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Experimental Framework and High-Fidelity Simulation

To rigorously evaluate the performance and operational dynamics of the tri-phasic nano-catalytic
remediation system, a comprehensive methodology combining field-scale validation and high-resolution
computational modeling was implemented. This integrative approach aimed to elucidate the synergistic
interactions among reactive gas-phase nanobubbles, solid-phase catalysts, and the aqueous transport

.medium within heterogeneous subsurface matrices

Reaction-Diffusion Transport Modeling

The spatial-temporal dynamics of pollutant transformation were mathematically modeled using the
:classical advection-diffusion-reaction equation

C/9t=D 3%C/Ax*-v 3C/dx-kCI
‘Where

concentration of contaminant = C(x,t)

diffusion coefficient (cm?%/s) = D

nanobubble front velocity (cm/s) = v
pseudo-first-order reaction rate constant (1/s) = k

:Boundary conditions

C(x=0, t) = Cy (initial surface concentration)
C(x—o0,t)—> 0
t>0

Numerical solutions via the finite difference method confirmed that the concurrent injection of
nanobubbles and catalytic particles significantly improved mass transport and reactivity, especially in moist
.sandy loam soils, enabling deep in-situ oxidation and contaminant breakdown

Designed Experimental Matrix (DOE)

A structured Design of Experiments (DOE) was used to examine the sensitivity of key parameters across
various contamination scenarios



Biodegradation Reaction Time

/Flow Rate (L

Injection Depth

Contaminant

. Run
(%) (hr) (min (cm) Type
H
58.2 12 1.0 30 eavy 1
Hydrocarbon
73.5 8 2.0 50 Light Oil 2
65.1 10 1.5 40 Phenol / PAH 3
80.3 14 2.2 60 Mixed (Qil + VOC) 4

Global Pilot Deployment Benchmarking

Comparison with global pilot-scale technologies highlighted the superior performance, flexibility, and
:modularity of the tri-phasic platform

Biodegradation

Limiting Factors (%) Treatment Method Location Project
0
,Long remediation time Passive subsurface - Canada
50%~\ . Alberta )

poor control aeration BioVent
,Toxic residues Fenton + surfactant - Germany

. . 70%-60 o Hamburg
multistage complexity oxidation Fentox
. . Nanobubble-ozone . -UAE - Nano

Cost-intensive at depth 78%~\ , Abu Dhabi
hybrid 0;
-Fully modular and site Tri-phasic catalytic -Multi This

y ) 90%-85 P y .

adaptive system regional Platform

Download Full Pilot Comparison Table (CSV)
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