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A theoretical framework for chemical-colloidal effects 
on the kinetics of deposition of Brownian particles in po- 
rous media has been presented. The theory was tested 
rigorously by conducting deposition experiments with 
model colloids and collectors under controlled chemical 
conditions in a well-defined experimental system. Ex- 
perimental attachment (collision) efficiencies were calcu- 
lated from measured particle deposition rates. The ex- 
perimental results indicate that the attachment efficiencies 
are sensitive to the chemistry of the solution (electrolyte 
concentration and counterion type) but not to the large 
extent predicted by theory. A marked effect of particle 
size on attachment efficiencies is predicted by theory. 
Experimental attachment efficiencies, on the other hand, 
were virtually independent of particle size. DLVO theory 
is not successful in predicting the kinetics of deposition 
processes for Brownian particles flowing through porous 
media. Various explanations for the observed discrepan- 
cies are discussed. 

Introduction 
The rate of deposition of colloids from flowing suspen- 

sions onto solid surfaces (collectors) determines the kinetics 
of many technological and natural processes. Examples 
include (i) granular (deep-bed) filtration in water and 
wastewater treatment and in industrial applications, (ii) 
transport and fate of colloids and colloid-associated pol- 
lutants in subsurface environments, (iii) fouling of mem- 
branes and heat exchangers by colloidal particles, and (iv) 
release and redeposition of corrosion products. Deposition 
can also be used as a means of investigating colloidal 
phenomena. By studying the deposition of model colloids 
on well-defined solid surfaces, various theoretical aspects 
of colloidal interactions can be tested. 

The process of deposition is conveniently divided into 
two sequential steps: transport and attachment. In the 
first step the particles are transported from the bulk of 
the fluid to the vicinity of a stationary surface. Transport 
of Brownian (submicron) particles is dominated by con- 
vection and diffusion, while that of larger (non-Brownian) 
particles is controlled by physical forces arising from 
gravity and fluid drag and by interception due to the finite 
size of the particles (1,2). Transport models for several 
surface geometries have been established and validated 
experimentally (1, 3-6). Attachment, on the other hand, 
is dominated by the various chemical-colloidal interactions 
that act between particles and surfaces at short distances. 
These colloidal interactions include electrical double layer 
and van der Waals interactions, hydrodynamic interac- 
tions, hydration (structural) forces, hydrophobic interac- 
tions for hydrophobic surfaces, and macromolecular ad- 
sorbed layer (steric) interactions when macromolecules or 
polymers are adsorbed onto the interfaces of interacting 
particles and surfaces. The overall kinetics of particle 
deposition are determined by the rates of particle transport 
and attachment. 

The kinetics of capture (attachment) of colloids are 
determined by the magnitude of the colloidal interactions 
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between particles and collectors. These, in turn, are con- 
trolled by the chemical characteristics of the solid-solution 
interface of colloids and collectors and by the solution 
chemistry. The critical role of solution chemistry and 
colloidal interactions in the attachment step is poorly 
understood (7-10). The objectives of this paper are (i) to 
present a theoretical framework for the effects of chemi- 
cal-colloidal interactions on the attachment efficiency in 
the deposition of Brownian particles in porous media and 
(ii) to test the theory by conducting deposition experiments 
with model colloids and collectors in a well-defined ex- 
perimental system under controlled chemical conditions. 

Theoretical Approach 
The theoretical approach for investigating chemical- 

colloidal effects on the attachment step in deposition 
combines fundamental theories of mass transfer in porous 
media, physicochemical hydrodynamics, and colloidal 
stability and interaction. A brief description of the theory 
is given below. A detailed description of this approach was 
presented elsewhere (11). 

Transport of Brownian Particles. The governing 
equation for the concentration distribution of Brownian 
particles over a surface in the presence of interaction forces 
is (2, 12) 

(1) 
- ac + 3.VC = V.(DOC + mCV@) 
at 

where C is the particle number concentration, t is the time, 
3 is the particle velocity vector, D is the position-dependent 
diffusion coefficient, m is the particle mobility, and 9 is 
the total colloidal interaction energy. This equation in its 
general form is commonly referred to as the transport 
equation or the convective diffusion equation. 

The position-dependent diffusion coefficient (D)  and the 
particle mobility (m) can be obtained from the diffusion 
coefficient a t  infinite separation. Corrections for the re- 
tardation in the mobility of colloids at short distances from 
a collector due to hydrodynamic interactions have to be 
made (13-16). The diffusion coefficient a t  infinite sepa- 
ration can be found from the Stokes-Einstein equation 
(1,12,16). The fluid velocity components are derived from 
the stream function around a spherical collector (17). The 
latter is obtained from the solution of the Nauier-Stokes 
equation under the assumptions of steady and low Rey- 
nolds number flow. Happel's (18) porous medium model 
is used to account for the disturbance of the flow field 
around a spherical collector by neighboring collectors. 

Colloidal Interactions. Colloidal interactions play a 
significant role when a particle approaches a collector a t  
short distances (several to a few tens of nanometers) during 
the attachment step in deposition. In the DLVO theory 
of colloid stability (19,201, the total interaction energy as 
a function of separation distance is considered as the sum 
of van der Waals and electric double layer interactions. In 
deposition of Brownian particles the particles are much 
smaller than the collectors, and as a result, theoretical 
expressions for interaction energy between a sphere and 
a planar surface can be used. 

Van der Waals interaction forces depend on the size 
(diameter) of the interacting particles, the distance of 
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separation between particles and collector, and the Ha- 
maker constant of the interacting media. Analytical ex- 
pressions for these interactions are available in the liter- 
ature (21-23). The expression derived by Gregory (23) has 
been used in the theoretical computations of this work. 

The magnitude of the electrical double layer repulsion 
between similarly charged surfaces depends on the size of 
the interacting particles, the distance of separation, the 
surface potential of particles and collectors, and the 
electrolyte concentration and counterion valence. Quan- 
titative theories for these interactions are available in the 
literature (20,24, 25). The expression derived by Hogg 
et al. (24) for interaction at  constant potential has been 
used in this work. 

Kinetics of Deposition. In studies of deposition of 
colloidal particles onto collector surfaces it is useful to 
express rates of particle deposition in a dimensionless form. 
A common approach is the use of the so called single 
collector efficiency (1,26). It is defined as the ratio of the 
total particle deposition rate on the collector to the rate 
at which particles approach the projected area of the 
collector from the upstream. 

The dimensionless deposition (or removal) rate of par- 
ticles (‘la) can be viewed as a product of an attachment 
efficiency ( a )  and a dimensionless transport rate (qT): 

The attachment efficiency (a) accounts for chemical- 
colloidal effects on the rate of deposition, while accounts 
for physical effects (8). Thus, when chemical-colloidal 
interactions are favorable for deposition (i.e., in the absence 
of repulsive total interaction energies), the attachment 
efficiency approaches unity, and the deposition rate is 
equal to the transport rate. In this case particle transport 
is the rate-determining step; this case is generally referred 
to as favorable deposition. When chemical-colloidal in- 
teractions are unfavorable for deposition (Le,, repulsive 
colloidal interactions predominate), the attachment effi- 
ciency is smaller than one and particle deposition rates are 
hindered. This case is referred to as unfavorable depos- 
ition. 

The dimensionless particle deposition and transport 
rates, VR and qT, respectively, can be evaluated from the 
solution of the transport equation. Levich (27) solved the 
transport equation analytically for the concentration dis- 
tribution and deposition rate on a spherical collector. In 
his solution colloidal and hydrodynamic interactions were 
not included. In this case the deposition rate is equal to 
the transport rate. The analytical expression of Levich 
(27) for the transport rate can be expressed in terms of a 
dimensionless single collector transport efficiency (qT) as 
follows ( I ) :  

where A,  is a porosity-dependent parameter of Happel’s 
(18) porous medium model, and Pe is a dimensionless 
Peclet number defined as 2a,U/D,; a, is the diameter of 
the sperical collector, U is the approach velocity of the fluid 
toward the collector, and D ,  is the diffusion coefficient at 
infinite separation. 

An approximate analytical solution for the dimensionless 
deposition rate (or the single collector removal efficiency 
qd, in the presence of electrical double layer repulsion and 
van der Waals attraction, was derived by Spielman and 
Friedlander (12). This equation was later modified by 
Dahneke to partially include hydrodynamic interactions. 
A theoretical expression for the attachment efficiency (athe) 
can be obtained from the ratio of qR, as obtained by 
Spielman and Friedlander (12), and gT (eq 3): 

VR = a?lT ( 2 )  

qT = 4.0A,1J3Pe-2/3 (3) 

(4) 

where P is an analytical expression that depends on the 
total colloidal interaction energy (11, 12) and S(P) is a 
slowly varying function of P with tabulated values given 
in Spielman and Friedlander (12). Further analysis ( 1 1 )  
shows that the attachment efficiency is proportional to 
exp(-l@/kq), where k is the Boltzmann’s constant and T 
is the absolute temperature. The ratio @/kT is a dimen- 
sionless form of the total interaction energy. This relation 
indicates that theoretical attachment efficiencies are very 
sensitive to the total interaction energy 9. This, in turn, 
is determined by the solution chemistry and by the 
chemical characteristics of the solid-solution interfaces. 

Chemical-Colloidal Effects on the  Attachment 
Efficiency. The effects of solution chemistry and colloidal 
interactions on the attachment efficiency can be predicted 
by the theoretical framework developed. Theoretical 
computations show the following relation: 

(5 )  

in which C, is the electrolyte concentration, B is a nu- 
merically evaluated function that depends on the surface 
potentials of particles and collectors (Jlp and Jl,, respec- 
tively) and the valence of the counterions (z) ,  and up is the 
radius of the suspended colloids. As shown by eq 5 the 
slope of log athe - log C, curves is sensitive to $,,, lClc, z,  and 
up. With this framework, theoretical predictions can be 
compared to experimental results. A unique feature of this 
relation is the dependence of the attachment efficiency on 
the diameter of suspended colloids. Theory predicts a 
linear dependence of the slope of log athe - log C, curves 
on particle size (radius). 

Experimental Section 
Model Colloids. Surfactant-free polystyrene latex 

particles with sulfate functional groups (manufactured by 
Interfacial Dynamics Corp., Portland, OR) were used as 
model colloids. The particles are spherical and mono- 
disperse and have comparable chemical properties. Three 
different sizes (0.046,0.378, and 0.753 pm in diameter) were 
utilized. The colloids were extensively dialyzed by the 
manufacturer to remove trace impurities. 

Model Collectors. Spherical glass beads (0.2 and 0.4 
mm in diameter) were used as model collectors for de- 
position studies (manufactured by Ferro Corp., Jackson, 
MS). The glass beads were cleaned with a 1 M HN03. 
Then they were rinsed with distilled deionized water and 
dried in an oven at  60 “C. The collectors were packed in 
a cylindrical Plexiglass column to a porosity of 0.4. 
Scanning electron micrographs indicate that the collectors 
are spherical and relatively smooth. 

Solution Chemistry. KC1 and CaClz salts were used 
as destabilizing electrolytes. Inorganic salts were analytical 
reagent grade and water was distilled deionized (Milli-Q 
system, Millipore Corp., Bedford, MA). Salt concentra- 
tions were varied over a wide range (0.001-0.3 M) so that 
favorable and unfavorable deposition can be studied. The 
pH of the colloidal suspensions used in the deposition 
studies was adjusted to 6.7 by adding NaHCO, (5 X 
M). 

Surface Characterization. Conductometric and po- 
tentiometric (acid-base) titrations were used to charac- 
terize the surface charge properties of the model colloids. 
The procedure developed by Van den Hul and Vanderhoff 
(28) for such titrations was utilized. Latex particles were 
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Figure 1. Representative conductometric titration curve of latex 
colloicts (partrcle size 0.046 pm, sold concentrah 2.0 g/L, temperature 
25 "C). The measured conductivity is presented as a function of base 
concentration (C,) after the addition of NaOH to the titration vessel. 
The particles were suspended in distilled deionized water. 

ion exchanged prior to titration studies (performed by the 
manufacturer). Electrophoretic mobilities of the latex 
particles and glass microspheres with average size of -5 
pm were determined by microelectrophoresis (Mark 11, 
Rank Brothers, Cambridge, UK). The glass microspheres 
had a chemical composition similar to the glass bead 
collectors (produced by the same manufacturer). The pH 
of the solutions in these measurements was adjusted to 6.7 
by adding NaHC03 (5 X M). The temperature of the 
suspensions in the titration and electrophoretic mobility 
experiments was constant a t  25 "C. 

Deposition Experiments. Latex particles were sus- 
pended in distilled deionized water. Dilute suspensions 
of particles (1-4 mg/L) were used in the deposition studies. 
Suspensions were pumped through the packed-bed column 
at  a constant flow rate, producing an approach velocity of 
0.14 cm/s. A proper dose of a destabilizing electrolyte was 
applied to the influent by a peristaltic pump. The elec- 
trolyte was applied just ahead of the packed column in 
order to prevent aggregation prior to deposition. Depos- 
ition experiments were carried out under chemical con- 
ditions similar to those used in the electrophoretic mobility 
measurements. The pH in the effluent suspension ranged 
from 6.8 to 7.2 and the temperature was between 23 and 
25 "C. Samples of effluent suspension were taken at short 
time intervals. Particle concentrations of the samples were 
determined by light extinction (optical density) mea- 
surements using a Perkin-Elmer spectrophotometer, Model 
Lambda 3) .  

Results and Discussion 
Electrokinetic Properties of Colloids and Collec- 

tors. Conductometric and potentiometric titrations were 
carried out in order to find the surface charge density of 
the model colloids and the type of the surface functional 
groups. A representative conductometric titration curve 
is shown in Figure 1. The shape of the conductometric 
titration curve indicates that the latex particles have strong 
acid functional groups (29, 30). These are sulfate func- 
tional groups (OS03H) with a pKa of -2 (30). The absence 
of weak acid groups is also demonstrated in Figure 2 in 
which the results of potentiometric (acid-base) titrations 
conducted at  different ionic strengths are presented. The 
curves at  different ionic strengths are identical and have 
the same shape as that of the blank titration curve. This 
behavior indicates that the surface sites are strong acids 
that are fully dissociated over the pH range employed in 
the titrations (29-31). The charge densities of the latex 
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Flgure 2. Representative potentiometric (acid-base) titration curves 
of latex coiloMs at different ionic strengths (particle size 0.046 pm, solid 
concentration 2.0 g/L, temperature 25 "C). C, - CA is the excess 
of base (C,) or acid (C,) added. Particles were suspended in distilled 
deionized water. 
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Figure 3. { potentials of latex colloids and glass beads as a function 
of log-molar KCi concentration (pH 6.7). The { potentials were cal- 
culated from the measured average electrophoretic mobilities. 

particles as determined by conductometric titrations are 
3.90, 4.25, and 5.64 pC/cm2 for the 0.046, 0.378, and 
0.753-pm suspensions, respectively. 

{ potentials were calculated from the measured mean 
electrophoretic mobilities by using the tabulated numerical 
calculations of Ottewill and Shaw (32). These calculations 
consider corrections for the retardation and relaxation 
effects. The l potential of the colloids and glass micro- 
spheres as a function of KCl concentrations are presented 
in Figure 3. As observed, the f potentials of the model 
colloids and collectors decrease with increasing KC1 con- 
centrations. The l potential of the latex particles is much 
higher (more negative) than that of the glass bead col- 
lectors at low electrolyte concentrations and becomes 
comparable at high electrolyte concentration (0.1 M KCl). 
The anomalous maximum observed with the 0.378-pm 
latex particles (at - 10-2.5 M KC1) is a common feature of 
polystyrene latex colloids with sulfate functional groups 
and was discussed in detail elsewhere (33). 

The {potentials of the latex particles and collectors as 
a function of CaC12 concentration, in the presence of 0.01 
M KC1, are described in Figure 4. In the presence of 0.01 
M KCl as a background electrolyte the { potentials de- 
crease continuously with increasing CaC1, concentrations. 
The absolute values of the { potentials with CaC12 are 
smaller than those with KC1. This is attributed to the 
higher ionic strength in the experiments with CaC1, and 
probably also due to some specific interaction of Ca2+ at 
the surface of colloids and collectors. The apparent specific 
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Figure 4. t potentials of latex colloids as a function of logmolar CaCI, 
Concentration in the presence of 0.01 M KCI as a background elec- 
trolyte (pH 6.7). The t potentials were calculated from the measured 
average electrophoretic mobilities. 

interaction is not strong since no reversal of charge was 
observed at  high CaC1, concentrations. 

Due to the small size of the 0.046-pm latex colloids and 
the low refractive index of polystyrene it was not possible 
to measure the mobility of these particles by microelec- 
trophoresis, even with the use of laser illumination. It was 
therefore assumed that the f potentials of these particles 
are equal to those of the 0.378-pm particles. This is a 
reasonable assumption since the charge densities and the 
surface properties of these suspensions are comparable. 

Particle Breakthrough Curves. Deposition experi- 
ments with chemical conditions similar to those employed 
in the electrophoretic mobility measurements were con- 
ducted. The results are presented as breakthrough curves, 
i.e., the fraction of the influent particle concentration 
leaving the packed bed, C/Co, as a function of time (C and 
Co are the effluent and influent concentrations of colloids, 
respectively). Due to the large amount of experimental 
data obtained, only representative breakthrough curves 
illustrating the various features of the deposition experi- 
ments will be presented. 

Typical particle breakthrough curves at  different KC1 
concentrations are presented in Figure 5 .  The shape of 
the particle breakthrough curves when there is no signif- 
icant removal of particles (C/Co close to 1) is similar to 
that of breakthrough curves of an inert tracer obtained in 

t lcoci, 
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Figure 6. Particle breakthrough curves of the 0.753-pm latex particles 
with various concentrations of CaCI, in the presence of 0.01 M KCI. 
The residual particle concentration CIC,  is plotted as a function of 
time. Experimental conditions were as follows: approach velocity 0.14 
cm/s, bed depth 20 cm, collector size 0.4 mm. 

this work (11). The characteristic sigmoidal shape of the 
breakthrough curves is caused by dispersion of the colloidal 
particles in the packed bed and the inlet and outlet sec- 
tions of the column, as in the case of inert tracer molecules. 

As observed in Figure 5 ,  particle deposition rates (or 
removal efficiencies) increase (C/ Co values decrease) with 
increasing KC1 concentrations, when the physical condi- 
tions are similar. This finding is in qualitative agreement 
with the DLVO theory. As the concentration of KC1 in 
the solution increases the diffuse double layers are com- 
pressed, the { potentials decrease (less negative), and the 
electrical double layer repulsions are reduced. Since the 
attractive van der Waals interaction is independent of the 
solution chemistry, the total interaction energy and the 
height of the energy barrier decrease, and as a result, the 
deposition rates increase. At  very low salt concentrations, 
the repulsive electrical double layer interactions are very 
large and the removal of particles is very low (C/Co close 
to 1). 

Deposition experiments were also carried out with 
various concentrations of CaCl, in the presence of 0.01 M 
KC1 as a background electrolyte. As discussed earlier, in 
the presence of 0.01 M KC1, the electrokinetic potential 
of the latex particles decreases continuously with increasing 
CaC12 concentration so that these particles can be used as 
model colloids to study chemical-colloidal aspects in de- 
position. The effect of solution chemistry on the depos- 
ition of particles is illustrated in Figure 6 in which residual 
particle concentrations, C/Co, as a function of time for 
various CaCl, concentrations are described. As in the case 
with KCl (Figure 5 ) ,  the removal of particles increases with 
increasing CaC1, concentration due to reduced electrical 
double layer repulsion energies. Bivalent electrolytes such 
as CaC1, can interact specifically with the surface of par- 
ticles and collectors and cause a marked decrease in the 
electrokinetic potentials and the electrical double layer 
repulsion energies. 

A noticeable increase in particle removal with time is 
observed at high CaC12 concentrations and 10-1 M). 
A similar effect has been reported by Tobiason and 
O'Melia (9) for deposition of non-Brownian latex particles 
on glass beads with CaC1,. This phenomenon was also 
observed in filtration studies with polyelectrolytes as de- 
stabilizing chemicals and is commonly referred to as filter 
ripening ( 1 ,  34). The improvement in particle removal 
with time may indicate that the interaction between ap- 
proaching particles and particles that had been already 
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deposited is more favorable (for deposition) than the in- 
teraction of the approaching particles with the bare col- 
lectors. The ripening process starts before the time cor- 
responding to a complete breakthrough of an inert tracer. 
For the deposition experiments described in Figure 6, ri- 
pening starts a t  -8 min while complete breakthrough 
curves occur a t  12 min. This indicates that a relatively 
small number of retained particles that are destabilized 
can improve the deposition rate significantly. 

Experimental Attachment Efficiencies. For a given 
suspension, the removal of particles as obtained from the 
particle breakthrough curves depends on the solution 
chemistry of the suspension and on physical parameters 
such as the approach velocity, media depth and size, and 
bed porosity. Since this work focuses on the effect of 
solution chemistry and colloidal interactions on the kinetics 
of particle deposition, it is necessary that experimental 
attachment efficiencies be calculated from the results of 
the deposition experiments. The attachment efficiency, 
as defined previously under Theoretical Approach, de- 
pends on the colloidal interactions between particles and 
collectors; it approaches unity when colloidal interactions 
are favorable for deposition and is much smaller than 1 
when the colloidal interactions are unfavorable for de- 
position. Experimental attachment efficiencies (will be 
denoted as aeXp) can be plotted as stability curves, i.e., log 
aeXp against log C,. These curves can be compared to 
theoretical stability curves according to the procedure 
described under Theoretical Approach. 

By performing a mass balance of particles over a dif- 
ferential packed-bed volume and integrating over the en- 
tire bed depth, an expression that relates the experimental 
attachment efficiency, cxexp, to the initial (clean-bed) re- 
moval, (C/CJ0, can be obtained (35): 

where t is the porosity of the bed, L is the media depth, 
and a, is the collector radius. The clean bed removal 
efficiency, ( C/Co)o, is determined from the particle 
breakthrough curves. This is the value of C/Co at a time 
correspondng to a complete breakthrough curve of an inert 
tracer. The time of the clean bed removals for the physical 
conditions of the breakthrough curves described in Figures 
5 and 6 was found to be 1 2  min. 

Experimental attachment efficiencies were determined 
by following the procedure described earlier. The results 
are presented as stability curves, i.e., the logarithm of aexp 
as a function of the logarithm of molar electrolyte con- 
centration. Average values of aeXp were used when more 
than one experiment at a given electrolyte concentration 
was performed. The experimental stability curves with 
KCl and CaC12 are described below. 

Experimental stability curves for the three colloidal 
suspensions with KC1 as a destabilizing electrolyte are 
presented in Figure 7. The results are presented for KCl 
concentrations larger than 10-2.5 M. A gradual increase in 
the attachment efficiency with increasing KC1 concentra- 
tion is observed. As the electrolyte concentrations increase, 
the energy barrier is reduced, and as a result, the fraction 
of particle collisions that are "successful" in making at- 
tachment is increased. A t  the KC1 concentration range 
of 10-1-104.5 M the attachment efficiencies do not change 
significantly with increasing KC1 concentration. The 
variation of the slopes with particle size as expected from 
theory (eq 5) was not observed. As shown, the slopes of 
all the curves are remarkably similar, despite the fact that 
the particle diameters varied by more than 1 order of 
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Flgure 7. Experimental stability curves of the model colloids. The 
logarithm of the experimental attachment efficiencies is plotted as a 
function of the logarithm of molar KCI concentrations. 
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Figure 8. Experimental stability curves of the model colloids. The 
logarithm of the experimental attachment efficiencies is plotted as a 
function of the logarithm of molar CaCI, concentrations in the presence 
of 0.01 M KCI. 

magnitude. Attachment efficiencies increased by almost 
2 orders of magnitude when the electrolyte concentration 
varied from 10-2.5 to lo-' M, indicating the importance of 
chemical-colloidal aspects in the kinetics of particle de- 
position. 

Similar observations were found in the stability curves 
with CaCl, as a destabilizing electrolyte. The experimental 
stability curves with CaC1, as calculated from the corre- 
sponding breakthrough curves are presented in Figure 8. 
The attachment efficiencies increase gradually with CaC12 
up to -0.01 M; then they remain constant. As expected, 
the attachment efficiencies are larger than those obtained 
with KC1. This is because the ionic strength and the va- 
lence of the counterions are higher than those with KC1. 
The values of the attachment efficiencies and the slopes 
of the stability curves of all suspensions are comparable. 
This is in a marked contrast to theory, which predicts 
larger slopes with increasing particle size (eq 5). The 
maximum in the stability curve of the 0.046-rm particles 
and the observation that the attachment efficiencies at 
high electrolyte concentrations (with KC1 and CaC1,) are 
smaller than 1 wil l  be discussed subsequently in this paper. 

Theoretical Predictions. The theoretical evaluation 
of the attachment efficiencies and stability curves (eq 4 
and 5) involves the determination of van der Waals and 
electrical double layer interactions. In order to calculate 
the van der Waals attraction for the polystyrene-water- 
glass interacting media, a suitable value of the Hamaker 
constant is needed. A value of 1 X J for similar 
interacting media was calculated by Spielman and 
FitzPatrick (36) from the Hamaker constants of glass 
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Flgure 9. Theoretical stability curves of the model colloids employed 
In this research. The following parameters were used: KCI concen- 
tration In molar, surface potentials of particles and collectors were 
replaced by the measured mean { potentials, approach velocity 0.14 
cm/s, porosity 0.4, collector diameter 0.2 mm, temperature 24 O C .  

@ioz) and polystyrene using the Hamaker approach (22). 
A similar value for the polystyrene-water-glass mdeia was 
utilized by Yoshimura et al. (37) and Tobiason and OMelia 
(9). It was therefore decided to use this value for the 
Hamaker constant in this work. The equation derived by 
Gregory (23) for the van der Waals interaction, which 
includes correction for electromagnetic retardation, was 
used. 

In order to calculate electrical double layer repulsion, 
proper values for the surface potentials are required. Since 
electrical double layer interaction arises from the over- 
lapping of diffuse double layers, the surface potentials can 
be represented by the potential at the boundary between 
the Stern and diffuse layers (the so-called "Stern 
potential" or "diffuse layer potential"). This potential 
cannot be measured directly, and the electrokinetic ({) 
potential is usually considered as a good approximation 
(38). (potentials measured in this work were used in the 
constant surface potential interaction expression of Hogg 
et al. (24) to calculate electrical double layer repulsion. 

The theoretical stability curves of the latex colloids in- 
vestigated are presented in Figure 9. Since the evaluation 
of electrical double layer interactions with the framework 
of the DLVO theory is valid only for 1:l electrolytes (24, 
39), the theoretical predictions in this work were carried 
out only for the stability curves with KC1. The mean { 
potentials of particles and collectors at a given KC1 con- 
centration were used as surface potentials in electrical 
double layer interaction calculations. A common feature 
of the curves, as was also found in other studies (IO, 40, 
41), is the drastic drop of the attachment efficiency 
practically to zero below a certain electrolyte concentration. 
This electrolyte concentration demarcates the transition 
from favorable to unfavorable deposition and will be re- 
ferred to as the critical deposition concentration. Above 
the critical deposition concentration a = 1; this means that 
each collision between particles and collectors results in 
attachment. The theoretical predictions indicate that the 
colloidal stability of the particles increases with particle 
size. This is evidenced by the larger slopes of the log a 
- log C, curves and the higher critical deposition concen- 
trations for larger particles. 

As mentioned previously, theoretical predictions indicate 
that the logarithm of the attachment efficiency is ap- 
proximately proportional to the height of the energy 
barrier. This is confirmed by the results shown in Figure 
10 in which the logarithm of the attachment efficiency of 
the 0.046-pm particles as a function of the height of the 
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Flgure 10. Theoretical attachment efficiencies of the 0.046-pm sus- 
pension as a function of molar salt concentration and the calculated 
energy barrier at these chemical conditions. 
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energy barrier and the log molar KC1 concentration is 
presented. The { potentials a t  the corresponding KC1 
concentrations were taken as the surface potentials in the 
calculations of the total interaction energy. As shown, the 
transition from favorable to unfavorable deposition is a t  
an energy barrier of -5 kT. This type of presentation is 
very useful since the attachment efficiency is dependent 
on the salt concentration, which in turn determines the 
height of the energy barrier. 

Theory and Observations. Theoretical and experi- 
mental stability curves of the 0.046- and 0.37%" sus- 
pensions are presented in Figure 11. It is demonstrated 
that the experimental curves are in marked contrast with 
theory. The slopes of the experimental stability curves and 
the critical deposition concentrations are independent of 
particle size while model predictions are sensitive to the 
size of the particles. Also, the experimental attachment 
efficiencies decrease gradually with decreasing KC1 con- 
centration whereas theoretical values decrease sharply. 
The disagreement between observations and theory in- 
creases markedly with increasing particle size as a result 
of the higher energy barriers predicted for larger particles. 

At electrolyte concentrations higher than the critical 
deposition concentration, the experimental attachment 
efficiencies are smaller than the theoretical values, which 
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approach unity. This discrepancy may be attributed to 
the procedure used to calculate a (eq 6). In this equation 
aeX is calculated from the ratio Z t h e  experimental single 
colfector efficiency to the theoretical dimensionless 
transport rate qT (eq 3). The latter may overestimate the 
real value since hydrodynamic interactions were not in- 
cluded in its derivation. As a result, experimental at- 
tachment efficiencies smaller than unity can be obtained. 
A similar explanation was suggested by Gregory and 
Wishart (38), who obtained aexp values smaller than 1 for 
deposition in the absence of energy barriers. It is also 
possible that the porosity-dependent parameter (A,) used 
in eq 3 overestimates the effect of neighboring collectors. 

Another possible explanation for the fact that aeXp is 
smaller than unity in favorable deposition is the existence 
of hydration forces (also referred to as structural or sol- 
vation forces) at high ionic strengths. The origin of these 
short-range forces is primarily due to hydration of surface 
functional groups and counterions at  the interface (42). 
Some indirect evidence for the presence of repulsive hy- 
dration forces at high ionic strengths can be found in the 
stability curves of the 0.046-pm latex particles in which 
a maximum in the attachment efficiency is observed. It 
was found that the experimental attachment efficiency 
exhibits a maximum at  -0.01 M CaC1, (Figure 8). At  
CaCl, concentrations larger than 0.01 M the attachment 
efficiency decreased, indicating an apparent increase of 
repulsion with salt concentration. A similar but less pro- 
nounced observation was found with KC1 where ae of the 
0.046-llm particles decreased with increasing KEl con- 
centration from IO-’ to M (Figure 7).  This subject 
was discussed in more detail elsewhere (43).  

Possible Explanations for Observed Discrepancies. 
Two major discrepancies between theory and observations 
were described. These are as follows: (i) experimental 
attachment efficiencies were orders of magnitude larger 
than predicted values in the unfavorable deposition region, 
and (ii) experimental attachment efficiencies and critical 
deposition concentrations were independent of particle 
size. Both of these discrepancies are probably related to 
the inadequacy of the DLVO theory to describe quanti- 
tatively the total interaction energy during particle-col- 
lector interactions (1 1). When repulsive forces are absent 
(favorable deposition), theoretical predictions differ from 
experimental results by no more than a factor of 2. 

Several explanations for the poor agreement between 
theory and observations with regard to the magnitude of 
the attachment efficiency were proposed in the past two 
decades. Among the explanations are surface roughness 
of particles and collectors, heterogeneity of surface charge, 
and interfacial electrodynamics of double layers during 
interaction (7,45-47).  However, no quantitative theory 
to resolve this discrepancy is available. 

The contradiction between theory and experiments with 
regard to particle size effects can be attributed to several 
factors. These include (i) hydrodynamic interaction, (ii) 
a distribution in surface potentials of interacting media, 
(iii) dynamics of interaction, (iv) deposition in secondary 
minima, and (v) surface roughness. A qualitative and 
quantitative assessment of these factors has been presented 
in detail elsewhere (11, 44).  A brief discussion is given 
below. 

(a) Hydrodynamic Interaction. Hydrodynamic in- 
teraction (resistance) of a spherical particle interacting with 
a planar surface depends on the diameter of the sphere 
and the distance of separation (13-15). An analysis of the 
effect of hydrodynamic interaction on the stability ratio 
(inverse of the attachment efficiency) in coagulation was 

1534 Environ. Sci. Technol., Vol. 24, No. 10, 1990 

carried out by Derjaguin and Muller (48) and Honig et al. 
(49). Their analysis showed that the effect of hydrody- 
namic interactions on the stability ratio is small and cannot 
account for the anomalous particle size effects. The the- 
oretical stability curves obtained in this work are highly 
dependent on particle size, although hydrodynamic in- 
teractions were incorporated (partially) in the evaluation 
of a. The effect of hydrodynamic interactions on the 
attachment efficiency in deposition of Brownian colloids 
is relatively small compared to that on non-Brownian 
particles (50). It is therefore concluded that hydrodynamic 
interactions cannot resolve the disparity with respect to 
particle size. 

(b) A Distribution in Surface Potential. In the 
calculation of the theoretical attachment efficiencies it is 
assumed that the surface charge of particles and collectors 
is uniformly distributed, that all particles have a constant 
surface potential, and that all collectors also have a con- 
stant surface potential for a given solution chemistry. 
Electrophoretic mobility measurements of various colloidal 
particles indicate a wide distribution of mobility values 
(51). This indicates that individual particles in a sus- 
pension possess different values of surface potentials. 
Numerical calculations of the mean attachment efficien- 
cies, assuming a normal distribution of surface potentials 
and collectors, were carried out in this work. The results 
show that a distribution of surface potentials can increase 
the theoretical attachment efficiencies and decrease the 
slopes of the log a - log C, curves (11,44). However when 
these results are compared to the experimental stability 
curves, it is observed that the attachment efficiencies are 
still significantly smaller than the observed ones and that 
the slopes of the theoretical stability curves are much larger 
than those of the experimental curves. 

(c) Dynamics of Interaction. Studies of interfacial 
electrodynamics (52,53)  point out that it is possible, by 
considering the dynamics of interacting double layers, to 
provide some basis for the apparent insensitivity of col- 
loidal stability to particle size. It was found that the extent 
of lateral adjustment of charge during interaction is dom- 
inated by hydrodynamic drag. Since the drag force de- 
pends on particle size, it may counteract the effect of the 
particle size on the rate of coagulation and deposition. 
However, no theory that treats rigorously the dynamics 
of interaction exists. The validity of the dependence of 
static forces on particle size, as observed in numerous 
adhesion studies (54-56), suggests that a better under- 
standing of dynamics of interaction is important for re- 
solving the disparity with respect to particle size. 

(d) Deposition in Secondary Minima. Secondary 
minima in the total energy of interaction profile (based 
DLVO theory) can be obtained at  moderate to large sep- 
aration distances (usually larger than several nanometers). 
For given chemical conditions, the depth of the secondary 
minimum increases with particle size and the Hamaker 
constant of the interacting media. The apparent disparity 
with respect to particle size effects was observed in nu- 
merous coagulation studies (25 ,5740) .  This discrepancy 
was attributed to deposition in primary and secondary 
minima. It was suggested that coagulation of larger par- 
ticles in secondary minima is more pronounced since the 
depth of the secondary minima increases with particle size, 
and that this may counteract the decrease in the attach- 
ment efficiency with increasing particle size. 

Significant deposition in secondary minima in the ex- 
perimental system employed in this research is very un- 
likely. Theoretical analysis of the trajectory of a non- 
Brownian particle around a sphere in a creeping flow, 



based on a force balance, predicts that collection in a 
secondary minimum is possible only in a small region at  
the rear stagnation point of the spherical collector (2,61, 
62). Similar predictions are expected for Brownian par- 
ticles; particles trapped in a secondary mininum will 
translate and rotate due to fluid drag and shear until they 
reach the rear stagnation point where the net force (sum 
of van der Waals, electrical double layer, and fluid drag 
forces) on the particle is zero. Furthermore, the width of 
the secondary minimum region is of the order of a few 
nanometers, which implies that a t  most one particle can 
be collected by each collector. 

(e) Surface Roughness of Particles and Collectors. 
The poor agreement between observations and theory in 
studies concerned with the kinetics of coagulation and 
deposition has been attributed to several factors. Among 
these factors is the surface roughness of particles and 
collectors. The disparity with respect to particle size was 
also attributed to surface roughness by Reerink and Ov- 
erbeek (57). It was suggested that the total interaction 
energy may be determined by the radii of curvature of 
protrusions on surfaces rather than by the curvature of the 
interacting particles. Theoretical calculations considering 
static effects of surface roughness on the total interaction 
energy profile and on the attachment efficiencies were 
carried out (11). Protrusions on collectors were modeled 
as half spheres. The results show that such considerations 
can improve theoretical predictions. However, the dis- 
crepancies between theory and observations are not com- 
pletely resolved. The effect of surface roughness on at- 
tachment efficiencies as discussed above is for static 
electrical double layer interaction theories. Surface 
roughness may also have a notable effect on interfacial 
dynamics of interaction (52, 53). The current under- 
standing of dynamics of interaction is very poor and its 
effect on colloidal stability cannot be assessed quantita- 
tively. 

Summary and Conclusions 
A theoretical framework for chemical-colloidal effects 

on the kinetics of deposition of Brownian particles in po- 
rous media has been presented. The framework is formed 
by combining fundamental theories of particle transport, 
hydrodynamics, and colloidal stability (DLVO theory). A 
large sensitivity of the attachment efficiencies to the so- 
lution chemistry and surface potentials of colloids and 
collectors is predicted by theory. Theoretical computations 
also indicate that the slopes of the stability curves (log a 
- log C, curves) and the critical deposition concentrations 
depend on the particle size of the suspension. 

Deposition experiments with suspensions of spherical 
latex colloids of various sizes and spherical glass bead 
collectors in packed-bed columns were conducted in order 
to test the theory. The results show that the experimental 
attachment efficiencies are orders of magnitude larger than 
the theoretical values. Attachment efficiencies were sen- 
sitive to the chemistry of the solution but not to the large 
extent predicted by theory. It was also found that the 
slopes of the experimental stability curves as well as the 
critical deposition concentrations are independent of 
particle size in a marked contrast to theoretical predictions. 

It is most likely that these discrepancies are related to 
the failure of the DLVO theory to consider dynamics of 
interaction. Interfacial electrodynamics of interaction, 
coupling of electrodynamics and hydrodynamics, and the 
possible effects of surface roughness on dynamics of in- 
teraction are presumed to have a significant effect on the 
kinetics of particle-collector interactions. A better un- 
derstanding of these processes is essential in order to re- 

solve the discrepancies with respect to chemical-colloidal 
effects in the kinetics of particle deposition. 

On the basis of the findings in this work, the attachment 
efficiency of colloidal particles in natural waters is expected 
to be independent of their particle size. This finding is 
of practical importance since colloidal particles in natural 
waters (e.g., hydrous oxides, clays, viruses, and organic 
macromolecules) are polydisperse and cover a wide size 
range (from several nanometers to a few micrometers). 
The solution chemistry of natural waters is not as simple 
as that used in this work. Dissolved organic and inorganic 
chemical species in natural waters are diverse and can 
affect markedly the stability of the particles. Thus, 
quantitative predictions of the kinetics of chemical-col- 
loidal processes in natural waters with the framework of 
the DLVO theory is not feasible. 
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At present, direct methods for analysis of chloramines 
are unavailable. Several approaches using derivatiza- 
tion-based methods for their anlaysis have been reported 
in the literature. One such method employs reaction of 
chloramines with dansylsulfinic acid to produce stable 
dansylsulfonamide products, which are analyzed by HPLC. 
This paper reports results of experiments examining the 
routes and yields produced during the dansylation of 
model chloramine solutions. Potential limitations of the 
method arise due to matrix effects, low yields for dilute 
chloramine concentrations, and a marked dependence of 
yield upon the composition of the chloramine pool. These 
limitations disallow quantitative application of the dan- 
sylation method to the analysis of chloramine mixtures. 

Introduction 
When chlorine is used for water and wastewater disin- 

fection, a wide variety of chloramines are formed (1-3). 
Some of these compounds may have important health 
implications ( 4 ) .  There is little data, however, on the 
composition and chemistry of the organic chloramine 
fraction in water or wastewater. To a large extent the gaps 
in our knowledge regarding the significance and environ- 
mental fate of the chloramines is due to the lack of sen- 
sitive and selective methods for their analysis. 

Several researchers have proposed methods for analysis 
of chloramines that are based upon derivatization proce- 
dures and analysis of the resulting products by high-per- 
formance liquid chromatography (HPLC). The Scully et 

al. (5,  6 )  method is based upon derivatization of chlor- 
amines with dansylsulfinic acid to produce stable and 
highly fluorescent dansylated products. Unfortunately this 
derivatization proceeds indirectly through the formation 
and reaction of the dansyl chloride intermediate. Luka- 
sewycz et  al. (7) proposed a derivatization method based 
upon 2-mercaptobenzothiazole. Although the yields are 
somewhat higher and the kinetics faster than the dansy- 
lation method, this derivatization procedure also appears 
to proceed through an intermediate and thus may suffer 
problems similar to those of the dansylation method dis- 
cussed below. 

Ammonia and glycine are both commonly found in 
wastewater (8) and upon chlorination are converted rapidly 
to their N-chloro derivatives (9). These compounds were 
selected as models for study of the routes and yields pro- 
duced in derivatization of aqueous organic and inorganic 
chloramines with dansylsulfinic acid. The purpose of this 
paper is to clarify an assertion made in previous work of 
the dependence of product yields on relative kinetics (5). 
Specifically, kinetic and yield data from model compound 
solutions will be used to demonstrate limitations for 
quantitative application of the dansylation method to 
analysis of chloramine mixtures. 

Experimental Section 
Materials. Amino acids and dansylated amino acid 

standards were obtained from Sigma Chemical Co. and 
used without further purification. Glassware contacting 
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