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ABSTRACT: Colloidal activated carbon (CAC) is an emerging Injection well
technology for the in situ remediation of groundwater impacted by | Soi

per- and polyfluoroalkyl substances (PFAS). In assessing the long-  Water table Transport Remobilization
term effectiveness of a CAC barrier, it is crucial to evaluate the distance emplacement
potential of emplaced CAC particles to be remobilized and migrate BereCAC

away from the sorptive barrier. We examine the effect of two LRAS @@ short low
polymer stabilizers, carboxymethyl cellulose (CMC) and poly- MG - CAC

diallyldimethylammonium chloride (PolyDM), on CAC deposition — @@ sufficient significant
and remobilization in saturated sand columns. CMC-modified -

CAC showed high mobility in a wide ionic strength (IS) range e "CAC ionic strength

from 0.1 to 100 mM, which is favorable for CAC delivery at a Sorptive barier @@ dependent none

sufficient scale. Interestingly, the mobility of PolyDM-modified
CAC was high at low IS (0.1 mM) but greatly reduced at high IS
(100 mM). Notably, significant remobilization (release) of deposited CMC-CAC particles occurred upon the introduction of
solution with low IS following deposition at high IS. In contrast, PolyDM-CAC did not undergo any remobilization following
deposition due to its favorable interactions with the quartz sand. We further elucidated the CAC deposition and remobilization
behaviors by analyzing colloid—collector interactions through the application of Derjaguin—Landau—Verwey—Overbeek theory, and
the inclusion of a discrete representation of charge heterogeneity on the quartz sand surface. The classical colloid filtration theory
was also employed to estimate the travel distance of CAC in saturated columns. Our results underscore the roles of polymer coatings
and solution chemistry in CAC transport, providing valuable guidelines for the design of in situ CAC remediation with maximized
delivery efficiency and barrier longevity.

KEYWORDS: colloidal activated carbon, transport, remobilization, polymer stabilizers, sand column

B INTRODUCTION downstream,' ™ though the long-term performance of the in
situ barriers remains to be further investigated.

Bare CAC particles without surface modification are
colloidally unstable and tend to aggregate in water.’
Consequently, polymers are used as stabilizers to enhance
the stability and mobility of CAC particles in subsurface
environments, enabling in situ remediation via direct injection

As a cost-effective alternative to the traditional ex situ pump
and treat technology for groundwater remediation, the
application of in situ groundwater remediation through the
injection of colloidal materials has gained considerable
attention. Subsurface colloidal activated carbon (CAC)

barriers are an emerging technology for the in situ remediation of CAC suspensions.6 Carboxymethyl cellulose (CMC) is a
of groundwater sites impacted by per- and polyfluoroalkyl negatively charged polymer that has been widely applied as a
substances (PFAS).'™ AC exhibits exceptional adsorption stabilizer for particulate amendments (including CAC) in
capacity, making it suitable for constructing a highly efficient groundwater remediation.”” In a recent study, a cationic
sorption barrier. The small size of CAC particles (0.5—2 pm)

which is much smaller than other commercial AC (>10 ym) Received: October S, 2023

allows for direct injection into permeable zones within Revised:  April 12, 2024

aquifers,5 where the main PFAS mass flux occurs. The injected Accepted: April 16, 2024

CAC particles are expected to distribute in the porous media, Published: May 1, 2024

coat the aquifer matrix solids, and form a sorptive barrier to
reduce PFAS flux and contain or halt plume migration
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polymer polydiallyldimethylammonium chloride (PolyDM)
was applied as a coating agent to improve the stability of
powdered activated carbon particles during in situ remedia-
tion,'* although the suitability of PolyDM as a stabilizer for
CAC remains unknown. Presently, the primary uncertainties
related to CAC-enabled in situ remediation are the transport
distance during delivery and the potential for remobilization
after CAC emplacement. The CAC must exhibit sufficiently
high mobility to transport a sufficient distance from the
injection point to establish an effective sorptive barrier. After
the CAC particles are emplaced, it is crucial for the propensity
of their long-term remobilization from the aquifer materials to
be low, in order to maintain barrier longevity and prevent
colloid-facilitated PFAS migration downgradient.

The remobilization of particles from a surface consists of two
steps: (1) detachment of the particle from the surface and (2)
transport of the detached particle into the bulk solution."" In
coastal aquifers where many PFAS-impacted sites are located
(reported in the PFAS interactive map created by the
Environmental Working Group),'” the constant exchange
between freshwater and saline water driven by tidal pumpin%
creates a fluctuation in groundwater ionic strength (15)."
Therefore, the fluctuation results in the mixed coastal
groundwater having an IS similar to that of brackish
groundwater with a salinity of 1 to 10 g/L (17 to 170 mM
as NaCl),'"* which is lower than that of seawater (700
mM)'>'® but higher than that of typical groundwater (2 to 5
mM)."”'® In addition, during a rainfall or flooding event
(typical IS in the rainwater ranged from 0.11 to 0.26 mM),"’
the groundwater IS can change substantially. When ground-
water IS decreases, the increased electrostatic repulsion
between the colloids and aquifer materials (e.g, sand) can
cause the deposited CAC to be detached and released back
into the aqueous phase. As polymer coatings can alter the
surface charge of colloids and impart steric interactions,” it is
expected that the coupling effects of polymer coating and IS
will regulate the remobilization behaviors of CAC. However,
while the deposition behaviors of particulate amendments
(most notably zerovalent iron, ZVI)*' ™ in saturated porous
media have been extensively studied, investigations on the
remobilization of particulate amendments following their
deposition are extremely limited. To date, we are unaware of
studies that quantitatively assess the remobilization of CAC
from sand surfaces. In addition, the mechanisms underlying the
remobilization of CAC remain to be elucidated.

In this study, we fill the knowledge gap by investigating the
deposition and remobilization behavior of bare and polymer-
stabilized CAC in packed saturated sand columns under
different IS. We focus on answering two research questions:
(1) How do different types of polymer coatings, including
negatively charged CMC and positively charged PolyDM,
affect the deposition of CAC in saturated porous media? (2)
To what extent would the emplaced CAC with different
polymer coatings get remobilized upon changing groundwater
IS? Our results show that the coupling effects of the polymer
coating and IS regulate the deposition and remobilization
behaviors of CAC, which can be explained by colloid—surface
interactions that include a discrete representation of surface
charge heterogeneity. Our results highlight the crucial role of
polymer stabilizers in controlling the transport of CAC
amendments in saturated porous media and provide guidance
for the selection of polymer coatings for designing in situ CAC
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barriers with maximized amendment delivery efficiency and
barrier longevity.

B MATERIALS AND METHODS

Preparation of Polymer-Stabilized CAC. The CAC
particles (Intraplex) were supplied in the form of a dry powder
by Intrapore (Germany). Deionized (DI) water from a Milli-Q
water system (18.2 MQ-cm, Millipore) was used to prepare all
solutions. Sodium CMC (average molecular weight MW
~90,000 g/mol) and PolyDM (average MW 200,000—350,000
g/mol, 20 wt % in H,0) were purchased from Sigma-Aldrich
and used without purification. To prepare bare CAC
suspension, 50 mg of CAC powder was dispersed in 100 mL
of DI water to obtain a CAC stock suspension of 500 mg/L.
To prepare CAC stock suspensions with polymer coatings, 50
mg/L CMC or PolyDM was added into a 500 mg/L CAC
suspension to achieve a polymer/CAC mass ratio of 1:10. All
of the stock suspensions were subjected to sonication in an
ultrasonic bath sonicator (Barnsonic, Emerson M1800) for 30
min to create stable suspensions.

Porous Media. Quartz sand is a primary component found
in many coastal aquifer sites.””>” We used quartz sand (Sigma-
Aldrich, 50—70 mesh) as the media for all column experi-
ments. Based on the particle size and terminology adopted by
the United States Department of Agriculture (USDA, 1993),
this qzuartz sand falls within the range of fine sand and medium
sand.”® The commercial sand was first cleaned thoroughly to
remove impurities and fine colloid matter using a protocol
reported previously.”” The detailed procedures for cleaning the
sand are described in Text S1 in the Supporting Information.

Characterization of CAC and Quartz Sand. We used a
Zetasizer (Malvern) to measure the hydrodynamic size and
zeta potential of the CACs. The zeta potential was derived
from the electrophoretic mobility using the Smoluchowski
equation.”® Details are shown in Text S2 in the Supporting
Information. To further verify the particle diameters, the three
CAC suspensions were dried on a silicon wafer and observed
under scanning electron microscopy (SEM, see Text S3 in the
Supporting Information for details). The size distributions of
the CAC particles were analyzed using Image].

Sedimentation Kinetics of CAC. Freshly prepared 500
mg/L CAC stock suspensions were diluted to 50 mg/L,
subjected to ultrasonication for 20 min, and placed in a quartz
cuvette (pH 7.5 + 0.2 buffered by 0.1 mM NaHCO;). The
absorbance of bare CAC, CMC-CAC, and PolyDM-CAC was
recorded over 6 h at wavelengths of 214, 218, and 220 nm,
respectively, using a UV—vis spectrometer (Thermo Fisher
Scientific, GENESYS 150). The sedimentation kinetics were
presented as normalized concentration versus time."

CAC Column Transport Experiments. We conducted
column experiments to investigate (1) the transport of CAC in
the saturated porous media and (2) the propensity for
emplaced CAC particles to be remobilized upon a perturbation
in solution chemistry. The CAC transport experiments were
performed in glass chromatography columns (KIMBLE Flex-
Column, inner diameter of 2.5 c¢m and length of 10 cm,
Grainger) packed with cleaned quartz sand grains. The end of
the column is equipped with a frit (porous disc), which serves
to retain the packing media and ensure a uniform flow of the
sample through the column with a minimal hold-up volume.
The average diameter of the frit is around 30 pm, significantly
larger than the size of our CAC particles (d = 1 um).
Therefore, there is little risk of filtering out CAC particles.

https://doi.org/10.1021/acs.est.3c08251
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Figure 1. (a) Hydrodynamic diameter of bare CAC, CMC-CAC, and PolyDM-CAC under 0.1 and 100 mM NaCl at pH 7.5 = 0.2. (b) Zeta
potential of bare CAC, CMC-CAC, PolyDM-CAC, and quartz sand under 0.1, 1, 10, and 100 mM NaCl (adjusted pH at 7.5 + 0.2) and DI water
(unadjusted pH 5.8 + 0.2). (c) Sedimentation kinetics of bare CAC, CMC-CAC, and PolyDM-CAC. Error bars indicate the standard deviation of

duplicate measurements.

Clean and dry sand was packed into the column in five batches
(20 g each batch) and then pressed tight to minimize air
entrapment. After dry packing the columns, the pore volume
(PV) of each column was determined by measuring the
volume of air in the column excluding the sand (see Text S4 in
Supporting Information). In all column experiments, freshly
prepared 500 mg/L CAC stock suspension was diluted into S0
mg/L and sonicated for 20 min. While a much higher CAC
injection concentration (typically ~10 g/L) is used in practical
field applications, we used a concentration of 50 mg/L to avoid
rapid particle aggregation and ripening effects associated with
high CAC concentrations.”> Under low CAC concentration,
the conditions of clean bed filtration theory are satisfied, and
the transport of CAC is controlled by colloid—collector
interactions. Utilizing the clean bed fltration theory is
important for assessing the risk of undesired migration away
from the point of application, particularly in areas where low
concentrations of CAC particles are anticipated at the
periphery of the injection sites.”> The time intervals between
sonication and electrolyte addition as well as between
electrolyte addition and injection of CAC suspensions into
the column were kept consistent (15 min each) in all
experiments.

Before the CAC transport experiments, the packed columns
were first equilibrated with 10 PVs of DI water using a
peristaltic pump (BT100-1L, Langer Instrument) with a flow
velocity of 6.185 mL/min (corresponding to a superficial
velocity of 0.021 cm/s, or 18 m/day) and then conditioned
with 10 PVs of a buffered electrolyte solution (0.1 mM
NaHCO,;, pH adjusted at 7.5 + 0.2). We note that
groundwater velocity of tens of meters per day is not
uncommon in contaminated coastal sites.”> The steady flow
rate of the peristaltic pump is validated in Figure S1, excluding
the potential influence of the pulses. Figure S2 in the
Supporting Information shows the setup of the column
study. A three-step procedure was used for the CAC
deposition and remobilization experiment.”” In step A
(deposition step), S PVs CAC suspension (50 mg/L, pH 7.5
+ 0.2) at different IS was fed continuously to the columns
upward. In step B (rinse step), the columns were rinsed with §
PVs of background electrolyte solution identical to that of the
CAC suspension. Finally, in step C (remobilization step), the
columns were rinsed with § PVs DI water (pH unadjusted at
5.9 + 0.3) to investigate the remobilization of the deposited
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CAC upon a change in IS. The use of DI water in step C
represents a worst-case scenario for colloid remobilization. The
CAC concentration of effluent was monitored at 30 s intervals
by measuring the absorbance using a UV-—vis spectropho-
tometer (Thermo, Genesys150) with a 500 L quartz cuvette.
The calibration curves for the CAC suspensions were obtained
in both DI water and 100 mM NaCl to account for the effect
of IS on CAC absorbance (Figure S3). In our control
experiments, we found that rinsing a CAC-free sand column
with DI water resulted in appreciable absorbance at 230 nm,
which interfered with the measurement of CAC concentration.
Therefore, we pretreated the sand column by rinsing the
column with seven cycles of 100 mM NaCl and DI water after
which the absorbance in the effluent was negligible (Figure S4)
and then conducted the column transport experiments. We
also conducted a tracer test using NaBr to aid the calculation of
the deposition amount in step A and the remobilization
amount in step C (see Text SS in the Supporting Information
for details).

xDLVO Interaction Energy Profile. To further under-
stand the mechanisms for CAC deposition on and remobiliza-
tion from the sand media, we calculated Extended Derjaguin—
Landau—Verwey—Overbeek (xDLVO) interaction energy
profiles using the Parti Suite-xDLVO package.”* The
calculations involve the intrinsic assumption that both the
CAC particles and quartz sand are spherical and of uniform
size. The interaction between a CAC colloid and the sand grain
surface (colloid—collector), as well as between two CAC
colloids (colloid—colloid), was calculated as the sum of the van
der Waals (vdW), electrical double layer (EDL), Born
repulsion, Lewis acid—base (LAB), and steric interactions
varying with separation distance.”> In addition to using the
mean-field representation, we explored how the presence of
discrete heterogeneity (i.e., positively charged heterodomains)
on the quartz sand affects colloid—collector interactions.
Specific equations and parameters used for calculating these
interactions are shown in Text S6.

B RESULTS AND DISCUSSION

Characterization of Bare and Polymer-Stabilized
CAC. We first measured the hydrodynamic size of bare,
CMC-coated, and PolyDM-coated CAC particles at 0.1 and
100 mM NaCl using DLS. Figure la shows that the
hydrodynamic diameter of bare CAC at 100 mM NaCl (2.8

https://doi.org/10.1021/acs.est.3c08251
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Figure 2. (a) CMC-CAC breakthrough curves (deposition step). (b) CMC-CAC remobilization curves were obtained by flushing columns with DI
water following the deposition. Illustrations of the variation of interaction energy (colloid—collector interaction) over the mean field and various
heterodomain radii (124, 173, 197, and 215 nm) between CMC-CAC and the sand surface at (c) 0.1 mM and (d) 100 mM IS as a function of
separation distance. Dotted black lines are the interaction energy curves over the mean-field surfaces. “rhet” indicates heterodomain radii.

+ 0.3 um) was significantly higher (t-test, p = 0.017) than that
at 0.1 mM NaCl (1.7 + 0.1 ym). In comparison, for CMC-
CAC and PolyDM-CAC, the measured hydrodynamic
diameter was similar at 0.1 and 100 mM NaCl. These results
indicate that bare CAC underwent significant aggregation,
while the CAC particles with polymer coatings exhibited
stronger stability when IS increased. We further verified the
enhanced colloid stability of polymer-coated CAC particles
using SEM imaging (Figure S$ in the Supporting Information).
The SEM image of bare CAC shows large agglomerates of
CAC particles, whereas the SEM images of polymer-modified
CAC:s display predominantly well-dispersed particles. Accord-
ing to the size distribution analyzed based on SEM images, the
bare CAC presents a larger particle size ranging from 0.5 to 10
pum, while the polymer-modified CAC shows an average
diameter of around 0.1 to 3 um, further confirming that both
CMC and PolyDM polymers stabilized CAC particles in the
suspensions.

We further characterized the surface charge of the CAC
particles at pH 7.5 + 0.2 (Figure 1b). The bare CAC was
negatively charged in the range of IS tested (0.1 mM to 100
mM NaCl), consistent with the isoelectric point of the CAC of
5.7 determined by Georgi et al.’ The negative surface charge of
the CAC particles originates from the dissociation of oxygen-
containing acidic functional groups such as carboxyl groups.
The CMC-CAC was more negatively charged than the bare
CAC, due to more abundant carboxyl groups imparted by
CMC. The PolyDM-CAC exhibited a positive charge over the
IS range investigated, indicating that the PolyDM molecules
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adsorbed on CAC and reversed the surface charge of the
particle. All three CACs show a decreasing magnitude in zeta
potential with the increase of IS because of charge screening at
high 1S.”**° The zeta potential of the three CACs tested in DI
water with an unadjusted pH of ca. 5.9 + 0.3 was slightly
higher (less negative or more positive) than that measured at
pH 7.5 + 0.2 with 0.1 mM NaCl. We attribute this to the
higher degree of protonation of surface functional groups
(carboxyl and amine) at lower pH.

In field application, a highly desirable characteristic for CAC
suspensions is their stability against aggregation and
sedimentation.” We examined the sedimentation kinetics of
CAC with and without polymer coatings to gain further
insights into their colloid stability. Over a period of 6 h, bare
CAC settled down by more than 50%, while the CMC-CAC
and PolyDM-CAC suspensions show almost no settling
(Figure 1c). Additionally, to examine whether polymer
desorption occurs during transport, we performed sedimenta-
tion kinetics testing on CMC-CAC collected from the effluent
of the column transport experiment. Similar to the freshly
prepared CMC-CAC suspension, we observed no significant
sedimentation of CMC-CAC post-transport (Figure S6). This
suggests that polymer-modified CAC retains high stability after
transport; thus, the desorption of polymer during the transport
process is likely negligible.

Our results demonstrated that bare CAC is prone to
undergoing aggregation and sedimentation and, therefore,
unsuitable for in situ remediation applications without polymer
modification. The two polymer coatings significantly enhanced

https://doi.org/10.1021/acs.est.3c08251
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Figure 3. Bare CAC, CMC-CAC, and PolyDM-CAC breakthrough and remobilization curves when the deposition occurs at (a) 0.1 mM IS and (b)
100 mM IS, both at pH 7.5 + 0.2. (c) Estimated travel distance of bare CAC, CMC-CAC, and PolyDM-CAC in the column at 0.1 and 100 mM IS.
(d) Fraction of originally deposited CACs (%) that were remobilized from the column after flushing the column with DI water for 20 min.

the CAC particle stability, likely through two mechanisms: (1)
electrostatic stabilization caused by the increased electrical
double layer (EDL) repulsion and (2) the steric stabilization
that occurs when the polymer segments interpenetrate each
other and then increase the osmotic repulsive force, thereby
enhancing the stability of colloid particles.”* ™" In the case of
CMC-CAC, the CMC coating increases the negative charges
on the CAC particle and thus enhances the EDL repulsion.
Therefore, the combination of electrostatic and steric
stabilization, or electrosteric stabilization, results in the
enhanced colloid stability of CMC-CAC.**~** For PolyDM-
CAC, steric stabilization is likely the main mechanism for
improving colloid stability.

Effect of IS on the Deposition of CMC-CAC: Mean
Field Approach vs Surface Heterogeneity. In light of the
wide application of CMC as a stabilizer for particulate
amendments,”® we first examined the transport behaviors of
CMC-CAC at various IS (0.1 to 100 mM), to simulate the
fluctuation of salinity in coastal areas.'>*' Figure 2a presents
CMC-CAC breakthrough curves plotted as the normalized
effluent concentration against the number of PVs passed
through the column. As IS increases, there is a discernible
decline in the effluent concentration of CMC-CAC, signifying
an increase in the deposition of particles on the sand. This
phenomenon can be qualitatively understood by the charge
screening effect under the DLVO theory: increasing IS reduces
EDL repulsion but has negligible impact on dispersion
contribution to the vdW attraction,™ therefore reducing the
energy barrier to deposition.*
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We further simulated the xDLVO energy profiles of CMC-
CAC interacting with quartz sand at 0.1 and 100 mM IS using
a mean-field approach where the area-averaged surface
potential is employed (dotted line shown in Figure 2c,d).
However, while the deposition was observed in the column
experiment for CMC-CAC at 0.1 mM IS (Figure 2a), the
energy profile over the mean field (Figure 2c) shows a
significant deposition energy barrier. Such a high deposition
energy barrier cannot explain the observed attachment of
CMC-CAC in the column. Previous studies on colloid
transport have shown similar discrepancies between the
DLVO theory and experimentally measured deposition
rates.”>** To explain the discrepancy, different mechanisms
have been invoked, including deposition in the secondary
minimum, surface roughness, and surface charge hetero-
geneity.%_45

Here, we evaluate whether the inclusion of discrete
heterodomains (nanoscale zones of positive charge) allows
prediction of the deposition of CMC-CAC colloids under
unfavorable conditions. Given that xDLVO interactions exhibit
their effects primarily within short distances (<200 nm), these
interactions are confined to a finite zone of interaction
(ZOI).* For EDL interactions, ZOI is determined by solution
IS and colloid radius (see Text S7). The finite interaction zone
between colloids and surfaces represents a crucial factor in
colloid—surface interactions. In the presence of surface charge
heterogeneity, the ZOI can encompass a nanoscale region
characterized by an attractive charge to the colloid
(heterodomain). This can lead to a reduction in repulsion or
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Figure 4. (a) Fraction of originally deposited CMC-CAC (%) in the column that remained in the column upon the introduction of DI water as a
function of time. The different NaCl concentrations indicate the IS during the deposition step. Fraction of the originally deposited bare, CMC-
CAC, and PolyDM-CAC (%) that remained in the column upon the introduction of DI water following deposition at (b) 0.1 and (c) 100 mM.

even a reversal of repulsion into attraction, contingent upon
the extent of overlap between the heterodomain and the ZOL

We plotted the xDLVO energy profiles in the presence of
representative heterodomains with varied sizes (124, 173, 197,
and 215 nm). As the heterodomain radius increased, we
observed a remarkable reduction in the deposition energy
barrier (Figure 2c). Notably, when the heterodomain radius
exceeded 173 nm, the deposition energy barrier completely
vanished. These simulations support the role of heterogeneity
in governing the attachment of CMC-CAC under unfavorable
conditions at low IS. For a high IS of 100 mM, however, the
energy profiles for the mean field and with different radii of
heterodomain overlap (Figure 2d). This is because the
examined heterodomain radius is larger than the ZO], resulting
in a fraction of heterodomain over ZOI equal to 1.3 As such,
the inclusion of surface heterogeneity on the sand surface leads
to the successful prediction of the deposition of CMC-CAC at
both low and high IS.

Effects of Polymer Coatings on CAC Deposition and
Transport Distance. The breakthrough curves depicted in
Figure 3a,b illustrate the normalized concentration profiles of
bare CAC, CMC-CAC, and PolyDM-CAC plotted as a
function of the pore volumes passed through the column.
Under deposition conditions of 0.1 mM NaCl at pH 7.5, both
CMC-CAC and PolyDM-CAC exhibit lower levels of
deposition compared with bare CAC. Based on the size
characterization (Figure 1a), bare CAC is inherently unstable
and prone to form larger aggregates. The observed higher
fraction of deposition for aggregated bare CAC is consistent
with clean bed filtration theory*” where the removal efficiency
of the filter increases as the particle size surpasses
approximately 1 ym due to the increase in transport efficiency
by sedimentation.

The equilibrium breakthrough concentrations of CMC-CAC
and PolyDM-CAC at 0.1 mM IS did not exhibit a significant
difference (Figure 3a). Interestingly, the breakthrough of
PolyDM-CAC was significantly delayed compared with that of
the NaBr tracer test, and the effluent concentration gradually
increased. We attribute this to the opposite charge of PolyDM-
CAC to the quartz sand as well as the blocking mechanism.
Due to the attractive interactions with the quartz sand,
PolyDM-CAC undergoes favorable, mass-transport-limited
deposition. As more PolyDM-CAC colloids deposit on the
collector surface, the repulsive EDL interaction emanating
from the deposited colloids (colloid—colloid interactions) can
impede the subsequent deposition of additional colloids. As a
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result, the effluent concentration gradually increases over
time.”* ™" We further calculated the xDLVO energy profile of
the colloid—colloid interaction for PolyDM-CAC. At 0.1 mM
IS (Figure S7), the interaction energy indeed shows a large
energy barrier to prevent colloid deposition, thus supporting
the hypothesis of a blocking mechanism.

For the deposition at 100 mM IS (Figure 3b), bare CAC and
PolyDM-CAC both show almost 100% deposition at 100 mM
NaCl. The significant deposition observed under such
conditions may hinder the emplacement of CAC for in situ
remediation, as the CAC particles will accumulate and deposit
on the aquifer matrix at the injection site. Consequently, they
will fail to transport sufficient distances to form effective
sorptive barriers.” In contrast, approximately, 30% of the
CMC-CAC particles were able to traverse through the column.
The high deposition of bare CAC at high IS can be understood
by its high tendency for aggregation, as discussed earlier. For
PolyDM-CAC, based on the xDLVO interaction energy profile
in Figure S7, the repulsive colloid—colloid interaction energy
barrier vanishes at 100 mM due to charge screening; therefore,
the above-mentioned blocking mechanism becomes insignif-
icant at high IS. Therefore, PolyDM-CAC undergoes high
deposition on the quartz sand due to attractive colloid—
collector interactions.

We further employed colloid filtration theory to estimate
and compare their respective travel distances under low and
high IS. The relative transport distance (Z) is quantified
according to eq 1 which is converted from the classical colloid
filtration theory (details are shown in Text S8)

COUt ch
Z=-In —_
Cy )3(1 — &)an (1)
where C,, is the effluent breakthrough concentration, C, is

the initial concentration, « is the attachment efficiency, d_ is
the collector diameter, and ¢ is the porosity of the column.”>*’
n is the single collector efficiency, combining interception,
diffusion, and sedimentation mechanisms. By utilizing the
determined (C,,/C,,) ratios from the column studies, along
with the column properties (d,, €), we estimated the a# values
for the three CACs at 0.1 and 100 mM NaCl. Subsequently, we
calculated the travel distances necessary to remove 99% of the
particles (Cyue/Coye = 0.01), as depicted in Figure 3c. Among
the three CACs, CMC-CAC shows the greatest travel distance
at low and high IS. In comparison, bare CAC exhibits poor
mobility regardless of the IS. The travel distance of PolyDM-
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Figure 5. Illustrations of the variation of interaction energy (colloid—collector interaction) between (a) CMC-CAC, (b) unaggregated bare CAC
(particle diameter = 1.2 ym), and (c) PolyDM-CAC and sand surface over 173 nm heterodomain radii at 0.1 and 100 mM IS as a function of
separation distance (nm). The zeta potential and particle size measured in Figure 1 were used in the calculations. Detailed calculations are shown in
Text S6 in the Supporting Information. For calculating the XDLVO energy profile of bare CAC, we employed the size of unaggregated bare CAC.
This choice was made based on a study which reports that the size of the primary particle is a better proxy to evaluate colloidal interaction than the

gyration radius of the aggregate.53

CAC is comparable to that of CMC-CAC at 0.1 mM IS, but
significantly reduced at a higher IS of 100 mM. We note that
due to the limitations imposed by the size of the columns, the
estimated travel distance we obtained might not accurately
reflect the actual travel distance of CAC in field remediation
sites. The calculated travel distance is used solely for
comparing different polymer coatings. The actual travel
distance of CAC at field sites depends on several factors,
including CAC concentration, groundwater solution chemistry,
and flow, as well as the properties of the aquifer materials.

Impacts of Polymer Coatings on CAC Remobilization
upon Reduction of Solution IS. Following the deposition
(A) and rinse (B) steps, the column underwent a DI water
rinse to induce the remobilization of CAC (step C, Figures 2b,
and 3b). In the remobilization step (step C), we used DI water
(pH unadjusted at 5.9 + 0.3) to simulate the scenario when
the IS of groundwater substantially decreases following a
rainfall or flooding event. We calculated the amount of
deposited colloid during step A and the amount of remobilized
colloid during step C. Subsequently, we plotted the remaining
fraction of three CACs in the column as a function of time, as
shown in Figure 4.

During rinsing of the column with DI water, a noticeable
remobilization of CMC-CAC was observed. After about 10 to
1S min, the remobilization process reached a plateau (Figure
4a). The extent of remobilization for CMC-CAC increased
with the magnitude of the change in the IS (Figure S8).
Comparing CACs with different coatings, the three CACs all
show insignificant remobilization when the solution was
switched from 0.1 mM NaCl to DI water (Figure 4b), due
to the small change in IS. When the IS decreased from 100
mM to about 0 mM (DI water), the fraction of remobilized
CMC-CAC and bare CAC both increased, with CMC-CAC
having the highest extent of remobilization (Figure 3d and 4c).
In comparison, no observable remobilization occurred for
PolyDM-CAC in both cases. This result suggests that the use
of PolyDM as a polymer coating can effectively prevent the
potential remobilization of the CAC particles from the sorptive
barrier at coastal sites with constantly fluctuating groundwater
salinity.

Remobilization Mechanisms. To obtain deeper insights
into the mechanisms underlying the observed remobilization of
CACs, we plotted the colloid—collector interaction energy
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profiles in the presence of heterodomains (Figure S). The
radius of the heterodomain was chosen as 173 nm, which
allows a successful explanation of the deposition behaviors of
the CMC-CAC colloids (Figure 2c). In the presence of Born
repulsion, LAB interaction, and steric forces, the difference in
the energy level between the energy maximum and primary
minimum, which is finite and surmountable, is the energy
barrier for the remobilization of deposited colloids (Figure S).

There are three possible mechanisms for understanding the
remobilization of negatively charged bare and CMC-coated
CAC. (1) As the IS decreases, the repulsion between like-
charged surfaces increases, resulting in a reduction of the
remobilization energy barrier from A to B (Figure Sab) and
thus a higher tendency for the remobilization of CAC particles.
(2) Based on torque balance theory, the deposited colloids will
be remobilized when the driving torque caused by fluid drag
can overcome the resisting torque (caused by colloid—collector
attraction).”"** The reduction in IS leads to a smaller resisting
torque and, therefore, induces colloid remobilization. Simulta-
neously, reducing the flow velocity decreases fluid drag,
thereby diminishing particle mobility and resulting in increased
deposition, while also reducing colloid remobilization, as
shown in Figure S9. (3) The presence of heterodomain also
substantially influences the colloidal remobilization process.
The decrease in IS leads to an expansion of ZOI for EDL
interactions (see Text S7). Subsequently, the reduction in the
fraction of heterodomain over ZOI enhances the repulsive
energy barrier, thus contributing to the enhanced remobiliza-
tion under reduced IS conditions.”

For PolyDM-CAC, the adhesion between PolyDM-CAC
and sand surfaces causes a deep primary minimum as well as a
high remobilization energy barrier at low IS. Decreasing the IS
results in an even higher remobilization energy barrier (Figure
Sc), which prevents the remobilization of PolyDM-CAC from
the sand surfaces. This supports the observation of no
remobilization for PolyDM-CAC upon reduction of the IS.

The xDLVO analysis shows that the observed results are
qualitatively in agreement with colloid attachment to and
remobilization from the primary minimum when Born
repulsion, LAB interaction, and steric forces are accounted
for with the inclusion of discrete heterogeneity on the quartz
sand surface. The surface charge heterogeneity of quartz sand
can be attributed to the nonuniform ionization of surface
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hydroxyl groups® and the possible presence of metal oxides.>
To verify this, we conducted energy-dispersive X-ray spectros-
copy testing using scanning electron microscopy (SEM-EDS)
on the cleaned quartz sand used in the column experiment. We
conducted multiple EDS point analyses on the surface of the
sand. The results consistently show the presence of
approximately 5% Al on the sand surface as well as traces of
Mg and K (Figure S10). These results suggest the likely
presence of metal oxides, such as Al,O; and MgO, on the sand
surface. The presence of these positively charged metal oxides
renders the sand surface heterogeneous in charge, aligning with
our assumptions regarding colloidal interaction modeling. An
alternative mechanism is colloid attachment and remobiliza-
tion occurring within the secondary minimum, in which case
colloids are retained in the column but are distant from the
sand surfaces (a few nm to tens of nm).>° In our xDLVO
simulations, we did not observe the presence of a secondary
minimum in the interaction energy profiles between quartz
sand and CACs, suggesting that this mechanism is likely to be
insignificant. The use of direct observation techniques (such as
impinging jet) to visualize colloid translation on flat surfaces
can help further elucidate the roles of primary and secondary
minima in colloid retention and remobilization.””*’

Transport of CMC-CAC in Actual Coastal Ground-
water. We further conducted column experiments using
groundwater collected from a PFAS-impacted coastal site
(Figure S11). The conductivity of the groundwater sample was
measured as 7830 uS/cm. Then, we convert the conductivity
(EC) to the IS according to the linear regression model
reported by Griffin and Jurinak,”**” the details are shown in
Table S1. Accordingly, the IS of the coastal groundwater
sample was estimated as approximately 102 mM. Approx-
imately, 70% of the CMC-CAC is deposited on the sand after
injection into the columns in the coastal groundwater. During
the DI water rinse, a remobilization of approximately 15% was
observed, which was attributed to the decrease in IS. In
addition, we conducted column experiments with varying pH
levels during the remobilization step, using DI water at its
unadjusted pH (5.9 + 0.3) and DI water with pH adjusted by
NaHCO; to match that of coastal groundwater (7.5 + 0.2). As
shown in Figure S11, the slight variations in pH did not
significantly affect the remobilization of CAC. Overall, the
results show that CAC exhibits significant deposition under
high IS conditions (coastal groundwater), with some degree of
remobilization occurring as the IS decreases. This is consistent
with the trends observed in the NaCl solutions (Figure 2). Due
to the complex chemical composition of coastal groundwater,
the extent of deposition and remobilization differs from that in
NaCl solutions, which warrants further study.

Implications for In Situ Remediation of Groundwater.
For CAC-enabled in situ remediation of PFAS-impacted
groundwater, the ideal scenario is to ensure suflicient mobility
of CAC colloid in the subsurface environment to create large
and effective sorptive barriers and to minimize remobilization
of CAC particles after emplacement to reduce the secondary
impacts caused by the potential downgradient migration of
CAC nparticles. Under low IS of 0.1 mM, CMC-CAC and
PolyDM-CAC can travel through the column which presents
high mobility, while the majority of the bare CAC are
deposited quickly after injection due to its high tendency for
aggregation. Aggregated CAC could lead to obstruction in the
injection nozzle and/or the surrounding soil matrix, con-
sequently altering the hydraulic and geological conditions in

the area. At high IS of 100 mM representative of coastal
brackish water, 100% deposition of bare CAC and PolyDM-
CAC in the sand column was observed, which suggests low
mobility of the CAC colloid and short travel distance after
injection. In comparison, CMC-CAC has relatively higher
mobility at both low and high IS, which makes CMC a more
favorable polymer coating when high mobility of the CAC is
desired in a wide range of groundwater salinity.

Coastal aquifers typically exhibit tidal pumping, i.e., the
shifting of the fresh/saline interface, which causes a fluctuating
IS. A considerable fraction of deposited CMC-CAC was
remobilized as the IS decreased, suggesting that the potential
downstream migration of CAC particles needs to be
considered in practical barrier design. For positively charged
PolyDM-CAC, no remobilization was observed when the
solution IS reduced due to its strong attraction with the quartz
sand surface. Overall, the two polymer-modified CACs both
improve the stability of CAC suspensions and transport in
saturated porous media, with the CMC performing the best at
improving particle mobility and ensuring sufficient delivery
distance. In cases where sites exhibit significant fluctuations in
IS conditions and require minimal remobilization of CAC to
ensure barrier longevity, positively charged polymers like
PolyDM would be the preferred CAC stabilizers. We
acknowledge that other constituents in groundwater, including
divalent cations and natural organic matter, are also likely to
play key roles in regulating CAC transport, which will be the
focus of our future research. In addition, actual aquifer
materials likely contain other minerals (such as iron oxide and
calcium carbonate) and less uniform particles;zs’éo_é3 as such,
the impacts of the heterogeneity of porous media on CAC
delivery and remobilization need to be considered in the future
studies.
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