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a b s t r a c t

Carbon nanotube addition has been shown to improve the mechanical properties of some polymers.
Because of their unique adsorptive properties, carbon nanotubes may also improve the barrier perfor-
mance of polymers used in contaminant containment. This study compares the barrier performance
of poly(vinyl alcohol) (PVA) membranes containing single-walled carbon nanotubes (SWCNTs) to that
for PVA containing powdered activated carbon (PAC). Raw and surface-functionalized versions of each

2+
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sorbent were tested for their abilities to adsorb 1,2,4-trichlorobenzene and Cu , representing the impor-
tant hydrophobic organic and heavy metal contaminant classes, as they diffused across the PVA. In both
cases, PAC (for 1,2,4-trichlorobenzene) and functionalized PAC (for Cu2+) outperformed SWCNTs on a per
mass basis by trapping more of the contaminants within the barrier membrane. Kinetics of sorption are
important in evaluating barrier properties, and poor performance of SWCNT-containing membranes as
1,2,4-TCB barriers is attributed to kinetic limitations.
ctivated carbon
arbon nanotubes

. Introduction

The increasing use of carbon nanotubes (CNTs) in research and
ndustry has captured the attention of the environmental commu-
ity. While risks associated with CNT release to the environment
ay be a cause for concern [1–3], some argue that the poten-

ial benefits afforded by CNT use in environmental engineering
pplications also deserves research exploration [4,5]. One pro-
osed use of CNTs is adsorption of trace organic contaminants,
uch as trihalomethanes, substituted benzenes, and polycyclic aro-
atic hydrocarbons, from water [6–14]. Researchers have also

nvestigated CNTs as a solid-phase extraction medium for organic
ompounds [5,13,14].

Polymer membranes are used as physical barriers against envi-
onmental contamination in a wide variety of applications (landfill
iners, silt screens, vapor intrusion barriers, etc.). Powdered acti-
ated carbon (PAC) has been shown to slow the diffusion of
ydrophobic solutes through high-density polyethylene (HDPE)

nd HDPE sandwich membranes [15,16]. The added sorbent mate-
ial traps hydrophobic solutes as they dissolve in the polymer
nd diffuse across the barrier membrane, resulting in either an
ncreased time to contaminant breakthrough [15] or a reduced con-
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taminant flux [16]. Because CNTs also have high sorption capacities
for hydrophobic organic contaminants, we hypothesize that CNT-
containing PVA membranes will also improve barrier performance
compared with pure polymers.

Beyond the fields of environmental chemistry and engineering,
the electrical, mechanical, and thermal properties of CNTs have
been studied [17–19]. For example, poly(vinyl alcohol) (PVA) mem-
branes containing CNTs show improved thermal and mechanical
properties compared to the pure polymer [20–24]. Ciambelli et al.
[21] observed an increase in the glass transition temperature when
CNTs were added to PVA. CNT–PVA composites exhibit a higher
Young’s modulus (i.e., stiffness) than pure PVA [23]. Many of the
improvements observed with CNT addition are attributed to an
increase in crystallinity [23–25].

Polar functional groups are added to the surfaces of CNTs to
better incorporate them into the hydrophilic PVA structure and
give further mechanical property improvements to the compos-
ites [20,21]. Langley and Fairbrother [26] studied several oxidation
techniques and discovered that the type and strength of the oxidant
affected the type of functional groups added to carbon surfaces.
Any type of oxidation, however, decreases the sorptive capacity of

CNTs for hydrophobic compounds lacking functional groups that
participate in hydrogen bonding [27,28]. Cho et al. [27] observed
a 70% reduction in naphthalene sorption to multi-walled carbon
nanotubes with 10% surface oxygen compared with raw material.
Sorption of non-polar solutes to PAC also decreases with surface
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xidation [29,30]. Addition of oxidative functional groups, how-
ver, increases CNT and PAC sorption capacities for heavy metal
ons [28,31–33], another important class of environmental contam-
nants.

The first objective of this work is to examine the effect
f adding single-walled carbon nanotubes (SWCNTs) to PVA
n the breakthrough behavior of 1,2,4-trichlorobenzene (1,2,4-
CB), a model hydrophobic contaminant. 1,2,4-TCB diffuses easily
hrough PVA [16] and is expected to readily adsorb to PAC and
WCNTs [7,13]. PVA is a hydrophilic polymer that has been
sed extensively to study reactive barrier films [15,16,34–36].
hile PVA is not typically used for containment in the environ-
ent, its high permeability when wet allows efficient laboratory

tudy of diffusion across sorbent-containing barrier membranes.
iffusion across PVA membranes containing PAC or SWCNTs

s compared to that for pure PVA. The second objective is
o examine the barrier performance of PVA membranes con-
aining surface-functionalized SWCNT and PAC (ox-SWCNT and
x-PAC, respectively). Breakthrough of 1,2,4-TCB (representing
ydrophobic organic pollutants) and cupric ion (Cu2+, represent-

ng metal ions) across these membranes is evaluated. Finally,
hile a membrane breakthrough experiment provides informa-

ion on the barrier performance of a particular sorbent-containing
embrane, broader conclusions regarding the use of sorbent

articles in barrier membranes require additional information.
orption isotherms and particle characterization were used to
nderstand the sorption capabilities, surface chemistry, and
hysical microstructure/macrostructure of each sorbent particle
sed.

. Experimental

.1. Materials

PAC (J.T. Baker) and SWCNTs (Short SWNT 90s, 90%,
heapTubes.com) were used as received. Functionalized PAC and
WCNTs were prepared using a saturated ammonium persulfate
olution in 1 M sulfuric acid as described by Langley and Fairbrother
26]. Other chemicals and materials used are described in detail in
he Supplementary Data (Section S1).

.2. Particle characterization

Brunauer–Emmett–Teller (BET) specific surface area for each
article type was measured via a three-point nitrogen sorption

sotherm using a Quantasorb surface area analyzer (Quan-
achrome). Sorbent particles were also characterized using
igh-resolution transmission electron microscopy (HRTEM) and
aman spectroscopy. Scanning electron microscopy (SEM) images
f sorbent particle-containing PVA membranes were collected.
ample preparation and imaging methods are described in the
upplementary Data (Section S2).

.3. Membrane preparation

Sorbent-containing PVA membranes were prepared by sonicat-
ng sorbent particles in 15 mL water for 10 min before adding 1.5 g
VA. The particle/PVA suspension was heated (<100 ◦C) while stir-

ing rapidly for 10 min, cooled, degassed under vacuum, and cast on
polytetrafluoroethylene (PTFE) plate. After drying at room tem-
erature for 2 days, the PVA was crosslinked in a 150 ◦C oven for
h. Thicknesses of hydrated membranes were measured with a
icrometer (Mitutoyo).
Materials 188 (2011) 334–340 335

2.4. Batch sorption, batch uptake, and diaphragm cell
breakthrough experiments

All 1,2,4-TCB experiments were conducted in nanopure water.
Cu2+ experiments were conducted in pH 7.2 50 mM Tris buffer
(7.88 g/L TRIZMA–HCl; 0.18 g/L NaOH; 5.85 g/L NaCl). Batch
experiment initial concentrations and breakthrough experiment
upstream concentrations were 50 �M and 1 mM for all 1,2,4-TCB
and Cu2+ experiments, respectively.

Equilibrium experiments were conducted for particles and
membranes. For each isotherm, a series of vials was loaded with
particles or dry membrane pieces with varying mass. Vials were
filled with liquid medium, and membranes were allowed to hydrate
overnight before spiking with a concentrated stock solution to
achieve the desired initial concentration. Vials containing parti-
cles were placed on a rotator or hand-shaken twice daily for at
least 6 days prior to sampling. Cu2+ samples (100 �L) were filtered
with a 0.22 �m nylon syringe filter (Acrodisc). 1,2,4-TCB samples
(250 �L) were collected after either centrifugation at 900 × g for
15 min or allowing particles to settle for 48 h. Membrane partition-
ing/isotherm experiments were stored on a shaker table for at least
24 and 5 days for 1,2,4-TCB and Cu2+ experiments, respectively,
before collecting 250-�L and 100-�L samples from each.

Batch uptake experiments were conducted by placing equal-
mass pieces of dry membrane into a series of vials and adding
the appropriate liquid medium. After overnight hydration, each
vial was spiked with concentrated stock solution. Samples were
collected from one vial at each time point. Sample volumes were
equivalent to those for equilibrium experiments.

Breakthrough experiments were conducted by placing hydrated
membranes between two diaphragm cells [15,16], filling the cells
with the appropriate liquid medium, and sealing the joint with
epoxy. The upstream cell (representing the contaminated medium
to be contained) was spiked with either a concentrated 1,2,4-
TCB stock solution in acetone or a concentrated cupric chloride
solution in Tris buffer to achieve the desired initial upstream con-
centration. Samples (500 �L) were collected from the downstream
cell (the initially uncontaminated side of the system) through-
out each experiment as the contaminants diffused through the
membrane. The sample volume was replaced with clean liq-
uid medium to maintain a constant downstream volume. Cu2+

experiment upstream samples were also collected in this manner.
Fifty-microliter samples were collected from 1,2,4-TCB experiment
upstream cells without replacement. All samples were extracted (if
necessary) and analyzed as described in the Supplementary Data
(Section S3).

3. Results

3.1. Particle characterization

Table 1 lists BET specific surface areas for each sorbent particle
type. Other researchers have compared BET specific surface areas
for raw and functionalized particles with mixed results – some
observed increases in surface area upon oxidation [8] and others
have observed surface area reduction [10,31].

SEM and TEM images of membranes and free particles, respec-
tively, are shown in Fig. 1. The inset of Fig. 1c clearly shows bundled
raw SWCNTs (∼40 nm), whereas relative debundling (to ∼20 nm)
and shortening of the SWCNTs are clearly visible on the TEM image

presented as an inset in Fig. 1d for ox-SWCNTs. SEM images for
PVA membranes containing SWCNTs (Fig. 1c) shows randomly
organized SWCNTs in the PVA matrix compared to clearly aligned
ox-SWCNTs (Fig. 1d). The direction of alignment for the oxidized
SWCNTs is parallel to the direction of diffusion through the mem-

http://cheaptubes.com/
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Table 1
Surface area and Langmuir fit parameters for various sorbent types.a

Sorbent type BET specific surface area (m2/g) Solute qmax (�mol/g) b (L/�mol)

PAC 1100 ± 90 1,2,4-TCB 3600 ± 500 2 ± 1
Cu2+ 300 ± 20 0.003 ± 0.001

SWCNT 380 ± 10 1,2,4-TCB 2600 ± 800 0.04 ± 0.02
ox-PAC 700 ± 100 1,2,4-TCB 1200 ± 300 0.04 ± 0.02

Cu2+ 3000 ± 1000 0.02 ± 0.02

b
i
o
m

1
i
t
a
o
t
i

3

t
S

q

F
a

ox-SWCNT 440 ± 40

a Errors given are 95% confidence intervals.

rane when mounted in the diaphragm cell. While flakes or other
mpermeable obstructions aligned perpendicular to the direction
f diffusion can reduce membrane permeability [37], parallel align-
ent does not physically affect contaminant flux.
Raman spectra were used to estimate SWCNT diameters of

.1–1.5 nm [38,39]. Differences in spectra for raw and functional-
zed SWCNTs indicate an increase in defect level as expected with
he addition of functional groups [40]. The Raman spectra for raw
nd functionalized PAC are consistent with those reported previ-
usly [41,42]; i.e., characteristic peaks at 1321 and 1588 cm−1 and
rough deepening (at ∼1480 cm−1) were observed for functional-
zed PAC.

.2. Sorption isotherms

Sorption isotherm data for free particles were collected and fit

o the Langmuir isotherm using the least-squares fitting option in
cientist for Windows (MicroMath):

= qmaxbC

1 + bC
(1)

ig. 1. FESEM micrographs of PVA (a), PVA with ox-PAC (b), PVA with SWCNT (c), and PV
nd ox-SWCNT (d).
1,2,4-TCB 1800 ± 900 0.04 ± 0.03
Cu2+ 630 ± 70 0.04 ± 0.04

where q (�mol/g) is the sorbed solute concentration, qmax (�mol/g)
is the total capacity of the sorbent for solute sorption, C (�M) is the
concentration of solute in solution at equilibrium, and b (L/�mol)
is a fitting parameter. Resulting fit parameters are given in Table 1.

Isotherm experiments using pure and sorbent-containing PVA
membranes were also conducted, though the scatter present in
the data makes quantitative conclusions difficult. Generally, the
observed sorption capacities of the membrane-bound sorbent par-
ticles were lower than expected based on the free particle results.

3.3. Breakthrough curves

Normalized breakthrough curves obtained from diaphragm cell
experiments for 1,2,4-TCB and Cu2+ diffusion across pure PVA
and PVA membranes containing sorbent particles are shown in

Figs. 2 and 3, respectively. The slope of each curve is equivalent
to the permeability of the membrane, according to Eq. (2) [43,44]:

CdownVdown

CupAL
= P

L2
(t − tlag) (2)

A with ox-SWCNT (d). Inset shows HRTEM micrographs of ox-PAC (b), SWCNT (c),
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Table 2
Breakthrough and uptake experiment summarya.

Solute Sorbent Cs0 (g/L)b L (�m) Cup (�M) P × 1012 (m2/s) tlag (h) PVA tlag (h)c Relative k1 (s−1) Relative k2

(�M−1 s−1)
Relative ˚

TCB – – 186 ± 5 52 ± 1 63 ± 3 0.1 ± 0.6 – – – –
TCB – – 222 ± 5 47 ± 3 94 ± 8 0 ± 2 – – – –
TCB PAC 32 168 ± 4 44 ± 5 140 ± 20 2 ± 1 0.10 4.8 × 10−6 4.2 × 10−11 0.011
TCB PACd 69 270 ± 20 44 ± 2 11 ± 1 51 ± 7 0.3 1.0 × 10−5 0.061

53 ± 2 40 ± 4 370 ± 50
TCB SWCNT 77 250 ± 10 48 ± 6 68 ± 10 14 ± 5 0.2 9.0 × 10−7 4.5 × 10−12 0.005
TCB SWCNT 141 126 ± 6 48 ± 4 140 ± 20 0.8 ± 0.6 0.06 1.6 × 10−6 0.002
TCB ox-PAC 62 222 ± 5 48 ± 4 70 ± 9 6 ± 6 0.2 – – –
TCB ox-SWCNT 42 227 ± 6 48 ± 2 82 ± 8 −2 ± 5e 0.2 – – –
Cu2+ – – 230 ± 10 1220 ± 10 8.7 ± 0.5 0.4 ± 0.3 – – – –
Cu2+ – – 328 ± 8 1260 ± 20 7.5 ± 0.2 1.0 ± 0.2 – – – –
Cu2+ PAC 147 296 ± 6 970 ± 20 19.1 ± 0.6 0.5 ± 0.2 0.8 – – –
Cu2+ ox-PAC 186 230 ± 3 970 ± 10 5.5 ± 0.2 77 ± 3 0.5 3.0 × 10−5 5.2 × 10−11 0.298
Cu2+ ox-SWCNT 157 85 ± 4 998 ± 9 5.5 ± 0.2 5.4 ± 0.2 0.06 3.0 × 10−5 3.0 × 10−10 0.040

a Errors given are 95% confidence intervals.
b Cs0 is the sorbent content per membrane volume.
c PVA tlag is a predicted value for pure PVA with the same thickness as the membrane studied.
d 1,2,4-TCB breakthrough across PAC-containing PVA occurred in three distinct phases

permeability similar to that observed for pure PVA. The two rows of information given ar
e A negative lag time is not possible theoretically, but is the result of errors associated w

lag time with a large margin of error led to the perception of a negative value.
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Fig. 2. Normalized 1,2,4-TCB breakthrough curves from diagphram cell experiments
for pure PVA (-, �), PVA with 32 (�) or 69 g/L PAC (�), PVA with 77 (♦) or 141 g/L
S
s
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F
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w

WCNT (©), PVA with 62 g/L ox-PAC (|), and PVA with 42 g/L ox-SWCNT (×). The
olid line (—) indicates a linearized breakthrough curve corresponding to the ini-
ial flux across the membrane containing 69 g/L PAC, which is significantly reduced
ompared to that predicted for diffusion across pure PVA (dashed curve – –).
here Cdown (�M) and Cup (�M) are the downstream and upstream
queous concentrations, Vdown (m3) is the volume of the down-
tream cell, A (m2) and L (m) are the area and thickness of the
embrane, P (m2/s) is the permeability, which is the product of

he diffusion coefficient, D, and the membrane–water partition
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ig. 3. Normalized Cu2+ breakthrough curves from diaphragm cell experiments for
ure PVA (©,♦), PVA with 147 g/L PAC (�), PVA with 186 g/L ox-PAC (�), and PVA
ith 157 g/L ox-SWCNT (�).
: (1) the lag time, (2) a period of low apparent permeability, and (3) a period with
e the result of applying Eq. (2) to data in the latter two phases.

ith extrapolating an x-intercept from a linear regression. In this case, a very small

coefficient, t (s) is time, and tlag (s) is the lag time, or the time it
takes for a contaminant to reach the downstream side of an ini-
tially contaminant-free membrane. Eq. (2) was derived using Fick’s
law and a set of simplifications associated with thin film diffusion
[43,44]. Permeabilities, observed lag times, and other experimental
information are in Table 2.

3.4. Membrane uptake curves

Differences in the rates of contaminant uptake by membrane-
bound particles were also investigated. Fig. 4 presents normalized
pseudo-first-order uptake data as measured by concentration loss
in aqueous solution.

4. Discussion

4.1. Sorption mechanisms

The isotherms described in Table 1 provide insight into the
interactions between solutes and the embedded sorbent particles
and allow interpretation of membrane breakthrough data. Oxi-
dation with persulfate results in a high concentration of surface
carboxylic acid groups [26]. Cu2+ forms both inner sphere and outer
sphere complexes with carboxylic acid groups [28]. This electro-
static attraction ceases when enough Cu2+ molecules are present to
neutralize the surface, leading to a plateau at qmax for both ox-PAC
and ox-SWCNT.

The �–� interactions thought to drive the aromatic sorption
to CNTs are best described by a monolayer Langmuir sorption
isotherm model [6]. Hydrophobic interactions, however, may allow
for the weak adsorption of additional layers, leading to the Fre-
undlich isotherms reported by many researchers studying aromatic
sorption to CNTs [7,12,13,45]. Langmuir fits were used in this study
because they captured the data and because Langmuir fit parame-
ters are required for use in the diffusion models described below.

4.2. Factors controlling 1,2,4-TCB sorption and diffusion in PVA
The most direct method of studying barrier properties of
sorbent-containing membranes is to compare their breakthrough
curves to those for pure polymers (Fig. 2). The PVA membrane
with 69 g/L PAC was the only sorbent-containing membrane with
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ontaining 32 g/L PAC (©), 77 g/L SWCNT (�), 186 g/L ox-PAC (�), and 157 g/L ox-
WCNT (�). M is the sorbed contaminant mass and Meq is the expected mass
orbed to the membrane-bound particles at equilibrium (based on the equilibrium
sotherms for free particles described in Table 1).

measurably different 1,2,4-TCB permeability than the pure poly-
er. The effect was not an increased time to breakthrough (tlag),

ut a reduced steady-state flux. Fast “reaction” relative to diffu-
ion results in increased lag times observed previously [34]. Slower
reaction” can lead to reduced flux [16].

The relative rates of reaction and diffusion can be described
sing the Damköhler number, ˚:

= k1L2

D
(3)

here k1 is a pseudo-first-order “reaction” rate constant. The
elative kinetic differences between 1,2,4-TCB sorption to PVA-
ncapsulated PAC and SWCNTs have been captured in the uptake
xperiments described in Fig. 4a. Assuming pseudo-first-order
orption kinetics, plotting ln C versus t allows estimation of the
elative pseudo-first-order rate constants, k1, for each sorbent type
Table 2). Because diffusion also plays a part in these membrane-
ased uptake experiments, k1 determined using this method is not
n actual sorption rate constant. The relative differences between
1 derived from PAC and SWCNT data, however, provide useful
nformation.

Relative second-order rate constants, k2, are also given in
able 2:

2 = k1

Cs0qmax
(4)

here Cs0 is the sorbent loading in the membrane and the prod-
ct, Cs0qmax, is the sorptive capacity per membrane volume. The

alue may be doubled for uptake of 1,2,4-TCB by membrane-bound
WCNTs if the reduction in capacity observed in Fig. 4a is also
onsidered.

Typically, Damköhler numbers should be above 0.01 for any vis-
ble barrier improvements with the addition of an active scavenger
s Materials 188 (2011) 334–340

and above 100 to show increased lag time-type behavior [46]. The
values in Table 2 are relative numbers based on relative kinetic data,
however, so the absolute values of ˚ reported in Table 2 cannot be
compared to this theoretical range. Because ˚ for the membrane
with 69 g/L PAC was more than 5 times greater than for the rest of
the 1,2,4-TCB breakthrough experiments, we suspect that kinetics
are the reason this sorptive membrane showed barrier improve-
ments (i.e., a reduced permeability) while the others did not. (A
reduced sorbent loading and a thinner membrane contributed to
the low Damköhler number for the membrane with 32 g/L PAC.)

There are several possible explanations for the slow rate of 1,2,4-
TCB sorption to membrane-bound SWCNTs. The rate of sorption
to outer surface sites on an uncapped SWCNT cylinder will obvi-
ously be faster than the rate of sorption to inner sites. Inner sites
are likely inaccessible, especially for bulky compounds like 1,2,4-
TCB that must diffuse through the tube end (1.1–1.5 nm diameter)
to access the inner surface sites. (The LeBas molar volume of aque-
ous 1,2,4-TCB is 147.6 cm3/mol [47], yielding a diameter of 0.78 nm
using a spherical assumption). In fact, the Meq values in Fig. 4a were
calculated for the uptake experiments using the free solution sorp-
tion isotherms parameters listed in Table 1. The leveling of the
SWCNT data in Fig. 4a at M/Meq = 0.5 indicates that either 1,2,4-
TCB cannot easily access the inner surfaces (half of the total surface
area) when embedded in PVA, or that, perhaps more likely, inter-
actions with the polymer material otherwise decrease the sorption
capacity. This effect accounts for a two-fold difference in sorption
rate, but the observed second-order sorption rate constants for PAC
and SWCNT differ by a factor of 10. Tight bundling of SWCNTs may
also impede 1,2,4-TCB access to some outer SWCNT surfaces, slow-
ing sorption to the interstitial surfaces. Zhang et al. [48] observed
reduced sorption capacities in water and attributed the results to
aggregation of SWCNTs. Local aggregation may also contribute to
early breakthrough and/or leakage of 1,2,4-TCB in breakthrough
experiments by creating areas of heightened and reduced sorbent
content in the membrane. The SEM images shown in Fig. 1 sup-
port an even distribution of particles locally, but variation across
the entire area used for diffusion experiments may cause this early
leakage effect.

Functional groups intentionally added to PAC and SWCNT sur-
faces reduced sorption capacities for 1,2,4-TCB (Table 1). This
result was expected because functional groups have been shown
to reduce the sorption capacity of CNTs for hydrophobic aromatic
compounds [48]. Thus, ox-PAC and ox-SWCNT were unsuccess-
ful at quantifiably intercepting 1,2,4-TCB as it diffused across PVA
membranes.

Another feature of Fig. 2 worth noting is the observed transition
from reduced flux to a steady-state flux (nearly parallel to the pure
PVA membrane breakthrough curve) for the membrane containing
69 g/L PAC. This transition occurred after an estimated 37% of the
total sorption capacity of the PAC was occupied by 1,2,4-TCB. This
PAC efficiency was calculated from the area between the observed
breakthrough curve (at reduced flux) and the curve expected for a
pure PVA membrane of the same thickness. Somewhat similar PAC
efficiencies were observed in sandwich membranes containing PAC
[15].

4.3. Factors controlling Cu2+ sorption and diffusion in PVA

Larger sorbent loadings were used in Cu2+ breakthrough exper-
iments to overcome the generally lower sorption capacity for Cu2+.
At the loadings used, increased lag times for membranes with func-

tionalized particles were observed, as shown in Fig. 3. Oxidation
substantially increases the capacity for heavy metals sorption [49].
Thus, PAC was not expected to affect Cu2+ breakthrough as appre-
ciably as its oxidized counterpart (as shown in Fig. 3), nor were
SWCNTs (not tested).
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Relative Damköhler numbers were determined for the ox-
AC and ox-SWCNT-containing membranes used for the Cu2+

reakthrough experiments (Table 2). Relative ˚ for Cu2+ cannot
e compared with relative ˚ for 1,2,4-TCB, because D for Cu2+

5.3 × 10−12 m2/s) is lower than D for 1,2,4-TCB (1.3 × 10−11 m2/s).
ecause of the added influence of membrane diffusion for Cu2+,
he k2 values determined from data in Fig. 4b are even lower than
he actual second-order sorption rate constants. If we were to cor-
ect all of the relative ˚ values in Table 2, the correction factor
or the Cu2+ values should be larger than the correction factor for
he 1,2,4-TCB values. This correction would result in larger ˚ val-
es for both Cu2+ experiments than for all 1,2,4-TCB experiments.
large ˚ explains the lag time-lengthening behavior observed in

u2+ experiments [46].
In previous studies, the performance of reactive or sorbent-

ontaining membranes with respect to slowing contaminant
iffusion has been measured by determining the “effective” sorbent

oading. Yang et al. [34] developed an expression for the extended
ag time based on the theoretical stoichometry of an irreversible
eaction, and Warta et al. [36] adapted this expression for use with
aterials that sorb using the Langmuir isotherm:

lag = L2Cs0qmax

2DH(Cup − Ce)
(5)

here Ce is the aqueous concentration at the shoulder of the Lang-
uir isotherm, when the capacity of the sorbent is first reached.

ffective Cs0 values calculated from observed lag times using Eq.
5) were 17 and 46 g/L (9 and 29% of the actual Cs0) for ox-PAC and
x-SWCNT, respectively, indicating that more of the usable sorptive
urface area of the ox-SWCNT was occupied by Cu2+ before break-
hrough when compared to ox-PAC. Effective Cs0 is a good measure
o consider when comparing cost, because it is used to determine
ow much of each sorbent is required to achieve the same barrier
ffect. The faster k2 value describing sorption to ox-SWCNT may
xplain the higher percent effectiveness (per capacity) of the ox-
WCNT. The ox-PAC, however, was more effective per mass because
f its higher sorption capacity for Cu2+.

.4. Implications

While PVA membranes are typically not used as contaminant
arriers, PVA was used in this study to provide an easy, side-by-
ide comparison of sorbents. SWCNT-containing PVA performed
oorly compared with PAC-containing PVA when used for 1,2,4-
CB containment. The effectiveness of SWCNTs, however, might be
ifferent in an alternative membrane matrix, such as HDPE. Future
ork on polymer–sorbent interaction using other polymer matri-

es like HDPE is a must. While other materials may improve the
fficiency of SWCNTs, vast improvements in barrier properties with
he addition of SWCNTs are unlikely. Future research on sorbent-
ontaining membrane barriers for hydrophobic organics is best
ocused on using coke, activated carbon, and other less expensive

aterials with high per mass sorption capacities. Future work on
embranes amended with activated carbons should include study

f the effects of environmental variables like temperature and the
resence of impurities (e.g., natural organic matter, other compet-

ng sorbates) on the membranes’ barrier properties. The success of
x-PAC and ox-SWCNT in trapping Cu2+ implies that these sorbents
ay be useful for the trapping and recovery of heavy metals. In our

xperiments, however, the ox-PAC performed better on a per mass
asis than the ox-SWCNT.
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