obtained by subtracting the primary 
minimum from the maximum energy barrier under unfavorable conditions or equating them to primary minimum depths under favorable conditions 
or zero when the primary minimum and energy barrier disappear. Inserts are the corresponding interaction confi gurations and replotted fi gures at a 
diff erent y axis scale.
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increasing separation distance are found at 0.001 mol L−1.  Th is 
indicates that colloids experience repulsive forces, and the colloids 
deposited in primary minima at 0.3 mol L−1 will be released at 
0.001 mol L−1 in these cases.

It is interesting to note that traditionally the DLVO interaction 
energy curve is characterized by a deep attractive well (the pri-
mary minimum) at a small separation distance, a maximum energy 
barrier, and a shallow attractive well (the secondary minimum) at 
larger distances under unfavorable conditions. Both energy barrier 
and secondary minimum disappear and only the primary mini-
mum exists in the DLVO interaction energy curves under favorable 
conditions. Our study, however, provides a new type 
of DLVO interaction energy curve under unfavorable 
conditions, that is, the interaction energy decreases 
monotonically with increasing separation distance due 
to the infl uence of surface roughness. Figures 4a to 4c 
schematically illustrate how the asperity size aff ects the 
interaction forces between an attached colloid and the 
rough confi guration in Fig. 1a at 0.001 mol L−1. Figure 
4a shows that when the asperity is very small (e.g., < 2 
nm), the colloid is at the deep primary minimum of 
the energy curve for the colloid–fl at surface interac-
tion. Th erefore, both the fl at surface and the asperity 
attract the colloid. When the asperity radius is between 
2 and 10 nm (Fig. 4b), the colloid experiences a strong 
repulsion from the bottom fl at surface, and the primary 
minimum of the energy curve for the colloid–asperity 
interaction is relatively small and as such is eliminated 
by the strong repulsion from the bottom fl at surface. 
Th erefore, the primary minimum disappears in these 
cases and the colloid will be released back into the bulk 
solution due to the strong repulsion. When the asperity 
radius is further increased (e.g., >20 nm; see Fig. 4c), 
the colloid only experiences weak repulsion from the 
bottom fl at surface due to the greater separation dis-
tance, and at the same time the attraction between the 
colloid and asperity gains strength to play a dominant 
role, resulting in a net attraction. At the ionic strength 
of 0.2 mol L−1, the colloid is at the primary minimum 
and the secondary minimum of the energy profi le for 
the colloid–fl at surface interaction for ag < 1 nm and ag
> 2 nm, respectively. At 1 nm ≤ ag ≤ 2 nm, the attrac-
tion between the colloid and the asperity exceeds the 
repulsion from the bottom fl at surface. Th erefore, no 
monotonic decrease of interaction energy is observed 
at 0.2 mol L−1.

Figure 5 presents representative DLVO energy profi les 
for the interaction confi guration shown in Fig. 1b at 
0.3, 0.2, and 0.001 mol L−1 ionic strengths. No mono-
tonic decreases of interaction energies were found 
for any asperity radii at 0.2 and 0.001 mol L−1, and 

signifi cant detachment energy barriers exist in all these cases (see 
Fig. 3c). Th is is because, at small separations, the colloids always 
experience attractions from both the asperity and the fl at surface 
because H is roughly equal to (1 + ag/ap)h. Consequently, no 
detachment is expected at either 0.2 or 0.001 mol L−1 for this 
interaction confi guration. Th ese results indicate that, even for a 
given roughness size, depending on where the colloid is located 
relative to the asperity (Fig. 1a vs. 1b), it experiences diff erent 
DLVO interaction forces. Th e DLVO energy profi les obtained 
for the interaction confi guration in Fig. 1d at 0.3, 0.2, and 0.001 
mol L−1 ionic strengths (data not shown) are very similar to those 
for the interaction confi guration in Fig. 1a, leading to the same 

Fig. 4. Illustration of the eff ects of asperity size (ag) on the interaction forces (ΦT) 
between the 1156-nm colloid and rough surfaces at 0.001 mol L−1 for (a) ag < 2 nm, 
(b) 2 nm ≤ ag ≤ 10 nm, and (c) ag > 20 nm and at 0.2 mol L−1 for (d) ag < 1 nm, (e) 
1 nm ≤ ag ≤ 2 nm, and (f ) ag > 2 nm. Th e curve shows the interaction energy profi le 
between the colloid and the fl at bottom surface. Th e interaction energy curve between 
the colloid and the asperity is not shown. Note the change in scale of the x and y axes 
among the various graphs and the reduced size of the colloid.
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conclusions as above. Because colloids commonly 
aggregate under favorable conditions, the interac-
tion of an aggregate (consisting of two colloids) 
with the convex surface was considered (Fig. 1e). 
As shown in Fig. 3, signifi cant detachment energy 
barriers exist at 0.2 and 0.001 mol L−1 for all 
asperity radii in this case; therefore, aggregation 
inhibits colloid detachment (Fig. 2e vs. 2a).

In summary, colloids are deposited in primary 
minima in a NaCl electrolyte solution at 0.3 mol 
L−1 ionic strength for all cases considered (i.e., 
Fig. 1a, 1b, 1d, and 1e). When the solution ionic 
strength is reduced to 0.2 mol L−1, no detachment 
is anticipated. When the solution ionic strength 
is reduced to 0.001 mol L−1, most colloids remain 
trapped by the primary minima because a steeper 
local increase of potential energies and signifi cant 
energy barriers are present. A small fraction of col-
loids at the tip of nanoscale protruding asperities 
will be released, however, due to the replacement 
of the primary energy minimum with a repulsive 
interaction caused by the insertion of the asperi-
ties between the colloid and the bottom fl at surface. 
Similar theoretical results are obtained for the 
deposition and release of colloids in CaCl2 elec-
trolyte solution (data not shown). Although our 
calculations were based on elementary models 
of rough surfaces (i.e., Fig. 1), the observed varia-
tions in DLVO interaction energy curves with 
local geometric confi gurations of a rough surface 
are applicable to the local interactions of a colloid 
with a realistic rough surface in natural systems. 
Specifi cally, a monotonic decrease in interaction 
energies will occur provided that the primary mini-
mum of the interaction between the colloid and 
the nearest asperity (not only hemispheric) can be 
eliminated by the repulsion from the bottom sur-
face (not only fl at). As shown below, the theoretical 
calculations are consistent with the experimental 
results obtained in the current study as well as 
those reported in the literature, indicating that our 
analysis provides meaningful insights into how sur-
face roughness aff ects colloid detachment.

It is worth mentioning that we assumed constant 
surface potentials to calculate the double layer 
interaction energy (i.e., Eq. [2a–2b]). Th e calcu-
lated interaction energy barriers are lower than 
those from constant charge expression. Th erefore, 
if constant surface charges are assumed, the 
monotonic decrease in interaction energies will 
be more signifi cant.

Fig. 5. Th e DLVO interaction energy (ΦT) profi les for the rough confi guration in Fig. 1b 
with diff erent asperity radii (ag) at diff erent ionic strengths (thick solid line, 0.3 mol L−1; 
thin solid line, 0.2 mol L−1; dashed line, 0.001 mol L−1). Note the change in scale of the y
axes among the various graphs.
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Huang et al. (2010) demonstrated that the 
DLVO interaction energies calculated by SEI 
are similar to those calculated by

( )T pg ps1f fΦ = Φ + − Φ  [7]

where f is the fractional interaction between 
asperities and a colloid and (1 − f ) is the frac-
tional interaction between a f lat surface and 
the colloid. Calculated DLVO energy profi les 
using Eq. [7] for the interaction confi gurations 
of Fig. 1a and 1d predict more detachments 
than the current results using the superposition 
approach. For example, monotonic decreases in 
interaction energies at zero separation distance 
were found at 2 nm ≤ ag ≤ 50 nm and 0.001 mol 
L−1 for the interaction confi guration of Fig. 1a 
(see Supplemental Fig. S2). Th is range of asperity 
radius is larger than that calculated using super-
position (i.e., 2 nm ≤ ag ≤ 10 nm). Equation [7] 
and SEI are not appropriate for calculating the 
energy profi le for the interaction confi guration 
of Fig. 1b. In this case, the attractive interaction 
with the asperity on the side can be signifi cant, 
as demonstrated above. Equation [7] and SEI, 
however, only consider the interactions with 
the rough surface area that overlaps with the 
projected area of the approaching colloid and 
tends to underestimate the interaction energy 
between the colloid and the asperity in this case.

Colloid Deposi  on and Release in 
Column Experiments
Figure 6 presents colloid breakthrough curves 
from the two deposition and release experiments 
in NaCl electrolyte solutions, where normalized 
effl  uent colloid concentrations C/C0 (C and C0 are effl  uent and 
infl uent colloid concentrations, respectively) are plotted as a func-
tion of pore volume. In both experiments, the 1156-nm colloids 
were deposited in 0.3 mol L−1 NaCl electrolyte solutions at pH 10 
in Phase 1 at primary minima according to the aforementioned 
theoretical calculations. In Phase 2, the columns were fl ushed with 
colloid-free solutions of the same ionic strength and pH to displace 
suspended colloids in pore water. Th e similarity of breakthrough 
curves for Phases 1 and 2 in Fig. 6a with that in Fig. 6b indicates 
a high degree of reproducibility. Upon fl ushing with 0.001 mol 
L−1 NaCl at pH 6.0 to 6.5 in Phase 3, a small peak was observed 
(see Fig. 6a), denoting that a portion of colloids was released. No 
peak was detected, however, when the column was fl ushed with 
0.2 mol L−1 NaCl (see Fig. 6b). Th ese experimental observations 
are consistent with the theoretical predictions.

Colloid breakthrough curves for the two deposition and release 
experiments in CaCl2 electrolyte solutions are presented in Fig. 7. 
Th e results are very similar to those observed for the NaCl solution 
shown in Fig. 6 and therefore warrant similar interpretations. Th e 
breakthrough concentration was lower in the 0.2 mol L−1 CaCl2
solution, however, indicating greater colloid retention than in 0.3 
mol L−1 NaCl. In addition, the plateau values of C/C0 decreased 
with time, indicating the onset of ripening, where deposited 
colloids acted as additional collectors. Again, the experimental 
observations are consistent with theoretical predictions.

It should be noted that an increase in solution pH can also detach 
the colloids deposited at primary minima by reversing the charges 
on the colloid or collector surfaces (Tufenkji and Elimelech, 2005; 
Ryan and Gschwend, 1994a; Chen and Elimelech, 2006, Tosco 
et al., 2009). It is unlikely, however, that the release of colloids in 

Fig. 6. Experimental breakthrough curve for 1156-nm latex particles at a concentration of 10 
mg L−1 deposited in 0.3 mol L−1 NaCl in Phase 1, eluted with 0.3 mol L−1 NaCl in Phase 2, 
and then eluted in Phase 3 with (a) 0.001 mol L−1 NaCl or (b) 0.2 mol L−1 NaCl.

Fig. 7. Experimental breakthrough curve for 1156-nm latex particles at a concentration of 10 
mg L−1 deposited in 0.2 mol L−1 CaCl2 in Phase 1, eluted with 0.2 mol L−1 CaCl2 in Phase 
2, and then eluted in Phase 3 with (a) 0.001 mol L−1 CaCl2 or (b) 0. 1 mol L−1 NaCl.
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Phase 3 was caused by surface charge reversal because this scenario 
was not possible in the experiments discussed above: the pH of 
NaCl solutions in Phases 1 and 2 (fi rst set of experiments) was 
higher than that in Phase 3, and CaCl2 had a similar pH in all 
three phases (second set of experiments).

 Discussion
It is widely accepted that colloid deposition in secondary minima 
is reversible on decreasing the solution ionic strength because the 
decrease reduces the secondary minimum well (Litton and Olson, 
1996; Redman et al., 2004; Hahn and O’Melia, 2004; Hahn 
et al., 2004; Tufenkji and Elimelech, 2004b, 2005; Shen et al., 
2007). Th ere is a discrepancy, however, about the reversibility of 
colloid deposition in primary minima on reduction of the solu-
tion ionic strength in the literature. Considerable recent studies 
(Hahn and O’Melia, 2004; Hahn et al., 2004; Shen et al., 2007, 
2008; Torkzaban et al., 2010) believed that colloid deposition in 
primary minimum is irreversible when the solution ionic strength 
is reduced. Th is is because, according to DLVO theory, the depth 
of the primary minimum increases with decreasing ionic strength 
and the potential interaction energy function increases more rap-
idly from zero separation distance at lower ionic strength (Hahn 
and O’Melia, 2004; Hahn et al., 2004). Th e observed releases of 
colloids were attributed to those initially deposited in secondary 
minima in these studies. In contrast, earlier studies viewed the 
primary minimum as the only location for colloid deposition and 
believed that colloid deposition in the primary minimum could 
be reversible to accommodate the observed detachments with a 
decrease in ionic strength in the experiments (McDowell-Boyer, 
1992; Amirtharajah and Raveendran, 1993; Nocito-Gobel and 
Tobiason, 1996; Bergendahl and Grasso, 2003). However, the 
deposition stages of these experiments were conducted under 
unfavorable conditions, and it is unclear whether the released col-
loids originated from primary or secondary minima. Alternatively, 
a number of studies (Bales and Li, 1993; Ryan and Gschwend, 
1994a; Roy and Dzombak, 1996; Chen and Elimelech, 2006; 
Tosco et al., 2009) have conducted experiments under favorable 
conditions to allow colloids to unambiguously deposit in primary 
minima and found that detachment occurred when the solution 
ionic strength was decreased. Th ese observations are consistent 
with the theoretical and experimental results in our study, in 
contrast to the prediction by the classic DLVO model. Because 
detachment from the primary minimum is dependent on various 
experimental conditions (e.g., particle size, collector roughness, the 
amount of colloids initially deposited, and the ionic strength of 
the solution for release), the amount of colloids released diff ered 
signifi cantly in those experiments.

Although our study considered only the roughness on the collector 
surface and assumed the colloid surface to be smooth, roughness is 
common on the surfaces of natural colloids (e.g., viruses and bac-
teria). Whereas the existence of asperities on a colloid can reduce 

interaction energy barriers and facilitate deposition of colloids 
in primary minima (Suresh and Walz, 1996), the asperities also 
assist detachment by providing a fi nite separation between the 
main body of the colloid and collector surfaces. Once the solution 
chemistry changes, the main body of the colloid may experience 
a repulsive force from the collector (similar to Fig. 4b). Moreover, 
the coupled infl uence of asperities on both colloids and collectors 
can further enhance the detachment. Whereas surface charge het-
erogeneity only alters the magnitude of DLVO interaction energies 
and cannot change the shape of DLVO interaction energy profi les 
like surface roughness (e.g., the elimination of primary minima), 
it can act together with surface roughness and further assist with 
detachment.

Although the importance of surface roughness on colloid depo-
sition has been broadly recognized, the inf luence of surface 
roughness on colloid detachment has received little attention. 
Only very limited studies (Das et al., 1994; Bergendahl and 
Grasso, 1999, 2000; Burdick et al., 2005) have examined the 
eff ects of surface roughness on the hydrodynamic detachment 
of colloids at primary minima by considering a specifi c interac-
tion confi guration, i.e., colloid aside the asperity (see Fig. 1b). 
Th ey found that surface roughness inhibits colloid detachment 
by comparing the adhesive torque and hydrodynamic torque. 
Th ese studies did not consider the interaction between the col-
loid and the asperity, however, and only estimated the infl uence 
of roughness on the lever arms of the hydrodynamic and adhesive 
torques. Our study shows that, because of the variability of local 
geometric confi gurations caused by the physical heterogeneity of 
collector surfaces (e.g., Supplemental Fig. S1), surface roughness 
can both enhance (e.g., Fig. 1a) and reduce (e.g., Fig. 1b) colloid 
detachment. Although we only examined the infl uence of surface 
heterogeneity on the detachment of colloids initially deposited 
under favorable conditions, the eff ect of surface heterogeneity on 
the detachment of colloids initially deposited under unfavorable 
conditions is also expected. Indeed, considerable experimental 
studies (Ryan and Gschwend, 1994b; Yiantsios and Karabelas, 
1995; Loveland et al., 1996; Nocito-Gobel and Tobiason, 1996; 
Roy and Dzombak, 1996; Bergendahl and Grasso, 2000; Canseco 
et al., 2009; Torkzaban et al., 2010) have shown continuous release 
of colloids initially deposited under both favorable and unfavorable 
conditions when experimental conditions (e.g., ionic strength, fl ow 
velocity, and pH) were sequentially increased or decreased. Th is 
clearly indicates that the colloids deposited at primary and sec-
ondary minima are associated with collectors with diff erent levels 
of attraction, and the colloids with smaller attraction are easier 
to release. Microscopy examinations (Bowen and Doneva, 2000; 
Rabinovich et al., 2000) also verifi ed that the adhesion forces that 
colloids experience at diff erent locations of rough collector surfaces 
diff er signifi cantly.

Th e theoretical results of our study provide plausible explanations 
for the observed discrepancies between theoretical predictions 
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and experimental results for colloid detachment from primary 
minima. As discussed above, by including the infl uence of surface 
roughness, the discrepancy between classic DLVO model predic-
tion and the experimental observation that the release of colloids 
from primary minima increases with decreasing ionic strength 
is resolved. Our results also demonstrate that, contrary to the 
detachment model prediction (Dahneke, 1975; Bergendahl and 
Grasso, 2003), colloid transport across an energy barrier is not 
the rate-limiting step for release from the energy attraction well, 
which is in agreement with experimental observations (Ryan 
and Gschwend, 1994b; Roy and Dzombak, 1996). In addition, 
Loveland et al. (1996) and Ryan and Gschwend (1994b) showed 
that to fi t the DLVO model prediction with the experimental 
results of detachment caused by an increase in solution pH or 
decrease in solution ionic strength, an unusually high value (e.g., 
2 nm in Ryan and Gschwend, 1994b) has to be assigned for the 
Born collision parameter, which controls the closest separation 
distance between the colloid and the collector. Surface rough-
ness is probably the cause of the large closest separation distance 
between the colloid and collector surface.

 Conclusions
Colloid deposition in primary minima has been traditionally 
considered to be irreversible when the solution ionic strength is 
reduced because, according to DLVO theory, the depth of the pri-
mary minimum increases with decreasing ionic strength and the 
potential interaction energy function increases more rapidly from 
zero separation distance at lower ionic strength. Th is conclusion 
was obtained, however, based on the assumption that both col-
loid and collector surfaces are perfectly smooth. A superposition 
method was used to evaluate the net interaction energy when a 
colloid contacts a roughness element. Th eoretical calculations 
showed that colloids at the tip of nanoscale protruding asperities 
could experience a repulsive force at zero separation distance and, 
at low ionic strengths (e.g., 0.001 mol L−1 in this study), the pri-
mary minimum in the DLVO interaction energy curves could be 
completely eliminated by the repulsive interaction between the 
colloid and a reference fl at surface in the presence of a roughness 
element. Th erefore, the colloids initially deposited at these loca-
tions via primary minima association will be released following a 
signifi cant reduction in the solution ionic strength. Th e theoretical 
results were in agreement with column experiment results from 
the present study and additional observations reported in the lit-
erature. While nanoscale asperities have been found to increase 
colloid deposition by decreasing the energy barrier under unfavor-
able conditions, our study demonstrates that these asperities also 
facilitate detachment of colloids initially deposited under favor-
able chemical conditions. Our study further suggests that the 
heterogeneous attractions of attached colloids to collectors must 
be considered in a detachment model for accurate predictions of 
their release behaviors in the subsurface environment.
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