Chapter 16 ®)
Activated Carbon Injection for In-Situ oo
Remediation of Petroleum Hydrocarbons

Scott Noland and Edward Winner

Abstract In-situ remediation of petroleum hydrocarbons (PHCs) using activated
carbon (AC) is an emerging technology intended to enhance sorption and biodegra-
dation mechanisms in soil and groundwater systems. The combination of pore types,
source material, activation process, and grind of a particular AC influences its efficacy
in subsurface remediation. When high-energy injection techniques are employed,
installation of carbon-based injectate (CBI) slurries can be conducted in practi-
cally any geological setting, from sandy aquifers to low-permeability zones and
weathered or fractured rock. Following an adequate CBI installation throughout the
target treatment zone or as a permeable reactive barrier, dissolved PHC concentra-
tions are typically observed to rapidly decrease. After a new equilibrium is formed,
PHC concentrations typically decrease over time due to the biodegradation. PHC
biodegradation, in association with the CBIs, is indicated by the presence of appro-
priate microbial communities found to grow on AC and is supported by multiple
lines of evidence. Further research is encouraged to optimize the biodegradation and
regeneration processes of CBI products for in-situ remediation of PHCs.

Keywords Activated carbon + Biodegradation + Carbon-based injectate -
Direct-push injection * Permeable reactive barrier

16.1 Introduction

In-situ remediation of petroleum hydrocarbons (PHCs) using activated carbon (AC)
is an emerging technology enhancing sorption and often treatment via biodegradation
of soil and groundwater contaminants.
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Installation of carbon-based injectates (CBI) can be done using direct-push tech-
nology (DPT) or other methods in practically any geological setting, from sandy
aquifers to low-permeability zones and weathered or fractured rock when high-
energy injection techniques are employed. Many variables must be determined before
going to the field, including injection point grid spacing (both areal and vertical)
across the target treatment zone, injection tips, pressure and injection flow rate, the
mass of AC product to be injected at each depth and location, and top-down versus
bottom-up injection technique.

It is well known that most adsorption of organic compounds occurs in the microp-
orous structure of AC and that these pores are much smaller than bacteria capable of
degrading these contaminants. Compelling evidence exists that compounds residing
in micropores are assimilated by bacteria. AC has a number of characteristics that
support microbial life and healthy growth including formation of microbial clusters
and reduction of contaminant toxicity toward the microorganism. Specific microbes
often found at PHC impacted sites are described along with lines of evidence that
can be developed for demonstrating biodegradation is occurring. Use of compound-
specific isotope analysis (CSIA) as a means of proving biodegradation of specific
contaminants is discussed along with case study examples. See Chap. 11 for more
information on the use of CSIA in petroleum-contaminated sites.

The concept of biological regeneration of AC is developed. This concept is of
pivotal importance because effective regeneration of carbon creates a dynamic system
that will continue to perform over long periods of time and not be limited by adsorp-
tion capacity. The chapter ends with a discussion of future research needs to address
fundamental questions such as whether co-injection of bacterial consortia signifi-
cantly improves performance and how indigenous microbes interact under bioaug-
mentation. In addition, we explore applications involving light non-aqueous phase
liquid (LNAPL) from the perspective of adsorption capacity, toxicity, and biolog-
ical response and limitations associated with low concentrations such as those often
encountered with the fuel additive methyl tert-butyl ether (MTBE).

16.2 Characteristics of Activated Carbon

AC is composed of plates of hexagonal carbon rings. Many of the hexagonal rings
are cleaved such that they are orientated out of the primary plane relative to most
of the carbon rings. These ring cleavages also allow other rings structures such as
pentagons and heptagons. These carbon rings, when viewed at a larger scale, form
curved sheets, bowels, and ribbons (Harris et al. 2008). The interaction of these
structures forms walls, resulting in cavities and passages commonly referred to as
pores. Pores are both the passages into deeper sections of AC particles and the volume
above surfaces upon which adsorbed compounds bind.

AC has a large hydrophobic surface that binds molecules through van der Waals
forces and other physicochemical bonds related to the presence of different pore types
within its structure. The pore structure is thus the primary physical characterization
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of AC. The pores are classified into three major groups based on pore diameter. The
largest pores are macropores (pore diameter > 50 nm), followed by mesopores (pore
diameter from 2 to 50 nm). These pores are important pathways for the diffusion
of molecules into the carbon structure and to the micropores. The micropores (pore
diameter < 2 nm) are where most of the adsorption occurs because in the micropores
the gaps between the carbon plates are only a few molecular diameters. The binding
forces, termed London forces, are weak and only influence a range of 1-5 molecular
diameters from the carbon plates (Greenbank 1993). For perspective on the size of
the AC pores, the smallest bacteria are about 200 nm, while the typical petroleum-
degrading bacterium would be a rod around 600 by 400 nm (Weiss 1995).

The combination of pore types, source material, activation process, and grind of
a particular AC influence its efficacy in subsurface remediation. AC derives from
carbon source materials that have been chemically treated and/or heat-treated in
a controlled atmosphere to drive off volatiles and increase porosity (Menendez
Diaz 2006). AC source materials are carbon-rich substances such as bituminous
coal, coconut shell, rice husks, and wood. The choice of material from which the
AC is made significantly affects the adsorption character of the AC (Zango 2020).
For example, despite being rich in binding pores (micropores), coconut-based AC
exhibits slower kinetic adsorption performance due to having relatively fewer trans-
port pores (McNamara 2018). The activation technique or process also affects the
adsorptive characteristics of the resulting AC (Menendez Diaz 2006; Lillo-Rédenas
2005). Thus, oxygen-containing groups on the AC generally increase adsorption of
compounds like toluene, and such groups are increased by acid modification but
decreased with alkali modification (Ma 2019). On the other hand, alkali modifica-
tion improves o-xylene adsorption to AC (Li 2011). The specific source material,
activation technique, and post-activation processing combine to make many types
of AC, each of which has unique adsorptive characteristics (Cheremisinoff 1978;
Menendez Diaz 2006).

AC is available in a range of grinds or mesh sizes, but the products used for in-situ
remediation are typically categorized as granular, powered, or colloidal (Fan 2017).
As a broad statement, the smaller the grind, the faster the initial adsorption and
subsequent desorption because the micropores increase as a percentage of all pores
but are closer to the particle surface (Liang 2007; Piai 2019). For practical purposes
in application to hydrocarbon remediation, the rate of adsorption across the various
grinds is so fast that the grind is not selected based on adsorption rate.

Since the introduction of AC-based technologies for in-situ remediation of PHCs
in early 2002, several products have been developed as shown in Table 16.1. Colloidal
products are designed to be injected under low-energy conditions, while powdered
AC (PAC) and granular AC (GAC) products are typically injected under pressure.
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Table 16.1 Commercially available AC-based products for in-situ PHC remediation

Product Property PHC degradation Manufacturer
pathway
BOS 200® PAC mixed with nutrients, Aerobic and anaerobic RPI
electron acceptors, and bioaugmentation
facultative bacteria
BOS 200+® | BOS 200® enhanced for Aerobic and anaerobic | RPI
application to LNAPL sites bioaugmentation
Plume Stop® | Colloidal AC suspension with an | Anaerobic Regenesis
organic stabilizer biodegradation via
biostimulation
Petrofix® Colloidal AC suspension with Aerobic and anaerobic Regenesis
electron acceptors including biodegradation
sulfate and/or nitrate
COGAC® GAC or PAC mixed with calcium | Chemical oxidation. Remington
peroxide and sodium persulfate | Aerobic and anaerobic technologies
biostimulation
FluxSorb™ Colloidal carbon product Aerobic and anaerobic Cascade
biodegradation

16.3 Application of Activated Carbon to In-Situ Petroleum
Remediation

Compared to many conventional technologies for in-situ remediation, the perfor-
mance of AC-based systems is relatively unaffected by certain subsurface conditions.
For example, the adsorption characteristics of AC are the same in seawater and fresh-
water despite the different geochemical conditions. AC is inert, so it does not typically
react with the geology to mobilize ions or metals. In addition, AC can be installed
in a wide range of geological settings, from sandy aquifers to low-permeability
zones and weathered or fractured rock when high-energy techniques are employed.
Injecting AC into the subsurface may thus result in contaminant concentration reduc-
tion over a broad range of subsurface conditions, particularly when adequate contact
between the AC and the contaminant is established and if a contaminant destruction
mechanism such as biodegradation is simultaneously promoted. The objective of all
injection designs should be to achieve contact between contaminant and CBI and
match dosing of CBI to the distribution of contaminant mass.

16.3.1 Installation

AC amendments can be delivered to the subsurface via injection across the target
treatment zone or as a permeable reactive barrier (PRB). A water-based carrier fluid
is typically used to suspend AC of a wide particle size range prior to injection. Large



16 Activated Carbon Injection for In-Situ Remediation of Petroleum ... 553

AC particle suspensions (5-50 wm mean diameter size) are typically referred to
as slurries, while colloidal suspensions aided by dispersants are typically achieved
using smaller AC particles (2-10 pm). Once injected, AC is expected to affix to the
formation.

Colloidal carbon suspensions can be injected with low-pressure, low-flow tech-
niques where the pump pressure is adjusted to ensure fracture pressures of the forma-
tion are not exceeded. Amendment distribution typically follows naturally existing
fluid pathways when low-pressure injection is employed. The rate at which a colloidal
carbon both agglomerates and affixes to the formation depends on the medium of
suspension or dispersant employed (Haupt 2019). Slurries of AC are typically jetted
into the subsurface, with the AC material being expected to settle out three to five
meters from the injection points. High-pressure injection is commonly used to facil-
itate emplacement of CBIs in heterogeneous systems by creating secondary porosity
within a region localized around the injection point.

Multiple techniques exist to deliver CBIs into the subsurface, including gravity
feed, DPT, modified augers, soil mixing, and trenching. Straddle-packers are
employed to allow pressurizing and isolating an injection interval in open hole
bedrock installations or in other formations where DPT cannot penetrate the ground.
Alternatively, boreholes can be grouted with bentonite clay (uniformly hydrated,
distributed, and cured to avoid injection fluid to migrate up the well, i.e., daylighting).

Gravity feed relies on the hydraulic head of the injectate typically stored in a
tank to create flow into a fixed well and through its screen (or through a hollow
drill rod) into the subsurface. This approach is commended for its low cost and
simplicity, yet it is not generally or effective. Gravity feed techniques are useful for
large volume solution injections and require high-permeability formations. Injected
fluids are preferably low in viscosity, and suspensions should be well dispersed and
with small mean particle size that can flow past screens, well completion sands, and
formation particles. This technique is typically considered inadequate of CBI parti-
cles settle out of suspension more quickly than they can be distributed. Preferential
pathways observed during gravity feed techniques may also limit the capability of
uniformly distributing CBI across a contaminated interval.

The most common CBI installation technique uses DPT with pump-supported
injection with pump-supported injection to emplace the CBI in discrete intervals
within the subsurface. Injection with DPT consists of driving hollow drill rods into
the ground through hammering. The rod is configured with an injection tip. Once
the tip is at a desired depth, an injection head is attached on surface and pumps force
solutions, slurries, and gels through the rod and into the subsurface.

Injection pressures and flow rates primarily depend on nature of the geology
and injection fluid. Low-pressure injection and high-pressure injection techniques
can be employed to install CBIs. In high-permeability tills, either method can be
effective (McGregor 2020). In low-permeability geologies (hydraulic conductivity
below 107 m/s), it is difficult for low-pressure methods to achieve sufficient distribu-
tion and adequate contact with contaminants. High-pressure techniques are superior
(Christiansen 2010).
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Note that pressure gauges on most (if not all) injection pump systems are located
near the pump discharge. At any given flow rate, the pressure at this location is
mostly an indication of the pressure drop across the pipes, fittings, hoses, and tooling.
Additional calculations or the use of a downhole pressure gauge are required to
measure the pressure at the formation (i.e., at depth).

16.3.2 Injection Technique and Spacing

The relative difficulty of distributing AC in the subsurface results in implemen-
tation designs using low-volume injections across a high-density injection point
grid within the target treatment zone or PRB. These points are laid out horizon-
tally in a triangular grid along the direction of contaminant transport. The spacing
between injection points should be adjusted based on geological setting, project goals,
and costs. The distance between horizontally placed injection points is informed by
experience. Efforts to control distribution out beyond three to six meters are rarely
successful in overburden materials because moving closer to the surface correlates
with a decreasing weight of the overburden and a corresponding decrease in resistence
to flow.

Regarding the vertical spacing between discrete injection depths, a similar instal-
lation practice consists of alternating injection depths within the treatment zone on
adjacent points. This injection depth “staggering” approach helps ensure that all
targeted depth intervals receive CBI. Experience has shown that in low-permeability
materials, injections can be completed every 0.5-0.6 m in depth. In high-permeability
materials, the ideal spacing is around 1 m, and high-energy injection techniques are
required to achieve good distribution of injectate in this case.

Regarding the injection technique, bottom-up injections should be avoided when
fine-grained sediments are present. Imagine completing the first injection at depth,
then as the injection rod is withdrawn to the next targeted zone, the borehole below
the rod remains open. In this type of profile, it takes more pressure to open a frac-
ture than it does to propagate the deeper one, and injectate will simply flow into
the first injection location. Bottom-up injections are effective in heaving sand. In
general, injections should be completed in a top—down manner so that as injections
are completed, the rod is advanced, and it tends to seal off the previous location and
prevent injectate cross-circuiting.

16.4 Patterns of AC Distribution

After injection, the CBI will ultimately follow the path of least resistance. As
discussed in Chaps. 1, 4, 7, and 8 among others, subsurface properties can vary
widely over small scales so it is challenging to predict where CBIs may travel when
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forced into the formation. Through high-pressure injection (jetting and fracture gener-
ation), some control over placement of CBI can be exerted within a region localized
around the injection point. However, energy quickly dissipates, and further outward
movement of injectate is again relegated to low resistance pathways. In sedimen-
tary environments, small gradations in particle size distributions can represent low
resistance pathways and channel flow of injectate.

CBIs s intensely black in color and can be recognized in most cores collected after
injection. As illustrated in Fig. 16.1, PAC injected under pressure is commonly found
in the form of thin horizontal seams and sometimes as angular or vertical features
following the path of least resistance. This is also depicted in Fig. 16.2, where CBI
follow subtle differences in sediment texture. CBI injection flow paths are often
found to preferentially follow strata interfaces or high-permeability pathways.

Injection of slurries into sands is more challenging than injecting solutions because
the suspended solids tend to be filtered from the injectate. Water readily moves
through saturated sands, leaving suspended solids localized in a small region around
the point of injection if low-energy injection is employed. High-energy injection

Fig. 16.1 Excavation post-CBI emplacement in the vadose zone demonstrates significant hori-
zontal distribution. The CBI contained PAC. Note the horizontal carbon sheet above the bucket
mark traced by a yellow line (dashed). The carbon sheet was ~1.2 m across. A shallower horizontal
sheet is traced by an orange line (solid). Two angular carbon sheets having more vertical character
are marked by red lines (dotted)
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Fig. 16.3 Distribution of AC throughout aquifer sands after high-energy injection. The sleeve is a
standard 3.6-cm diameter tube

techniques can overcome this difficulty as depicted in Fig. 16.3, where a slurry of
granular AC was jetted into the aquifer sands at an exit velocity of over 60 m/s.

In summary, high pressure and flow can be employed to force slurries out from the
point of injection and emplace it in both high- and low-permeability formations. On
the contrary, low-flow and low-pressure (low energy) injection techniques will not
distribute most CBI in clay lenses or other low-permeability zones. One strength
of colloidal AC-based injectate is that vary uniform distributions in sands, and
other high-permeability materials can be achieved under low-flow and low-pressure
conditions.

16.5 Amount of Carbon Injected

The amount of carbon to be installed at a particular site will depend on the remedial
goals established for that site. Figure 16.4 is an idealized model intended to help
the reader understand the amount of carbon that needs to be injected to address a
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mass of contamination. Think of a mixing tank containing some volume (V) of water
with of water with a dissolved contaminant at an initial concentration (Co). Adding
and mixing a mass of AC (W) results in an equilibrium dissolved concentration (Ce)
with a certain mass of contaminant adsorbed to the carbon. The concentration of
contaminant sorbed in the AC is denoted Sc. In this system, a simple mass balance
can be written as follows (Eq. 16.1):

CoV = CeV + WSc (16.1)

The left side of Eq. (16.1) is the mass of the contaminant in the vessel (CoV). The
first term on the right is the mass of contaminant dissolved in water at equilibrium
(CeV). The last term is the mass of contaminant adsorbed in carbon (WSc). Therefore,
increasing the amount of carbon increases the contaminant adsorbed to the carbon
and decreases the contaminant in the aqueous phase at equilibrium.

In order for the above mass balance to be useful, a relationship (isotherm)
between dissolved phase equilibrium concentration and the concentration of contam-
inant adsorbed in the AC is needed. A variety of different isotherm equations have
been proposed, some have a theoretical foundation, and some are empirical in
nature. Commonly, the Langmuir or Freundlich isotherms are used to model adsorp-
tion behavior. The Freundlich isotherm is often applied to adsorption of organic
compounds onto AC and is written as follows (Eq. 16.2):

Sc = kCe!/" (16.2)

A plot of Ce versus Sc in log—log space yields a linear-plot whose slope is (1/n)
and intercept is (k). Substituting into the mass balance for Sc yields the following
equation (Eq. 16.3):

CoV = CeV + WkCe!/". (16.3)

Fig. 16.4 Idealized model w
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For example, if we have 10 ppm toluene in groundwater and our target is to reduce
the concentration to 0.5 ppm, we can look up the Freundlich parameters (Dobbs
1980), k£ = 26.1 and 1/n = 0.44. Alternatively, isotherms are often available from
product vendors. Assuming an average porosity of 30%, there will be 300 L of
groundwater per cubic meter of saturated formation. The only unknown is W, which
can be calculated as in the equation below (Eq. 16.4):

W = 300(10 — 0.5)/26.1(0.5)°* = 148 g AC per cubic meter of saturated formation.
(16.4)

This model is simplistic and does not reflect the complexities found in the subsur-
face. It is impossible to obtain complete mixing, and, usually, there are multiple
contaminants competing for adsorption to AC. In the field, PHC impacted sites may
be some of the most complex in that contamination consists of a multitude of adsor-
bates that interact very differently with AC that could require the development of
isotherms specific to the PHC products found on a site. A simplification arises when
concentration of absorbable species is low. In this case, each adsorbate equilibrium
will be unaffected by the presence of other components. This presumption would
likely apply at locations in the plume where only dissolved phase exists but not
within or near an LNAPL source zone.

Typically, the practical experience of CBI vendors and installers suggests applica-
tion of an engineering factor of safety (EFS) to estimated mass dosing from isotherm
calculations. While efforts have been made to develop EFS systematically, the factors
remain a matter of experience and commonly vary from two to tenfold the mass
dose estimated based on isotherms. When very small amounts of AC are appar-
ently needed, this is when the highest EFS are indicated. A more extensive AC
loading increases the probability of contact between AC and a contaminant when the
contaminant is present in low concentration.

The previous discussion regarding calculation of injection mass dosing applies
to plume-wide treatment. With permeable reactive barriers (PRBs), one needs to
consider the contaminant mass flux across and through the barrier, the design life
of the barrier, and contaminant degradation during transition through the barrier.
PRBs constructed with CBI can be thought of as a conventional carbon bed. In a
conventional carbon bed, contaminant mass is adsorbed by the carbon as it enters the
bed. Adsorption continues until the adsorption capacity of the carbon is approached,
and the contaminant then travels a bit further into the bed. As this process continues,
a narrow zone forms that slowly moves through the bed. This zone is called the
mass transfer zone. The barrier design is based on the amount of carbon adsorption
needed to meet the contaminant concentration goals on the downgradient side of
the barrier for a defined time. Many references, e.g., (Thomas 1998; Ruthven 1984),
describe how flow-through AC beds are designed. In a CBI PRB, biodegradation can
contribute to increase the PRB operational lifespan. Biodegradation effects could
also be accounted for during the design of the PRB to optimize the amount of carbon
needed.
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16.6 General Response to Installation of AC
into a Contaminated Aquifer

After AC-based injectate for passive in-situ remediation of soil and groundwater was
introduced to the industry (Noland 2002), initial expectations of some practitioners
were that dissolved phase contaminants would simply disappear due to adsorp-
tion, and contaminated sites would clean up overnight. This expectation has been
tempered over time as the complexities of subsurface environments and inefficiencies
associated with CBI installation have come to be appreciated.

Figure 16.5 depicts an idealized general response in terms of contaminant concen-
tration in groundwater after CBI installation. Dissolved contaminants are rapidly
adsorbed, and the transient concentration reduction is often better than predicted
based on design. This is because an equilibrium initially existed between the dissolved
and sorbed mass of contaminant. The injection of AC disrupts this equilibrium
as the rate of adsorption of contaminant from groundwater outpaces the rate of
contaminant desorption from the formation. As contaminant desorbs from the forma-
tion into groundwater, adsorption continues, and the interplay between adsorption
capacity of the AC and the contaminant mass flux from the formation results in rising
concentrations in the aqueous phase until a new equilibrium is established (Ci on
Fig. 16.5).

The magnitude of Ci and the time required for a new equilibrium to be established
is a function of the contaminant mass initially present in the aquifer, the distribution
of AC within the formation, and the stratigraphy. If the target treatment zone resides
in a high-permeability environment, the time to achieve a new equilibrium will be
short, often within a few weeks. If the aquifer sediments consist of silt or clay, the
time required may span months. What is often incorrectly called “rebound” is a
predictable partitioning of contaminant mass between the groundwater, the aquifer
solids, and the AC as the system approaches a new equilibrium.

Presuming no significant contaminant mass is present that would cause over-
loading of the carbon and assuming robust biological activity is operating to degrade
contaminants, a general decline from Ci should be observed. Given a general decline,
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asemilog plot of concentration over time should resultin a straight line with a negative
slope that will be related to the rate of contaminant degradation.

16.6.1 Effects Related to Contaminant Mass

The most important variable affecting the response to injection of AC into the
aquifer is the amount of contaminant mass present. At locations far removed from a
source area and where the contaminant mass sorbed to the formation is insignificant,
observed post-injection concentration perturbances are slight if they occur.

In contrast, the other extreme is represented by significant non-aqueous phase
liquid (NAPL) hydrocarbon in the formation. This condition is common in source
areas, and it is unlikely that enough CBI can be injected to absorb the NAPL
altogether. After injection of CBI, experience has shown that a short-term drop
in dissolved phase concentration is often observed; however, recontamination of
groundwater due to continued contact with NAPL may overcome the adsorption
capacity of the CBI, and a return to original conditions is predictable.

The above-described static state should not be interpreted as a deterrent to using
CBI to treat NAPL. Instead of employing a design based simply on adsorption
capacity, the design should be based on the surface area of the injected AC. NAPL
mass removal rates are a function of the total amount of AC injected due to the
available surface area of the AC that supports degradation. Regardless of adsorp-
tion, more surface area correlates to increased biodegradation. In this manner, AC
is like a catalyst. This allows one to predict the time required to eliminate NAPL
and see the subsequent decline in groundwater concentration. This is very similar
to measurement of carbon dioxide generation at NAPL sites to estimate the average
mass removal rate and then use that rate to predict performance over time.

16.6.2 Competitive Desorption

There is a widely held belief within the environmental industry that organic
compounds, once adsorbed to AC, are stabilized for, perhaps, centuries. An article
published in 2015 stated: “organic compounds are sorbed to AC so strongly that it
is almost certain that the contamination will be stable and unavailable for leaching
for at least 50-100 years” (Fox 2015). The reality is that the adsorption of organic
compounds is a reversible process controlled by the heat (enthalpy) of adsorption
(Kolasinski 2019). This feature has significant consequences.

AC will efficiently remove contaminants from groundwater and soil until the
adsorption capacity is reached. Refined petroleum, whether gasoline, diesel, or
other fuels, contains many different organic compounds. AC interacts with all these
compounds differently as heats of adsorption are specific to each compound, and there
will be competition for available absorption sites on the AC. In addition, naturally
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occurring organic matter (NOM) also must be considered. Some dissolved organic
compounds (NOM) are present in all groundwater, and they typically have high heats
of adsorption and will also compete for adsorption sites.

When AC is first injected, adsorption sites within the carbon are unoccupied, and
there is a vast space for compounds to bind. It does not matter if some compounds
bind more energetically to AC than others; initially, there is room. As the space
begins to fill up, those compounds with higher heats of adsorption tend to displace
those having lower heats of adsorption. Now, those compounds with low heats of
adsorption begin to desorb from the carbon into solution, while other compounds
with high heats of adsorption continue to be adsorbed. This process is called “roll-
over” within the AC industry, i.e., displacement of compounds having lower heats
of adsorption.

Important examples of this are benzene and 1,2-dichloroethane. It is common
for benzene concentration to be a site risk driver. Benzene has a relatively low heat
of adsorption and can be displaced from AC by any number of common contami-
nants, including xylene, naphthalene, and NOM. To mitigate bleeding of contam-
inants from the AC, robust degradation mechanisms or pathways must be present
to effectively remove and degrade adsorbed compounds from the carbon. Ideally,
the rate at which compounds are degraded should effectively maintain unoccupied
adsorption sites on the AC. This facilitates continuing adsorption of new contami-
nants without displacing those already bound to the AC. The most common means
for accomplishing this with PHCs is biological degradation. The AC is biologically
regenerated as bound contaminants are degraded. This mechanism will be discussed
in the next section.

The proposed degradation mechanisms should be carefully evaluated whenever
CBI technology is considered. Any application of CBI to contaminants where no
viable degradation mechanism is known should be conscientiously weighted because
the installed CBI may become a new source in the future. The clearest example
of this is the use of AC at sites impacted by per and polyfluoroalkyl substances
(PFAS), known as “forever chemicals” in the vernacular. A complete CBI remediation
system must be supported by a treatment mechanism. Biodegradation is the preferred
mechanism for most CBIs on the market intended for remediation of PHCs.

16.6.3 Adsorption by Activated Carbon

Literally every municipality in the USA uses beds of activated carbon to polish
drinking water before it is released for consumption. Because of its widespread use
and the number of large manufacturers competing to make effective carbons, there is
a sense within the environmental industry that all carbons are the same (Fan 2017). As
detailed in previous sections, activated carbons are manufactured from a wide variety
of raw materials, and they have very different properties. The example in Sect. 16.5
used design parameters associated with F400 high grade carbon derived from bitumi-
nous coal manufactured by Calgon Carbon. One of the more important characteristics
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of AC is its adsorption capacity. This is a measure of the maximum mass of contam-
inant the carbon is capable of adsorbing at any given equilibrium concentration. The
adsorption capacity is strongly dependent on contaminant concentration, the type of
carbon (its source and activation method), and finally on the specific contaminant.
There are organic compounds that are not adsorbed by AC at all. When dealing with
multi-component products present at PHC sites, the adsorption dynamic becomes
very complex, particularly in view of competitive desorption. Rules of thumb like AC
can absorb roughly 15-20% by weight of organic contaminants are very misleading
and should be discarded. PHC specific and AC product specific data should be relied
upon.

One of the great advantages of AC is the ability to regenerate or reactivate spent
carbons. Housekeeping on food-grade carbons is very good because when reacti-
vated, the original customer will repurchase it. The same cannot be said for spent
non-food-grade carbons. These carbons may originate from a multitude of sources
ranging from wastewater to metal plating to manufacturing facilities. The reactivation
process removes any organic contamination that may have been present, but inor-
ganic contaminants will persist. Reactivated carbons that are not derived from food
or drinking water applications should not be used for in-situ remediation because
they may contain metal contaminants that could impact groundwater quality.

16.7 Microbial Growth on Carbon

16.7.1 Carbon Structure Providing Living Space

Natural organic matter, nutrient concentrations, and species richness decrease with
depth, with notable increases in the transition zones such as the capillary fringe (Smith
2018). The typical decline in microbial abundance that accompanies increasing
subsurface depth, at least in part, arises from decreasing transport pathways, the
accompanying reduction in the influx of fresh organic carbon, and other required
chemicals, such as electron donors or acceptors (Santamarina 2006). The size and
shape of the cavities within the media and interstitial space between media grains
restrain subsurface organisms’ size, form, and mobility (Luckner 1991), and thus the
population density. Population density is linked to the cavities and interstitial spaces,
which are essential to the supply of nutrients, electron donors and acceptors, carbon
sources, and the elimination of microbial metabolic wastes (Fredrickson 2001).
Essential requirements for subsurface microbial life include moisture, chemical
factors such as electron donors, and media factors such as granularity. Since some
of these elements are linked to the transport of water in the subsurface, microbial
populations often reflect groundwater flow pathways (Maamar 2015; Graham 2017;
Danczak 2018). The installation of AC into the subsurface by high-pressure, high-
flow injection may establish new habitat by creating and expanding flow paths beyond
that which existed in the native subsurface material (Lhotsky 2021; CLU-IN U 2022).
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The AC may accentuate water movement (Siegrist 1998; Sorenson 2019; ITRC 2020)
due to the addition of three-dimensional networks of carbon seams and surfaces
(Murdoch 1995; Bradner 2005; Or 2007). These seams can increase connectivity in
the subsurface media as AC acts as a proppant holding the fractures open. The propped
fractures can accommodate the introduction of additional microbes and microbial
resources such as water and electron acceptors (Mangrich 2015; Zamulina 2020).
Relatedly, AC’s granular nature can also increase transport in the subsurface due to the
formation of thick liquid films on the rough surfaces of AC (Or 2007; Massol-Deya
1995). Together the AC seams and surfaces should support contaminant dispersion,
movement of nutrients and terminal electron acceptors, the interchange of microbial
metabolic products (Bures 2004), and microbial dispersal and colonization on newly
accessible soil and aquifer compartments (Kriiger 2019).

The surface of AC may provide recesses offering shelter for microbes, while its
adsorptive properties enrich the environment of the AC with substrate (Weber et al.
1978). Microbial cells that inhabit the macropores and surface recesses are better shel-
tered against stressful environmental conditions, such as predation, than microbes
in the native media (Kindzierski 1992; Zur 2016). Due to the surface recesses,
more habitat exists for microbial growth (Liang et al. 2009). Concerning adsorp-
tive capacity, by comparison to AC, organic resources in the subsurface are scat-
tered within structurally heterogeneous media. AC consolidated resources result in
higher substrate biodegradation and higher specific growth rates than non-adsorbing
or weakly adsorbing media such as sand (Li 1983). Thus, AC consolidates organic
resources (Weber et al. 1978) on a homogenous media, and microbes are drawn to
the enriched environment of the AC (Liang 2007), which facilitates contact between
degraders and contaminants (Chen 2012; Thies 2012; Bonaglia 2020).

It has long been observed that bacteria attach to and multiply upon the surface
and in the macropores of AC (Board 1989; Morsen 1987; Liang 2008), and that
biodegradation occurs on AC in the subsurface. (Peacock 2004) compared in-well
coupons consisting of either glass wool or Bio-Sep® beads (75% PAC and 25%
Nomex®) to investigate the in-situ bioreduction of technetium and uranium in a
nitrate-contaminated aquifer. It was found that the beads supported microbes that
reduced technetium and uranium, and the beads supported tenfold more microbial
biomass than glass wool. It was stated that higher microbial biomass was most likely
to exist due to the higher surface area of the beads and the concentration of nutrients on
the beads as compared to the glass wool. Other studies have concluded that benzene,
toluene, and phenol are effectively extracted from Bio-Sep® beads (Williams et al.
2013), metabolized by the microbes, and incorporated into fatty acids produced by
microbes (Geyer 2005). Similar results were obtained for in-situ biodegradation of
naphthalene at the McCormick and Baxter Superfund Site in Stockton, California
(McCormick 2010). Nineteen well locations were tested, and all were positive for
13C enrichment in the microbial lipid biomass.

PAC amended sediments in a microcosm study also demonstrated that bacteria
attach to AC and multiply on the surface and within the macropores (Pagnozzi
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2020). AC stimulated naphthalene biodegradation and mineralization under anaer-
obic conditions, as shown by the production of '*CO, from radiolabeled naphtha-
lene (Pagnozzi 2021). The relative abundance of Geobacter, Thiobacillus, Sulfuri-
curvum, and methanogenic archaea, known to be associated with naphthalene degra-
dation, increased after amendment with PAC. Under aerobic conditions, sediments
containing 16 PAHs amended with PAC increased microbial community diversity,
structure, and activity relative to both sand and clay controls. The alteration in the
microbial community in response to PAC is consistent with that reported by Bonaglia
(2020), who also examined and reported an increase in the biodegradation of high
molecular weight PAHs for microbes associated with AC as did Acosta (Zapata
Acosta 2019).

Furthermore, AC sustains microbial activity by decreasing toxic concentrations
in the dissolved phase (Leglize 2008) and buffering the microbes against toxic shock
(Sublette 1982). Specifically, the adsorption of PHCs onto AC significantly reduces
their toxicity to microbes (Morsen 1990). The toxicity of petroleum compounds is
reduced, as indicated by a sharp increase in the abundance of both native and inoc-
ulated petroleum degraders (Semenyuk 2014). Furthermore, AC added to sediments
decreased toxicity as measured by ecological parameters (Kupryianchyk 2013). Like-
wise, adequately designed and deployed CBI should reduce contaminant toxicity to
microbes.

16.7.2 AC Priming

Contaminant degradation is a function of the density of microbial microaggre-
gates (Gonod 2006; Becker 2006). As discussed, AC installed in the subsurface
is new habitat for microbial exploitation. Therefore, it may be advantageous to
give hydrocarbon-degrading and degradation supporting microbes an opportunity
to adhere to the AC before subsurface installation. This process is referred to as
priming. Priming allows the AC to function as both a microbial inoculum delivery
system and a readymade microbial habitat (Piai 2020). Similar approaches have
proven successful in a variety of applications (Das 2017) and can result in more
robust microbes (Meynet 2012) and microbial degradation that is sustained (Marchal
2013; Bonaglia 2020).

Priming stimulates formation of biofilms (term typically used to identify clus-
ters of bacteria or archaea in a matrix of extracellular polymeric substances—EPS).
Microorganisms embedded within biofilm achieve high resistance to toxic pollu-
tants (Kohler 2006) and are durable, so biodegradation is persistent (Aktag 2007;
Ran 2018; Edwards 2013). In the subsurface, microbial-inoculated AC can estab-
lish a biofilm that promotes growth and diversity, degrades hydrocarbons and other
contaminants, regenerates the AC, and persists over time (Lhotsky 2021; Cho 2012).
Figure 16.6 shows a case of microbial growth on AC in laboratory samples.
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Fig. 16.6 Microbial growth
on AC during a diesel bench
test. A viscous material
formed within days. The
bubbles were gases produced
by microbial activity

16.7.3 AC Adsorption as Barrier to Biodegradation

Studies have also shown that AC may have an inhibitory effect on microbial growth
by decreasing the dissolved concentration of adsorbate available for microbial degra-
dation. Marchal (2013) demonstrated for phenanthrene sorbed to soils that the
stronger the adsorbent (AC, biochar, compost), the lower desorbed concentration,
and the lower the microbial degradation (Marchal 2013). These results are not unique
(Rhodes 2010), but they may be specific to adsorbates having high heats of adsorp-
tion like phenanthrene. Three-ring PAH, as is phenanthrene, degradation has been
reported to be inhibited by AC, but 4 and 5-ring PAHs degradation is supported by
AC (Garcia-Delgado 2019). Aromatic compounds, having lower heats of adsorption,
are not affected by AC to the degree reported for phenanthrene. Mangse (2020) found
that AC carbon made toluene less bioavailable, but AC did not have a detrimental
effect on toluene degradation (Mangse 2020). These observations are reasonable in
that adsorbates that enter the AC are protected to some degree from biodegradation.
The extent of that protection is influenced by the strength of the interaction with the
AC. In the end, these observations follow from the adsorptive character of AC and
they have not been demonstrated to be relevant to field application of AC, where
multiple chemical adsorbates and NOM are present.
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16.8 Evidence of Biodegradation at Sites with AC

16.8.1 Microbial Communities

Microbial attachment to AC is associated with an increase in the abundance of
both native and inoculated petroleum degraders (Semenyuk 2014; Bonaglia 2020;
Pagnozzi 2021). While the data to separate the function of AC from the CBI does
not exist, an increase in microbial abundance is also associated with CBI emplace-
ment. Figure 16.7 presents microbial data from groundwater samples collected from
a CBI emplacement site 3 months post-emplacement. According to next-generation
sequencing (NGS), the CBI emplaced sample has more total species, more individuals
per species, and more rare species than either the control or the PHC impacted control.
Figure 16.8 provides a stark visual confirmation of the abundance data presented in
Fig. 16.7. More information on NGS can be found in Chap. 10.

A more definite question is whether the microbial populations in the CBI
emplacement contain the individual microbes that are pertinent to PHC degrada-
tion. Figure 16.9 presents microbial data from groundwater collected from a CBI
emplacement site 2 years post-emplacement. The microbial samples were examined

Chao1 Abundance Index

Simpson Diversity Index u Control

# Impacted Control

m CBIl Emplacement
Shannon-Weaver Index

0 5 10 15 20 25 30 35
Index value

Fig. 16.7 Groundwater samples for both CBI treatment and controls analyzed by next-generation
sequencing. Compared to controls, the CBI emplaced samples had more total species, more indi-
viduals per species, and more rare species. The Shannon—Weaver Index is the natural log of the
total number of species in a sample. It reflects the total number of species present. The Simpson
Diversity Index is the square of each species’ abundance summed for the total sample population
subtracted from 1; thus, proportional abundance is weighted more on the uniformity of individuals
in the population, which is referred to as evenness. It indicates species dominance and reflects the
probability of two individuals that belong to the same species being randomly selected. The scale
is zero to 5, with 5 meaning that each species in a dataset is represented by the same number of
individuals. The Chaol abundance index is the number of individuals present and single or double
individuals. It emphasizes individuals microbes present in small numbers
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by NGS. Unambiguous control samples were not available. One side-gradient moni-
toring well, which had a history of intermittent PHC impacts, was selected as the best
“control” available. Two consistently impacted monitoring wells were selected for
comparison. All three monitoring wells were within the footprint of the in-situ injec-
tion of CBI. The samples were collected 2 years post-injection with a CBI containing
nitrate and sulfate as electron acceptors. Added nitrates are short-lived being depleted
in 1-3 months. The sulfate levels at the time of sampling ranged from 110 to 483 mg/
L. The species that increased relative to the control monitoring well were cataboli-
cally and thermodynamically linked syntrophic communities. Figure 16.9 presents
the most abundant species relative to the selected control. The colored scale indicated
relative abundance taking into consideration genome size and number of reads. The
most abundant microbes, Smithella, is a known alkane-degrading microbe (Ji 2020;
Embree 2015). Under sulfate- and nitrate-reducing conditions, the primary condition
at the site, Smithella degrades alkanes to acetate with the production of H, (Gieg
2014). Desulfobulbus sp. Tol-SR is distinguished by suites of genes (BSS, BBS, and
BAM) associated with anaerobic toluene metabolism, which leads to acetate produc-
tion (Laban 2015). Methanothrix utilizes acetate as a substrate for methanogenesis,
while Candidatus sulfuricurvum derives energy from H, oxidation (Handley 2014).
The connection between Smithella, Desulfobulbus, and H-utilizing methanogens is
a typical hydrocarbon-degrading syntrophic relationship.

The difficulty with data presented in Fig. 16.9 is the lack of a control not impacted
by PHCs. That does not prevent the observation that the microbes present were consis-
tent with a petroleum degradation syntrophy. It does, however, make it difficult to
determine how the CBI injection changed the population apart from the observa-
tion that the groundwater sample collected from the intermittently impacted moni-
toring well was less abundant than the samples drawn from the consistently impacted
monitoring wells and that the microbial population present was capable of degrading
PHCs.

The site data presented in Fig. 16.10 had appropriate control samples. The control
samples were from areas that were not treated with CBI. Control 1 was drawn from
an area that was unimpacted by PHC. Control 2 was drawn from an area impacted by
PHC. Control 3 was drawn from an impacted area that bordered the CBI emplace-
ment. It should be viewed as potentially influenced by the CBI. The three CBI
emplacement groundwater samples were drawn from monitoring wells within the
CBI treatment area. The samples were analyzed by NGS.

The microbial populations presented in Figs. 16.9 and 16.10 shared some charac-
teristics. Smithella was the most consistently abundant microbe, but it was identified
in all the impacted samples without regard to CBI emplacement status. Desulfobulbus
was consistently present across the CBI emplaced samples. Methanothrix soehngenii
was present but not confined to the CBI emplacement samples. Candidatus sulfuri-
curvum was not present. Two microbes absent from the Fig. 16.9 site were present at
the Fig. 16.10 site. Geobacter metallireducens was present in the CBI samples and
control 3, which was about 3 m from the CBI emplacement. Geothrix fermentans
was present in the same pattern. Geobacter metallireducens uses electron donors
such as acetate and uses Fe(IIl) as an electron acceptor (Coates 1999). Geobacter
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metallireducens couples the oxidation of aromatic compounds to the reduction of
Fe(Ill)-oxides (Butler 2007), but acetate and ethanol are preferred over benzoate,
although, benzoate is co-consumed with toluene and butyrate (Marozava 2014).
These microbes are known to participate in direct interspecies electron transfer
(DIET) using the AC. And the presence of these microbes may establish a second
syntropic pathway to oxidize acetate and reduce CO, (Rotaru 2018). Both sites had
a microbial population capable of degrading PHCs.

While describing the microbes present in the monitoring wells 2-3 years’ post-
injection and demonstrating that they were consistent with a hydrocarbon-degrading
syntrophy is a good qualitative indicator of biodegradation in response to a CBI, the
presence of genes encoding hydrocarbon enzymes in a microbial population can also
be used to characterize biodegradation potential. Figure 16.11 presents qPCR data
(QuantArray®-Petro from Microbial Insights, Inc.). The array quantifies a select
suite of 25 functional genes involved in aerobic and anaerobic biodegradation of
PHCs. Samples were collected from unimpacted monitoring wells and from impacted
monitoring wells prior to injection with CBI (BOS 200®). Of the 25 functional
genes, five of them were not present in any of the samples. Of the remaining 21,
eight function genes were present in the unimpacted background, six additional ones
were expressed in the impacted background post-injection, and post-inject seven
additional function genes were observed. No identified function genes were lost by
the first-month post-injection. Two previously identified functional genes were not
identified at month five. At month five, 19 of the 21 quantified function genes were
observed and on average the microbial count using the functional genes as markers
increased 56-fold in cells/ml (range from 3.4 to 178.5-fold cells/ml). The average
and range did not include three functional genes that increased from a low estimated
value to 106-fold the estimated value. The gene array demonstrated that, for the
period examined, the petroleum-degrading population expanded post-injection of
CBI relative to both impacted and unimpacted controls. More information on qPCR
can be found in Chap. 10.

Examining a subset of the data from Fig. 16.11, benzylsuccinate synthase (BSS
in the QuantArray®) catalyzes the addition of fumarate to toluene (Biegert 1996) and
potentially the monoaromatics xylene and ethylbenzene (Kharey 2020) to generate
benzylsuccinate, the first step in anaerobic toluene metabolism (Biegert 1996).
Benzylsuccinate becomes benzoyl-CoA and succinyl-CoA. Succinyl-CoA is recy-
cled back to fumarate, while benzoyl-CoA proceeds through benzoyl-CoA reductase
(BCR in the QuantArray®) to acetate, a small fatty acid easily used by many microbes.
This is the toluene anaerobic pathway previously described above for site presented
in Fig. 16.9. Thus, a selected subset of the gene expression from the Fig. 16.11
site provides a similar picture in Fig. 16.9 and has overlap to the site presented in
Fig. 16.10. Other enzymes coding genes, associated with both aerobic and anaerobic
pathways, are increased in number post-CBI emplacement, and the total microbial
count in the impacted area also increases post-injection (Fig. 16.11) Notice that the
total eubacteria, sulfate-reducing bacteria, iron-reducing bacteria, and denitrifying
bacteria are increased more than tenfold. Thus, the release site presented in Fig. 16.11
confirms that CBI emplacement increases microbial abundance, increases microbes
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Fig. 16.11 QuantArray®-Petro data from a site where CBI was injected. Microbes having selected
genes associated with both aerobic and anaerobic petroleum hydrocarbon metabolism increased
in number relative to background. The increase was higher at 5 months post-emplacement than at
1 month

having genes known to be important in PHC degradation, and confirms the data
conclusions drawn from Figs. 16.8, 16.9, and 16.10.

16.8.2 Additional Lines of Evidence of Microbial Activity

16.8.2.1 Decrease in Electron Acceptors and Increase in Gases

For CBI that provide electron acceptors, decreasing concentration in potential elec-
tron acceptors (such as oxygen, nitrate, and sulfate) is indicative of microbial activity.
Figure 16.12 is from a petroleum release site. The decrease in electron accep-
tors followed an often-observed pattern. Contaminant concentration significantly
decreased upon installation of CBI. Early post-emplacement, the system reaches
equilibrium. When electron acceptors such as sulfate and nitrate were added with
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Fig. 16.12 Electron acceptors at a site where CBI was installed. Nitrate concentrations dropped first

followed by a slight rise in nitrite. Sulfate concentrations persisted longer. Benzene concentrations
were added to the graph for comparison

the AC, nitrate concentrations decreased quickly, leading to a slight, transient eleva-
tion of nitrite. Sulfate dropped slowly over time. The nitrate and sulfate consump-
tion patterns were consistent with anaerobic metabolism using nitrate and sulfate as
electron acceptors.

Increasing respiration products (such as CO,, Fe(Il), sulfide, and CHy) is also
consistent with microbial activity. Figure 16.13 demonstrates the rising concentra-

tion of methane (associated to anaerobic biodegradation processes as explained in
Chap. 5) and other gases at a site where CBI was installed.

16.8.2.2 Decreasing Concentrations in Soil and Groundwater

The most often presented data to demonstrate decreases in contaminant concentra-
tions are monitoring well data. Figure 16.5 depicted a typical groundwater concentra-
tion pattern after subsurface CBI emplacement. Figure 16.14 presents groundwater
data for benzene and TVPH post in-situ emplacement of CBI. Contaminant concen-
trations in groundwater decrease due to PHCs adsorption onto the AC. The most
water-soluble constituents can move into the AC quickly, but those same constituents
may have lower heats of adsorption than constituents presenting a lower solubility,
so there is a period over which a new equilibrium is established. The total amount of
contamination relative to the AC determines the time it will take to reach equilibrium.
From that point forward biodegradation controls the final phase of site remediation.
Core samples collected periodically at adjacent locations from sites treated with
CBI typically show a decrease in contaminant concentration in soil, often exhibiting
consistent patterns despite the high variability commonly associated to physical
sampling of soil and aquifer materials. Figure 16.15a present ethylbenzene data
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Fig. 16.14 The red arrow marks the injection of the CBI BOS 200®. The initial decrease in TVPH
concentrations was followed by a re-equilibration phase. Biodegradation may have initiated early
post-CBI emplacement but did not seem to dominate the PHC concentration pattern until the final
stages of site remediation
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Fig. 16.15 Ethylbenzene concentration from soil samples was significantly lower in 2020 than in
2016. All other PHCs analyzed were also significantly lower in the 2020 soil samples than in the

2016 soil samples



576 S. Noland and E. Winner

from a BOS 200® in-situ injection into fat clay geology at an LNAPL site. The raw
statistics for ethylbenzene shown in Fig. 16.15b are illustrative of the data for all
other contaminants examined from the same site. All constituents examined were
significantly decreased in concentration in the aquifer solids tested at 40 months (see
Fig. 16.15¢).

16.8.2.3 Compound-Specific Isotope Analysis (CSIA)

As discussed in Chap. 11, CSIA tracks the stable isotope composition of selected
volatile organic compounds (VOCs) to obtain information on attenuation processes.
In tracking the degradation of benzene due to biological degradation, benzene should
become increasingly enriched for 13C isotopes as the benzene containing 12C
isotopes preferentially has its carbon bond broken.

The international standard for the ratio of 13C—12C isotopes is the Pee Dee
Belemite (PDB) standard and is 0.01123720 (IAEA 1993). So about 1% is 13C and
99% is 12C. To determine if biodegradation is indicated, one can measure the increase
in 13C above the PDB standard. It has become convention to present the change (3)
in 13C, (313C) as the isotopic ratio of the sample (Rs) divided by the isotopic ratio of
the standard (Rstd) (Meckenstock 1999; Hayes 2004). Next, because the fraction is
small the value is multiplied by 1000 to shift the decimal place and present the data
as part per thousand often reported as permill (%o). Thus, for isotopic data presented
as the §13C, as §13C moves closer to zero the value becomes less negative because
the molecules are enriched for 813C. See Eq. 16.4 from (Mackenstock 2004).

$13C(%,) = (Rs/Rstd — 1) x 1000

(Rs/Rstd) = [(13C/12C)s — (13C/12C)std]/(13C/12C)std (16.5)

In Fig. 16.16, 813C enrichment data are presented form a CBI injected site. To
determine if benzene sorbed to the formation was being degraded, impacted but
untreated core samples were collected in a benzene impacted area upgradient of
the CBI emplacement and within the CBI emplacement area. These samples were
examined for isotopic carbon enrichment under the assumption that the upgradient
and downgradient samples were immediately connected by a shared flow path. The
isotopic fractionation from the extracted mass indicated enrichment for 313C in
the downgradient, within the injection area, smear zone samples. The difference
between three of the four points exceeds §13C > 2%o. The data were indicative of
biodegradation.

To compare §13C enrichment prior to interaction with the CBI emplacement
versus the isotopic enrichment post interaction with the CBI emplacement, a stable
isotope enrichment factor, epsilon (&), may be calculated (see Eq. 16.7). The calcu-
lated epsilon for the data presented in Fig. 16.16 is (¢) = —3.5. This value is consis-
tent with the stable isotope enrichment factors reported for a sulfate-reducing culture,
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Fig. 16.16 Core samples were collected from a CBI emplacement on a petroleum release site.
Points below the red line were upgradient of the CBI emplacement. Points above the red line were
samples collected within the CBI emplacement. The data are indicative of biodegradation

which ranges from -2.7 to -3.6 (Mancini 2003). The CBI used, BOS 200%, contains
significant sulfate; thus, the ¢ value is consistent with expectations and indicated
biodegradation.

1000 + 813Cpri
o = || 1000+ 813Cprion) |1+ 500 (16.7)
1000 + 313Cpost

To be thorough, neither abiotic nor non-degradative processes are known to result
in significant stable isotopic fractionation of benzene relative to biological processes.
Non-degradative processes such as sorption, volatilization, and dissolution are typi-
cally smaller than the analytical uncertainty associated with CSIA, which has been
reported as + 0.5%0 (Hunkeler 2008). Specifically, the sorption of benzene to acti-
vated carbon does not result in stable isotope fraction greater than this £+ 0.5%o
accuracy (Slater 2000; Schiith 2003). Abiotic degradation processes associated with
benzene can be similarly disregarded. Plotting the carbon stable isotope concentration
313C against the natural logarithm of the concentration can be used to support that
a single process is the main control behind the change in contaminant concentration
(Hunkeler 2008).

Data from another site where CSIA was conducted are presented in Fig. 16.17,
which depicts a sustained reduction of BTEX contamination downgradient of a
CBI PRB despite BTEX continuing to enter the barrier from the upgradient side.
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The CBI PBR was installed because an existing groundwater extraction and re-
injection system was failing to perform. CSIA was conducted to determine whether
the decrease in concentration was due only to adsorption to the AC or if the decrease
was also affected by biodegradation. Groundwater samples were collected from
monitoring wells located on a transect through the CBI PBR. The monitoring well
upgradient of the CBI PBR was impacted by the same PHCs as the monitoring wells
downgradient of the CBI PBR. The groundwater extraction and re-injection system
remained active after the CBI PBR was installed. It withdrew groundwater from a
series of wells located ~55 m downgradient from the control monitoring well and
re-injects oxygenated water at ~18 m upgradient from the same control well.

Figure 16.18 shows 3813C enrichment data. Of the five VOCs examined by
CSIA, three (n-propylbenzene, ethylbenzene, m,p-xylene) were enriched, greater
than analytical uncertainty, relative to the upgradient monitoring well. O-xylene
did not demonstrate enrichment, and 1,2,4-trimethylbenzene enrichment was within
laboratory error (data not shown). Determining the cause of the observed isotopic
enrichment was complicated by the presence of the extraction and re-injection
wells because re-injection may enhance degradation by oxygenating the re-injected
groundwater. Nevertheless, enrichment is indicated.
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Fig. 16.17 Groundwater sampling data from upgradient and downgradient of emplaced PRB.
BTEX on the downgradient side of the barrier remains suppressed despite BTEX continuing to
enter the barrier from the upgradient side
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Fig. 16.18 Samples of groundwater collected upgradient of a PRB and at multiple distances down-
gradient. N-propylbenzene, ethylbenzene, and m, p-xylene showed 13C enrichment. The results
indicated the occurrence of biodegradation by having an enrichment of §13C > 1%o

16.9 Biological Regeneration

As a general process, biological regeneration (BR) of AC is well documented (Aktas
2007; El Gamal 2018). Adsorption, biofilm formation, and biodegradation can occur
simultaneously on AC (Piai 2020; Betsholtz 2021), with the combination of microor-
ganisms and the adsorptive capacity of AC being synergistic in promoting BR (Nath
2011a, b). Upon emplacement in the subsurface, AC in CBIs adsorbs hydrophobic
chemicals such as PHCs and natural organics. Microbes in the resource-rich regions
near the AC bloom. As the biomass on the AC expands, desorption (Leglize 2008;
Ying 2015) and regeneration rates increase (Betsholtz 2021) such that the adsorptive
capacity of AC is extended (Chan 2018; Piai 2022). In time, some of the products of
degradation as well as natural organics fill a percentage of the AC micropores, but
they have not been demonstrated to either completely fill the micropores nor cause
biodegradation to cease (Smolin 2020; Diaz de Leén 2021). This general scenario
has been developed from in vitro experiments and the examination AC used in water
treatment (FRTR 2021; El Gamal 2018). The development of microbial growth on
AC is referred to as biologically activated carbon (BAC). The development of BAC
is well documented and has been presumed to specifically occur on AC in CBIs
emplaced in the subsurface (Regenesis 2022).

The specific source material (coal, coconut, etc.), activation method (Coelho
2006), and particle size (GAC, PAC, colloidal) (El Gamal 2018) all influence BR. For
example, coconut carbon does not bioregenerate as well as wood-based (Piai 2019)
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or coal-based AC (Zhang 2013). The activation method, e.g., chemical versus phys-
ical, influences the AC’s surface area, pore type distribution, and adsorptive capacity,
which all affect BR. As concerning particle size, BR has been demonstrated for GAC
and PAC (El Gamal 2018). Generally, increasing particle size lowers substrate diffu-
sion within the biofilm while increasing biodegradation (Liang 2007; Rattier 2012;
El Gamal 2018).

AC porosity is likely the most important characteristic influencing both the rate
and extent of AC BR (El Gamal 2018; Lu 2020; Aktag 2007). Larger pores generally
support BR (Aktag 2007; Diaz de Leén 2021) and may provide microbes, enzymes,
and surfactants with more access to the micropores or better habitat for microbes.
The microbial community that develops on AC is influenced by the pore structure
and the compounds available for biological degradation (Yu 2021).

Individual chemicals vary in how they affect the degree and rate of BR (Nath
2011a, b; Chan 2018). The biodegradability of a specific contaminant varies due to
molecular structure among other factors (Cirja 2008). In general, large molecular
weight compounds having low heats of adsorption are biodegraded easier than small
molecules having high heats of adsorption (Garcia-Delgado 2019).

The influence of multiple factors makes it difficult to estimate the degree to which
AC can be recycled. The percent of dissolved organic carbon (DOC) degraded by
biological activity varies from 25 to 42% (Fundneider 2021). Bioregeneration ranges
from 12 to 95% (Nath 2011a, b). The percentages of pore restoration reported in the
literature are broad (Aktas 2007; Nath 2011a, b). A model system of biofilm on AC
degrading 2-nitrophenol was run for 38 months after which it was reported that 39% of
the initial pore volume was still available (Smolin 2020). Thus, AC is not typically
fully restored by microbial regeneration. This may be due to binding products of
microbial metabolism and non-organic carbon (Smolin 2020; Diaz de Le6n 2021).
Nevertheless, the apparent adsorption capacity of microbial biofilm on AC exceeds
that of the AC alone.

16.9.1 Process of Bioregeneration: Adsorption—Desorption,
Exoenzymes, and Surfactants

It has been argued that biodegradation occurs in the dissolved phase external to
the AC after which the PHCs or other chemicals on the AC re-equilibrate with the
dissolved phase (de Jonge 1996; Abromaitis 2016; Diaz de Le6n 2021). However,
not all chemicals that bind to AC are released with equal ease (Nath 2011a, b) or
released as rapidly as BR has been reported to occur (Piai 2021). Therefore, this
process is insufficient to explain BR of AC.

Conceivably, multiple processes are involved in BR, including adsorption and
desorption and the participation of exoenzymes (Perrotti 1974) and surfactants
(Marchal 2013; Edwards 2013). Biofilm producing microbes have been demonstrated
to degrade phenanthrene adsorbed to AC, while non-biofilm forming microbes failed
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to do so (Leglize 2008). Microbes create a scaffolding made of EPS, which adheres
to surfaces and allows microbes to build a biofilm habitat that supports microbial
cooperation. One aspect of the formation of the biofilm habitat is the ability for the
microbes to release extracellular enzymes (exoenzymes) into the biofilm forming a
kind of extracellular digestive system (Flemming 2010).

The exoenzyme hypothesis proposes that enzymes secreted by the bacteria diffuse
into the micropores and catalyze a transformation that desorbs the adsorbate from
the micropores so that it moves out of the AC (Perrotti 1974; Nath 2011a, b). The
argument against the exoenzyme theory is that enzymes are too large to enter the
micropores (Xiaojian 1991), which is generally correct since most enzymes range
from 3 to 7 nm in diameter if viewed as a sphere (Erickson 2009). However, it
may not be necessary for the exoenzymes to enter the micropores. Focusing on
the aqueous phase versus the adsorbed phase may overlook biocenoses within the
biofilm. If the concentration of PHCs is reduced in spaces within the biofilm, PHCs
may be released from the micropores (Klimenko 2003a, b) and be degraded within the
extracellular space. The release of PHCs from AC may be enhanced by the presence
of biosurfactants, which are also common in biofilms and have been demonstrated
to facilitate BR (Klimenko 2003a, b).

16.9.2 Diet

It has been proposed that PHCs in the micropores of AC are still available for
biodegradation through DIET (Liu 2012; Summers 2010). Under methanogenic
conditions, the biodegradation of PHCs requires the syntrophic cooperation between
bacteria and archaea (Gieg 2014). Syntropic bacteria oxidize PHCs to CO;, H,, and
acetate (Kim 2019). The methanogenic archaea remove the hydrogen, which helps the
fermenters because the fermentation reaction is only thermodynamically favorable
at low hydrogen ion concentrations (Barton 2005; Dolfing 2008). Microbial inter-
actions whereby electrons are exchanged through intermediates such as hydrogen
and acetate are well described (Kim 2019). A substantial body of evidence, however,
supports that electron exchange can occur without chemical intermediates, also in
the case of bacteria and methane-producing archaea (Summers 2010; Chen 2022),
also in the case of bacteria and methane-producing archaea (Lovley 2017; Yee 2019).
As a result of this process, bacteria may not need to be in direct contact with PHCs
to be able to degrade them.

16.9.3 Conclusions and Future Research Needs

While the general efficacy of AC and the derived CBIs has been demonstrated in
field applications and laboratory studies, further research is needed. Failure to meet
remediation goals occasionally occurs. Most of those failures are due to insufficient
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site characterization and inadequate distribution of the CBI within the hydrocarbon
mass. Therefore, technological improvements are needed to optimize remedial design
characterization and CBI installation. Further research is also encouraged to better
understand the adsorption—desorption mechanisms of different AC types for in-situ
remediation of PHC fuel mixtures.

On the biological side, how the syntrophic relationships form, which individ-
uals become most numerous in the syntrophy, and how the relationships evolve as
degradation proceeds are appreciated, but more needs to be done to understand these
processes in CBI treatment zones as well as questions like whether co-injection of
bacterial consortia significantly improves performance and how indigenous microbes
interact under bioaugmentation. Further metagenomic and CSIA studies across
hydrocarbon types and geological settings could be enlightening. The cooccur-
rence of microorganisms has helped unwind some associations, but employing
transcriptomics and proteomics will move us beyond descriptions or cooccurrences.

High contaminant concentrations and NAPLs are difficult to bioremediate quickly.
The capacity of AC to adsorb contaminants thereby lowering dissolved phase contam-
ination can decrease the negative impacts to the soil biota by hydrocarbon contami-
nation. Adsorption onto AC can reduce the bioavailability and, thus, the toxicity of
hydrocarbons to subsurface microbes (Meynet 2012). While the adsorptive capacity
is helpful and biodegradation proceeds despite the presence of NAPL, the remedia-
tion market craves faster degradation rates. Therefore, optimization of both products
and installation practices to increase the rate of NAPL degradation is a pertinent area
of research.

On the other hand, many remediation technologies that are initially successful with
fuel hydrocarbons suffer from mediocre performance when contaminant concen-
tration becomes low. For example, MTBE is very soluble in water. Consequently,
it moves readily with groundwater and often creates expansive low concentration
plumes. Biodegradation will stall as the concentration of the MTBE drops too low to
sustain a robust population of microbial degraders (USEPA 1999; Muller 2007; Li
2014). AC overcomes this limitation by concentrating the oxygenate in its pores. Opti-
mizing CBI remedies to address very low-concentration plumes is an additional area
of research.

AC is versatile and will function under aerobic or anaerobic conditions. Mixers
used to prepare CBI slurries typically entrain air and oxygenate the water. AC readily
adsorbs dissolved oxygen, so the state within the pore structure is aerobic at the time of
injection. This feature suggests that injection of CBI at sites where sparging systems
are installed may significantly enhance remedial performance. Typical sparging
systems are inefficient as most of the oxygen added is lost in the vapor leaving the satu-
rated formation. The addition of AC may enhance sparging efficiency because of its
ability to adsorb oxygen. This illustrates the possibility of many different applications
of AC in subsurface remediation that are yet to be considered or investigated.
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