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Preface

Geo-environmental engineering is a comprehensive field that acknowledges the
complex environmental issues requiring the collective expertise of various traditional
disciplines. The term “Geo-Environmental Engineering” encompasses the collabo-
rative efforts of geotechnical engineers, environmental engineers, hydrogeologists,
earth scientists, geochemists, water engineers, biologists, ecologists, and others.
Their contributions play a vital role in environmental management, site characteri-
zation, environmental risk assessment, waste disposal, soil and groundwater reme-
diation, habitat protection, and environmental rehabilitation. This book compiles
a range of multidisciplinary articles, serving as a valuable resource for students,
professionals, practitioners, and researchers.

Given the diverse nature of problems addressed in Geo-Environmental Engi-
neering, effective solutions often demand the involvement of professionals with a
variety of educational backgrounds and training. The diversity among these experts
can, however, pose challenges to efficient technical collaboration. Therefore, profes-
sionals with a broad knowledge base across the disciplines associated with geo-
environmental problems can facilitate the necessary interaction for successful project
completion in a multidisciplinary context. Geo-environmental engineering is an
emerging and dynamic field that presents numerous technical challenges and oppor-
tunities to address multidisciplinary issues, ensuring the protection of public health,
the environment, and promoting sustainable development.

Currently, the global population exceeds 7.4 billion, with conservative projections
by the United Nations estimating a population of 11.1 billion by 2100, with around
80% of this growth occurring in developing countries. The driving factors behind
the development of environmental geotechnology include population growth and
rising living standards. As the need for more land increases with population growth,
previously deemed unsuitable soil deposits are now utilized for residential housing
and construction projects. Meanwhile, rising living standards contribute to industrial
growth, resulting in increased pollution of air, water, and land, as well as heightened
urban refuse production.

To address these challenges associated with problematic soil deposits and adverse
environmental conditions, conventional construction technology must necessarily
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take a new direction. The current soil mechanics concepts and methods for analyzing
soil behavior under diverse environmental conditions are being challenged by
problematic soil deposits and ground pollution issues. Consequently, the envi-
ronmental aspects of geotechnology have expanded, leading to the emergence of
geo-environmental engineering.

Jalandhar, India Arvind Kumar Agnihotri
Chicago, USA Krishna R. Reddy
Jalandhar, India Ajay Bansal
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Influence of Adsorption at Air—Water )
Interfaces on PFAS Transport Sheshee

Md Khorshed Alam@® and Arvin Farid

Abstract The persistent organic pollutants known as perfluoroalkyl substances
(PFAS) are pervasive, linger in the environment, and pose a health risk to humans.
Assessing the risk and reducing the hazards associated with PFAS requires under-
standing the mechanisms and factors influencing PFAS transit in soil-water systems.
Employing a 2D numerical model, this study investigates the effects of adsorption
onto interfaces between air and water on the transport of PFAS in vadose and satu-
rated zones. Our numerical simulations’ results demonstrate that a higher air content
in soil substantially impedes the transit of PFAS, thereby converting the PFAS phase
that has adsorbed onto the interfaces between air—water into a long-term source of
groundwater contamination. By adhering to air—water interfaces, PFAS retard their
migration and become more stationary within the soil matrix. These results high-
light how crucial it is to take air—water interfaces into consideration when predicting
the demise and transport of PFAS in areas of contamination. The comprehensive
outcomes of this study possess the potential to considerably augment remediation
strategies and approaches to decision-making for PFAS-tainted regions.

Keywords PFAS - Air-water interface + Numerical model

1 Introduction

PFAS are widely utilized across various industrial and commercial sectors, including
non-stick coatings, firefighting foams, and water-repellent fabrics, and as a result,
large amounts of them are found in soil and water systems [1-3]. Because of their
persistence and ability to bioaccumulate and biomagnify in the food chain, PFAS are
a possible long-term threat to ecosystems and human health. Research on PFAS and
their transportation has become critical because of their pervasiveness, durability,
and associated health hazards. Understanding the factors affecting the transportation
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and behavior of PFAS is therefore essential for risk evaluation and employing precise
remedial procedures.

Numerous factors, including adsorption onto the solid phase, molecular diffusion,
advective transport, and mechanical dispersion, are known to affect the fate and
transport of PFAS in saturated soil [4, 5]. Research on PFAS transport behavior,
however, is yet in its infancy, and there are still lots of questions to look into and
address [6]. The understanding of PFAS transport within soil systems remains a topic
of significant interest despite substantial studies in recent years [7—10], primarily
because of the complex nature of these environments, characterized by the interaction
of numerous physical, chemical, and biological factors. Further research must be
done in order to understand the complex interactions and processes that occur at
air—water interfaces in order to effectively address and mitigate the environmental
effects caused by PFAS contamination.

In the current work, a specific two-dimensional (2D) problem is investigated
to ascertain how various air content levels affect the transit of PFAS in the soil
environment. This study used numerical simulations to provide a comprehensive
understanding of the dynamic interactions between PFAS and the soil medium under
different air saturation conditions.

2 Methodology

2.1 Transport of PFAS

Multiple processes play arole in the complex process of PFAS transfer in the soil envi-
ronment. The transportation process of PFAS can be characterized by the following
equation for a 2D problem involving advection, mechanical dispersion, molecular
diffusion, and adsorption onto solids (i.e., soil particles), and air—water interfaces
can be described as follows [11]:

3(0C) a( ac) a( ac)
= (oD, =) + —(0D.=), (1a)

0t Diffusion  0x ax 0z 0z
96¢) 9 Ov,C) 9 @v,C) (1b)
= =7 OVx — v ,
df  Advection ot 9z ‘
ae0C) d (AuKonC) (10)
= — 7 Aawlhawl ), c
0f  Solid Adsorption at
3(6C) 9
= —pp—KC". 1d
0t Air—water Adsorption po at 1 (1d)

The summations will be
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30C) B aCc\ 9 ac\ 8 9
= 2o0, =)+ Z (60,22 ) = Zovi0) — Z(ov.C
ot 8x< 8x)+8z( Z8z> ox 01 = 5 Ov:0)

9 cy 8(A KawC) (le)
- . - N aw DN aw 3 €
P ot

where 6 is the volumetric water content (cm’/cm?); C is the aqueous concentration
of PFAS (pwmol/cm?®); pj is the bulk density of the porous medium (g/cm?); Ky and
N are fitting coefficients obtained from experimental data to fit the Freundlich solid
adsorption isotherm; A, stands for the air—water interfacial area (cm?/cm?); Ky, is
the air—water interfacial adsorption coefficient (cm®/cm?); ¢ is the Darcy flux (cm/
s); vy and v, are components of v = ¢/, , the interstitial pore-water velocity (cm/
s); and D, and D, are components of diffusion coefficient, D (cm?/s).

2.2 Numerical Modeling

To undertake numerical modeling of PFAS transport, the governing equation (Eq. 1)
is discretized through the use of a finite-difference numerical method. For first-order
time and space derivatives in this discretization process, forward differences are used,
whereas central differences are used for higher-order derivatives in both the temporal
and spatial domains. Given the horizontal grid spacing (Ax) and vertical grid spacing
(Az) at a specific time increment (Af), the discretized form of Eq. (1) is written as
follows:

Fi n AawijKawi L Oijvxijit Vaijlijr1 3in,j9i,j
At At Ax Ax Ax
e +9i,jvzi+l,j e 01y 4 Veiilij n 0ijDxijr1 + 0ij+1Dxi
L Az Az Az Ax?
tk+] tk
+9i,jDz i1y +0i1iDziy | 0 O O
AZ? At 2At
k1 _ei,jvxi,j + elijlj+1 91 Dxlj + 9i,j+1Dxi,j
i+l Ax Ax? Ax?
_ ot 0 jVzij n Oiy1D:i n 0ijDziv1j = 0ijDzij\ cr 0; Dy
i Az AZ? AZ? W Ax?
tk+l lk
B Ctk+1 0; lej _ C»tk- ﬁ + Aawi,jKawi,j + % _ Qi,j - Qi,j 2)
AN CAWN, At At N A
ot Lo AR At Dty pt
where I = pb%KfCN,G,-J = Y 3 L ,Aawi,j —a“‘/z & and D,] e 5 L

For each node, the aqueous concentration, denoted as C, on the left- hand side of
Eq. (1e) is expressed as the weighted average of the values C "and C » where C; ; ’

denotes the concentration of PFAS at Node (i, j) at time steps t" and tk+‘ Moreover
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F and K, are nonlinear functions of C, and their updates are carried out using a
modified successive iteration scheme [12]. In essence, the procedure start with an

initial value of Cl”; and Sf: ;; (degree of saturation), Fl.’; and K;’;viyj are computed

using the formula provided in [4] to initiate a time step to determine Ci’:f] , and prior
to advancing to the subsequent time step, a modified successive iteration scheme
. k+1 k+1 . .

is used to update the values of F’ f’; and K' ;j» until convergence to the optimal
F i’;“ and K;f;ll] By doing so, the linear equation system described in Eq. (1) can
be solved while maintaining Eq. (2)’s linearity. Utilizing the mean values of F* and

Ko at time £+ and #*, Cl.’yz is computed at the following time step, and another

modified successive iteration is performed until the best F f;“, and Kgf;f j 1s obtained.

This procedure will be continued until the final step has been accomplished.

2.3 Problem Formulation and Parameters

The schematic of the model simulating a PFAS spill on the ground surface, where
PFAS diffuses through the vadose zone and enters the groundwater, is shown in
Fig. 1. The saturated zone beneath the vadose zone is not simulated in this instance.
Two different types of boundary conditions are used to simulate this.

In order to maintain a constant concentration and comply with Neumann boundary
conditions, the numerical simulation includes the top boundary node and the entire
bottom boundary as inlet and outlet boundaries, respectively. The Dirichlet boundary
conditions are applied to the other boundaries, which are presented as impermeable
boundaries. Given the consistent inflow of freshwater at the outlet and the stable
supply of PFAS concentrations at the inlet, it can be claimed that there is no PFAS
accumulation at the outlet at the bottom boundary. As a result of the outlet’s plentiful
freshwater supply, PFAS may be flushed out continuously rather than accumulating in
the system. The developed code is capable of permitting PFAS concentrations on the
bottom boundary to rise. It is assumed that the soil contains no PFAS contaminants

Fig. 1 Schematic of model PFAS
layout for combinations
involving a midpoint inlet on Vadose Zone
the top boundary and bottom
boundary as outlet
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Table 1 A list of variables .
and their corresponding Parameter Value Unit
values that are utilized for Pb 1.65 g/em?
simulating Acusand soil Ky 0.055 (mol/g)/(jLmol fem?)N
N 0.85 -
o 71 dyne/cm
R 8.314 J/K/mol
T 293.15 K
a 0.004 pmol/cm?
b 0.017 -
X2 548.54 -
X1 —1182.5 -
X0 633.96 -

at the beginning. Therefore, none of the mesh grid’s nodes had any concentration
of PFAS. Following that, PFAS is first supplied at the inlet at a concentration of 12
pwmol/cm?. With the assumption of a constant PFAS supply at the inlet and a build-up
of PFAS concentration at the outlets leading to breakthrough concentration, we were
able to simulate PFAS transport using Neumann boundary conditions.

The Accusand soil type is taken into account for this study, and the following
presumptions are taken into account in all scenarios for the simulations of PFAS
transport: (i) the initial soil PFAS concentration is C = 0 pwmol/cm?; (ii) all other
soil boundaries are impermeable, with the exception of the inlet at the top boundary
and the bottom boundary outlet; (iii) PFAS concentration at the inlet is C; = 12
umol/crn3 and at the outlets is C; = 0 ;Lrnol/cm3, throughout the periods of time;
(iv) temporal increment is At = 5 seconds; (v) the vadose zone’s size: length (in
horizontal direction) L = 2.1 m and thickness (in vertical direction) H = 2 m; (vi)
D, =5.5x 1073 m%*/s and D, = 1.5 x 1073 m%/s (D,, = 0 m?/s) are components
of the diffusion coefficient D; (vii) soil porosity n = 0.00294; (viii) grid size of
discretized soil sample is 26 x 14 (i.e.,dx = L/N — l and dz = T /M — 1)(ix) there
is unsaturated downward flow of water where velocity components v, = 0 cm/s,
v, =1 x 107* cm/s.

Furthermore, other essential parameters and data the necessary data and param-
eters were gathered from a study conducted by Guo et al. [4] presented in
Table 1.

3 Simulation Results and Discussion

In order to investigate how air—water interfaces affect the transportation of PFAS,
several scenarios were numerically simulated using the data from the preceding
section. The results are displayed as temporal snapshots that illustrate the spatial
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distribution of PFAS concentration at a time of 30,000 s. In addition, the temporal
evolution of aqueous concentration at a specific point (a node at the center of the grid
designated as a “Midpoint”) is depicted.

3.1 Numerical Simulations

To investigate the impact of adsorption onto solid-phase interfaces on PFAS for
various degrees of air content and water saturation, three scenarios have been simu-
lated for: (i) Scenario 1—fully water saturated, i.e., Syaer = 1 and A, = 0; (ii)
Scenario 2—partially water saturated with Sy,er = 0.55 and Ay = 0.45 and (iii)
Scenario 3—partially water saturated with Sy, = 0.1 and Ay, = 0.9. Snapshots of
the spatial distribution of PFAS’ aqueous concentration at 30,000 s and the temporal
profile of PFAS transportation at midpoint are presented below.

(1) Scenario 1 (A, =0, Syater = 1)
See Fig. 2.

(i1) Scenario 2 (A, = 0.45, Syater = 0.55)
See Fig. 3.

(iii) Scenario 3 (A, = 0.9, Syaer = 0.1)

See Fig. 4.
12 12
_—
‘ 10 10
8 8
_ g
£ 6 g2 s
= E
L8]
4 4 2=bi]
£ 2 2 //
0 0 et
0 05 1 1.5 2 0 05 1 15 2 25 3
x (m) t (sec) %104
(@) (b)

Fig. 2 PFAS transport under the influence of a steady inflow at the top boundary inlet and an
outflow exposed to abundant freshwater at the bottom boundary encompasses: a spatial distribution
of PFAS concentration at t = 30,000 s; b temporal profile of PFAS transportation at the midpoint
node, considering the parameters, Ay = 0, and Syaeer = 1
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Fig. 3 PFAS transport under the influence of a steady inflow at the top boundary inlet and an
outflow exposed to abundant freshwater at the bottom boundary encompasses: a spatial distribution
of PFAS concentration at # = 30,000 s; b temporal profile of PFAS transportation at the midpoint
node, considering the parameters A,ir = 0.45, and Syager = 0.55
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Fig. 4 PFAS transport under the influence of a steady inflow at the top boundary inlet and an
outflow exposed to abundant freshwater at the bottom boundary encompasses: a spatial distribution
of PFAS concentration at t = 30,000 s; b temporal profile of PFAS transportation at the midpoint
node, considering the parameters Ag;; = 0.9, and Swater = 1

3.2 Discussion

The findings of the simulations outlined above exhibit how the air—water interface
affects the spatial and temporal distribution of PFAS. In accordance with expecta-
tions, Fig. 2 shows that when the soil is completely water-saturated, the absence
of air fosters rapid PFAS transport. As displayed in Fig. 3, the introduction of air
to initially saturated soil hinders the transport of PFAS. Figure 4 then shows that a
larger level of retardation happens when the soil becomes primarily air saturated.
The PFAS transportation time history figures at the midpoint node also illustrate a



8 M. Khorshed Alam and A. Farid

similar lag as the concentration of PFAS changes over a particular time frame. These
temporal patterns highlight the critical role of adsorption and air in the soil matrix
as key elements affecting the rates of PFAS transportation.

4 Conclusion

In the present study, in order to determine how PFAS adsorption onto interfaces
between air and water affects the transport of PFAS, a 2D PFAS transport problem is
numerically simulated. According to simulation results, adsorption onto air—water is
one of the most important elements influencing the transport of PFAS in the soil envi-
ronment and can have a substantial impact on its transport rates. As expected, PFAS
movement is further hindered by the addition of more air to the saturated soil. The
numerical model used in the present investigation offers a quantitative framework for
thoroughly examining the impact on parameters like air—water interfaces and their
individual contributions to PFAS transport, which could assist us in greater compre-
hending and foreseeing how PFAS will interact in the soil environment. The utilized
numerical model, however, is based on a number of hypotheses and parametriza-
tions that could result in ambiguities or flaws under realistic circumstances. This
underscores the need for further study, including more precise and comprehensive
3D models, in order to improve the reliability as well as the practicality of the
conclusions made in this work.
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Dynamics of Methane Oxidation )
by Biochar-Amended Landfill Cover e
Soil: Long-Term Near-Field Scale

Experiments
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Abstract The rising levels of methane (CHy) in the atmosphere, driven by the
combination of a growing population and higher energy/resource usage, have sparked
worries about its contribution to climate change. Municipal solid waste (MSW) land-
fills are major contributors to global CH4 emissions. Recent studies have highlighted
the potential of biochar amendment in landfill cover soil to enhance microbial CHy
oxidation. However, landfills also release carbon dioxide (CO;), hydrogen sulfide
(H»S), and other gases that require mitigation. To address these concerns, a biogeo-
chemical cover (BGCC) incorporating biochar-amended soil (BAS) and basic oxygen
furnace (BOF) steel slag was developed earlier to concurrently remove CHy, CO,,
and H,S. Laboratory experiments demonstrated significant potential for CHy, CO5,
and H,S removal under simulated landfill cover conditions. However, the effective-
ness of this cover in the field remains unexplored. To address this, a near-field scale
tank setup of BGCC was established in the laboratory. The BGCC profile comprised
of three-layers: a lower layer of 10% (w/w) BAS (45 cm), a middle layer of BOF
slag (30 cm), and an upper topsoil vegetative soil layer (15 cm). Synthetic landfill
gas was flushed through the tank in five phases with varying flow rates and compo-
sition. The scope of this paper is to present the CH4 oxidation occurring within the
BAS layer. Gas monitoring was performed within the biocover layer over time. CHy
oxidation and physico-chemical properties were assessed at the same depth of gas
concentrations monitoring but different spatial locations within the biocover layer.
Results showed that Phase 2, with a 50% CH4 and 50% CO; composition at a flux
rate of 23.9 g CHy m—2 day‘l, achieved the maximum CH4 reduction. Conversely,
Phase 4 exhibited the lowest reduction due to a high influx rate nearly twice that of
Phase 2. The BAS demonstrated CH4 oxidation rates ranging from 227.5 to 333.7 g
CH,4 g~! day~' spatially at a depth of 50 cm below the ground (bgs) , highlighting
its significant potential for CH, conversion into CO,.
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1 Introduction

The rapid increase in greenhouse gas emissions resulting from population growth and
intensified energy/resource consumption has led to significant concern regarding the
escalating levels of methane (CHy), a potent greenhouse gas that contributes signif-
icantly to climate change. Among the various greenhouse gases, CHy has garnered
significant attention due to its remarkably high global warming potential (GWP),
which is approximately 27-30 times more than that of carbon dioxide (CO,) [1].
While methane’s atmospheric lifetime is relatively short, lasting approximately a
decade, it is considerably lower than CO,, which can persist for thousands of years.
However, CHy4, with its exceptionally high energy adsorbing capacity compared to
CO,, results in a high GWP [1], posing a substantial risk to the environment and
necessitating immediate attention.

Despite being widely considered as an unsustainable waste management method,
landfilling of waste continues to be the primary approach adopted by many coun-
tries, including the USA. The municipal solid waste (MSW) disposed of in landfills
underwent anaerobic decomposition, leading to the production of landfill gas (LFG),
mainly consisting of CHy and CO,, along with small quantities of hydrogen sulfide
(H,S) and other non-methane organic compounds. MSW landfills are reported to be
the third largest source of CHy emissions in the USA, contributing 14.3% of total
emissions in 2021 [2].

Landfill covers are constructed at the landfills to prevent the LFG emissions from
escaping into the atmosphere. These cover soils naturally harbor CHy-oxidizing
microorganisms, due to continuous exposure of CH4 produced from decomposition
of MSW waste. In the presence of oxygen (O;,), these microorganisms effectively
convert CHy into CO, through oxidation [3]. However, these soil covers do not fully
capture all LFG, resulting in the release of a portion of (LFG) emissions into the
atmosphere as fugitive emissions [4]. Gas collection wells are installed to capture
the LFG; however, due to the limited radius of influence associated with gas collection
wells, their effectiveness in mitigating landfill CH, emissions has been proven to be
inadequate [4, 5].

Recent attempts have been directed toward improving the ability of landfill
cover soils to oxidize CHy4 by incorporating different organic enhancements such
as compost [6], sewage sludge [7], and biochar [8]. Among these amendments,
biochar, a carbonaceous solid produced from biomass pyrolysis or gasification, has
demonstrated potential as a suitable option for improving microbial CHy oxidation
in landfill soil cover [8—10]. Biochar presents notable advantages compared to alter-
native organic amendments due to its distinctive characteristics, including its resis-
tance to decomposition, capability to retain moisture, presence of micro-sized pores,
specific surface area, and capacity to adsorb gases. In contrast, other amendments
like compost and sewage sludge may undergo self-degradation over time, leading to
reduction in CHy removal efficiency of biocover.

In addition to CHy4, LFG contains CO,, small quantities of hydrogen sulfide (H,S),
and other gases. CO, is not solely produced from MSW but also results from the
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oxidation of CHy, thereby contributing to an overall increase in atmospheric CO,
concentrations. While the emission of H,S from landfills is typically minimal, it
is odorous and prolonged exposure can lead to chronic health impacts. In order to
tackle these issues, researchers at the University of Illinois at Chicago devised a
novel biogeochemical cover (BGCC) that integrates biochar-amended soil (BAS)
and basic oxygen furnace (BOF) steel slag. This cover was designed for concurrent
removal of CHy, CO,, and H,S gases [11, 12]. The addition of BAS helps mitigate
CH, emissions, while BOF slag facilitates the carbonation and sulfidation processes
to mitigate CO, and H,S, respectively.

Several series of laboratory column experiments were carried out to mimic
different configurations of BGCC profiles. These experiments showcased substantial
promise in eliminating CHy4, CO,, and H,S gases under the conditions resembling
those found in landfills. [11, 12]. However, the effectiveness of the BGCC has not yet
been tested in the field. Therefore, a near-field scale tank setup of BGCC profile was
established in laboratory-controlled conditions to assess the performance of BGCC
system. The purpose of this research is to examine the dynamics of CH,4 oxidation
within BAS layer in the BGCC system. The scope of research included: (1) devel-
oping near-field scale test setup of biogeochemical cover, (2) assessing CH4 oxidation
in biochar-amended soil (biocover) layer in BGCC with gas monitoring in biocover
layer as a function of time, and (3) determining spatial variation in physico-chemical
properties and CH, oxidation potential of biocover layer by collecting samples from
the different spatial locations (at the same depth location). The comprehensive evalu-
ation of CO, and H,S capture by the slag layer was conducted; however, these details
are not covered within the focus of this paper.

2 Materials and Methods

2.1 Materials

The materials used in BGCC profile comprised of soil, biochar, and BOF steel
slag, geotextile fabric, and geocomposite drainage mat. The soil was collected from
different locations of the intermediate cover of landfill situated in Zion, Illinois,
whereas the BOF steel slag was procured from Indiana Harbor East (IHE), Indiana.
The pinewood-derived biochar used as an organic amendment in biocover layer of
the cover profile was in the form of pellets and was procured from Chip Energy
Inc. (Goodfield, IL, USA). The properties of 10% (w/w) BAS, soil, biochar, and
BOF slag are outlined in Table 1. The geotextile was sourced from EPI- The Liner
Company in Traverse City, Michigan, while the geocomposite was obtained from
SKAPS Industries in Georgia, USA.
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Table 1 Properties of biogeochemical cover (BGCC) components used in near-field scale tank

setup
Properties ASTM method | BGCC
10% (w/ | Soil | Biochar BOF slag | Topsoil
w) BAS
Specific gravity | D854 2.59 272 |1.23 341 2.70
Organic D2974 8.1 4.0 |98.5 2.0 4.5
content (%)
Grain size
distribution
Gravel (%) D6913/6913 M | 0.8 0 30.4 20 0
Sand (%) D7928 414 379 [69.3 73.4 384
Silt (%) 35.8 43.1 |03 6.6 36.6
Clay (%) 22.0 19.0 0.0 0 25.0
USCS CL CL |SP SW-SM CL
classification
Liquid limit D4318 30 31 NP NP 32
Plastic limit 19 17 18
Water holding | D2980 54 58 43 25 56
capacity (%w/
w)
Hydraulic D5084/D2434 | 5.8 x - 34 x 103 |83 x 107 |1.84 x 1077
conductivity 1076
(cm/s)
@ Dry density @1.10 @0.5 @2.23 @1.15
pH (1:5) D4972 8.4 - 12.8 8.7
Carbonate D4373 14.6 14.6 |3.5 2.35 15.2
content (%
CaCO03)

Note BAS—biochar-amended soil, BOF slag-basic oxygen furnace slag

2.2 Near-Field Scale Tank Setup

A large, near-field scale square-shaped tank with a width of 0.5 m and a height of
1 m was fabricated to simulate near-field scale conditions (Fig. 1). The tank was
made of stainless steel and was supported on a metal cart equipped with wheels to
facilitate mobility. At the base of the tank, an opening was provided for the injection
of synthetic LFG from the bottom. The flange with screw connections was provided at
the top of the tank to support the placement of the top cap. The top cap, designed with
acentral opening, allowed the tank to be exposed to the atmosphere and facilitated the
venting of surface emissions to the fume hood. Prior to introducing the synthetic LFG
into the tank, it was routed through a water column to maintain the gas in humid state.
Then, it passed through a flowmeter to control the flow and influx of the humidified
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gas. Gas probes were located at different depths, and gas samples were collected
and analyzed periodically. The gas probes located in BAS layer at 50 cm below the
ground surface (bgs) and the measured gas concentration (CHy, CO,, and O,), were
selected for analyzing the effectiveness of BAS for CH4 oxidation in this paper.

2.3 Preparation of Biogeochemical Cover (BGCC)

Figure 1 shows the BGCC profile created in the tank. The geocomposite layer (0.5 cm
thick) was provided at the base of the tank to act as a gas distribution layer. The
BGCC profile comprised a lower biocover layer, which consisted of a 45 cm thick
BAS, responsible for CH4 oxidation, a middle 30-cm-thick layer of BOF slag for
sequestration of CO,/H,S and acting as drainage layer, and an upper topsoil vegeta-
tive soil layer of 15 cm thickness (Fig. 1). The BAS layer was filled in 5 cm intervals
with gentle compaction.

Before placing the BAS mixture in the tank, it was modified to have a moisture
content (MC) of 15% by weight. This specific MC was selected based on previous
research that identified the ideal level of moisture needed for effective CH4 oxidation
[13]. The BAS was introduced into a tank with a bulk density of 1.21 g/cm? and an
overall porosity of 60%. Over BAS layer, a 30 cm-thick layer of BOF slag that had
been modified to include 10% (by weight) of moisture was applied in 5 cm lifts with
comparable compaction efforts. The bulk density and the total porosity of the BOF
slag inside the tank was 2.14 g/cm? and 44%, respectively. Lastly, a topsoil layer of
15 cm thick was placed above the BOF slag at a bulk density of 1.33 g/cm?. This
layer was modified to have a 15% MC. Each layer including BAS, BOF slag, and
topsoil was separated by geotextile.

2.4 Biogeochemical Cover Testing Procedure

Humidified synthetic LFG was continuously injected from the bottom port of the
tank for 304 days in five different phases (Phases 1-5), each with a different gas flow
rate and composition. Additionally, 100 ml of deionized water was sprinkled over the
tank every week to compensate for surface drying. During the Phase 1, a gas mixture
of 1000 ppm CHy4 and 99.99% N, was introduced into the tank at an influx rate of
around 0.1 g CH, m~2 day~' for nearly 36 days to accustom the microbial population
to tank conditions. On 36th day, the inlet gas composition was changed to synthetic
LFG comprising a mixture of 50% CH,4 and 50% CO,; at an influx rate of around
23.9 ¢ CHy m~2 day~! for the next 113 days under Phase 2. As a part of Phase 3,
after 149th day, inlet gas composition was switched to 48.25% CHy, 50% CO,, and
1.75% H,S to evaluate the effect of H,S on CH,4 oxidation potential of biocover. The
influx during this phase was maintained at approximately 25.5 g CHy; m~? day~'for
the next 74 days. After 222 days, the gas composition was changed back to 50%
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CH4 and 50% CO; during Phase 4. The gas was introduced at a higher flow rate,
approximately double the rate used during Phase 2, with a flux rate of 57.5 g CHy
m~2 day~!. This alteration was made to assess the capability of microorganisms to
oxidize CH4 under these increased flow conditions. In Phase 5, the gas composition
(50% CH,4 and 50% CO,) and flux rate (25.3 ¢ CHy; m~2 day~!) were restored
back to their values like in Phase 2. This was done to study the resilience behavior
of microbial communities to changing gas composition and flux. Each phase was
operated until the gas concentration profiles at a depth remained stable. Gas samples
were collected once a week using a syringe (1 mL) with a luer lock. Afterward,
the collected gas samples were then examined using SRI 9300 gas chromatography
equipped with flame ionization/flame protonation detectors and thermal conductivity
detector to detect CHy, CO,, and O,.

2.5 Tank Exhumation

The tank experiment was terminated following continuous flushing of synthetic LFG
for a period of 304 days, employing various gas composition and flux rates. Subse-
quently, all materials were carefully extracted, sampled at different depths and spatial
locations and saved for further analysis. The BAS samples collected at a depth of
50 cm (bgs) and various spatial locations and the monitoring data from the gas
probes located at the same depth are selected for detailed analysis in this paper. This
sampling allowed to investigate the spatial variations in the physico-chemical prop-
erties of BAS post-termination of the experiment. MC, organic content, and pH were
assessed for all the collected samples. To account for spatial variations, the entire
cross section was divided into 25 sampling locations, each measuring 10 x 10 cm?,
covering multiple locations.

Figure 2 shows the sampling locations and sample designations. Additionally,
some of the extracted BAS samples were also subjected to batch testing as per the
procedure outlined in Chetri et al. [9] to determine potential CH4 oxidation rates.
Approximately 10 g of the extracted samples were meticulously placed in 125 ml
glass vials and tightly sealed with rubber septa and metal crimp caps. Following the
sealing process, 20 ml of headspace air was extracted using a 100 ml syringe, and
subsequently substituted with 20 ml of a gas mixture consisting of 50% CH, and
50% CO,. The concentrations of CH4 and CO,; in the headspace were monitored
diligently daily until the CH4 concentration reached zero. The samples chosen for
the batch testing corresponded to sampling locations: 5, 9, 13, 17, and 21.
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3 Results and Discussion

3.1 Dynamics of Methane Oxidation

Figure 3a—c illustrates the gas concentrations of CHy, CO,, and O, in biocover
layer relative to their corresponding inlet concentrations. The biocover demonstrated
significant CH4 removal, evident from the decreased CH,4 concentration near the top
of the biocover during each phase (Fig. 3a). This observation indicates the significant
microbial oxidation of CHy in the presence of O, into CO,. Analyzing the average
CH4 concentrations in biocover layer during each phase, it was found that only 16.6%
of the inlet CHy was detected in Phase 2, followed by 19.86% in Phase 3, 30.5% in
Phase 5, and 64.85% in Phase 4. The average O, concentration measured at same
depth in biocover layer exhibited a narrow range of variations (1.24—1.99%) across
all phases, except for Phase 2, where the average concentration (3.35%) was detected,
which was slightly higher compared to the other phases (Fig. 3c). This indicates a
more amount of O, was consumed by microorganisms for CH4 oxidation, resulting
in increased CO, production in all phases relative to Phase 2, as depicted in Fig. 3b

Based on the average CH,4 concentrations detected in biocover during each phase
relative to the inlet concentrations injected, it can be inferred that Phase 2, charac-
terized by a gas composition of 50% CH4 and 50% CO,, and a flux rate of 23.9 g
CH,; m~2 day~!, exhibited the highest CH, reduction relative to its respective inlet
concentration. Conversely, the lower CHy4 reduction relative to inlet concentration
was observed during Phase 4, where the inlet flux rate was doubled. The higher
concentration of CH, observed during Phase 4 can be attributed to the limited time
of contact between methanotrophs (CH4-oxidizing bacteria) and CHy. As a result,
there is limited microbial oxidation of CH,4 during this phase, leading to a detection
of higher CH4 concentration. Even though there was a slight difference in the average
CH, reduction in biocover layer between Phase 2 and Phase 3, this reduction could
potentially be ascribed to several factors, one of which may include the inhibitory
influence of H,S gas during Phase 3, which had a gas composition of 48.25% CHy,



