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Abstract

Flux equations for liquid and solute migration through clay barriers that behave as semi-permeable membranes used in waste

containment and remediation applications, known as clay membrane barriers (CMBs), are discussed. The results of a simplified

analysis of flow through a geosynthetic clay liner (GCL) using measured values for the chemico-osmotic efficiency coefficient

(x) of the GCL indicate a total liquid flux that counters the outward Darcy (hydraulic) flux due to chemico-osmosis associated

with clay membrane behavior of the GCL. Also, the solute (contaminant) flux through the GCL is reduced relative to the solute

flux that would occur in the absence of membrane behavior due to chemico-osmotic counter advection and solute restriction.

Since diffusion commonly controls solute transport through GCLs and other low-permeability clay barriers, the implicit

(empirical) correlation between x and the effective salt-diffusion coefficient of the migrating contaminant is an important

consideration with respect to contaminant restriction in CMBs.
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Keywords: Advection; Bentonite; Chemico-osmosis; Clay barriers; Containment; Contaminant transport; Diffusion; Geosynthetic clay liner;

Hyperfiltration; Membrane; Osmosis; Waste disposal

1. Introduction been attributed to electrostatic repulsion of the ions by
1.1. Clay membrane behavior

The ability of clay soils to act as membranes that

restrict the passage of solutes (e.g., aqueous miscible

contaminants) is well documented (e.g., Kemper and

Rollins, 1966; Olsen, 1969; Olsen et al., 1990).

Restricted movement of inorganic solutes, specifically

anions and cations, through the pores of a clay soil has
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electric fields associated with the diffuse double layers

(DDLs) of adjacent clay particles (e.g., Hanshaw and

Coplen, 1973; Fritz, 1986; Keijzer et al., 1997). Non-

electrolyte solutes (uncharged species), such as aque-

ous miscible organic compounds, also may be

restricted from migrating through clay soils due to

steric hindrance, i.e., the geometric restriction that

results when the solute molecule is greater than the

pore size (Grathwohl, 1998). The existence of mem-

brane behavior also results in chemico-osmosis, or the

movement of liquid in response to a solute concen-

tration gradient, from lower solute concentration

(higher water activity) to higher solute concentration

(lower water activity) (e.g., Katchalsky and Curran,

1965; Greenberg et al., 1973; Fritz, 1986).
d.



Fig. 1. Chemico-osmotic efficiency coefficients as a function of

average salt concentration across the specimen and the specimen

porosity (n) for (a) bentonite specimens (data from Kemper and

Rollins, 1966), and (b) a geosynthetic clay liner (data from Malusis

and Shackelford, 2002a).
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The term ‘‘semi-permeable’’ pertains to any mate-

rial that behaves as a membrane. The extent to which

clay soils act as semi-permeable membranes tradi-

tionally has been quantified in terms of a reflection or

osmotic efficiency coefficient, r (Staverman, 1952;

Katchalsky and Curran, 1965; Kemper and Rollins,

1966; Olsen et al., 1990). In cases where r represents

stress, the osmotic efficiency coefficient has been

designated by x (e.g., Mitchell, 1993). Also, in some

cases, x has been referred to as the chemico-osmotic

efficiency coefficient to distinguish the osmotic flow

process in response to a concentration gradient from

osmotic flow processes in response to electrical

gradients (i.e., electro-osmosis) or thermal gradients

(i.e., thermo-osmosis) (Malusis et al., 2001; Malusis

and Shackelford, 2002a). This latter terminology will

be used throughout the remainder of the current

presentation.

In general, x ranges from zero representing a

material that exhibits no solute restriction, to unity

representing an ‘‘ideal’’ or ‘‘perfect’’ membrane that

completely restricts the movement of solutes (i.e.,

0VxV 1). In most cases involving membrane behav-

ior in clay soils, only a portion of the pores is restrictive

such that 0 <x < 1, and the clay soils are referred to as

‘‘nonideal’’ or ‘‘leaky’’ membranes (Kemper and Roll-

ins, 1966; Olsen, 1969; Barbour and Fredlund, 1989;

Mitchell, 1993; Keijzer et al., 1997). Both ‘‘nonideal’’

and ‘‘ideal’’ membranes are semi-permeable.

1.2. Factors affecting clay membrane behavior

The value of x is affected by several factors,

including the state of stress in the soil, the types and

amounts of clay minerals comprising the soil, and the

types (species) and concentrations of the solutes in the

pore water (Kemper and Rollins, 1966; Olsen et al.,

1990; Mitchell, 1993; Malusis et al., 2001; Malusis

and Shackelford, 2002a). In general, x increases with

increase in the effective stress in the soil (or decrease

in void ratio or porosity), increase in the activity of the

clay soil, and decrease in the solute charge and/or

solute concentration (Kemper and Rollins, 1966;

Olsen, 1969; Mitchell, 1993).

In particular, membrane behavior in the presence of

common electrolytes (e.g., NaCl) has been illustrated

extensively for sodium bentonite (e.g., Kemper and

Rollins, 1966; Keijzer et al., 1997; Malusis et al.,
2001; Malusis and Shackelford, 2002a). These results

suggest that membrane behavior is significant in clay

soils containing an appreciable amount of sodium

montmorillonite. Clay soils containing sodium mont-

morillonite, such as sodium bentonite, also are desir-

able for use in waste containment barriers (e.g., soil–

bentonite cutoff walls, compacted sand–bentonite

liners, geosynthetic clay liners) due to the low

hydraulic conductivity (e.g., V 10� 9 m/s) typically

required in these applications (e.g., D’Appolonia,

1980; Lundgren, 1981; Gipson, 1985; Garlanger et

al., 1987; Ryan, 1987; Chapuis et al., 1992; Day,

1994; O’Sadnick et al., 1995; Gleason et al., 1997;

Stern and Shackelford, 1998; Jo et al., 2001; Abichou

et al., 2002). Thus, the existence of membrane behav-

ior resulting from the sodium montmorillonite content

in clay soil barriers may have an effect on the

migration of contaminants through such barriers.

For example, x values for two different types of

bentonite specimens are shown in Fig. 1. The data in



Fig. 2. Semi-log linear regressions of measured chemico-osmotic

efficiency coefficients versus average salt concentration for (a)

bentonite specimens (data from Kemper and Rollins, 1966), and (b)

a geosynthetic clay liner (data from Malusis and Shackelford,

2002a) (n= specimen porosity).
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Fig. 1 indicate that x decreases as the salt concen-

tration increases for a given porosity (n) and salt

(NaCl or CaCl2) solution, whereas the data in Fig.

1a also indicate that x decreases with an increase in

cation charge (Ca2 + versus Na+) for a given porosity
Table 1

Results of regression analyses shown in Fig. 2

Salt Porosity, n Regression coefficients for: x =A+

A B

NaCl 0.80 � 0.445 � 0.526

0.84 � 0.491 � 0.465

0.91 � 0.604 � 0.455

KCl 0.74 � 0.649 � 0.492

0.79b � 0.595 � 0.455

0.86 � 0.547 � 0.395

CaCl2 0.80 � 0.563 � 0.326

0.84 � 0.502 � 0.284

0.91 � 0.281 � 0.152

a x =Chemico-osmotic efficiency coefficient; Cave is in normality (N)
b Average of range: 0.78V nV 0.80.
and average salt concentration. Both of these trends

are consistent with expected behavior based on DDL

theory in that the thickness of the DDLs of adjacent

clay particles and the resulting extent of influence of

the ion-restricting electric fields inside the soil pores

decreases as the ion concentration and cation charge

in the pore water increases (e.g., Fritz, 1986).

1.3. Limits of clay membrane behavior

Semi-log linear fits to the measured data in Fig. 1

are shown in Fig. 2. The resulting regression coef-

ficients for the fitted functions as well as the corre-

sponding coefficients of determination (r2) are

summarized in Table 1. As indicated by the r2 values

reported in Table 1, the majority of these fitted

functions describe the measured data reasonably well.

Thus, such functional fits may be useful for evaluating

the limits of membrane behavior for a given solute

species and clay soil exhibiting membrane behavior,

such as the average ‘‘threshold’’ concentration at

which a clay soil begins to exhibit membrane behav-

ior (see Fig. 2).

For example, estimates of the expected limiting

average salt concentrations corresponding to estab-

lishment of a semi-permeable membrane (x = 0) or to

ideal membrane behavior (x = 1) based on extrapola-

tion of the fitted functions shown in Fig. 2 are

summarized in Table 1. As indicated in Table 1,

semi-permeable membrane behavior for the bentonite

specimens is expected to be established (i.e., x = 0)

at average concentrations ranging from f 0.05

tof 0.14 N (f 0.05 to f 0.14 M) for the mono-
B log (Cave)
a Limiting average concentrations, Cave (N)

r2 at x = 0 at x = 1

0.970 0.142 1.79� 10� 3

0.997 0.0881 6.24� 10� 4

0.964 0.0472 3.00� 10� 4

0.996 0.0480 4.47� 10� 4

0.998 0.0493 3.13� 10� 4

0.978 0.0413 1.22� 10� 4

0.972 0.0187 1.60� 10� 5

0.953 0.0171 5.14� 10� 6

0.889 0.0142 3.74� 10� 9

; r2 = coefficient of determination.



Table 2

Maximum contaminant levels (MCLs) for selected contaminants in

the United States

MCL

(mg/l)

Element or

compound

Symbol or

formula

Atomic or

formula

weight

(g/mol)

MCL

(molarity, M)

0.002 Mercury Hg 200.59 9.97� 10� 9

Vinyl

Chloride (VC)

C2ClH3 62.50 3.20� 10� 8

0.005 Carbon

Tetrachloride

(CT)

CCl4 153.84 3.25� 10� 8

Trichloroethylene

(TCE)

C2Cl3H 131.38 3.81�10� 8

Cadmium Cd 112.41 4.45� 10� 8

Benzene (B) C6H6 78.12 6.40� 10� 8

0.05 Lead Pb 207.2 2.41�10� 7

Selenium Se 78.96 6.33� 10� 7

Arsenic As 74.92 6.67� 10� 7

0.1 Nickel Ni 58.70 1.70� 10� 6

Fig. 3. Effect of specimen porosity on average salt concentrations

required to establish (a) semi-permeable and (b) ideal membrane

behavior for bentonite specimens identified in Fig. 1.
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valent salt (NaCl or KCl) solutions, and fromf 0.01 to
f 0.02 N (f 0.005 to f 0.01 M) for the divalent salt

(CaCl2) solutions. Also, ideal membrane behavior

(x = 1) is expected to occur at average concentrations

ranging fromf 1�10� 4 tof 2� 10� 3N (f 1�10� 4

tof 2� 10� 3M) for themonovalent salt (NaCl orKCl)

solutions, and from f 4� 10� 9 to f 2� 10� 5 N

(f 2� 10� 9 to f 1�10� 5 M) for the divalent salt

(CaCl2) solutions.

The effect of the specimen porosity on the limiting

average concentrations corresponding to x = 0 is

shown in Fig. 3. As shown in Fig. 3a, the average

threshold concentration corresponding to initiation of

membrane behavior for the sodium bentonite speci-

mens is sensitive to the specimen porosity in the case

of NaCl, with the average threshold concentration

increasing with decreasing specimen porosity. How-

ever, in the case of the KCl and CaCl2 salt solutions,

specimen porosity plays a relatively minor role in

terms of affecting the average threshold concentration

for the range of specimen porosities shown. Thus, the

effect of specimen porosity on the average threshold
concentration apparently is significant only when the

salt cation is the same as the dominant exchangeable

cation that, in this case, is sodium (Na+).

In the case of ideal membrane behavior (Fig. 3b),

the limiting average concentration at which x = 1

tends to decrease with an increase in specimen poros-

ity regardless of the type of salt solution. However,

the effect of specimen porosity appears to be signifi-

cant only in the case of the CaCl2 solutions, presum-

ably due to the greater influence of the divalent

calcium cation (Ca2 +) on the thickness of the DDLs

at all specimen porosities relative to the monovalent

sodium and potassium cations (Na+ and K+).

1.4. Relevance of clay membrane behavior

The results summarized in Table 1 indicate that

initiation of membrane behavior in the sodium ben-

tonite specimens occurs at average threshold concen-

trations that are substantially lower in the case of the

divalent salt solutions relative to the monovalent salt

solutions, as expected on the basis of diffuse double

layer (DDL) theory. This observation has important

practical ramifications since most metals of environ-

mental concern are divalent in free ionic form (e.g.,

Cd2 +, Cu2 +, Hg2 +, Ni2 +, Pb2 +, Se2 +, Zn2 +, etc.). In

addition, the waste streams in many, if not most,

practical applications are comprised of mixtures of



M.A. Malusis et al. / Engineering Geology 70 (2003) 235–248 239
chemical species resulting in solution ionic strengths

that may far exceed the threshold concentrations

based on such simple divalent salt (CaCl2) solutions.

Thus, on the basis of these considerations, membrane

behavior may not be relevant for many practical

applications. However, consideration also must be

given to the particular application.

For example, at some sites, traditional in situ

remediation methods (e.g., pump and treat), as well

as emerging in situ treatment technologies (e.g.,

surfactant flushing), have failed to achieve risk-based

endpoints (Shackelford and Jefferis, 2000). In the case

of pump and treat, the technology typically has been

successful at removing a significant amount of the

contaminant mass from the subsurface (e.g., >90%

contaminant mass removal), but the residual concen-
Fig. 4. Vertical and horizontal contaminant scenarios (Co>CL) for clay m
tration typically is still substantially greater than the

regulated maximum concentration. As shown in Table

2, many of these regulated maximum concentrations,

referred to as maximum contaminant levels or MCLs

in the US, are substantially lower than the threshold

concentrations shown in Table 1 required for the

establishment of membrane behavior. As a result,

the residual concentration in the subsurface after

pump and treat may be substantially lower than the

threshold concentration, but still greater than regu-

lated maximum concentration. Thus, even though

membrane behavior is primarily associated with

dilute concentrations, such dilute concentrations still

may exceed significantly regulated limits, such that

the range of concentrations for which clay mem-

brane behavior typically is significant also may be
embrane barriers (CMBs) (modified after Shackelford et al., 2001).
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of environmental concern. Therefore, determination

of the threshold concentrations above which the

clay soil no longer exhibits membrane behavior

(x = 0) for a variety of chemical species and testing

conditions represents an important practical compo-

nent in terms of the relevance of membrane behav-

ior for clay soil barriers.

1.5. Clay membrane barriers

As illustrated in Fig. 4, clay barriers that exhibit

membrane behavior, or clay membrane barriers

(CMBs), can be used in both vertical and horizontal

containment scenarios. Vertical containment scenarios

typically involve the insertion of a vertical cutoff wall

to prevent or minimize the spread of contamination in

the subsurface, and usually are employed in applica-

tions involving the remediation of contaminated sites

(e.g., Shackelford and Jefferis, 2000). Horizontal

containment applications typically involve the con-

struction of a liner system used to prevent subsurface

contamination in waste disposal applications (e.g.,

solid waste landfills). However, in both types of

applications, the objective of the barrier is to maintain

a contaminant concentration at the exit end of the

barrier, CL, lower than the source concentration of the

same contaminant, Co. Thus, by definition, contain-

ment implies that CL <Co.
2. Membrane behavior and chemico-osmotic flow

2.1. General formulation

The total liquid flux through a clay membrane

barrier (CMB), q, at steady state includes a hydraulic

liquid flux, qh, in response to the difference in

hydraulic head, and a chemico-osmotic liquid flux,

qp, in response to a difference in solute concentration

(e.g., Katchalsky and Curran, 1965; Kemper and

Rollins, 1966; Olsen et al., 1990), or

q ¼ qh þ qp ¼�k
Dh

L
þ x

k

gqw

Dp
L

ð1Þ

where k = the hydraulic conductivity of the CMB, Dh

( < 0) = the head loss across the CMB, L= the thick-

ness of the CMB, g = gravitational acceleration,
qw = the mass density of the solution (i.e., essentially

the same as water for dilute solutions), and Dp
(< 0) = the theoretical chemico-osmotic pressure re-

sulting from the difference in concentration across

the barrier.

The theoretical chemico-osmotic pressure differ-

ence, Dp, in Eq. (1) can be calculated based on the salt

concentrations at the specimen boundaries in accord-

ance with the van’t Hoff expression (Katchalsky and

Curran, 1965). Although the van’t Hoff expression

provides only approximate values of the chemico-

osmotic pressure difference due to the limiting as-

sumption that the electrolyte solutions are ideal and

dilute, Fritz (1986) states that the error associated with

the van’t Hoff expression is low (< 5%) for 1:1

electrolytes (e.g., NaCl, KCl) at concentrations less

than 1.0 M. As previously noted, this upper bound in

concentration likely is greater than the threshold

concentration at which membrane behavior becomes

significant for electrolytes.

For a single-salt system, the theoretical chemico-

osmotic pressure difference according to the van’t

Hoff expression is given as follows:

Dp ¼ mRTDC ¼ mRTðCL� CoÞ ð2Þ

where m = the number of ions per molecule of the salt,

R = the Universal gas constant [8.314 J mol� 1 K� 1],

T = the absolute temperature [K], and C = the salt

concentration in molarity (M). For example, for KCl

solutions (m= 2), Eq. (2) becomes:

Dp ¼ 2RTðCL� CoÞ ð3Þ

and Eq. (1) becomes:

q ¼ qh þ qp ¼�k
Dh

L
� xk

2RT

gqw

ðCo� CLÞ
L

ð4Þ

As indicated by Eq. (4), the chemico-osmotic

liquid flux through the CMB, qp, occurs from lower

solute concentration to higher solute concentration

and, therefore, opposes the hydraulic liquid flux, qh,

in typical waste containment applications (see Fig. 4).

Thus, if the effect of chemico-osmotic efficiency in

the CMB is ignored (i.e., x = 0), all liquid flux occurs

as a hydraulic liquid flux in accordance with Darcy’s

law (i.e., the first term in Eqs. (1) and (4)).



Fig. 5. Results of simplified analysis of the potential effect of

membrane behavior on the liquid flux through a GCL (n= porosity,

q= total liquid flux, qh = hydraulic liquid flux).
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The relative significance of chemico-osmosis on

the total liquid flux through a CMB can be illustrated

by considering the ratio, q/qh, expressed for a simple

salt solution (e.g., KCl) as follows:

q

qh
¼ q

qx¼0

¼ 1þ x
2RT

gqwDh
ðCo� CLÞ ð5Þ

As indicated by Eq. (5), q/qh = 1 when either Co�
CL= 0 or x = 0 since no chemico-osmotic liquid flux

occurs through the CMB. However, in the case of a

horizontal barrier with x>0 and Co�CL>0, upward

chemico-osmotic liquid flux opposes the downward

hydraulic liquid flux (i.e., since Dh < 0). Values of q/

qh < 0 indicate that the counter chemico-osmotic

liquid flux is sufficiently high such that the net liquid

flux is directed into the containment facility, whereas

values of q/qh>0 indicate that the net liquid flux is

directed out of the containment facility.

2.2. Simplified analysis for a GCL

The potential significance of membrane behavior

on the movement of liquid through a CMB is

illustrated herein by considering a geosynthetic clay

liner (GCL) containing sodium bentonite as the

CMB, as shown schematically in Fig. 5. The depth

of ponded liquid is assumed to be 305 mm (1.0 ft),

in accordance with the maximum allowable leachate

depth for landfills based on current U.S. regulatory

standards. Also, the solute concentration in the

leachate, Co, is assumed to be greater than the

solute concentration, CL, at the exit boundary of

the GCL, and the GCL is assumed to be saturated

by prehydration.

Values of q/qh versus the difference in KCl con-

centration across the GCL (i.e., �DC =Co�CL) for

the measured x values previously shown in Fig. 1b

also are shown in Fig. 5. The results based on the

measured data indicate that upward liquid flux is

likely to occur through the GCL for the range of

�DC considered in this study. However, the effect of

the membrane behavior eventually will be destroyed

and q/qh will approach unity as values of �DC ( =Co)

approach the threshold concentrations (see Fig. 2).

A net liquid flux into the containment facility also

results in negative advection (i.e., advection in the

opposite direction of diffusion) and, thus, is poten-
tially beneficial from the viewpoint of reducing the

net rate of contaminant migration out of the contain-

ment facility. However, in addition to the limitations

resulting from the simplifying assumptions previously

noted, the results shown in Fig. 5 neglect the increase

in solute concentration with depth due to diffusion

and the potential for adverse solute–clay interactions

(e.g., see Shackelford et al., 2000). Both of these

factors tend to reduce and eventually eliminate the

beneficial contribution of chemico-osmotic liquid flux

due to compression of the DDLs and a corresponding

decrease in x as the concentration within the GCL

increases (Malusis et al., 2001; Malusis and Shack-

elford, 2002a).
3. Membrane behavior and solute transport

3.1. General formulation

In the absence of an electrical current, the general

expression for total solute (contaminant) flux, J (mass/

area/time), in a fine-grained soil (i.e., neglecting



Fig. 6. Measured and regressed chemico-osmotic efficiency

coefficients versus source KCL concentration for a 10-mm-thick

GCL (data from Malusis and Shackelford, 2002a) (n= specimen

porosity).
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mechanical dispersion) that exhibits membrane behav-

ior can be written for one-dimensional transport as

follows (Malusis and Shackelford, 2002b):

J ¼ ð 1� xÞqhC
Jha

þ qp C

Jp

þ nD*ic

Jd

ð6Þ

where D* = the effective salt-diffusion coefficient as

defined by Shackelford and Daniel (1991), ic = the

concentration gradient (>0), and the other parameters

are as previously defined. Eq. (6) can be derived for

continuous systems from the theory developed by

Yeung (1990) and Yeung and Mitchell (1993) by

setting the applied current (I) equal to zero in their

coupled flux equations and rearranging the resulting

expressions (Malusis and Shackelford, 2002b).

For a simple salt (e.g., NaCl), the effective salt-

diffusion coefficient in Eq. (6) can be estimated

using the Nernst–Einstein equation (Shackelford,

1989), i.e., provided the apparent tortuosity factor

is known a priori. However, for more complicated

systems involving the simultaneous migration of

multiple ionic species, a more elaborate equation

based on the approach of Vinograd and McBain

(1941) as described by Malusis and Shackelford

(2002b) must be used to evaluate the effective salt-

diffusion coefficient.

The hyperfiltrated advective solute flux, Jha, in Eq.

(6) represents the traditional advective solute flux that

is reduced by a factor of (1�x) due to the membrane

behavior of the soil. In physical terms, the factor

(1�x) represents the process of hyperfiltration (or

ultrafiltration) whereby solutes are filtered out of

solution as the solvent passes through the membrane

under an applied hydraulic gradient. The second term,

Jp, in Eq. (6) is the chemico-osmotic solute flux due to

the chemico-osmotic liquid flux, qp. The third term,

Jd, in Eq. (6) represents the diffusive solute flux

through soil in the form of Fick’s first law as defined

by Shackelford and Daniel (1991).

In the limit as x! 0 and, thus, qp! 0, Eq. (6)

reduces to the traditional advective–diffusive solute

flux expression. However, as x! 1 (i.e., an ‘‘ideal’’

CMB), the total solute flux given by Eq. (6) should

approach zero since, by definition, no solute can enter

an ideal or perfect membrane. Thus, the effect of a

CMB is to reduce the contaminant (solute) flux

through the barrier relative to the contaminant flux

f f f
that would occur in the absence of membrane behav-

ior. This reduction in the contaminant flux results

from two explicit mechanisms: viz., (1) counter

advection due to the chemico-osmosis inherent in

the Jp term, and (2) solute restriction due to hyper-

filtration inherent in Jha term. In addition, the diffusive

solute flux must approach zero as x approaches unity,

implying that solute restriction also is inherent in the

Jd term. These mechanisms will be discussed in more

detail in the following presentation.

3.2. Simplified analysis for a GCL

The potential influence of each of the flux terms

shown in Eq. (6) will be discussed within the context

of the measured chemico-osmotic efficiency for the

GCL specimens corresponding to specimen porosities

ranging from 0.78 to 0.80 shown in Fig. 1b, since the

thickness of each of these specimens was maintained

constant at 10 mm (Malusis and Shackelford, 2002a).

In the case of these tests, the source KCl concen-

tration, Co, was simply twice the average concen-

tration (i.e., Co = 2Cave) since the concentration at the

lower boundary of the specimen was maintained

essentially at zero. Thus, the measured chemico-

osmotic efficiency coefficients, x, for the GCL can

be plotted versus the log of the molar source KCl

concentration, as shown in Fig. 6. The results indi-

cate that the threshold source concentration corre-

sponding to incipient membrane behavior, designated



Fig. 7. Fraction of advective solute flux versus salt concentration:

(a) results for 10-mm-thick GCL based on measured and fitted data

in Fig. 6; (b) results for bentonite specimens based on fitted data in

Fig. 2a.
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as Cx (Shackelford et al., 2001), is approximately

0.099 M KCl based on extrapolation of the fitted

function, whereas the source concentration corre-

sponding to perfect membrane behavior, designated

as Cpm (Shackelford et al., 2001), is f6.3� 10� 4 M

KCl.

The lower boundary condition upon which the

measured data in Fig. 6 are based commonly is

referred to as a ‘‘perfectly flushing’’ boundary con-

dition, and is the same as that assumed in the previous

analysis for chemico-osmotic flow (e.g., CL= 0, Fig.

5). From a practical viewpoint, the assumption of a

perfectly flushing lower boundary may be appropriate

for some field applications, such as scenarios involv-

ing vertical cutoff walls, and results in conservative

estimates of solute flux for diffusion-dominated trans-

port such as typically occurs through low-permeabil-

ity ( < 5� 10� 10 m/s) clay barriers (Rabideau and

Khandelwal, 1998). From a waste containment view-

point, a perfectly flushing lower boundary may be

appropriate, for example, when the GCL serves as the

primary or top liner in a double-liner scenario and is

underlain by a leachate collection and removal system

(LCRS) that removes the leachate at a rate signifi-

cantly greater than the rate of solute flux through the

GCL. Regardless of the possible practical scenario,

the validity of the presentation is not lost when the

source concentration is used in the analyses because

the entire presentation also could be based on an

average concentration, as is evident by the equally

good semi-log linear fit to the data shown in Fig. 6

relative to the semi-log linear fits to the measured data

in Fig. 2.

3.3. Hyperfiltrated solute flux ( Jha )

The potential influence of membrane behavior in

terms of the advective solute flux through the GCL

can be illustrated in terms of the fraction of advective

flux, fa, defined as follows:

fa ¼
Jha

Ja
¼ ð1� xÞqhC

qhC
¼ 1� x ð7Þ

where Ja = the advective solute flux in the absence of

membrane behavior, and all other terms are as pre-

viously defined. Based on the measured data and the

functional fits to the measured data shown in Fig. 6,
the fraction of advective flux for KCl migrating

through the 10-mm-thick GCL is shown as a function

of the source KCL concentration in Fig. 7a. By

definition, the fraction of advective flux must be unity

when Co equals Cx, and decrease towards zero as Co

approaches Cpm.

As previously noted, the same analysis could be

performed in terms of the average concentration

across a CMB. For example, the trends in fa versus

the average salt concentration across a CMB based

on the semi-log linear fits to the measured data

shown in Fig. 2 are shown in Fig. 7b. As expected,

fa decreases with decreasing Cave more rapidly for the

monovalent salts, and increases with increasing

porosity for a given salt and Cave. Thus, the factors

that tend to cause a decrease in x (e.g., increasing



Fig. 8. Effect of source KCl concentration on (a) chemico-osmotic pressure, and (b) effective chemico-osmotic pressure for 10-mm-thick GCL

based on measured and fitted data in Fig. 6.
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solute concentration, decreasing stress) also cause an

increase in fa, which is consistent with the relation-

ship given by Eq. (7).

3.4. Chemico-osmotic solute flux ( Jp )

As noted in Eq. (6), the chemico-osmotic solute

flux, Jp, is equal to the product of the chemico-

osmotic liquid flux, qp, and the solute concentration,

C, or
Jp ¼ qpC ð8Þ
where, in general, the solute concentration is a func-

tion of location and time within the CMB, and qp, is

given by the second term in Eq. (1) as follows:

qp ¼ Jp

C
¼ xk

gqw

Dp
L

¼ kp

gqw

Dp
L

ð9Þ

where kp ( =xk) = the chemico-osmotic permeability

(Olsen, 1972; Barbour and Fredlund, 1989). Since,

CL= 0 in the present case such that Dp < 0 (Eq. (3)),

qp < 0 and, therefore, Jp< 0. Thus, the existence of a

chemico-osmotic solute flux in this case enhances the

containment performance of the GCL. In general, this
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enhanced performance will be evident as long as

0 <x < 1. However, if CozCx, then x = 0 and

Jp = 0 since qp = 0. Also, when CoVCpm such that

x = 1, qp< 0, but Jp = 0 because, by definition, com-

plete restriction of the solute (contaminant) results for

a perfect membrane such that C = 0. Therefore, the

magnitude of Jp varies for source concentrations in the

range CxVCoVCpm. This variation in Jp for source

concentrations in the range CxVCoVCpm results

directly from the competing correlations between x
and Dp versus Co, since the product of x and Dp
represents the driving potential for chemico-osmotic

counter flux as indicated by the following form of

Eq. (9):

qp ¼ Jp

C
¼ k

gqw

xDp
L

¼ k

gqw

DPp

L
¼ k

Dhp

L
¼ kip

ð10Þ

where DPp ( < 0) = the effective chemico-osmotic

pressure, Dhp ( < 0) = the effective chemico-osmotic

head, and ip ( < 0) = the effective chemico-osmotic

gradient.

For example, as shown in Fig. 8a, the chemico-

osmotic pressure, �Dp, increases with increasing Co

for the GCL scenario currently being considered in

accordance with Eq. (3) and CL= 0, whereas x for the

GCL decreases semi-log linearly with increasing Co,

as previously shown in Fig. 6. The result of these two

competing trends is a nonlinear variation in DPp such
Fig. 9. Effect of source KCl concentration on calculated chemico-osmoti

(k= hydraulic conductivity; L=GCL thickness).
that�DPp>0 (or DPp< 0) for all Co <Cx, as shown in

Fig. 8b.

Two observations are important with respect to

the variation in �DPp with Co shown in Fig. 8b.

First,�DPp increases rapidly from zero to a maximum

value of approximately 35.7 kN/m2 as Co decreases

from Cx (c 0.099 M KCl) to approximately 0.036 M

KCl, and then �DPp decreases with subsequent

decrease inCo. Thus, the beneficial aspect of increasing

solute restriction with increasing x (e.g., Jha) will be

offset to some extent by a decrease in �DPp and,

therefore, Jp. Second, �DPp is greater than zero even

at Co =Cpm corresponding to x = 1, so that chemico-

osmotic counter flux of liquid will occur through a

perfect membrane (i.e., qp < 0) even though there can

be no chemico-osmotic counter advection (i.e., Jp= 0)

since the concentration of the solute within the GCL

must be zero by definition.

Based on Eq. (10), the magnitude of the chemico-

osmotic counter flux of liquid, � qp ( =� Jp/C), for the

GCL as a function of the source concentration is

shown in Fig. 9. The hydraulic conductivity of

1.63� 10� 11 m/s used to generate the curve in Fig.

9 is based on the average of the measured hydraulic

conductivities for the four chemico-osmotic tests

performed with the GCL (Malusis and Shackelford,

2002a). The trend in � qp versus Co mimics the trend

in �DPp versus Co as required in accordance with Eq.

(10) for a constant hydraulic conductivity and GCL

thickness.
c liquid flux for GCL based on measured and fitted data in Fig. 6
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3.5. Diffusive solute flux ( Jd )

The solute restriction inherent in Jha is an ‘‘ex-

plicit’’ effect in that Jha! 0 as x! 1 (Eq. (6)).

However, the solute restriction inherent in Jd is not

explicitly stated in Eq. (6) and, therefore, is

‘‘implicit’’. This implicit solute restriction results from

the correlation between x and D* (Malusis and

Shackelford, 2002c).

For example, consider the data shown in Fig. 10

based on D* and x values from the test results

reported by Malusis et al. (2001) for the same GCL

for which the data in Fig. 1b were measured. As

indicated in Fig. 10, D* must approach 0 as x! 1

because, by definition, no solute can enter a perfect

membrane. At the other extreme, the maximum value

of D*, or D *(max), will occur when there is no

membrane behavior (x = 0). Thus, D* for CMBs must

decrease from D *(max) to 0 as x increases from 0 to 1,

respectively, as shown in Fig. 10. As a result, any

correct simulation of the contaminant mass flux

through a CMB must be based on values of D*

measured at the correct concentration for the applica-

tion and, therefore, the appropriate x value. The use

of D* values measured separately from x at concen-

trations greater than the ‘‘threshold’’ concentration

(i.e., CozCx), e.g., to decrease the testing time, in

simulations performed to evaluate contaminant trans-

port through CMBs will neglect this implicit correla-

tion between D* and x and, therefore, will be

M.A. Malusis et al. / Enginee246
Fig. 10. Effect of chemico-osmotic efficiency on the effective salt-

diffusion coefficients for KCl diffusion through a 10-mm-thick GCL

at steady state (data from Malusis et al., 2001).
fundamentally incorrect (see Malusis and Shackel-

ford, 2002c).
4. Summary and conclusions

After a brief introduction defining membrane

behavior, the major factors controlling membrane

behavior in clay soils are discussed. In particular, clay

soils containing a significant amount of sodium mont-

morillonite, such as sodium bentonite, have been

shown to exhibit membrane behavior. Since such clay

soils also are typically used as containment barriers

(e.g., soil–bentonite cutoff walls, geosynthetic clay

liners, compacted sand–bentonite liners) for geoen-

vironmental applications, the existence of membrane

behavior may have an effect on the migration of

solutes through such clay soil barriers.

The flux equations for flow and transport through

clay membrane barriers (CMBs) used in waste con-

tainment and remediation applications are presented

and discussed. The results of a simplified analysis of

flow through a geosynthetic clay liner (GCL) using

measured values for the chemico-osmotic efficiency

coefficient (x) of the GCL indicate that membrane

behavior can result in a total liquid flux that actually

counters the outward Darcy liquid flux due to chem-

ico-osmotic counter flow.

Also, the effect of a CMB is shown to reduce the

contaminant mass flux through the barrier relative to

the contaminant mass flux that would occur in the

absence of membrane behavior due to two mecha-

nisms: counter advection due to chemico-osmosis,

and contaminant (solute) restriction. Contaminant

restriction results explicitly from hyperfiltration and

implicitly from the correlation between the chemico-

osmotic efficiency coefficient, x, and the effective

diffusion coefficient, D*, of the contaminant.
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