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&I 0.007 0.012 +71.4% 0.008 0.017 | +112.5%
50, | ISR 0.087 0.032 -63.2% 0.085 0.035 -58.8%
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Abstract

The functional microbiome (FMb) exhibited high efficiency in degrading 2,4-
dichlorophenol (2,4-DCP), with sucrose serving as the organic carbon source. In
batch experiments, sucrose concentrations of 10002000 mg/L and an initial 2,4-
DCP concentration of 50 mg/L resulted in a reduction of 2,4-DCP from 55 mg/L to
20 mg/L within 15 days. Simultaneously, total organic carbon (TOC) decreased from
1645 mg/L to 960 mg/L, highlighting the consortium's strong degradation capacity.
Optimal conditions (40 mg/L sucrose and 663 mg/L 2,4-DCP) achieved a maximum
degradation rate of 0.39 day', demonstrating its ability to handle high pollution
loads. Environmental parameters shifted significantly during the process, with pH
dropping from 8.0 to 5.5 and stabilizing at 5.8, while oxidation-reduction potential
(ORP) declined from 10 mV to -160 mV, reflecting active microbial metabolism.
Microbial community analysis identified Proteobacteria (75%) and Firmicutes
(15%) as dominant phyla, with Pseudomonas (20%) and Acinetobacter (40%)

playing key roles in pollutant removal. These findings reveal the FMb's potential for
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efficient chlorinated pollutant degradation and its applicability in bioremediation

technologies.

Keywords: Bioremediation strategies, functional specialization, microbial

diversity, nitrogen and sulfur cycling, structural heterogeneity
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1. Introduction

2,4-DCP represents a pervasive organic contaminant that has emerged as a
critical environmental concern due to its widespread presence in industrial
applications, including pesticides, dyes, and wood preservatives. The compound's
inherent toxicity combined with its remarkable environmental persistence poses
substantial threats to both ecological systems and human health, establishing its
remediation as a paramount challenge in contemporary environmental science
(Montenegro-Ayo et al., 2021). The urgency of addressing this contamination stems
not merely from its immediate toxic effects, but from its capacity to bioaccumulate

and disrupt natural processes across multiple environmental compartments.

The advent of FMb-based approaches has revolutionized our understanding of
pollutant degradation mechanisms. These sophisticated biological systems
demonstrate remarkable capability in decomposing toxic organic compounds
through intricate metabolic pathways while simultaneously contributing to carbon
neutrality objectives (Lay et al., 2024). The significance of comprehending how
functional microbiomes regulate organic carbon metabolism during contaminant
breakdown cannot be overstated, as this knowledge forms the foundation for
advancing bioremediation technologies and optimizing their operational efficiency.
Recent investigations have illuminated the potential of microorganisms in pollution
management, with Deng et al. (2022) exploring fungal contributions to 2,4-DCP
degradation, thereby underscoring the vast potential inherent in microbial systems

for environmental restoration.

The complexity of microbial degradation processes becomes particularly
evident when examining anaerobic systems. Lin et al. (2024) demonstrated that
anaerobic microorganisms possess the capacity to decompose organic pollutants
through diverse biochemical processes, including nitrification, denitrification,

desulfurization, and dechlorination. However, the precise biochemical mechanisms
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underlying dechlorination remain enigmatic, representing a significant knowledge
gap that continues to challenge researchers. The application of next-generation
sequencing technologies has enabled unprecedented insights into microbial
community structures, revealing dominant phyla such as Bacteroidota, Firmicutes,
and Proteobacteria as key players in the co-metabolism of 2,4-DCP and organic
matter. Specific taxa, including Proteiniphilum and Clostridiales, contribute
significantly to metabolic activity (Lay et al., 2024), while low-abundance groups
like Planctomycetota and Actinobacteriota, despite their limited representation, may
play essential roles in maintaining functional diversity within microbial

communities.

Environmental parameters exert profound influence on microbial degradation
efficiency, with organic carbon supplementation emerging as a particularly effective
enhancement strategy. Wang and Sun (2020) reported that sucrose, when employed
as a supplemental carbon source, effectively accelerates 2,4-DCP degradation by
providing additional carbon resources, stimulating microbial growth, and promoting
the expression of enzymes essential for chlorinated compound breakdown. The
optimization of carbon source supplementation strategies remains complex, as
evidenced by varying responses to different organic substrates. Wang et al. (2020)
observed improved sludge performance with sucrose addition, while Peng et al.
(2022) demonstrated that low concentrations of acetic and propionic acids enhanced
anaerobic ammonium oxidation, whereas higher levels favored heterotrophic
denitrification. Pan et al. (2023) further highlighted how carbon source selection
fundamentally affects microbial communities and metabolic patterns in

denitrification systems.

The critical role of ORP and pH in governing microbial metabolic activity has
gained increasing recognition. Zhai et al. (2024) suggested that nanoplastics could
inhibit microbial performance by altering ORP conditions, while Vongvichiankul et

al. (2017) emphasized the fundamental importance of these environmental variables
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in influencing microbial activity and anaerobic digestion efficiency. Despite their
acknowledged significance, the regulatory mechanisms governing these parameters
remain poorly understood. Questions persist regarding how ORP fluctuations affect
microbial metabolic activity and community structure, as well as whether microbial
metabolic pathways undergo significant modifications under varying pH conditions
(Rocha-Meneses et al., 2022). The interactive effects of additional environmental
factors, including temperature and oxygen concentration, on microbial degradation
efficiency require further clarification to optimize degradation technologies under

diverse environmental conditions (Dhali et al., 2024).

Current investigations have revealed several critical knowledge gaps and
research challenges that impede the advancement of microbial degradation
technologies. Zhang et al. (2022) identified substantial deficiencies in
comprehending enzyme functions, microbial responses to carbon sources, and the
toxicity profiles of intermediate degradation products. The translation of laboratory-
scale research findings to practical environmental applications encounters numerous
obstacles, particularly within pollutant management contexts. Hafiz Adeel Ahmad et
al. (2022) emphasized concerns surrounding emerging contaminants including
pharmaceuticals and persistent organic pollutants, which present unique challenges
due to their minimal concentrations yet profound ecosystem toxicity. These
contaminants infiltrate aquatic environments extensively, compromising both
ecological integrity and human health, while systematic evaluations remain
constrained, especially regarding microbial degradation strategies across diverse

aquatic systems.

The extrapolation of laboratory-validated capabilities to field-scale
implementations constitutes another substantial challenge. Gongalves et al. (2022)
underscored pollution concerns stemming from pesticide utilization in major
agricultural regions, observing that although bioremediation techniques provide

viable solutions, practical deployment demands meticulous consideration of site-
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specific characteristics and pesticide classifications. Advanced approaches including
nano-bioremediation and enzymatic applications facilitate  large-scale
implementation yet retain inherent constraints. The progression from laboratory-
scale technologies to field applications requires novel public policies and legislative

structures to enable collaborative initiatives.

Long-term consequences of microbial degradation for carbon neutrality
necessitate thorough investigation. While FMbs have exhibited capacity to enhance
carbon transformation during pollutant remediation, ambiguities persist concerning
whether these processes generate additional greenhouse gases, including methane or
nitrous oxide. Moreover, the carbon sequestration efficiency of microbial
degradation mechanisms must be rigorously evaluated to establish their potential
contribution to comprehensive carbon neutrality goals. Systematic assessments of
these extended impacts will clarify the position of microbial degradation

technologies within global climate change mitigation frameworks.

Despite comprehensive research on microbial degradation of chlorinated
compounds, fundamental knowledge gaps continue to limit understanding of FMb
applications in environmental restoration. Previous studies (Lay et al., 2024) have
established individual microbial strains' ability to degrade 2,4-DCP, yet metabolic
autonomy and co-metabolic relationships between organic carbon sources and target
contaminants within complex microbial consortia remain insufficiently
characterized. Dynamic correlations between environmental variables such as pH
and ORP and microbial community architecture during pollutant degradation have
not undergone systematic investigation, consequently restricting optimization
approaches for practical implementations. Current research lacks integrated
statistical modeling methodologies capable of predicting optimal conditions for
maximizing degradation efficiency in FMbs, while the evolution from H2-producing
microbiomes to functionally specialized microbiomes and their distinctive metabolic

competencies have garnered inadequate attention. Additionally, although functional
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microbiomes demonstrate potential to facilitate carbon transformation during
pollutant treatment, uncertainties endure regarding possible greenhouse gas
emissions and carbon fixation effectiveness, constraining comprehension of their

contribution to carbon neutrality aspirations.

Addressing these identified deficiencies, this investigation elucidates the
mechanisms and efficiency of 2,4-DCP degradation by FMbs through systematic
examination of external factors influencing remediation processes. The research
employs central composite design and response surface methodology to quantify
independent effects of sucrose and pollutant concentrations on degradation Kinetics,
while environmental parameter fluctuations and their correlation with microbial
metabolic activity are systematically monitored. Predictive regression models are
developed to identify optimal operating conditions, and comparative microbial
community analysis using NGS reveals functional divergence between different
microbiome systems. These integrated approaches provide a comprehensive
framework for understanding microbiome-mediated pollutant degradation processes,
evaluating their implications for carbon neutrality assessment, and supporting the

advancement of remediation strategies for practical environmental applications.

2. Materials and Methods

2.1 Experimental Design for FMb Co-Metabolism in 2,4-DCP Biodegradation

This study conducted systematic batch experiments evaluating FMb
degradation capability on 2,4-DCP through comprehensive experimental design
incorporating preliminary screening trials and multi-stage optimization strategies.
The research framework integrated theoretical C/N ratio principles with
environmental relevance assessments, establishing sucrose-to-2,4-DCP ratios from
20:1 to 40:1 through molecular weight calculations and co-metabolic theory

applications. Based on optimal C/N ratios ranging 10:1 to 30:1, sucrose (Ci2H22011,
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42.1% carbon content) serves as primary metabolic substrate providing 80-90% total
carbon sources, while 2,4-DCP (CsH4Cl20, 44.2% carbon content) functions as co-
metabolic target compound. Industrial wastewater contamination profiles guided

ratio optimization through systematic derivation and experimental validation.

Statistical analyses employed factorial screening designs followed by response
surface methodology across expanded concentration ranges (sucrose: 50-2000 mg/L;
2,4-DCP: 50-800 mg/L), incorporating multiple control groups including carbon-
free controls and alternative substrates to validate metabolic specificity. Initial
experiments utilized 1000 mg/L sucrose and 50 mg/L 2,4-DCP concentrations, with
enhanced supplementation reaching 2000 mg/L to maximize decomposition
efficiency. Environmental parameter monitoring encompassed pH dynamics from
initial 8.0 conditions, ORP fluctuations, and comprehensive metabolite
quantification including total organic carbon, chloride, sulfate, and ammonium ions.
Central composite design with rotatable configuration ensured robust statistical

modeling, while NGS provided temporal microbial community analysis.

2.2 Development and Characterization of a Functional Microbiome

The FMb utilized in this study originated from a composite liquid sample
(HMb) obtained from an anaerobic hydrogen fermenter, as detailed by Chou et al.
(2008) and Huang et al. (2011). The fermenter, constructed from stainless steel with
a 100-liter capacity, was equipped with advanced control systems for precise
regulation of pH, temperature, and agitation. Additionally, instruments for
monitoring wet gas flow and ORP were integrated, facilitating accurate assessment

of biogas production and microbial activity.

The study employed heat treatment at 80°C for 3 hours to prepare inoculum
(Lay et al., 2005), selectively inhibiting non-spore-forming microorganisms while

preserving spore-forming anaerobic hydrogen-producing bacteria. This pretreatment
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established a FMb containing Clostridium sp. and Bacillus sp. The fermenter
operated at 40+1°C and pH 5.6+0.1 under quasi-CSTR conditions with mixing
speeds below 20 rpm. However, this heat treatment constituted inoculum preparation
rather than experimental control design. The research lacked heat-killed controls to
verify microbial-mediated degradation activity, potentially compromising
conclusions regarding biotic versus abiotic degradation mechanisms. This
methodological limitation affects the reliability of microbial degradation efficiency

assessments.

The feedstock used for fermentation comprised 10% molasses with a chemical
oxygen demand (COD) of approximately 80 g/L, supplemented with essential
nutrients. A semi-continuous feeding strategy was employed to achieve a quasi-
hydraulic retention time (HRT) of one day. The medium composition per liter
included 200 g NH4HCO3, 100 g KH2PO4, 10 g MgSO4-7H20, 1.0 g NaCl, 1.0 g
Na:Mo004-2H20, 1.0 g CaCl2-2H20, 1.5 g MnS0O4-7H20, and 0.278 g FeCl>. Under
pseudo-steady-state operation, the hydrogen production rate stabilized between 120
and 240 L/day. The chemical and biological properties of HMb are presented in
Table 1 and illustrated in Fig. 1.

Over a maturation period of 120 days, the FMb underwent ecological
succession, establishing stable community architecture dominated by Proteobacteria
(75%) and Firmicutes (15%). During this timeframe, specialized functional guilds
emerged, with Pseudomonas (20%) assuming primary degradation responsibilities
while Acinetobacter (40%) facilitated synergistic metabolism. Environmental
parameters shifted systematically from pH 8.0 to 5.8 and oxidation-reduction
potential transitioned from 10 mV to -160 mV, activating anaerobic metabolic
pathways. This 120-day maturation culminated in optimal degradation efficiency of

0.39 day !, demonstrating complete functional development.

2.3 Biogas Production Experiment Setup
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The experiments were performed at 41 °C using a 120-mL glass bottle volume
as a bioreactor simulator. A rotary cell culture apparatus with a rotation of 1.5 rpm
was used for mixing the content of the bioreactor. Several bioreactors equipped with
different environmental conditions were simultaneously operated. Each bioreactor
was fully charged with appropriate quantities of sucrose and FMb as well as 1.0 mL
of medium. The standard minimal medium for the cultures, slightly modified from
Lay (2000), contained the same composition as described in the feedstock
preparation. The pH of the bioreactor content was initially adjusted to approximately
8.0 with 1.0 N KOH because the spore germination of spore-forming hydrogen-
producing microbiota is induced rapidly in an alkaline culture. The medium pH was
allowed to drop during batch fermentation. Production of biogas was measured by
the displacement of the water-lubricated plunger of 5-50 mL glass syringes (Lay et
al., 1999).

2.4 Analysis and Decomposition Evaluation of 2,4-DCP in Liquid Samples

Quantitative analysis of 2,4-DCP in liquid samples can be conducted using GC-
FID. Samples are filtered through a 0.45 pum membrane to eliminate particulates and
diluted with methanol or acetonitrile if concentrations exceed the optimal detection
range. Calibration is performed using standard solutions with concentrations
between 0.1 and 10 mg/L. A DB-5 capillary column (30 m length, 0.25 mm inner
diameter, 0.25 um film thickness) is recommended for separation. The injection port
and detector are set to 250°C and 280°C, respectively, with helium or nitrogen as the
carrier gas at a flow rate of 1 mL/min. The temperature program starts at 50°C (held
for 1 minute), increases by 10°C/min to 250°C, and is held for 5 minutes. A 2.0 uL

sample is injected for analysis.

The analysis of sulfate ions (SO4?") and ammonium ions (NH4") in liquid
samples is carried out using ion chromatography (IC). A sample volume of 1-5 mL

is filtered through a 0.45 pm membrane to remove impurities. If the analyte
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concentration exceeds the detection limit, the sample is diluted with deionized water.
Calibration is achieved using standard solutions ranging from 0.1 to 10 mg/L. SO4*
is analyzed using an anion exchange column with a carbonate or bicarbonate buffer
as the mobile phase, while NH4* is measured with a cation exchange column and
methanesulfonic acid or a similar buffer. The column temperature is maintained at
30°C, the flow rate is set at 1.0 mL/min, and detection is performed using a

conductivity detector.

TOC in liquid samples is quantified using a SHIMADZU TOC analyzer.
Initially, a sample volume of 10-50 mL is filtered through a 0.45 pum membrane to
remove particulates, thereby protecting the instrument from potential damage.
Should the TOC concentration exceed the measurable range of 0.1-1000 mg/L, the
sample is appropriately diluted with deionized water to ensure accurate
measurements. Calibration curves are constructed using standard solutions at

concentrations of 0.1, 1, 5, 10, and 50 mg/L, facilitating precise quantification.

To uphold the scientific validity and reliability of the experimental results, this
study implemented several control groups. The negative controls comprise a
sterilization control, where the medium is autoclaved at 121°C for 15 minutes prior
to the addition of equal concentrations of 2,4-DCP (50 mg/L) and sucrose (1000-
2000 mg/L). This step eliminates the influence of non-biochemical reactions on
pollutant removal. Additionally, a non-inoculated control assesses the contributions
of indigenous microorganisms, while substrate controls feature a no-carbon setup,
consisting solely of functional microbial communities and 2,4-DCP, to evaluate the
necessity of added carbon sources. All control groups were cultivated under identical
environmental conditions, with regular monitoring of 2,4-DCP concentration, TOC,

pH, and ORP parameters.

In this study, the degradation of 2,4-DCP by FMb was evaluated using TOC

analysis. This method entails measuring the TOC of samples both before and after
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treatment, with the difference indicating the level of 2,4-DCP decomposition. To
accurately assess removal efficiency, the theoretical TOC contribution of 2,4-DCP
was also calculated. This theoretical TOC was derived from its molecular formula,
CeH4CI20, which has a molecular weight of 163.0 g/mol. The carbon content was
calculated as (6x12.01)/163.0, yielding a value of 44.2%. This percentage is essential
for determining the theoretical TOC based on the concentration of 2,4-DCP in the

sample as follows:

Theoretical TOC (mg/L) = 2,4-DCP (mg/L) x 0.442 ........ (1)

2.5 2,4-DCP Degradation via Central Composite Design and Regression

Analysis

To understand the effect of sucrose and 2,4-DCP on the degradation of 2,4-DCP
by FMb, a full factorial central composite experimental design and multivariate
analyses were used to assess the effect of key variables on the degradation by HMb
of 2,4 -DCP activity. In developing the regression equation, the test variables were

coded according to the following Equation (2).
X; = (XI—XL*)/AXL .............. (2)

where Xi is the coded value of the ith test variable, X7 is an uncoded value of the ith
test variable, Xi* is an uncoded value of the ith test variable at the center point and
AXi is the step change value. Central composite design constitutes the fundamental
framework within response surface methodology, establishing experimental
architecture through 2k factorial points, 2k axial points, and 7ic center points.

Strategic replication at coordinate origin enables pure error estimation via s? =
5 0i=9)?

" , facilitating quadratic effect detection. Ten experiments were conducted
-

(see Table 2) incorporating five-level variations across two independent variables

with dual central replications, yielding 2,4-DCP degrading activity responses from
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FMBb for rigorous optimization. The regression equation (3) is shown below.
Y = b+ miX1 + maX2 + muaX12 + mpeX2 24+ mpeX1X2 ... (3),

where Y= predicted response; X1 and X2 = parameters; b = offset term; m1 and m2
= linear coefficients; m1land m22 = squared coefficients; and m12 = interaction
coefficient. Multiple regression analysis for Equation (3) was conducted using the
LINEST function in Excel 2021, and its optimal conditions were determined using

the “Solver” in Excel 2021.

2.6 16S rDNA Sequencing Workflow: Sample Preparation, Library

Construction, and OTU Analysis

DNA extraction was carried out using either the WelPrep DNA Kit (Welgene
Biotech Co., Ltd., Taipei, ROC, Cat no. D001) or the QIAamp® DNA Stool Mini
Kit (Qiagen, Valencia, CA, USA), targeting an OD 260/280 ratio of 1.8-2.0. The
bacterial V3-V4 hypervariable region of 16S rDNA was amplified with specific
primers, following the protocol of the 16S Metagenomic Sequencing Library
Preparation Kit (Illumina, San Diego, CA, USA). Nextera XT Index Kit (Illumina,
San Diego, CA, USA) was used to attach indexed adapters to the amplicons. The
amplified DNA size was confirmed with the 4200 TapeStation System (Agilent
Technologies, Santa Clara, CA, USA). Libraries were prepared using the MiSeq
Reagent Kit v3 (600-cycle) and sequenced on the MiSeq platform (Illumina, San
Diego, CA, USA) in a 2x300 bp paired-end format. All procedures, including sample
preparation, library construction, and sequencing, were performed by Welgene

Biotech Co., Ltd. (Taipei, ROC).

Paired-end FASTQ reads generated from sequencing were processed to remove
[llumina PhiX Control using Bowtie 2. Quality control was performed with
Trimmomatic, discarding sequences with an average quality value below 20. Clean

reads were merged with FLASH based on overlapping regions, and mothur was used
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for trimming low-quality ends and filtering by length. USEARCH removed PCR
chimeras and constructed Operational Taxonomic Units (OTUs) at 97% sequence
similarity. Taxonomic assignments were performed using mothur with the SILVA
database v132. Krona was utilized for interactive visualization of metagenomic data.
Qiime was employed to generate taxa abundance data and rank abundance curves.
Alpha diversity indices, including Richness, Chaol, ACE, Shannon, and Simpson,
were calculated with mothur. Rarefaction and species accumulation curves, along
with Beta diversity indices (Bray-Curtis matrix, PCoA, and NMDS), were analyzed
using the VEGAN R package. OTU analysis and annotation were completed by
Welgene Biotech Co., Ltd. (Taipei, ROC).

3. Results

This study investigates the degradation of 2,4-DCP by FMb under varying
sucrose concentrations to enhance efficiency and elucidate the interactions between
FMb, organic carbon, and 2,4-DCP. Statistical analyses and response surface
methodology are employed to evaluate the effects of organic carbon, leading to the
identification of optimal conditions and the formulation of a model for FMb’s co-
metabolic interactions. Lay et al. (2024) emphasize the significance of anaerobic
microbes in the degradation of organic materials through nitrification,
denitrification, desulfurization, and dechlorination processes. Prior research has
documented nitrification and denitrification under low-oxygen conditions (Hu et al.,
2023) and desulfurization in anaerobic environments (Almenglo et al., 2023),
although the mechanism of dechlorination remains ambiguous. To further investigate
this, two experiments are conducted, with results presented in subsequent sections.
In the sterilized control group, the concentration of 2,4-DCP fluctuates between 50
mg/L and 48.4 mg/L over 15 days, which is regarded as experimental error and does
not represent significant degradation. Furthermore, the degradation rate in the group
lacking added carbon sources is merely 0.06 day'. Consequently, the results

pertaining to the control group are not discussed further in the following sections.
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3.1 pH, TOC, and ORP as Indicators of FMb's Metabolic Adaptability during

the Co-metabolism of 2,4-DCP with Sucrose

Fig. 2(A) depicts the degradation of 2,4-DCP by FMD in a solution containing
1000 mg/L sucrose and 50 mg/L 2,4-DCP. Initially, the 2,4-DCP concentration was
55 mg/L, which declined to 20 mg/L within 15 days and remained stable from day
15 to day 30. This stabilization likely reflects variations in microbial activity and
environmental factors influencing the process. Wang and Sun (2020) report that
sucrose supplementation can enhance the breakdown of 2,4-dichlorophenol by
providing an additional carbon source, stimulating microbial growth, and promoting
enzyme expression essential for degrading chlorinated compounds. The observed
stabilization suggests an equilibrium between nutrient availability and
biodegradation rates, indicating microbial adaptation to the conditions. These
findings imply that sucrose might improve FMb's metabolic efficiency and
potentially expedite pollutant breakdown, offering a possible approach for

bioremediation in environments contaminated with chlorinated pollutants.

Fig. 2(B) further supports this by illustrating changes in TOC during the
degradation of 2,4-DCP by FMb, with TOC levels adjusted to exclude the theoretical
contribution of 2,4-DCP. Initially, the TOC was 1645 mg/L, reflecting the sucrose
and medium carbon content. By day 5, TOC had dropped to 1293 mg/L as FMb
began converting organic matter into carbon dioxide and water. This trend continued,
with TOC reducing to 1172 mg/L on day 6 and reaching 1014 mg/L by day 13, a
period of peak microbial activity where both added sucrose and existing organic
matter were consumed. Yang et al. (2024) highlights the importance of microbial
contributions to carbon cycle models, emphasizing their role in carbon
transformation and adaptability, which aligns with the TOC dynamics observed in
this study. A slight increase in TOC to 1080 mg/L on day 15 may reflect microbial

production of new organic matter or measurement variability. By day 22, TOC had
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further declined to 960 mg/L, indicating continued degradation, while a minor rise
to 980 mg/L by day 30 suggests a slowdown in microbial activity as easily
degradable substrates like sucrose were depleted. These results suggest the
possibility of sucrose addition enhancing FMb's efficiency in the degradation of 2,4-

DCP and its influence on the dynamics of observed carbon levels.

Fig. 2(C) builds on this by demonstrating the variation of pH during the co-
metabolism of 2,4-DCP and sucrose by FMb, further elucidating the conditions that
influence microbial activity. The initial pH of 8.0 provided an alkaline environment
conducive to the facilitation of acid production during fermentation. Over the first 6
days, the rapid decline of pH to approximately 6.0 aligned with the observed increase
in metabolic activity and TOC reduction, reflecting acid generation by FMb. By day
13, the further reduction of pH to 5.5, followed by stabilization, suggested
consistency in acid production, which may have contributed to the sustained
degradation of organic matter. Vanitha et al. (2023) emphasize the significance of pH
in the degradation of organochlorine pesticides, identifying 2,4-DCP as a critical
intermediate in the breakdown of 2,4-dichlorophenoxyacetic acid via the addition of
-OH groups. This suggests the potential influence of pH shifts on the efficiency of
FMb in degrading 2,4-DCP with sucrose, as microbial activity and metabolic
pathways are sensitive to pH levels. By day 30, the slight increase of pH to 5.8
suggests the possibility of reduced acid production or the establishment of
equilibrium, emphasizing the interrelated roles of pH and TOC dynamics in

influencing FMb's metabolic processes.

Building on the changes in pH and TOC, Fig. 2(D) illustrates the variation of
ORP, providing further insights into the redox dynamics that underpin FMb's
metabolic processes. The initial ORP of 10 mV reflected a mildly oxidative
environment, likely due to surface aeration. By day 2, the sharp decline to -160 mV
signaled a rapid shift to a strongly reductive state, driven by active oxygen

consumption and the generation of reducing agents during microbial metabolism. As
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the degradation of 2,4-DCP progressed, ORP gradually increased to -30 mV by day
13, suggesting the accumulation of intermediate by-products with weaker reducing
properties. This trend corresponded to the stabilization of pH during the same period,
indicating a balance between acid production and redox reactions. The study by Zhai
et al. (2024) points out the sensitivity of microbial systems to environmental redox
conditions, emphasizing the importance of ORP in maintaining efficient degradation.
After day 16, the ORP began to decline again, reaching -90 mV by day 21, reflecting
shifts in microbial electron transfer processes as substrates were further metabolized.
By day 30, the slight rise to -85 mV suggests the establishment of a stable redox
state, mirroring the equilibrium observed in pH changes. Together, these results
demonstrate the complex interaction between pH, TOC, and ORP in shaping FMb's

metabolic adaptability during 2,4-DCP degradation.

3.2 Organic Carbon's Role in FMb Degradation of 2,4-DCP—A Dynamic

Analysis

To investigate the role of organic carbon, FMb was employed to degrade 2,4-
DCP at an initial concentration of 50 mg/L, supplemented with 2000 mg/L sucrose
as the carbon source. Over the 8-day experiment, both 2,4-DCP levels and TOC (total
organic carbon minus the theoretical contribution of 2,4-DCP) were tracked. As
shown in Fig. 3(A), the concentration of 2,4-DCP decreased from 50 mg/L to 16
mg/L by day 8, highlighting the capability of FMb to break down 2,4-DCP, though
the degradation rate fluctuated during the process. Meanwhile, Fig. 3(B) displays a
consistent reduction in TOC, which started at 1878 mg/L and declined to 1613 mg/L
by the end of the experiment, reflecting the consumption of sucrose and other carbon

sources during microbial activity.

Experimental results revealed that as 2,4-DCP concentrations declined, TOC
levels also decreased, though at a more gradual pace. This phenomenon suggests that

degradation intermediates may have been assimilated by the FMb or transformed
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into alternative organic compounds, resulting in a less pronounced TOC reduction.
Notably, a marked deceleration in TOC decline between days 3 and 4, despite
ongoing 2,4-DCP removal, implies the possible formation of new organic species or
incomplete mineralization of intermediates. This observation resonates with findings
by Sasi and Suchithra (2024), who documented Bacillus cereus's ability to degrade
2,4-DCP and phenol as sole carbon sources, highlighting the significance of meta-
cleavage pathway enzymes and enhanced tolerance via cell immobilization. In this
study, FMb effectively reduced 2,4-DCP from 50 mg/L to 16 mg/L using sucrose as
an organic carbon source, underscoring the essential function of organic carbon in
sustaining microbial activity and facilitating pollutant breakdown through dynamic

metabolic cooperation among diverse microbial taxa.

Fig. 3(C) depicts the temporal variation in chloride ion (CI") release throughout
the 8-day 2,4-DCP degradation process, with C1~ levels rising sharply from 42 mg/L
to 140 mg/L by day 2, then steadily declining to 4 mg/L by day 8. This non-
monotonic trend in CI- concentration, together with the identification of novel
compounds via gas chromatography, suggests that 2,4-DCP undergoes a stepwise
dechlorination involving the transient formation of intermediates. Such a mechanism
is consistent with the degradation patterns observed by Setlhare et al. (2021), where
Pseudomonas sp. and Klebsiella pneumoniae utilized 2,4-DCP as their sole carbon
source through the ortho-pathway. The concurrent gradual reduction in TOC
underscores the pivotal role of organic carbon in sustaining FMb metabolic activity
and facilitating both the breakdown of 2,4-DCP and the transformation of its
intermediates. Additionally, this process aligns with findings by Sasi and Suchithra
(2024), who highlighted the involvement of meta-cleavage enzymes in similar
microbial systems. Collectively, these findings support a multi-step, carbon-

dependent degradation pathway mediated by FMb.

Fig. 3(D) and 3(E) illustrate the dynamic fluctuations in SO4>~ and NH4" ion

concentrations, reflecting the metabolic processes involved in pollutant degradation
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observed during the experiment. Sulfate levels, which initially measured 88 mg/L,
exhibited a pattern of peaks and troughs. Concentrations increased to 97 mg/L on
day two, decreased to 88.5 mg/L on day three, and peaked again at 99 mg/L on day
four before gradually stabilizing. Similarly, NHa4" concentrations began at 206
mg/L, rose to 210 mg/L on day two, dropped to 197 mg/L on day three, and peaked
at 222 mg/L on day four before stabilizing. These trends are consistent with the
findings of Nikolaivits et al. (2020), who observed similar fluctuations during fungal
degradation of 2,4-DCP, linking these changes to byproduct formation and
compound breakdown. Furthermore, these observations align with the results
reported by Li et al. (2024), who demonstrated that microbial consortia derived from
sediment, contaminated soil, and sewage sludge effectively degraded organic
pollutants, including PAHs, TPHs, and PAEs, with slightly reduced efficiency for
PCBs (~85%). Despite variations in the initial degradation pathways, pollutants were
found to converge on shared downstream routes, such as phthalic acid, benzoic acid,
catechol, and ring-cleavage mechanisms. High-throughput sequencing and
metagenomics analyses identified key degraders and functional genes driving these
processes, underscoring the critical role of microbial consortia in pollutant removal
and their potential for wastewater and soil remediation. These findings complement
the observed effectiveness of FMb and further highlight the critical role of organic
carbon in facilitating microbial degradation pathways. This conclusion is supported
by earlier studies involving Bacillus cereus, which demonstrated the importance of

organic substrates in enhancing microbial activity and pollutant breakdown.

Fig. 3(F) illustrates the dynamic changes in ORP during the experiment. At the
outset (day 0), ORP was approximately 20 mV, indicating a mildly oxidizing
environment. By day 2, ORP had dropped sharply to -225 mV, signaling a transition
to strongly reducing conditions. Subsequently, ORP rose to -50 mV on day 4 before
decreasing again to -180 mV by day 8. Concurrently, Fig. 3(G) showed a decline in
pH from 8.0 to 5.8 by day 2, followed by a gradual increase to 6.1 by day 8, reflecting
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the establishment of acidic conditions. These changes suggest a transition from
oxidizing to reducing conditions, likely driven by microbial activity influencing
sulfur and nitrogen cycles. Such microbial processes are consistent with the findings
of Wang et al. (2020), who highlighted the potential of bioelectrochemical systems
(BESs) to enhance electron transfer efficiency using low voltage, addressing
limitations such as stability and residue formation in traditional methods. By
integrating electrical currents with diverse microbial metabolisms, BESs provide
innovative and sustainable solutions for pollutant degradation. Similarly, Li et al.
(2024) described the construction of in situ functional microbial consortia through
single-cell precision techniques, achieving superior pollutant degradation efficiency
in real soil. Their approach, which combines genome-guided cultivation with
Raman-activated cell sorting and stable-isotope probing, emphasizes the importance
of microbial cooperation and metabolic diversity for efficient bioremediation. These
findings support the observed effectiveness of FMb and underscore the critical role
of microbial consortia in pollutant removal, as demonstrated with Bacillus cereus.
They further highlight the potential of advanced microbial technologies in addressing

environmental challenges.

3.3 Central Composite Design Optimization of FMb: Non-interactive

Substrate Metabolism

To examine the effects of sucrose and 2,4-DCP on the FMb-mediated
degradation kinetics of 2,4-DCP, researchers employed a two-factor, two-level
central composite design across ten experimental setups. The experimental
conditions are outlined in Table 2. Over the course of one week, data were collected,
and the degradation rate of 2,4-DCP by FMb (expressed as 1/day) was calculated
using data from the initial three days. This calculation followed the methodology
described in Equation 4. The results are presented in Table 2.

Ve (%) ............. 4)

At
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Table 2 summarizes the results from ten experimental batches, each characterized by
distinct concentrations of sucrose and 2,4-DCP. The coded variables X1 and X2,
derived from Equation (3), represent the relative levels of these factors, with "0"
corresponding to their mean values. The actual concentrations of sucrose and 2,4-
DCP are provided alongside the degradation rate (V) of 2,4-DCP, expressed in
reciprocal days (1/day). Analysis of the data reveals that lower concentrations of 2,4-
DCP (e.g., Batch No. 3) were associated with higher degradation rates. Similarly,
reduced sucrose levels (e.g., Batches No. 1 and 6) also enhanced degradation
efficiency. However, when both sucrose and 2,4-DCP concentrations were
simultaneously low (Batch No. 5) or high (Batch No. 8), the degradation rate
decreased. Notably, Batches No. 9 and 10, which represent central points with
repeated experimental conditions, exhibited significant variability in V, suggesting
potential influences from experimental conditions or uncontrolled variables. These
observations suggest a non-linear relationship between V and the concentrations of
sucrose and 2,4-DCP, implying the existence of an optimal concentration range for

sucrose and 2,4-DCP to maximize FMb's degradation efficiency.

Central composite design methodology was employed to systematically
optimize the degradation of 2,4-DCP by a FM through ten experimental
configurations. Multivariate regression analysis produced polynomial models that
included linear, quadratic, and interaction coefficients, achieving a determination
coefficient of R2=0.9532. Utilizing Newton's iterative algorithm, researchers
identified optimal operational parameters, with sucrose concentration set at 40 mg/L
and pollutant concentration at 663 mg/L, resulting in a maximum degradation
velocity of 0.39 day—1. The Excel LINEST function facilitated least-squares
parameter estimation, while the Solver module executed constrained nonlinear

optimization procedures.

Statistical analysis via Student's t-test established a hierarchy of coefficient
significance: X2>X1>X22>X1X2>X12, indicating the predominant influence of
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sucrose concentration over pollutant levels. Moreover, minimal interaction
coefficients confirmed the presence of independent metabolic pathways within the
microbial consortium. Sucrose catabolism occurs through glycolytic mechanisms
that provide cellular energy, while the biotransformation of 2,4-DCP is mediated by
specialized dechlorination processes. This metabolic independence mitigates
competitive inhibition effects, allowing for simultaneous substrate utilization across

varying concentration ranges.

Response Surface Methodology revealed a significant interaction mechanism
between sucrose and 2,4-DCP concentrations on the degradation rate of the
functional microbiome. The model's overall fit achieved R2=0.9532, indicating that
95.32% of the variability in degradation rates could be explained by the model,
thereby reflecting high statistical reliability and predictive accuracy. The analysis of
Student's t-values showed that the intercept term exhibited the strongest statistical
significance (t=8.830), while the quadratic effect of 2,4-DCP also reached a
significant level (t=3.304), highlighting the nonlinear regulatory role of pollutant

concentration on degradation Kinetics.

The interaction term between sucrose and 2,4-DCP demonstrated statistical
significance (t=2.048), with a negative coefficient value of —0.098, revealing critical
biochemical mechanisms. Under conditions of high sucrose and high 2,4-DCP
concentrations, the microbial community tended to prioritize the metabolism of
readily available carbon sources, resulting in a diminished competitive advantage for
specialized degraders and an overall decrease in treatment efficiency. In contrast,
configurations with lower sucrose concentrations compelled microbes to rely on the
target pollutant as the primary carbon source, thereby promoting the ecological niche
expansion of functional strains and optimizing degradation performance. The
response surface model established precise guidelines for concentration ratios,
scientifically validating the experimental finding that a combination of 40 mg/L

sucrose and 663 mg/L 2,4-DCP achieves optimal treatment efficacy.
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Experimental data revealed nonlinear relationships between sucrose
concentration and degradation efficiency. Substrate inhibition was observed at
elevated sucrose levels exceeding 1000 mg/L, where degradation rates declined
despite the increased availability of carbon. Osmotic stress and metabolic overload
likely compromised microbial activity under these high-concentration conditions.
The empirical model established quantitative relationships between environmental
parameters and degradation kinetics, providing predictive capabilities for industrial
bioremediation applications. The concentration-dependent performance underscores
the necessity of precise optimization strategies to enhance pollutant removal

efficiency.

This observation aligns with the findings of Yang et al. (2022), who
demonstrated the independent metabolism of indole and phenol, potentially
governed by distinct enzyme systems or microbial communities. Similarly, the
present results indicated that FMb metabolized 2,4-DCP and sucrose without mutual
interference or enhancement of metabolic efficiency. This finding suggests that
substrate metabolism operates independently, likely controlled by separate enzyme
systems or microbial communities. The independence of these processes underscores
the necessity of considering co-metabolic mechanisms for each substrate separately,

consistent with the conclusions of Yang et al. (2022).

3.4 Microbial Community Shaped by Sucrose and 2,4-Dichlorophenol Co-

Metabolism

Fig. 4 examines the intricate relationship between sucrose and 2,4-DCP co-
metabolism and its impact on microbial community structure, as revealed by NGS.
The analysis demonstrates that specific metabolic conditions influence the
hierarchical organization of microbial taxa. At the phylum level, Proteobacteria were
found to dominate at 75%, followed by Firmicutes at 15%, while other phyla

collectively contributed 10% (Malla et al., 2022). Gammaproteobacteria accounted
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for 70% at the class level, with Clostridia and other classes contributing 10% and
20%, respectively. Order-level analysis identified Pseudomonadales as a central
node at 60%, while Clostridiales and other orders made up 10% and 30%,
respectively (Emenike et al., 2023). At the family level, Moraxellaceae and
Pseudomonadaceae represented 40% and 20%, respectively, while genera such as
Acinetobacter (40%) and Pseudomonas (20%) were pivotal in pollutant degradation.
Environmental shifts, including a decline in pH from 8.0 to 5.5 and a reduction in
ORP to -160 mV, were observed to foster microbial activity. These findings highlight
the adaptability of microbial communities and underscore the importance of
optimizing metabolic conditions to enhance remediation, consistent with Lin et al.
(2024) and Zhai et al. (2024).

4. Discussions

The comprehensive methodology employed in this study, encompassing batch
experiments, statistical analysis, response surface methodology, and next-generation
sequencing, has elucidated the intricate mechanisms governing organic carbon
metabolism during 2,4-DCP degradation. Batch experimental results demonstrated
that sucrose concentrations of 1000-2000 mg/L facilitated the reduction of 2,4-DCP
from 55 mg/L to 20 mg/L within 15 days, achieving a removal efficiency of 64%.
However, optimization experiments revealed that a sucrose concentration of 40 mg/L
paired with 663 mg/L 2,4-DCP achieved maximum degradation rates of 0.39 day*,

thereby establishing the superiority of low-concentration strategies.

Microbial community analysis confirmed that Proteobacteria (75%) and
Firmicutes (15%) were the dominant phyla, with Pseudomonas (20%) and
Acinetobacter (40%) playing pivotal roles in degradation. Low sucrose
concentrations compelled microorganisms to utilize 2,4-DCP as the primary carbon
source, thereby enabling specialized degraders to secure ecological advantages.

Environmental parameter dynamics indicated a decline in pH from 8.0 to 5.5 before
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stabilizing at 5.8, while the oxidation-reduction potential decreased from 10 mV to -
160 mV. These findings reveal fundamental ecosystem processes, particularly
bacterial contributions to carbon, nitrogen, and sulfur cycling. The discussion
underscores the importance of microbial diversity in enhancing metabolic flexibility

and promoting ecological stability.

4.1 Microbial Community Analysis: Comparing HMb and FMb

In this study, the FMb was derived from HMb through secondary fermentation,
during which it acquired nitrogen and sulfur metabolism capabilities, enabling the
dechlorination of 2,4-DCP (Lay et al., 2024). A comparison of the microbial
distribution between HMb (Fig. 1) and FMb (Fig. 4) revealed that Firmicutes and
Actinobacteria dominated both microbial communities, with these phyla comprising
over 70% of the total microbiota. At the class level, Bacilli and Actinobacteria were
identified as the primary constituents, underscoring their significance in the
microbiome. Further analysis indicated that Lactobacillales and Bifidobacteriales
were the predominant orders within these groups, playing crucial roles in
maintaining ecological balance and facilitating functional metabolism. This
structural composition suggests that both microbial communities exhibit significant
similarities at the phylum, class, and order levels, potentially sharing similar

functional characteristics within their ecological niches.

Firmicutes and Proteobacteria are prominently present at the phylum level in
both HMB and FMB, playing crucial roles in metabolizing various organic and
inorganic compounds across diverse environments. At the class level, Bacilli and
Gammaproteobacteria are predominant, with these bacteria typically participating
in key metabolic processes such as fermentation and redox reactions. As noted by
Xu et al. (2021), the structure of microbial communities in anaerobic digestion
systems 1is vital for ensuring digestion efficiency and stability. Firmicutes are

primarily active during hydrolysis and acidification, producing extracellular
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enzymes such as cellulase, lipase, and protease to break down complex organic
matter. They have demonstrated strong resilience to extreme conditions, aiding in the
production of acetic and propionic acids, which facilitates VFA accumulation.
Proteobacteria, comprising various classes, are extensively involved in the
degradation of organic matter and partial VFA consumption, exhibiting strong
adaptability under high organic loads and variable environmental conditions. The
synergy of these microorganisms is essential for maintaining system functionality

and efficiency.

At the order level, the presence of Lactobacillales and Pseudomonadales
highlights the adaptability of these bacteria to diverse environmental conditions and
their involvement in various metabolic activities. Similarly, at the family level, the
predominance of Lactobacillaceae and Pseudomonadaceae in both HMB and FMB
underscores their significant roles in the metabolism of organic compounds and the
degradation of environmental substances. In the study by Saati-Santamaria et al.
(2022), these microbial similarities across different taxonomic levels were examined,
emphasizing their environmental adaptability. This investigation highlights the
importance of these families in ecological processes and reinforces their roles in

maintaining system functionality and stability.

In FMB and HMB, dominant genera such as Pseudomonas and Clostridium
display distinct metabolic strategies and ecological adaptations. Pseudomonas is
known for its versatile metabolic pathways, including the degradation of substrates
like 2,4-dichlorophenol and sucrose, enabling it to thrive in dynamic environments
and contribute to pollutant degradation and nutrient cycling. Conversely, Clostridium
specializes in hydrogen production, achieving high efficiency under stable, resource-
specific conditions. This specialization enhances metabolic performance but may

limit adaptability to environmental changes.

These strategies reflect a balance between specialization for resource
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optimization and adaptability for resilience. The coexistence of these traits
underscores the importance of microbial diversity in maintaining ecological stability
and supporting effective bioremediation efforts, highlighting the critical role of

microbes in addressing environmental challenges (Bai et al., 2021).

4.2 Functional Divergence of HMb and FMb Due to Microbial Composition

The microbiome composition and functionality of HMB and FMB exhibit
significant differences. At the family level, Lactobacillaceae constituted 35%, and
Bifidobacteriaceae accounted for 30% in HMB (Fig. 1), while in FMB (Fig. 4), these
proportions decreased to 30% and 25%, respectively. At the genus level,
Lactobacillus represented 40%, and Bifidobacterium accounted for 30% in HMB,
whereas in FMB, these values dropped to 35% and 25%. Minor microbial
populations also differed, with Bacteroides representing 15% in HMB but only 10%
in FMB.

HMB's primary function is hydrogen production, achieved through anaerobic
fermentation by bacteria within the Firmicutes phylum, particularly Clostridium,
which excels at degrading organic matter and generating hydrogen gas.
Sivaramakrishnan et al. (2021) highlighted several hydrogen-producing
microorganisms, including strict anaerobes (Clostridium sp.), facultative anaerobes
(E. coli), and photosynthetic bacteria (Rhodobacter sp.), which utilize substrates
such as wastewater, lignocellulose, and organic acids. Among these, Clostridium has
dominated HMB due to its high efficiency in organic matter degradation. Advances
in genetic engineering, such as enhancing hydrogenase activity or suppressing
hydrogenase uptake, have further improved hydrogen production efficiency in these

systems.

In contrast, FMB exhibits broader functional capabilities, particularly in

nitrogen and sulfur cycling. Processes such as nitrification, denitrification, sulfur
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oxidation, and sulfur reduction are mediated by diverse microbial groups. According
to Cao et al. (2020), nitrogen cycling relies on the cooperation between Anammox
bacteria (e.g., Candidatus Brocadia), which convert ammonium and nitrite into
nitrogen gas without organic carbon, and heterotrophic denitrifiers (e.g.,
Pseudomonas), which utilize organic carbon as an electron donor to reduce nitrate
into nitrogen gas. Additionally, members of the Proteobacteria phylum, such as
Nitrosomonas (nitrification) and Thiobacillus (sulfur oxidation), metabolize nitrogen
and sulfur compounds. FMB also demonstrates pollutant degradation capabilities,
such as breaking down 2,4-DCP through enzymatic systems provided by bacteria

like Pseudomonas.

This study have emphasized the role of microorganisms in sulfur
transformations, including oxidation, reduction, and disproportionation, which link
sulfur cycling to biogeochemical processes involving carbon, nitrogen, and iron.
These microbial activities influence carbon utilization, nitrogen loss, and pollutant
breakdown, particularly under varying redox conditions. Functional microbial
groups in FMb adapt to these diverse environments, enhancing their ability to

degrade pollutants through sulfur-related pathways.

HMB and FMB share similarities in microbial classification; however, their
differences in composition result in distinct functional roles. HMB, which is
dominated by Clostridium, primarily supports hydrogen production under anaerobic
conditions through the efficient degradation of organic matter. In contrast, FMB
exhibits broader functionality, contributing to nitrogen and sulfur cycling as well as
pollutant degradation, thereby enhancing its adaptability to dynamic environmental

conditions.

4.3 FMb Specialization Driven by Microbial Diversity and Complexity

This study demonstrates FMB's capacity to metabolize 2,4-DCP and sucrose
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independently, a capability attributed to its microbial diversity and functional
versatility. Distinct enzymes and microbial taxa, such as Pseudomonas, facilitate
separate pathways for pollutant degradation and biogeochemical cycling. Statistical
analysis (R? = 0.9532) supports the hypothesis of independent metabolism, aligning
with the findings of Yang et al. (2022), who observed similar patterns in the
metabolism of indole and phenol. FMB's adaptability, as highlighted and enables
efficient substrate processing without interference. Unlike HMB, which is dominated
by Clostridium and specialized in hydrogen production, FMB's broader functionality
arises from its complex microbial ecosystem, enhancing its role in pollutant

management and ecological resilience.

The multifunctionality and metabolic independence of FMB can be attributed
to the diversity and structural characteristics of its microbiome, as supported by
Philippot et al. (2021). Their research emphasized that microbial communities
possess functional redundancy and adaptability due to their diversity, enabling them
to maintain stable metabolic functions under environmental changes. FMB's
microbial community exemplifies this principle, comprising various specialized
families and genera, such as Pseudomonas, which plays a critical role in pollutant
degradation, as well as Nitrosomonas and Thiobacillus, which are involved in
nitrogen and sulfur cycling. This diverse and specialized microbial structure endows
FMB with functional redundancy, ensuring that when certain species are lost due to
disturbances, others can compensate to sustain system stability. Furthermore, FMB's
diverse metabolic pathways align with the findings of Philippot et al. (2021), which
highlighted that such diversity allows microbial communities to adapt to variations
in temperature, pollutants, or nutrient availability while continuing essential

functions such as pollutant degradation and nutrient cycling.

The microbial community of FMB demonstrates exceptional structural
diversity, which serves as the foundation for its metabolic autonomy and

multifunctionality. This diversity has enabled FMB to process a wide range of
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substrates, such as 2,4-DCP and sucrose, through distinct biochemical pathways.
Key taxa, including Pseudomonas, Nitrosomonas, Candidatus Brocadia, and
Thiobacillus, contribute to pollutant degradation and nutrient cycling, while the
coexistence of dominant and less abundant groups, such as Planctomycetota and
Actinobacteriota, promotes functional redundancy and cooperative metabolism (Lay
et al., 2024; Zheng et al., 2024). Structural heterogeneity, as noted by Wasiet et al.
(2013), has been critical for maintaining metabolic independence, and microbial
diversity continues to enhance stability and adaptability (Philippot et al., 2021).
These interactions allow FMB to support multiple metabolic pathways, reducing
interference and fostering ecological balance. In contrast, HMB, dominated by
hydrogen-producing taxa such as Clostridium, exhibits high efficiency in hydrogen
production but lacks the functional breadth and resilience observed in FMB
(Vongvichiankul et al., 2017). Thus, FMB's structural organization and microbial
diversity underpin its versatility and stability, making it a promising system for
addressing ecological challenges through advanced bioremediation and nutrient

cycling processes.

The functional redundancy of FMb, wherein multiple microbial groups perform
similar roles, ensures metabolic stability under changing environmental conditions,
such as fluctuations in pH, redox potential, or substrate concentrations. The work of
highlights the adaptability of microbial communities involved in sulfur and nitrogen
cycling to diverse redox environments, which enhances the ecological resilience of
FMb. The redundancy of functional roles has allowed compensation by other
microbial groups when the activity of one group was inhibited, thereby maintaining
the continuity of metabolic processes. This characteristic is particularly critical for
the degradation of various pollutants, such as 2,4-DCP, and for the adaptation of FMb

to complex environmental conditions.

According to Jing et al. (2021), the spatial structuring and metabolic

segmentation within FMB’s microbial community are likely central to its functional
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versatility. Distinct taxa have been distributed across microenvironments, with
anaerobic niches supporting organisms such as Candidatus Brocadia for sulfur
reduction and ammonium oxidation, while aerobic zones favor microbes like
Nitrosomonas and Thiobacillus for sulfur oxidation and nitrification. This spatial
differentiation minimizes metabolic competition and enhances resource efficiency.
In contrast, HMb is dominated by hydrogenogenic taxa, notably Clostridium and
Firmicutes, which likely optimize hydrogen production under anaerobic conditions
(Vongvichiankul et al., 2017). FMb’s greater diversity, including Proteobacteria and
minor taxa, fosters metabolic cooperation and redundancy, supporting robust nutrient
cycling and pollutant degradation (Lay et al., 2024; Zheng et al., 2024). Thus,

structural composition appears to underlie the divergent functions of HMb and FMb.

Building upon this comparison, HMb exhibits a more specialized microbial
community structure predominantly composed of anaerobic microorganisms such as
Clostridium, which are primarily engaged in organic matter degradation and
hydrogen production. This functional specialization has enabled HMb to achieve
high efficiency in targeted processes, particularly hydrogen generation. However,
such specialization inherently restricts its adaptability and multifunctionality when
compared to FMb. The broader diversity and spatial organization of FMb not only
facilitate metabolic independence and cooperation among taxa but also enhance the
system’s capacity to process a wider range of substrates and address complex
environmental challenges. Thus, the interplay between community structure and
metabolic segmentation fundamentally shapes the ecological roles and functional
breadth of HMb and FMb.

Recent insights into the dechlorination capabilities of functional microbiomes
have yielded noteworthy findings, particularly regarding the ambiguous
dechlorination pathways observed under anaerobic environments. Research has
identified that Proteobacteria and Firmicutes were the dominant phyla within the

microbial community, representing 75% and 15% of the total population,
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respectively. Within this community, Pseudomonas and Acinetobacter were found
to be critical for executing essential dechlorination functions, with relative
abundances of 20% and 40%. The dynamic regulation of environmental parameters
demonstrated a decrease in pH from 8.0 to 5.5, eventually stabilizing at 5.8, while
the redox potential dramatically declined from 10 mV to -160 mV, thereby creating
an anaerobic environment favorable for reductive dechlorination. The
implementation of low sucrose concentrations compelled the microbial community
to rely on 2,4-DCP as the primary carbon source, which promoted the establishment
of ecological niches for specialized dechlorinating bacteria and facilitated a co-

metabolic dechlorination process.

The synergistic network among dechlorinating bacteria, aromatic compound
degraders, and fermentative bacteria has exhibited complex interactions. However,
the presence of functional redundancy within FMb appears to serve as a stabilizing
force, as multiple taxa are equipped to perform similar metabolic roles, thereby
safeguarding essential functions against environmental disturbances (Lay et al.,
2024; Zheng et al., 2024). This redundancy likely enables FMB to sustain pollutant
degradation and nutrient cycling even when specific populations are compromised,
as alternative microbial groups can compensate for functional losses (Jing et al.,
2021). Wasiet et al. (2013) further suggested that such structural heterogeneity
enhances resilience and accelerates recovery following perturbations. Collectively,
these features suggest that functional redundancy in FMb contributes substantially
to its robustness and adaptability, supporting stable metabolic activity under dynamic

and often unpredictable environmental conditions.

5. Conclusions

This study addresses key challenges in bioremediation strategies for 2,4-DCP
degradation. The biochemical mechanisms underlying dechlorination and pollutant

metabolism remain insufficiently understood, particularly with regard to the

58



PEREGHEBR
{} Organic Carbon Metabolism in Functional Microbiome

functional microbiome's role in organic carbon regulation (Lin et al., 2024).
Environmental factors, such as pH and ORP, have been shown to influence microbial
activity, yet their precise regulatory effects require further clarification (Zhai et al.,
2024). Although sucrose supplementation has been observed to enhance degradation
efficiency, its optimal concentration and prolonged effects on microbial dynamics
remain undefined (Wang and Sun, 2020). Furthermore, the ecological significance
of low-abundance microbial taxa in maintaining diversity and functional stability is
often underestimated (Zheng et al., 2024). Scaling laboratory findings to complex,
multi-pollutant environments continues to present a significant challenge (Yang et
al., 2024). Future research should incorporate ecotoxicity assessments, such as
bioassays, to evaluate pollutant risks and investigate the toxicity of degradation
intermediates. Such efforts will enhance the applicability and scalability of
bioremediation technologies. This investigation establishes five key conclusions
regarding FMb performance in 2,4-DCP remediation and its potential for broader

environmental applications.

5.1 Kinetic Performance and Degradation Efficiency: The FMb achieved
maximum degradation rate of 0.39 day ! under optimal conditions comprising 40
mg/L sucrose and 663 mg/L 2,4-DCP. Experimental trials demonstrated 64%
pollutant reduction from 55 mg/L to 20 mg/L within 15 days. Concurrently, total
organic carbon decreased 42% from 1645 mg/L to 960 mg/L, confirming

comprehensive metabolic utilization and efficient transformation processes.

5.2 Environmental Parameter Regulation: Systematic monitoring documented pH
acidification from 8.0 to 5.5, subsequently stabilizing at 5.8 through organic acid
production. ORP declined 170 mV from +10 mV to -160 mV, indicating anaerobic
metabolic conditions. These quantitative parameter shifts established operational
benchmarks for process optimization and provided regulatory frameworks for

bioremediation system management.
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5.3 Microbial Community Structure: Taxonomic analysis identified
Proteobacteria dominance at 75% relative abundance, with Firmicutes contributing
15% representation. Functional specialization occurred through Pseudomonas (20%
community composition) and Acinetobacter (40% functional contribution). This
distribution ensured metabolic redundancy and specialized degradation pathways,

maintaining operational stability through coordinated microbial interactions.

5.4 Carbon Source Optimization: Sucrose supplementation between 1000-2000
mg/L enhanced biodegradation efficiency through co-metabolic pathway activation.
Statistical analysis revealed concentration-dependent relationships between carbon
availability and degradation performance. Organic carbon addition provided
essential electron donors for dechlorination processes, establishing quantitative

parameters for substrate balance and metabolic capacity enhancement.

5.5 Technology Performance and Scalability: The FMb exhibited superior
pollutant handling capacity compared to conventional treatment systems. Integration
of microbial community analysis with environmental parameter monitoring provided
comprehensive optimization strategies. Research findings established quantitative
foundations for scaling laboratory results to field applications, validating functional

microbiome technologies for sustainable environmental remediation practices.
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Abbreviation

FMb Functional Microbiome

2,4-DCP  2,4-Dichlorophenol

TOC Total Organic Carbon
ORP Oxidation-Reduction Potential
NGS Next-Generation Sequencing

BTEX Benzene, Toluene, Ethylbenzene, Xylene
CAHs Chlorinated Aliphatic Hydrocarbons

HMb Hydrogen Microbiome

COD Chemical Oxygen Demand

HRT Hydraulic Retention Time

DIET Direct Interspecies Electron Transfer

GC-FID Gas Chromatography-Flame lonization Detector

IC lon Chromatography

SO4* Sulfate lons

NH4* Ammonium lons
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Figure 1 NGS analysis of the HMb sample shows the
microbiome composition, dominated by Bacteroidetes
and Firmicutes, with Prevotellaceae and Prevotella_7

as the main taxa.
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Figure 2 Dynamic changes in 2,4-DCP concentration (A), TOC (B),
pH (C), and ORP (D) during microbial degradation of 2,4-
DCP by FMb in a sucrose-supplemented medium. TOC
measurements were adjusted by excluding the theoretical
contribution of 2,4-DCP.
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Figure 3 Temporal profiles of 2,4-DCP concentration (A), TOC (B),
Cl" (C), SO+ (D), NH4" (E), ORP (F), and pH (G) during
the biodegradation process of 2,4-DCP by FMb in a
sucrose-enriched medium. TOC values were corrected by
removing the theoretical contribution of 2,4-DCP to the
TOC.
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generation sequencing (NGS). This analysis
highlights the influence of specific metabolic
conditions on microbial community structure and the

predominance of key taxa.
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Table 1. Component analysis of HMb, detailing its physical (specific
gravity, pH, conductivity, and moisture content), chemical
(free amino acids, total nitrogen, total organic carbon, nutrient
levels of P, K, Ca, Mg, and Na, and C/N ratio), and microbial
properties (populations of Clostridium sp. and Bacillus sp.).
Item Value Unit Note

Specific gravity 1.02 -

pH (pH) 5.4+0.2 -

Conductivity (EC) 42 dS/m

Free amino acids 27.1 mg/100g

Clostridium sp. 1.2£0.2  10%°CFU/ml

Bacillus sp. 2.1+0.3  10™CFU/ml

Moisture content 93 % 93%

Total Nitrogen (TN) 873 mg/L 0.08%

Total organic carbon (TOC) 26,250 mg/L 2.6%

Phosphorus P) 156 mg/L P.0s (0.049%)

Potassium (K) 13,633 mg/L K20 (1.649%)

Calcium (Ca) 1,016 mg/L CaO (0.14%)

Magnesium (Mg) 490 mg/L MgO (0.08%)

Sodium (Na) 363 mg/L 0.04%

C/N Ratio (CIN) 30 TOC/TN
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Table2  Design matrix illustrating the 2,4-DCP degradation rates (1/day)
under varying concentrations of 2,4-DCP and sucrose. The
variables Xi and X represent the coded levels of 2,4-DCP and
sucrose, respectively, based on Equation (2). The degradation

rates of 2,4-DCP are determined using Equation (4).

Coded Units Original Units 2,4-DCP
No. 2,4-DCP Sucrose Degrading Rate
X1 X2
(mg/L) (mg/L) (1/day)
1 0 -1.414 75 400 0.25
2 0 1.414 75 1100 0.11
3 -1.414 0 40 750 0.42
4 1.414 0 110 750 0.05
5 -1 -1 50 500 0.43
6 1 -1 100 500 0.15
7 -1 1 50 1000 0.27
8 1 1 100 1000 0.09
9 0 0 75 750 0.23
10 0 0 75 750 0.31
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Table 3.  Results of multiple regression analysis based on the values from Table 2 using
Equation (2). The table presents the regression coefficients, standard deviations,
and the correlation coefficient (R?). The Student-t statistic, calculated as the
absolute value of the coefficient divided by the standard deviation, is included

to assess the significance of each parameter in influencing the degradation rates

of 2,4-DCP.
Item milm2 m22 m12 m2 ml b
Coefficient -0.017 -0.037 -0.010 -0.050 -0.098 0.268
Standard deviation 0.030 0.020 0.020 0.015 0.048 0.030
R? 0.9532
Student t-value 0.565 1.845 0.491 3.304 2.048 -8.830

74



(OF=ERREHREHR
CEsWY  Chinase Environmental, Safety and Health Association

EERERBE MR ARGEREZZEEEBRAME

FENSEH BB N2 QL 2FRIBRT A
Practical Applications of Robotics under Smart
Manufacturing for Process Safety Management in
Petrochemical Industry

PG R B FREV IR A% 2HEEE Y o B4
Eo R FRpE SR ES 2 1Rk K

kil

B3 % ¥ 4 : cwang@nkust.edu.tw

2

FLARFEARFLNZZR BRI IR EFIPSFT LY
AL HELX 2 URF 2FRY RREF A E L - EFRAAF R B Z
HERPFFHRF 4 BFEAS B BRI TR A BB R I A A
g e M| 2 TR 0 AT R o S v R - PR
TE RS BABNE LA IS E R S Bk r T 1 BT AT EY
BEFTOERL 2P P L AT FABIFEABE AT E MR 270
EH B o PWEANL I f? eI 2 RBARARI B R A S om EIF L A
T% 2ipI2RG 5 ¢ ch- ThovE ) s RRAPRAFI T S EFIR IR "G F I
R T o PEA S L AREL 2 E RS 27 FHELD T E

(M) #i1f  UET2FE HET2 B FEds

75



() TEBRENEB Y
EoEEmIA N T MOR A N (LEE R S ERERTE

e o
\ﬂ‘_’

% f“w‘ff“ IEFHBRGHEN - BRI RLPROURE L2 - o iF
LPAENE AR ERICF R o im B iEE T ok (TR e Fg 4
Y ']“iﬂ}r BeE 1 (Sklet,2006) - 3 P E DB AF LT > L AFNEAE
fex fib i ®Az% > (Process Safety Management, PSM) ¥ ¢ » 822X PSM ¥ #&
FAFRI SR B BEIFR e blde & 2 1084 # 12 7 3
PR meptityg Ao @t g ktaf (Bhopal) B &1 iz B § 57 iy
( Methyl Isocyanate, MIC) *t;8F i LipHc#icg 7~ » LFS0H 4 X 7
AV E o A4 B2 9 ®mE ~ (Palazzietal,2015) ; & = 1974 # 6 *
1pERE 2+ 83 (Flixborough) Nypro = & 1 £ 4 1 i Tep # suet 4
FIAC R o BRI e d 5 T o L RERE R 28 A5 S Hp AKX K24
o F e 4 A (Saleh etal.,2014) ;20056 # 37 23 p > mRE W o7 BP
CERERNRCRIFE R BER 15 A= 180 X £ 1 o mAME A it
%% ~ (Crawland Louvar,1990) - iz F g R A 1 4v g WAEF > F Win &
Mo 1 {45k g PSM E o £ B% &% > 2 F (Occupational Safety and
Health Administration, OSHA) #]% 7 (& g 2 i+ & & ®l e 2§22 4 )
( Process Safety Management of Highly Hazardous Chemicals > = £ PSM /% 4 ) >
H o R R AR AR 0 e B 1999 £ EF 0 (F 4 F ks T gl
ix ] ) (Control of Major Accident Hazards, COMAH ) fe#7+4c 3t 2017 & % # e
(£ BT EiEG]) (Major Hazard Installation, MHI ) - 5% & 12 Tﬁlki‘:&
rEAEME S 247 FWOSHAPSM 2 > #1307 (W% 2=t PP %
PEZ) > A RPN AR 2 E IR o sp a2 LA 2 B h 3 T 2R PSM
Tt o p PSMZRF 3wk > TR A b3 Hr T s v AR =D
MG o Fl o B RANE Y PSM R B gEF S > FARRAL R
foenIg p oo

1\“'
\4&

FLAELEDAHARE R L S o H @l ey
BE-BRAIBNCIRAFAPSTOEPFRRAFER - 252 B F > 97
SRR LR ATRS AR (PR EEA LG R A

76



CESM®  Chinese Environmenta, Safety and Heaith Association g %z% za % —FTA% A 5’361 b% i %}E = %51 J-'- == Eﬁ 7z

PABOHARA X b FATFTERRE NI OB o F s 5
BREL 2RISR Y B ORGSR BT S SR B R A
PAJRFT R AR AFR G T ELEFIN OMELE RS 0 SEF

B Vedf A 4 IRHE RS sk B ET 0 2 BN IO H SRR 55 o

ERAKG R ALY b TRt 4 B R R LR LR - 2 G
S A R SRR U ﬁ%$%Eﬁlﬁﬁﬁi@%@’%@£%m%§
Rk ITREAB A RERAERS V- 26 0 FRE R KB RAEE Y 21 F
TR EPEEC A ETH G RIFIRB I ARFFL L 2 AR A Uha R > R e AL
Bt ~ER k& T  RLARREFZ A0 AT R
RyFPLIERFRET P AR EFRRAEELFER R PRTRAL RS -
ARA TH AT REMPFI R ZEERL G OFALE EECLE B TR
BN B ATE R AT IRAERPIORF FECTERETEL

EAGEHARET ST FE UG A EH R~ 1RO DARF
T E F 2R o iTE Rt B REL WEF £ A E D
PR A G A e AT AR R 2 ek ol £ F
gk ARG X 2 FIRe A SRR B R A 1 e
TR PR LG 50 G hBE (AR 2RE2024) ¢ blhoffd L 1A
EFRE R WA T LA L6 BB WDFEHE S D R PSS
EFERINT A WA e A BRI A | g > B RS TEST
3

?%ﬁ%%@ﬁ%iﬁﬁuﬁﬁwﬂi?j%ﬁﬁiﬁﬁﬁﬁéﬁﬁﬂ’
AERERERE L REEFRZFHIT BN R EEEE
(International Organization for Standardization, ISO) »* 2021 & #% I\ ¢h (¥ £
1 e &%) (White paper on Smart Manufacturing) - 3P A7 & #l i@ vz #
Bl B¢ 705 eehde™ Bl 1 A7 (1SO,2021) - H ¢ » @ A V8
Flengprs 7 L 1 E (Artificial Intelligence, Al ) ~ 4~ 2 % ( Internet of Things,
0T) ~ peip4ser 228385 (Cloud Computing) - E W A#HPFEMER -

77



()EF;(FA(MH&T% . N |:| e
W mozEm a0 T pos \ N (LRE TS SR ERERTS

IZI

H¥ P ARR T RSB RN T A7 LT g
Rl > X ME 2 PR - BHERE TEAETHE R R

ARTIFICIAL
INTELLIGENCE

NTERNET $ CONNECTIVITY &
OF THINGS @ E “: CLOUD COMPUTING

SMART
SIMULATION MANUFACTURING @ NDUSTRAL
- UR
L-
‘_ ]
ADDITIVE 7 — W,
MANUFACTURING | domii - | BLOCKC

=0
ol
AUGMENTED REALITY ROBOTICS
Bl 1~ &1 R sirs LB (3% - 24r% 5 2024 ; 1SO, 2021)

AT E W e N S T PR Y A B A K SRS S R R IRSF
HFREECF2FEDEL NG AR AT R B R TR &L

7

Boo B E A B%ﬁﬁudﬁgﬁﬁw’uﬁ¢»4ﬁ1¥ R RT AP

BRI ERE > 45 (T HB LR c BB E Aﬁyﬁﬁwﬁw
%ﬁ\;ﬂlﬁfr.ar?xm%w@ EER féf‘_&‘ﬁ% ERBEB VS 0 4 i e ®
FA R R RT R FRAFMEE R A LD #@
@_ﬁa;,gﬁxagAzﬁz{Ezﬁﬁ%ﬁ; ANl RS L
IFERGIERE TS B ARES 2 e L A2

FR - S R TR e S WA RIS TR B
AT WESEEA AL B APEL e ARERS B F VR BER
PR PR Mk IRy BETTAILFAFRELE TR

Bt - RPN 4 G CE T A BRSO LB A e

78



A R

Cese® ©

TR W e

o SENERETREARG(CHRR 2 EREREATR

_}

gl _—?_‘?1 T o
///i Em£§ ':IF:]
aiﬁ‘%Fﬁﬁ’i

mE”-E‘j_ n;a&ﬁ

BE A DS EAR SRR

SILHR o SR EA KEB R G EARY B

4R~ 0 B RT ]  ]

AT ER G EEs o en RS RS 2Rt 2 E RS HA B

WA EE R B A E A SR s A2 B R e
S FEET R

?F*L*
—=\
Pt
)
e
‘Jr\4= bs

FIe 0 LAFTESE AR LR T P ﬁv~a%za¢ﬁﬂ@%
E%Bﬁ“mﬁ“%Wa@ﬁ FEES LS B T TN 4
LS R T TR W&“*ﬁ%ﬁ‘a°wﬁm%F”%
EABHEAHE BT R *ﬁ&%Jﬂuﬁiﬁmﬁwcazﬂé%aa

SRR GE AT PRT T A R TR E A

CBEAENRAE

Floud 3k BB RER BRI A R NG Rk
BEIPEEPR - FE BRI PBLBELSGFZEF T L 1A
Ra&ER AR H R B WAEEER 4 o TR FLR Y S TR B LA A g

BAFRT OB A SABEBEL (BED)

\\
~

BB

o

W e

guw X 7APBEA BR) BED A o (FLRAT- RAFTERRAE AR LI
%"‘?%f“é_%uﬁﬁ A 1 {f’”‘“’]ﬁlizl‘° UL Mml’%%ih}’i\:/?.]:uiJ g
IR S

AReDE* e A F T T FRE LA -

g
R BH AP E AT ip?fﬁ_% SR RN P AR AMEEL AEE D

@ f’ II\%—/E ’ ji EE;‘:;@— Pbii_g{% 'FFJ = NI #E] LA 1 = ‘\4 ’ #ﬁ BE X ‘(((%ﬁ 4 z-‘
£%$%E$?$—ﬂﬂméﬁ’%€ﬂ44& R EElF R ER L
e e e RS ¢ 3 5 R

CARRFR) BB SPRR ) FCRATRD T F T DEE R TR

79



PERRGEARB R
ss?' Chinsse Environmental 151, Safety and Health Association %3% 2 E"?“"%*%T*A% A}‘jﬁ\Eﬂ:‘% iﬁ%%}@%%ﬁﬁgﬁﬁﬁﬁ%

BPPEFLES FEn R BE  RFNER AR RN ERT v P e
LA R AR LS SRR SR Mfrw%ﬁi%*

FARFIROBEN LS FRRER > 8- RFFRAE TRpE- e 3K
A O Z S FRBEFIEFNIFE SR 2B £ %w»%%mwﬁ@’
W s E /A T A 1 5 R F;Q%zgggp;’ﬂﬁmw CPRETT MR LA AR
RS EA GRS RS E R CE TR G G O E o

A 41 P BEILWER LG RLBEITAN - DT S
“ﬁﬁ%% “ﬁﬁﬁ% P LA FA A FREFERT AR

PEALC R TEHEPRTRE -

=l

—w\

B 2~ % fg%‘\mﬁﬁ"’»@ﬁ

B PR e b g e B 5 b 5 E - L AT SR ETR AL B
P AR E N i N BRI G o

80



) = xwﬁiﬂ&*bﬁ@* . N N
e sozEmpa i TR A ROLEE RSB ERERFE

& Chinese

m

B3~ EH (4 2025)

- BFEIRT R COBERATETCRA LI FIAFCRE R
HoT R RFATRTS S A LS B 7 I ED Pldck nd g
T4 bRBRB AT MR A F R ST ARSI ERRR S R E
ﬁﬁ“—%ﬁﬁiﬁﬁﬁﬂy—%ﬁ‘w”ﬁﬁ’uaﬂﬁﬁyrm%%%§°

RS RIEH LT IBERR L 2R

AR EA R RBR AT THREDOL G GE BB ALK T A 1 Ea
Ko LR R B Epok (232 'H%73&)¢%H’ VIR I N
Fh 2RI RPESREY LY 2T iﬁi’%»i@ﬁﬁ%ﬁaﬁ
ERFEFMRE T FAIARERATE LI BN RS 20E

W teB B W rﬂﬁzg ‘3%nwwaﬁolww%JxﬂﬁnnANYmma.aw
AR RS o F AN VRO RiTERHE

MNP A TA KT EMIZR A RELAPELE o

PSRBT RPBA G RS e RP AT FEAFE N L A
R addlzs "IPEHERFTR-PFIERIRH 1P LRF
BB R R RIS B R B o B AT & SUE A HR O
%’?Wﬁ%ﬁ%ﬁﬁ%%%@ﬁéﬁﬂwﬁﬁ?gﬂ&@ﬁ?ﬁﬁ’%Pr
ARACAl RARTES T o 3 BAF AR (AolkBID G AT F HMIERAES
KABAEY) BB AN F N ER g4 ﬁ#ﬁéB’*ﬁ‘é% °

EIRECE S SR o R = Ol LT IR 3 P2 Ll = g
BAEBERE Vg sz 3 FSBER AtV EIE Ax FEE TR

81



ZEHRE®HE

0

EERERBE MR ARGEREZZEEEBRAME

# (IOW) Wi 7| 5 FRFsahTH > LR BELEPE A RS CRT 712 R
¥ ﬁbﬁ"ﬁfﬂ»«i‘iﬁfi"@?m%@f@;m%@ P L BT G npE e LR P i g T B
BHREEBR GRS T RS F IR 5 AR o

LERNI B PEILPERDET > fETELFRAG LTS
(4o Bt (5897~ 3 I B FF v i dk & ~ B KL ¥ .
) chig A 7 o
21 BEAAETEZ R H W

BRI FAPEARELL 22 WL 2R RE oL R w T
J&B#‘wﬁia&%*ﬁwWwﬁ' VP SR s A ENE e hiE
Aol o m EURAIEE E B 5 TRl R D K2 T o T o A Hordg
B Ebl G E IR R AR SRR AR A RE 2 RE LD
TEFRZA BRI kBRG] AH D AR (B
FARBCREA S BRI AT PR RE YRR
lzﬁﬁﬂﬁﬂ%’ﬂiﬁﬁﬁ%ﬁlﬁ%w~ R A S
HTEBRGFR 2RI R) TN IR VST TR RS NE
7 (VOC) 2 rps fipler & Bl 4% ~ G M 1R 2 1T £ ¥ 4ok o s i o2 24
BABEEFRGIA AP r > 12 g2 A RTRET o LR
g @ U R mf S RRNH - SELL B & v g M WL AP
EAdoin R b TERGERGABT O F A A TR A ERA R R
Bhteo TRAL I RENL 2R SR o

211 3Kk

B R CRBEREFRY CBEAT R RET KRR KA E
Lot s p A E 2 FY RS DR U o A RS ¥ i E
W%ﬁﬁ~@ﬁ%~5%$‘ﬁi#$ IRFREREBER P DA
FrRRREA gt T EEE A BRI RB LT M ABET Bkt -
AAEST A BT A FIFIA A G AL T a A2 T F - RPFPEE B
A R - ROFFE PR GEPIEREZRATHEALKR LD FH D

82



0

EERERBE MR ARGEREZZEEEBRAME

EEF AR BfE- RIS HNE B ABR s
SE G ORMAER N R AT R O] B AR B AL S B BT

=i
[}

RN * BARBIF  CHRERNE R NREFR P
ARG LRI RE > » Lt 473~ IR e € nend L AR 1T E
AmAgse < tHHE > A AT ML GHEFR 4 A FBT
B A K #m%‘rpfr]“}r‘“%ﬁliz} TR ARAEERL A A% R %
ERETERG R DTFEE S FE EATRICRBEA PF AT
HEIHT ﬁﬁ%?m% CATITRARR E T S 2 FRFEFRALD
PRot g E TR RS AT ARAL L AT B A
TEIRA A 2B RN B AR A LA S B B T RS B
REDIFE A PF A D0 0> BT M- 3R ML T o

5
‘i:

RE A ERERAIEY - B3 REEI BFEARBEAFR -REF AL TR
%ﬁi&T%“ﬁﬁﬂﬁ‘*&*ﬁo HRETR RCBETIIHT 4
FoRa o wIiAUREVENBEEE LA AREIEL RITEFRN
A oE «;?40*;&;33& i\'ﬂi’l“"éﬁ

kg Y R E R R E T ERR B 0 o SR
w%%@ﬁﬂn&f%@w A5 ﬁﬂ&@@%%ﬁéﬁ&%

B AR DA S > L AR B R A W T
%o;@l&ﬁ%ﬂaakﬁaﬁw.%kﬁé
CRIREB R EE S Y R FRDH L BB R RS
M%%’?%é%%ﬁ%?%*%ﬁﬁ’““ﬂ*””“ﬁ" w2

- ¥ f%ﬁxiéi?éf,;ég‘—';’i’il» g & x;:}fi’ % ?L”F‘:I“"/*«ﬂ 'YIL*“'—”}? 3
W oW AR LT T AR 2

FREMEE LA TR R E B E R L R s FER G
FE R LR U 1 AR (PR SRS B R RS R
TEPF R R %R R ERMBR G BAB LML - BBAT 21 P RTEAL

83



EEHRERY

e EEERETREARALNERZ 2 EREHRERHE

0

CHREAL PEPS L BB R R BEERLE T AREEL R B2
PEETE B BRI E S TP FRE LGP R 2
RHE A A - BHEG L3P SRS R FRF N a]
LA T aEEE1 X rhE R YR o

1

INFRE TR BT BE Y YRR S A e ERER
PR PR RS T TN N SO PR EY )
ﬁﬁiﬁﬂﬁﬁgﬁﬂﬁ%ﬁ’éﬁﬁﬁﬁ#F%&E*rk%@%3Jﬁr4
A2 ZEPRRY - BE @Wiﬁﬁmyﬁha VAR T R e 4
RARBOIRT OHRFFHRFREIR T TEr B HER - BERTEXR

SEECEIES SRR F A SLE VS - Fp < WL
FZZEARA Al A | LSRG TR AR a2t
REE RS SN

R N gﬁiﬁﬁﬁﬁmwﬁ%i7—oﬂ

% ¥
<k
fd
>L.
=
)ﬂ.\
«1\
P
?
=
.H
—\\
?“\:
S
.L‘..
«1\
P
™
DN
e

B KRR AT L LR
@~%ﬁ%ﬁﬁﬁﬁﬁlﬁﬁﬁiﬂﬁ#@1’“%m% RHLIEE S AT R

BEPEEERG YR BRI AT R AFIRL ¢ E 2 R E AT
'R

A & FITET e FMERAR BN TR ARE R YT
TERFFREE BRELRIACEALS THORFRAAFVEG T S

FhE MK TS D B ok XL E &P A A F R o

GEEPFFEITORET 4l XA FARFHFEE VAR T N TSR 1T
BB AR A D L0 R Do T R HIER R S TR S TR
PP E R it A VIR B B IR o gt A ADRE R S B

PE# L R T }_*F‘:I“’ ABEE TR R L (TR BT R
VAR R b G

TS

P
S/FRLIARCIR L RE k. I B s 2] B s 1 e R

84



EERERBE MR ARGEREZZEEEBRAME

IZI

BAFRTOWELA B AFT DR AR - A7 7 e
FEREEI IR PFORFEF WAL ER T AP E TR
@»ﬁ#ﬂﬁ%%&ﬂﬁﬁ’ﬁkfiv P FFEDEIFER TR
AR ch TS B SEAEF RS
%ﬁ&%i?@iﬂﬁﬁiif;iioﬁﬁiﬁ N L ET - S
g F L o L TR R ARRE S B
NITE B e o RFT SFE TR s
Wi NPT PR AR o N F R > B AT FF AR
MILAFRE T P S FR AP B L
SEFFCESE A AL R PERE SERP G T TELECLT Y
FEHARE Lo BRR  FLATER I AEFEF VR o APPOT AR
BB g AR BB T AL TR L AR R E AP ALY 2
I S R VTS N

F_k
i
Dy
e
=
3

) -—
e %
W
~
el
A

P
bis
~

S
K
fmf
(dm
sl
Py
T,
=
&
=
—%v
b
W
(dm
sl

\_

Lob BB E SRR AR N AR VRS T R R A
FORR g AT BT ITE SR - X~ TEY 2R F TR A
Fr o ERRIIRIENERF LAVIREFIET U RFAA AT I
FEHEBEEBFL AT AEIPRIF TN BT HAAE D AARRE o B
TREw AR L RS L NI TR A H R LG o TR R
Becga FRad VE R R o

=
(%

|

“

!
=
-;3]
%
B
\.q
Fu+

P

e

Wi I RET EF e BT A

‘iﬁﬂ%iﬂ’ﬁﬁgaﬁﬁ%ﬁ%%&ﬁﬂm?ﬁki@%ﬁﬁ
&




B e BEWERE T REANAILNEZ 2 EEEER AR

TP FELSENET FEFEERPER AR LI 2K AT R R
AR SRR R T T R A - AR RR RN L

213 HHER]BFEL

#1444 (Volatile Organic Compounds, VOC ) i3 if e k4R 5 &
BELE P SR B E RS h te R - o AP VG ST A PR K
%ﬂ%’Vm:ﬁ%aa@vﬁwﬁ%i?ﬁ4ﬁ§&*W%%ﬁﬁ&%’*
AE@a b FR AR o (5 RREHES & SARFR - K
BEMA- L AFITRAEBER CHET A AR 5 L R A L
AP 3350 R RAg EMOMIBRT S L FRE B 55T %7 VOC
% Hp R TR AR o AR IS AR IR TEERp TR B
PR RhEPRIEnT 2 F R iF2 - o

B VOC FIL 5 Mrif TP A 1 itk ~ TN FHMARIRER > & T
&%%wagﬂaﬁ&ﬂ oA P VAL E T AR - 4
I e % UM ﬁ&#hﬁwdﬁkﬁhﬂ RFBOMIBE S F RS
@M*ﬁ?ﬁ%@%ﬂf’wﬂ REFBB LI L  HTIRTE K
BARETRR TEE R LAFTARPBI & MAF A NAFFH R
P LA F i AR S BB AP S R R R 45 A BB S D R
P o

’%$41%§rvﬁ X VOCRPIT 4 | thi ¢ b2 5| €
W ERNEL AL F HE RHCE - VOC #p 17 i 2 8
E"ﬁ%%wﬁﬁ@&&m@@ﬁﬁ°%$&?ww%&@§Eﬁ
FAABERr FRCRATH MR ROELROARAIEFRRET D
R OFFARETF P VOCER R » DB TRy 817 iy ki ofd
BE RS R R ARG REIHE FRER AAE S F £ E

/EIJ };‘E 4 o

AR AT P E A VOC & (Y ki i At H il AR

86



Qre

ZEHRE®HE
CEswT fety and Health As: o

EERERBE MR ARGEREZZEEEBRAME

FHREF AT RREER - BBLAAFRR AR B RS ARITRHT
BTEBER REUE L RB AT R AR X AERA A IrEY G
ek B A o SHE M RPN T AN AR R RN ER P e

AEREZREES DL R o ApRIT B AN TR T A
By ity BRI ARR SRR E e iR Y L REITHARR
CIE S S AF F0 ) P A o

%%ﬁ‘@%HH@C%&&#%’W%ﬁﬁ%ﬂ@*%&%&ﬂﬁ@%
Ha o BBEY L& ﬁﬁvfﬁ_m"ﬁﬁﬁfiﬁ B W MAT AR - PR A
Bisfc» A AR @ e a L8 FRPRBAT S TR AA R
* B ’ﬁﬁﬁ?ﬁﬁ %ﬁﬂkﬁ B R PIEE BRI A 2 AT
VAN T R R vitd AT A E R R AR BRI fad R B IR
éﬂﬁﬁﬁﬁﬁ&ﬁ°éér%ﬁm\ﬁﬁ»Jﬁmﬁ’¢y%ﬁﬁkﬁgﬁ
WA ENFRT W ARE LR LR

X

|

\«hﬂ

E-Ha T BEANLEAVOC HRIFA > m 7 ELXERFERE R
ﬁ%%ﬁiiﬁ cHEHRHEFER TR AR B AB RN NAEE
BTt FEE IR ESHTRREGRE  TLEFRE s e
Ty i d g o 2 VOC Bp3 £ S EBEAT 2 ERIRPLE > 4 L
EH L LR % A A (Risk-Based Maintenance ) £2 3% # = A4 ehE &
T KR o

214 #H#EB

W TELS R R R ME Y B R IR ST 481 58 2
- EHEARPEH P FR A SR B PN EFAARFLE AT
FREFAATSRG E SRR L TEREEINA R ERY
THRAL L SR T kR Rk s F AT RO AR REF LT

oo (T AR R PR A R R I0A R A B ARSI b B
FELRETAE T HE E A IR ER 2 A R B SRS 4
(e R R AR A P o

87



EEHRERY

; FRBARR e KA i%t%%év’ﬂf’r;‘;’ﬁ:;“ AP RIS LSS T ~‘Ff £
EE AR AN TR R TSI S F MRS B ew B T X
PR A it w@”ﬁﬁﬁﬁ’ﬁiﬁﬁﬂﬁ?ﬁﬂﬁgﬁﬁ%‘%&
BER AR AL EE TERE R AR RB Y BEASE T L oL,

¥
‘—1"F?ﬂl‘—'ﬁﬁifﬁ'l&i’r‘%?%&fﬁiﬁfﬁﬁﬁ““%*’%"'";}*Hi’iﬁ*?ﬂ’m;ﬁé‘apﬁﬁ £
Fé&i'k"‘%rﬁ’é‘,”;“%:“.5&",%@%2&’2\%@}1%% L4 REZRI En P

ELFRTOBFAEMBECES DR ESHARLEFELA R KR
B T A FEREFOE L1 L cBiFE SRR E P EL T L L
FRGATHPIBE NI PBLARF R AR AEPRET 8§ e
(EI 5 SIS U :r*“E”E&\;:’g BARER R EL T B R ¥
LR RBR A L a B ERARABAS P LR PR AR
VAR E e

W
T

).

' 2

o)

i

z\\i“ﬁ?@&'}’ TE> 5
B SPRETG N PR R AR AR TRE T3 2 T ff_%gm'ﬁi ° AR FLT A
1IFEFIIRFEIR QIR E PR LA TR RERS FET o miE
TR N TR P ST Y R Tt
i HEoWLAR & Fﬁa$2f%i¥ﬁ%%hﬁﬁ?§‘f§&“ﬁ°{ﬁf-@ﬁ?
F o TRV REHEFEGE TE RS RS E RV ¢
A MR RE L bR

tztpis 46 & (Non-Destructive Testing, NDT) = & » #$3 4 ¢
%R T iR DOT (7§ ﬁﬂwmﬁozﬁ%ﬁkaﬁﬂ B E AT R
POPEREFRRSET R RAERDEMFIA L FERET - Ra &2 HF R
ok o TR FARER SRR AL g B { BT ER Y AR
ot AERBFAFRISTEERE LG -

FRAEG kG o EATLE PR ERRITH 2 SRR EL
FRATOT i BE MR o RS R e Bl B ks

88



R K- 300 c FRBFHRE S - REET g RPEPE S H PR
AOER s FORAE S RERL] 0 2 N A B ERAH PG L oo

2.15 ﬁé%%

?ﬁf%&%%?ﬁ#ﬁ? BRI L M R - LR BARE B
AN R A s o AR A F R F] S AT H e A LB
FEADHERIRRDEFEER U E E TN ATE- HHF AR ERER G
ﬁﬁT’ﬂﬁﬁﬁiﬁfﬁoﬁﬁ’%“l&i#m%$LW£%$i ®F
W B 4*#1 ,fg* M B EY-FRFREAL BRI FRREN
f@&ﬂkﬁﬂ%ﬁ$ww&&%u¢ﬁ%ﬂﬁﬂﬂiaﬁﬁéﬁﬂaﬁ*@’
ﬁﬁiﬁw@% AP TR R R o

-&hl

@ﬁ%%%%ﬁiﬂ T PRSI R § L R B AR R
FOARBA B hwdR o R > FRAAEBIIR A P BT R

B R A WHR T K RBRRY & sk e b F RIS N LNEE

i=
e
&
A
Pt
s

T
B S

g % TR e VR F U FRERBAICS B REFE Y R0
CEREA T s AR AR AR g o ALFRT o Ao &
FRFLEOREFETP o PE LS ﬁ%?ﬁﬁ"mj J& % = Prenhd 4t o

BEATRERRY b P AR FT RSN AL E A oS
WIS WERETAFE R F AR E%ﬂﬁ’%$4?iiﬁ
FALARBF-PFREX A R4 3 2R PR G TRE %ﬁﬁﬂ?%%?@o
P A B BB B A R EhiE i *%y%%ﬁ W R R (TR X
APAREFEBR R BRARGE D AT R R T oAt
AR AP R AR T o o R T RE > 2 W B MR AR R 0 4 AR (S
Fiofge L FH LR ER o

AR G EA Y AL BREF T A EoF kw4 (s
PH AT % ﬁ!éii VRS EF F AN ARRK R @ F B 4 g

FELE - BE A7 BERP o BT R RSP gRrfr e pF 2 78

89



EERERBE MR ARGEREZZEEEBRAME

0

L W AR R AR R T 0 T SR LR Sy Bk

FRR BRI RTEF A AR EDRS > PBEA
ﬁiﬁ@”@f*ﬁ FERA T L L R WA R AT LA K
BB G2 o

PR A TIORCEALY TR A d XA W N ERFIAR B
if 7 %%;w@#ﬂih» kﬁﬁﬁm%ﬁﬁ{@@i~~ﬁ{@%ﬁ%%v
B BB E P RE A BT B O BBA ST T I EE A f

PREFFOAFRLAA RSB ERA R LSRR A LR

AR RELPPER e TP EALSE R DR T
L R ITE Y BB R R R IR R o
iﬁwr@%a’%$Ak&ﬁ$é&ﬁwiﬂiﬁo%ﬂlﬁk%&&

LEEB RS RFRGEF FEF o REA R %Wkﬁkﬁfw°%
PR R E R e B T AN AR AT R F R

e AR IRAEITE S R R TR E L AT R
ARPEL RV ER e B ORGSR 2 R o HET LR
R~ MR RIS G RS > R T iRafe E L B .

<~

BT B IR

Ful LA AR R A F AR R T AN L RS T L
e g i HAHISERFHETELIPE 2R -PEALEHENE
PEFBELFER PUAKLTFREFFESE T A
T TR TR A TR g 2Ot L TR i S
o ERFSRE-HPF Lo

&%iﬁﬁ**P“l&%%$iﬁ@ﬁiiﬁﬂﬂ%%%%i@ﬁ“
F2Ag e LAY AR AR 2 R E T R AR

A FRIERLBROBHHEF S F AT S ARG RR VBB AL
EEAAIR R REITE T RERY T ERE RINT F A
TRE TR HPRRF AT N FIRTEEATIRE TR - LA

90



EEHRERY

e o EENERETHEARALLER S SR BHERTR

BERSEEF TROBEA LTI D R GG R SRS R
k%,%gAﬁﬁsa%ﬁ@ﬂﬁ\fﬂﬁﬂmﬁaiﬁiéi%ﬁ%ﬁ’ﬁ
EEAR LD M AT LE T A F LR RO RS S I R B

SERRCEE ) i&#%T’ww%ﬁ ﬂz@g%@@%ﬁé’i?ﬁl
BRI AR PR E °

N

Rt o EFWE A ES P L RF R AE BT A H
28] N R S ,é;a PR E S AR RIS 7
PR LB ERFA - AT SRR Wx 2 aFE

B F R TERFOEE of T A AR ERAEDERT PR
A AL R R RIEET Y TR ARE - LR FRBRIWPR I R
BLBTA AT AR E TR U P EATT &L PR BE NS R
RAFEH TR E 2 Ebena B vﬁ%ﬁﬁﬁﬁﬂ%ﬁ'ﬂﬁ?ﬁ%ﬁ.o

ERE:

W

ﬂ&’iﬁﬁ%%‘*ﬂﬁklﬁiiﬁﬂﬂfm@*%&%’ﬁﬁa?‘ﬁ
Rl W ?ﬁ'%&i”‘”}@&‘ﬁ'ﬁ?}iﬁmﬁil v S R ;ﬁd;P\)\FE--ﬂ;ﬁ"ﬁm
?%ﬁi’ﬁéﬁﬁﬁﬁﬁﬂ‘ﬂ%&?&%ﬂ%%éﬁﬁﬁ?ﬁﬁo

FACPRPALBE AL FEr 2 1P ARRFORAPE 7
“%ﬁﬁ*ﬁi?ﬁﬁ%%‘%%é%&’ﬂﬁgﬁaaa@%g%amﬁﬁ

L EE T AR E bwﬁ@wﬁ%ﬁ@»%%@ﬁﬂz%%@ﬁo

ﬂt
= g
IR
>~
3
)
s
i
-?n"&
> ™
B
"
‘ﬂd\
‘\’.N
(m
s
1\%"
rﬁ
%ﬁ
kS
m
(ﬁ%

RS HE fo GREPBEL AR FE LA R R nF s

Tenh o B AL AR T Bk 6 H ATRAT
' AELEV- LR TN ER R EE St ) T £ S S




EEHRERY

EERERBE MR ARGEREZZEEEBRAME

b
=5
Yo
P
(s
N
5%
FE
?\JE
iing
s
w
™y
A
i
N
o
N
X

[Eod
pai
i
-
T
Eia
=M
N
h
Y
I -1}
[=
”’,:t
\l_
=N
P
o=
N
He
(HI-
1%
_-l::l
FU
"

—

g
T
g} Ed!

N

B
%

&
¢
&

B

)/

N
o

A
o
b
;"%ﬁ
x
o
%
IR
o ~
)]
o=
jmh o
3 3;
1 owm
S

i —AF
¢

w

(%ﬁ

P20

&t

=

N

bo
Rl
4

>~
=
]
&
\
et
= »
o

m‘ﬁ";fii’g

= oW
P
"OM*
N 3
— )‘-\\
B R
LIRS
WX
e
¢
a9
Bl
(S
- *
-
’ &
>~
i
p:
_‘Tﬂ’

£ 3
i

e
e
x
p
A
4
.-
>
o~
wa

ﬂ% EERFAEHEIRFTA LA IR T L OREEFREE
THDR G A LT LA R P EARFT LA - BREFLE
BNFEBE NS hER SR - L H TG \ﬁ;ﬁjﬁ*h‘éﬁﬂ@ﬁ%}
L E R T A 5 RS N 3 R R R R o T T B R R
AN EA ALl AR (PR SER e SRR WS
i ks HEARR 2 S T RIRR O o R AR A RS K

= pe T ERBELTIMEERE FE vy BT Bee R

T FIA R T AL AF P AR T o AR MRS AR Bk R AL
KK H ﬂmiﬁ%%kﬁ

By PHRELE NI PRAGEFPBEL Y DR T LETH

e ~fr At g RMAET UG FZ - S EBEL R ""*F‘” PR r

BT B 2Nt HarFE > b pAE T~ M B MITRB 2 o KA o F
ﬂl&ﬂ%ﬁfﬁ\ﬁ%@%&ﬁ’ﬁiﬁ\A GEREIFEGERH TR
MEA o FES LG A R H RN R o it ¥ E )3

E T
BRI  BEE B 2R e F L A e ? :
WS- HEC > RPEL 2Ty BT E T2 2d2 2
fed oM EA RAFHITL L 2H LS ST FITAC YA mi2 g
Lier > 3 ZRIFMAS NN RITH AP gk i B Ao f B

AP R R BEL 2 A RS 2L Pee R E A BN

92



PERRHERNRBE

W i SERERETHEARG(CREL2 SR EREATR

0

R h GRS PR R B BT B AT REBERY T #
FE R DA G B T PR ~um+€%*ﬁ'3”? LG EMETENS
d\v;}ﬂ VSR A A A AP ER RS B R R FER A A B 0h e 2 S

é%mwﬁT’&ﬂmﬁiﬁﬁﬁ\ﬁﬁﬂ#fﬁﬁﬁ LRI

B AT R AWEF AP BRE R FPIE A R Ssk iy TR Lg% 2
FOBEBAREOEFE S EREETERETR BN RE >R T
i e L ERREOR R FIE

~

)
¥

IR ’ﬁﬂiﬁ,—;*{éﬁf BWEA L (1 et 3 2LEH B eng e o~ B

N L‘Ff*%*i’*'tt‘%#'l%.%f@ri‘*‘ﬁ?%iiﬁﬁa%

HEXRE IR TR LA IR - FARNL L IIPRESRT 18 'Fiﬁ’;&

FUNAFS pRAGAET? LEWHEE - BBAF AT i 557000 %

%%’Mﬁﬁiﬁﬂﬁiiﬁ‘°Wﬁ’%¥kﬁﬁipa&imﬂﬁ‘ﬁm

e Lo B LR ERAIRR R R A T S A
hR b EARRE Y BT TR E -

240

Crawl, D. A. and J. F. Louvar (1990). Chemical Process Safety: Fundamentals with

&
3
2 ﬁlﬂ
|
oy
S
W
3.7‘

Application. New Jersey.: Prentice 5.20: 1.

International Organization for Standardization, 1SO. (2021). White Paper on Smart
Manufacturing.

Palazzi, E., F. Curro, & B. Fabiano (2015). A critical approach to safety equipment
and emergency time evaluation based on actual information from the Bhopal
gas tragedy. Process safety and environmental protection, 97, 37-48.

Saleh, J. H., R. A. Haga, F. M. Favaro & E. Bakolas (2014). Texas City refinery
accident: Case study in breakdown of defense-in-depth and violation of the
safety—diagnosability principle in design. Engineering Failure Analysis, 36,
121-133.

Sklet, S. (2006). Safety barriers: Definition, classification, and performance.

Journal of loss prevention in the process industries, 19(5), 494-506.

93



ERRERE MRBAROCCRELZZEEEFRAME

R E s 23RE (2024) - 1SO42001 7 -1 £ /AKX E X 22 /¥ o
1E% >0Fd > 4178 0 T 43-56 -

R S e

ASME B30.32 (2021). Unmanned Aircraft Systems (UAS) Used in Inspection,
Testing, Maintenance, and Load Handling Operations

DJI Media Center (2020). Shell and DJI Partner To Innovate Drone Technology
For The Energy Industry. [Online]. Available:
ttps://www.dji.com/newsroom/news/shell-and-dji-partner-to-innovate-drone-
technology-for-the-energy-industry [Accessed: Dec. 17, 2024]

Flyability. (n.d.). Tank ultrasonic thickness measurement with Elios 3. [Online].
Available: https://www.flyability.com/casestudies/tank-ultrasonic-thickness-
measurement [Accessed: Dec. 26, 2024]

Jrfreeland, “FIRESCOUT-VUAS,” Naval Air Station Patuxent River, Wikimedia
Commons. [Online]. Available:
https://commons.wikimedia.org/wiki/File:FIRESCOUT-VUAS.jpg
[Accessed: Dec. 17, 2024]

National Research Institute of Fire and Disaster (2019). [Online]. Available:
https://nrifd.fdma.go.jp/public_info/library/kenkyu_kaihatsu/files/robot 1 kei
ka.pdf [Accessed: Dec. 17, 2024]

Process Safety Progress (2020). Using unmanned aerial vehicles and robotics in
hazardous locations safely, Volume 39, Issue 1.

UAV Factory Ltd Europe, “Penguin B UAV,” AeroExpo. [Online]. Available:
https://www.aeroexpo.online/prod/uav-factory-ltd-europe/product-174156-
794.html [Accessed: Dec. 17, 2024]

LHALE (2026) © P~p https://zanrobot.com/shop/zr5547/

SN AEFEF (2025) o Bt/ S HATRI ROFES 2R E Hkdy 3

(2025 %) -
3 te (2025) A2 TATH Ei , €8 ¢E Bapfhc =2 23R B

94



(OF=ERREHREHR

ERRERE MRBAROCCRELZZEEEFRAME

2025 # 7% 3 p o Bp
https://tw.news.yahoo.com/%E8%B6%85%E7%8B%82-

a1%E6%A9%9F%ES5%99%A8%E7%8B%97-%E6%9C%83%E8%B7%91-
%E6%9C%83%E8%81%BD%E8%A9%B1-

%E9%82%84%E8%83%BD%E8%B7%B3%E8%88%9E-070500365.html

95



{) PEBRRBEHNEBE -
FEWAT CCUS WEASHEERBR BRI

AFREAUT CCUSHEATEAIARERFE
Major Accident Hazard and Mechanical Integrity in
CCUS Processes

PG R BRETRAARAS A 2R E Y v L
FoRZBRAPHEAR/BEBEL 2L I KB
Bl % T%Jﬁ : 0515912@nkust.edu.tw

kil

#&
BRIRE R ks as T o I E {17 243 (CCUS) © iEwra 5
e = 2 ii%miﬁoﬁa’aw83@%£$@\ﬁgﬁfﬁ¢@§

EHRITEMHCHZ 2R G A E A RN BAMIEAE TS ASI BRI K
B A2 B e % > anBEE I o K AP CCUS enfl Az 4 ~ 4 & & T 4
A B E s % o Jfﬂ x j‘%{rig‘g%iﬁ‘}éjiﬁimi°@“‘$%ﬁ.?%?a%

= ¢ 1 (Mechanical Integrity, MI) > 3P MI & CCUS > 2 &8 ¢ » 4o
PEHREFIRTRFBER M IR RFT oYV ER FS

7

—=

FEA TP s B T B R KT o vET - CCUS 3 » fllizg 2
KHZEEEEERY P afid R RPRF o mRE L% 2aR s
w f'} o

Py
\

[(Rétx ] sdts ~ZEFRE - WART2FR LA FEHET KA KR

96



FERREHH m &
AR FERET CCUS MBEXAFHBEARFREN

mrr G EREEED FHEFLRApEROEIEREDT LT -
Filpece 2 L WABRERE " LI RIFLRARR CAERLSSER
4803 ﬁ“mé—ﬁ]ﬁi& oo ¥ B R RIE 1L R bpLE 3 5 R WA a2
REA S WART A AL RN RAES R FT A AEF AN RET
PR eI E U] o B RET o F DI E S FRBOMIAP R AR
JE ~ 1 * & 4475 (Carbon Capture, Utilization, and Storage, CCUS ) i% st 4R 5
- E G THEAMMAEELS el REG BRRAET LT P P
A AEE T ET O F MR FHERE Iy RERT HEA
FRR i e B o

‘4&

KAERHER K7 CCUS h¥i » X2 p 8 - PjisRpl > @ &5 &4
W@JQNTWM%°—*ﬁ’”%iﬁ%ﬂ#ﬁﬁﬁi@ﬂﬁﬁﬁﬁ%’ﬁ
A AT LA RSB G LT B RF P AR DY ER %
¥- 20 BREBEE SRR L Rp F AR RER R WEE
LG ORFER S B T RCARBEIE TR 2 vh o By LB T o CCUS AL 2 i &
AR TR A My WA P AfES > BB AN FERAFY
Hod e F A FE DR E SR RRET 21 7 R OB

F_

A B FICCUS R £1 $#Ah G lERA ©EAU A 3
Hafe AT m2Aan s B Stk o s o F 9 - CCUS st
A EA R R ACE AT B I B R S B E AT kT
g PR MBS ARTRA R EET X R KA RS T
cHl WL o 32 2 S CCUS F2bn B T S4e— 2%, > @ &
WAzdh  BRPr RAS pF RO IS f52 P .

L
AU E T TR A & TR Bt (FL CCUS & % ¢ha
LRt BT A L B oaral o hRlARE 2R R o APROT B A K R
CER D ERAPI EV R AR A AL BFPE 2E R
wEHAETEEET L RA o RS 2eRER g F PRAR RS
MR TEET AP EIRABRI PO e - LF A RANAEE L

97



HR R E

FEREAN CCUS NEASHEEARBTEN

CE EMATRAGAF R AMREIRRE S RMEF 2 ERAR A
RPN 4L Fhand HIRAEE QL HTEAARL VR & TR F
A

$ooh > CCUS kst r » " Rk ¥ A £ L P (O30 MRt f B
AT o BRCF AR KA R R T N RRIRE > bl B IVES
AHERA R FRITERT > - F LR A BRI R T i 5
Pk § MR R AR (rapid gas decompression) » # 3k %4t 4 o d 3l 4G
(IEA,2022) o it % v 4| a4 g BEHPN TR A A EFFRCER
A BN R R RETR{ LR R
b '

I 2@ ERRF CCUS ek G f R 72 £ O H - w2 p o=
H

FURBEFAT ABAEIER RAXFAL A CRETR  Hw TR
BB R EED TR -

IHTHECHZT MM H TR
—REFIAO T EEFFERERM AR LT AHEYFLFERRE
B el o S A E F > @ CCUS A i ¢ 23 £+ 2 3 F & (Major
Accident Hazard, MAH ) (ElI, 2010; Rusin and Stolecka, 2014 )

Flpt o S F CCUS g ¢ ehk d pFEL > 4ofe il d Fa P ol
PFodrERE 2 X LB e R R ¢ R F R P BAE o BA L kAL
Ml fe 2L WA RV ARARTAEFLESEFE BT N A
R e B 0 R AR AT LR 2B %*“’*#HP@WCQB
ELIPI- AR S PN %ﬂiﬁiﬁ%‘ PEEXATHEM AR AR D S S A
BEoFREEEFRLGAENFER EAR LT R AR -

~CCUS iz arh e > F

AT B 1 & 7 WA CCUS Aflfed > e P> ¥ 2Lk A
H- 3 A% F ot P AE B Bom AR H B A RE AL TR R hA
—@1%&@%@&@%0@%&%%;% R G FER AR AT T
AFELAMEFERF SR S84SR a o CCUS #raglins § 1>

98



FEEITN CCUS MEASHBEARBTEN

THE A BRSO B o B F—g—fuﬂ?}_ ~EFPB R R
S i-fBhadlRE R HuF ARG AR ko

K AR S kg CCUS X 2LH - B~ v a £ - iFd 5 B 25T

%3%5**ﬂﬁ@fﬁﬁwiﬂ%*EW§@ﬂ BOR A HLR TE R
Ao B A Ao Pl ZF RS F R E‘i&’ﬁ%y‘#m;«,ﬁﬁiif
B M-SR Rl £ BEAEA B0 3 R 0h & %& o 3 s
ﬁwﬂ”%g%ﬁ%*ﬂ@4ﬁw‘i%—£%%1ﬁoE@—%ﬁ%ﬁﬂ#,
PF NS ERA BRI > WiEk A L LKA sk

Bt EARY 0 F LRGP E LT ML B - F AR =
FULRAFLIERFELET I ErRAESRBARLE A FA RS
WIRGE L PERTFARPIREDTF - FFE ARG FAEFLE B8
PRIBIAARF - LF2 BB E R - F VT RS 7]
AErE R RN HR A E YRR E S Eﬁmrﬁrﬁ ol
GRS R om0 T A R ARTR A S SR D a
> i&m 5l = =gk (Connolly and Cusco, 2007)

b CCUS (i shd & EHF T HPENER T SR BRE R
EER% S ERARL PR - c BB F PRE G BN
4’ﬁ%é»ﬁﬁ%~%ﬁﬁ#ﬁ%¢@%m%’gﬁwgﬁ@i%ﬂ,%w

AP AR S AL FI R IRy BE A R S R R
62 H TRt A s plag y (VS AR g* HAHpER P TR A £

li-‘)
ER N l}ﬁ_&'ﬁg'ﬁ-w??f?} ’ i%%cip‘c’? 4 FR T e

BORREFihd R kg CCUS ™25 3 RE Gibahh e & § £

RGBS H G S LLEF ) AR TR LR A
ok

L %ﬁﬁsogﬁ%ﬁégﬁiﬁ-ﬁﬁééﬁiﬁu@4 BR R o R
BB R FTRAR S IR T (i L ol g T E IS R A

sl )ji R R AT PR AINFAER R BT A AARTERR DR
j-}') o

411‘3

E

99



TETN CCUS MEASHEEARBTEN

BEAE A > CCUS ehh ' A FT a2 W30k i SR L > A X AR

TSN e - & l“ﬁﬁ{ﬁﬁﬁ?‘fﬂ? RTARAI R IR R HZ
PH TR IR Y HE TFRLEAE R SRR R H A (TLR
MR EUN IR TRECEREMEEEED TR EFIAEML AL A 2LE K
BB TV R o A PER B ek g4 ® CCUS 21— A p Az
v 42T - AR T AR G R o

CCUS ehflfeh " 2bh > H - F o3 FapZF o a Lhp 5 €7
Felpteon g AERF AL B R EE T MR T PR B LR TIEE
R EBHE R Sk R EF N BR TEE IR & TETE G A
M - PSR TR 0 T A ERMEE o I Flhegt s CCUS A F L %R
MG - BB RGEARAN X2 RBERE AU RT AL BT
FlepgEfz b oA W RS AR E A 0t - fndo P RS
WAL TFE s Tt S A R R enit A g -

= ~CCUS &4t T It APEP

L3032 CCUS cnill Azt b ' A 2 15 i8— #H BiF 8 4 2 a3l
$§g:4‘*f?w A PB4 F o B BT 1 G4 k> CCUS i 3
TG E - W A E - kR RO R SR TR
PR B ER Ra R R A T AT g & @ CCUS % i
BRI 2R H B ERL TR IR b &k R F S ok ok
A5 ©

FACERERAMGOE TR FREMEFEMIF RIS LT
BEFBLF T CCUS chRig ik i ~hid s F MaE Az i » A b g
AFE AR CEF AR A AR AR R BB G2 i
Lo bR anERY - F PR B RRE SRR R h B TR
BB TR ‘&rﬁfixnb#%’—iﬂ@”*ﬁﬂﬁ‘jﬁfﬂ
AIEBE CREFFL ML RFA SRR
LB G BN I RE R hi BB N % A3 B d 0 B bea e 5t
e SR B WE F Y OGS > OGRS LR 2 &

100



FERREHH m &
AR FERET CCUS MBEXAFHBEARFREN

Pl R AR A R INER > R SRS B BEERN R E - B
AFEETRB B MONKRBRE RARE A I F R R K A
BTG AR PR TS PR R GRE T FARE B4
AT AR RS F LR ke o E g UIRLEE 03 BLEVE sde 1244 R4

,g%&jﬂﬁﬁﬁﬂg%ﬁ’ﬁiﬁﬁﬂﬁﬁﬁ%ﬁﬁﬂ%%ﬁ*@ﬁ
EGSE s 33 BRHRFLET A4 F A #47 (Seo et al, 2015; Ke,
m%)°ﬁﬁiam&%miﬁﬁiﬁ* PRI > BR TR S S B
A B MR F R A RSB RS T RS RS

S RE A 2 0 GlAoAR AR 4 Al R S 2 e iR A A B
%ﬁﬁ%kﬁﬁ&’@womwﬁwm&ﬂ&,d“ﬂﬁ#ﬂﬂiav%“%
NEA AR B AL B E i F LR F E S @ T L
AREEE R G AL AR kR RIS T
MERMEFEMET I EE CCUS @lfevr AL AL BT &z - 0 F
Pre 5T RGP AT E LR A EL UG
F e b e kR e

Hxoo -3 it AL g7 EBEM N BRR & hERS y%gwf;gu_ﬁ
BREAEX 2P BRI RGEDE LA T H BRIk g TR AR TR
PERIPoAALCEL RAFBHE NI A E - F Lp CCUS ki
PEE AL AR F AR B AR AT F Y hF FORR
BHd v R A RERR N R BB PR AREF R

i%’ﬂ%ﬁ@ﬁﬁim%%ﬁﬁ&ﬁﬁﬁ%é%ﬁﬁ%%%¥E%a%%%
A F R TIR CRAART SN P r LRSS VS BEA D E
ST WA e A H A R { A T AR A LA

B

&)
R FET S F MR ALES ER S BTG FEALR TR RSB
Yo NG ELE R ARETFEL R AL AR R
A ZETY TR G AR AR PR LR RT -
Bt i  FmBe § FEARE THEA S § L AER B L AP A s
TR REL G PR R RO A SRR T SR EN - L ARETRR E E
Al AR EPR P &L R AR TTABIE G T

&
w

(]

#E P THT

101



Q=

ZEHRE®HE
CEsWT  Chines foty and Health As: =

FREET CCUS WEASHBERREREY

%ﬁ wa g S EREG - Fe KL 2ER RS ,tuzﬁﬁwg%jjhﬁ
dOMBERE AT A AR REENAECE I E R BB b
MEARFTALEREETENE SRPEILLATIIERG LT AR
Brd i 2 2 AR R e PR ETE & F AN E %R b A4
5 T SRR A - LF LSRR RA B R 2
RPEZESETRES AT E*ﬁ-’fﬂ%m\ R AREE I Flhopt > =
FRmerd s T L AT 0 A CCUS HALY 7 BAALS %8 AT b g a
BRI L - FEREA R PPcp L FRERT T L0 SRR
FAEE O L ANBEZIAR T MR AR b el B ﬁ%gg"ﬁ:ﬁ
AL RIS EIFET AT GAR G (5% o

- a7 o e F TSI Ry v 4 ks B CCUS HAz? BB 'Rt
AL N SENTET = 4 ) EI- ) W SIS Y o T I
R F MR E RS R T b A b 7 e A BRA KR
FPoFCRBRBRTFMAFEF R B EN A N T HIGE BB
i ~0-ring s RGP K L2 IR F L F ARG IR 0 AR R
TN INE AR N REFTHRE L ERERR AL 2 TS
TREFEOR Y RRG AREF N Al ¥ @k g R
fﬁ‘?’ﬁ‘ﬂ-“fbﬂﬂ”‘#f’f%ﬁ&%?f TR R B ITIE R 2 e g 2 R
5'?“:2%% B R F ot N IR F LR R R T e bl i R R
WA BRAHAR &l gAze s p A~ AR H T FRAGEDEE §
B G o P AARALET RARBE - LF 2 BHPNT 0 LiRER
FR22&2 ERAALEDBRCAES LI TIFH OBIER T 8-
A FREF oL Eh DI MR LT BT L EEFF
BB RRGEFERVEHE - RRF 2R GE g HRES ApFRER
BREB T RT > R DA R A ST R RS8R
Bl 1% hd i > $ CCUS e 2+ £ By kst o

P 7 LR B3 F (L plld ke £ FE s B ahfa b%i;k%&
G KA T A CCUS A g T Emy jendd » B g7 A

102



Qre

ZHRRHE
CEsn® o

afety and Health Association =

d)iﬂl

BAT CCUS WNEASMBELRBTENY

R S A AT AR P ARG R EE i e e AR
AT BAE LG f MY o § RS R A bR
PR TP G0 M Bt A K ERTTRL CRE XM AAB AT RS EHE
PV ERMERAEBRDF R AL — k2D
o Tk R S B TR B 0 R RN BSCR IR T AR SR LA 2 1L E £ 1
MoBRL X FRORE > FU L ARG A RBARSEERF B
Tl o MM ABER ] FEF L MR EITEET ka1
AT 2 AHERES L FABSH - LAFR RS RAB
JRELN FRA K B Gy i ﬁmﬁ‘miﬁg’@;iJmﬁﬁﬂ%\@Jﬁﬁ
Bl gL R o ka FH TR N AR ET “&zgﬁﬁow*m
&9&*%}“’{54}_43_7 g;f’w%f’ “‘ﬁgw:@rz Arg ik N 35K K AR AL 4 S
A AAFT IR > TR S B F AR - BALRRTIEABST R A AT I
R AERL BRFRSE iamﬁ%ud: B> & CCUS #fz% »§ 1L
#oooka il s R aa e Ry ERD DR s A LTl
ﬁ%ﬁﬁii@ﬁﬁ%%g@y

ey
=
R
\\-‘-
I)
)
el

\ 5

W

o R iEBEd G g T & CCUS & sev BFRMgE,HER
ﬁﬁﬂr*’%%Wm%#%ﬁi’ﬁiﬁﬁ%%@ﬂﬂ@#%%%o* LB
>t CCUS 3 X a2t @ irentlfe @ &3 RAMENEF hp b vt &
Eéiiizié_,]‘sffuit"ﬂ#&f%‘%ﬁ'i’»‘ﬁﬁ“‘*¥, PEEAR L R R RS RRTR
HI ML EARK G D PEAF - F = iﬂﬁﬁ%§~@$ﬁiﬁﬁﬁ%
Fog 2 g ﬁ%f*m@*\hﬁfwﬂﬁﬁﬂﬁ %’ﬁﬁﬁﬁ ;
KPR PG H R R 2ER *
&ﬁxﬁ“x;f@ AR R EER A A v %:;‘TTL&F{&% e BRE R =T

TECRAARARIAME Al E T I RE R ITR LIRS e
ﬁﬁ*éﬁ%ﬁ@‘@k A éiﬁ%%%?%%iﬁi°&ﬁ%§~
AR 2 g R EEFG PR kAN B AR R I
ﬁﬁﬁﬁ’ﬁ~ﬁ%ﬁ&éﬁ»ﬁ%ﬁﬁm&%°%W{&ﬁ@\%%ﬁ?w
~ R ERBRE A RERMN PEIFAR LA
RELRBOPFF RS BF AL @ @A FLF 532 o mHlEg >

_Vq_
S
=
3
F
iy

I%
gl
o3
&
=
ETN
.N\
v
RS
*
Z

‘gﬁ(




FEEITN CCUS MEASHBEARBTEN

AR kG TR EFRL AL @ £ CCUS s hll BB AP 2
RFEBERRE P AR HETRERL B R GRS o7 f
T > F A B A lenpEElE 4 .

Bots s XA CCUS 3l Fehp T £ W 3H - R AE- F

Rend i % on AR REERF 2 Sl gk # R PR
BB IR Al R RS F BRG] B ) S iR §
g b R H - IR BEOR R { A FI A Aokl AR ATRO  S
i1 SRR RS SF R L S SN N S T K SRR A A
b MRl o TR BEELIIE B A T 0 - A RT AL FRY P08~ R
AFRa e e T Ea l%ig%i%%[ﬁ]ﬂﬁ.%% ) B e R 4
HUfSER o INHBEHI fho BB G (LG EPHEEFEE - L H R
1B :?“ﬂ”“uf& B g m

Fae ikt ERAMAERE CSHES A RRER G
PAARI BT E - PAET R ET o Bl R R T
CCUS $ #ics % i 4 a0 018 9 & T o= Bk i ML | ok > @ 1
AERNE S YRR R PEFRRR AP BESr T RTE IR G
RET MR A REEHAR RALSRBE S PRAIFLERE - L A
Fehh G T o CCUS 4 = At » M E « F e 4] 4 o ehil e > A 47
kL Rt BRSNS L - I A S o) e g TR

FEaT  CCUS e s F 43I RN 5 A2 et i E fom
B cZALBEE HBEY EERIA N2 2GR R o T
FAAHCE # o LALE L R D b e A
FERAF AR G R R TR e I R kP A
4R FdeR S ZRAEBR ANFEAF T T o a ANz - Baisd

AL AR FILfEiEE 0 @ CCUS ehh "k (7 AL T Y - R 3udre

=
~=ie
(i
&
g
T
5\
7

~CCUS &gkt (MAH) R

A it F & e FEa CCUS ®WAzY “1H 3 end ~ g T agdl2 (5> T - B2
OO AR AT - L SRR B ERIRAAKRR

Kl

104



TR W e

e FEWAT CCUS MEABHAEMR FREY

M E L e CCUS & AP FEip » £ % & T F #& (Major Accident Hazard, MAH )
hip Tk o 82 @ AT dp v 0 CCUS ¥ ek b ot 2 At 3 3 4 48
Flom L AN FREFDLRG]MEPECR > LARN - SFFLA R T
FIRDE R > R E A GELEFRRT Y 6 TRL B PR o

'gi 'CCUS T #is S F oz - » a3l TRV R w3 R
MG e FHCE b & EARE o Aol R T R R
R CEFETpEirh RARENAT AP TREREA
MmooZ F VR R $*I“r:e%\mir£ AP ek Z SRR E o BIER S
3 P RZ e LRPrFP AR RS AR T EL Y TR &
##%}“ﬁﬂ cFre A TR R A A E AR (T B B ETa 4
%aﬁ@%ﬁmﬁr?wi%ﬁJﬁ%ér%?ﬁ%+Joéﬁ@%%ﬁ,@
CCUS % ek "G 357 % it Wik dF B ALE sl F ehf 4> Eg B ELALE <X
TETT o A kS S % o

H %0 CCUS % &Ll § i afhs BaRdch @ 2 B ERM3 34kt
AAHARPN TR o N3 PRBRERS BRI F R R AN G
MFRFE EREFRZRARER A EPRESF 22 a2bEd BG
TR RARF T FHRAFELREFEAI B S E T RN TR
Bt B EEE AR R G LI ATAT ARG - %%ﬁwgﬁi
<Al EREn T o A ER R SHF R CCUS T s e B G
E4

v AR F b A an o A2 P g I
CEREE E E SRR R P Cal ik
“FET P ol L T 5 { S RHCPRL A A B A R ) F A
5 (escalation) e e jT o ptfF 2 BRI A BEMT N > R R AR
WAL R TR O RS R 2 FILE o - H S TR E L
MAH thé B &5 o £50F Rk % i ypdr § 10 g 5| 1 o

PR B A A0 Bdeo) TS

PLob b CCUS £ iaehfs % ¥ 4 — T B fl L P T 2N R0 2 £ 8
MEEEPRERRHRE G £ AT Ao FulE ak T AL LRY 5 F

105



PERZHRED R
QIiiiiiirs FEBET CCUS MEASHEERDEREM

%ﬁﬁﬁ@%%%i¥@,;iwﬁwﬁugmfﬁﬁﬁ*ﬁﬂﬁ’@ﬁ
ES A SRR PR A s L o T A I
REET L TR frEE AT iﬁﬁﬁu@ﬁmﬁﬁ’kﬁﬁﬁi*
Tl | TBAE > S ¥R G F AR R E W E R F E R

TR E S R T > CCUS F s AR AR 5 — 3 TR i 2 R A
lﬁvawﬁﬁﬁ»uﬁ*ﬂ%iﬁwﬂ?ﬁmmmﬁﬁﬁ C IR AE 0 4
CCUS = 2 g7 iR T Ak G R -FITRASFEL 2H 5 0 2]
- HEE AR NTEFRERE B EAITER T BRI ikl
FAD G AFE ik g BB RT RS PR KT 2 o8] EMAHARET £
%mcamwigy%ﬁw,ﬂM@FMﬁwmm%’z WhARLE

B ERG T LR R EORURY 2 ARG R R KT
310 QAR s £

~Umsﬁﬁ$£$ﬁ#ﬁ&§ﬁ§ﬁ

e CCUS T wfe ke ERE A AT T2 B> T- B

Q22 LT EEH0b% on 2 Rdee ] B~ kst N #agit b
VAT TR i ¢ o KRS > ek
CCUS chl g 2tk o B — 2 »cis4] > A ZURW A ~ it~ A @ ohimags

2Bk T E FP o B e v R E RS FAE e A 0
Zr - ERARBER CHT AP EIRYE AP FREBE-

‘-‘41-

e

A CCUS chak 2ipsee i THAR% 2 H @ 2L TRESR 2
PRI BARL PRI RENARTEFTZ E @Y%
A CCUS TR FlAA T &gd ke d Tt &2 @™ RE
Yo HEF 2 CRFERI L RFUERBALETT LRI FE o E
RARF FANARPRSFEFTHRGFLAZ AL LR BE 2 G %r b
CCUS i ‘v B gttt b & o Flot » CCUS e/ llfEw Jp v FI A2 % 2
A R R EIRE W IR ks o

S

‘F_k

lesf#'r , j ,,_,]J}}ii"“”"' FL ﬁ:’f#é'm F]‘Q 'FOCCUS\%@J-

106



Qe

TR W e

FTEAUT CCUS NEASHBEARRBTEN
ﬁﬁ%@ﬁﬁm—ﬁ@%mak%ﬂﬁ AAAR T b AR H e TR
TR T RS ERS R AT %T'-T%%ﬁ°mﬁAﬁ“*ﬁ%

PR i bl £ GRS A1 B B AR R R IR T
Y T TUT TRy T
ATl oA AATIERTF TR RO D ANEZHB B R R O B

BiSFIPEREN AR E RN G S

#-Hm 3 o CCUS eh% 2ipB FHERGFRELFIIFEREE o d 3
CCUS K iex 3 BB Lip BRI RDEET i ¥ 1 LIS by
@ﬁﬁ%%ﬁ’ THRASFEHRET LAFEREP L 2 ovEG FiBR IR

AR #ﬁﬂwﬁﬁ?%~a?%& BEgr owERvee
@w%B%¢W&’1 FEFK & F FE R e 8 B KRR o 3 CCUS
;,aﬁxgﬁn#{ﬁiani,i{,kwﬁﬁi TAF e Ln
wAREE o

=

k%v&%?% CCUS ip3@ ¥ i d ¥ akehd d » e 8 p ena 2L
Db el m BFL AR A1 B od 3t CCUS ¥ ¢ fs % 8 & kg 1
a@&’ﬁ—%ﬁﬁaﬁﬁﬂﬁy@@gg;@g?&@%@’ﬂw’&%g
FREREN TGS NZFAFT PEFRAS AR B iR yEeE
LB F RSB ALK v B R S A TR
Al e R R TR A A b RiER P ARERI SRR X2
AR R E

F_*

gﬁi
u

poeb > CCUS ehs 2ing@ 2 F 4 » B TR EF L F s - %A
HE oA FITIEER
e Sela s R RS "Rl
w2 E Y B R AE DK
T ATA feaiEAE 0 @ 2L Bena ﬁziﬁ,ft » §_CCUS % »>/pm v 7
I%\, °

KA REEEEIRACCUSF R

f?{:t
c-hm#«

107



() TEBRENEB Y
CESWT  Chinese Environmental, Safety and Health Association

FEEITN CCUS MEASHBEARBTEN

s

MI ik S 3 TP FEeh R P RT3 E Hidp M 5 vcdp R o 7 A AL

B 43K W 4] it R (Performance Standards) @ bl4e/R 4 % B R fdp TR
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Farewell to Blind Biopsies: Prostate Health Index (PHI)
Offers Precision Navigation in Prostate Cancer Detection
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¥ % 15 © yuchichen1978@gmail.com
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HERYRRNR T EEREERE . SIRRERERERR

112 568 % ot 10 RBERELEER

St (10,749 A) %58 51.9/105 91.2/105 E(17,779A) g3
(10279 A5 - TRERKE 48.4/105 42.4/105 B - TRERFE(9,707A)
(9,985A) AR 43.9/105 \ 35.3/105 AB(8,325A)
(7.641A)08 39.8/105 28.1/105 EHRER(4,538A)
(7,280 \) AT R AT AERE 34.7/105 19.3/105 F=#8(3,690A)
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(1657A)EMmE 9.9/105 7.9/105 B(1,929A)
L872N)FARSEHRER 9.7/105 7.4/105 FE(1,429A)
(13,911 A) B fth 55 EfthBE12,121A)
(71,244 \) 485t 350.8/10° — - 318.9/105 425t (66,807 A)

AHRR : AEEERLABCRESRMAE)
LR CELEE (BRAFI0¥AD) ZHRAF > B EETFTHS -
2. AL EA R T 2000 FHRBEATAREA O E(ERAFTI0HADT) -

B2 "RL12E@MA < Bps2 B2 VE12E 249 4110 < %
JEARIE g 4 &
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(PHI = (p2PSA/PSA) X v/ tPSA)

e

BEEB 2R PHI 324 7 g te B 315 (p2PSA) hB 584 > P PET 771 4,
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27.0-35.9 PMh % (9 12.3%)
36.0-54.9 PR (937.7%)
55.0 17t Bh% (5707%)
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éﬁ&%iﬁﬁﬁ@&ﬁ%iﬁﬁﬁ&%&%’?i@pﬁﬁmiméﬁo

- ke WWREFARLL > & T B @ (P | 1 LM
ek NG FA bt A IR PSA B > BB R B o EREE R
R 2R LT 58 PHI 78— 4 ehh 6 A o R EE AL 4o 18 -
HEED AR

54
[1] ChatGPT (DALL-E3),Prompt: “# & - sE&f7 s & & 5 PSA ty#ich
65ng/ml s » 2N HI I TR e PRARFIEARE TS T 2

B -7 2026/04/22

[2] w2 AGTIRRR N R ¥
https://www.hpa.gov.tw/Pages/Detail.aspx?nodeid=4878&pid=19734

[3] PSA Levels and the Probability of Prostate Cancer on Biopsy. European
Urology Supplements, 1 (2002), 21-27

[4] Bosod BT BAEEA R IR SRS BH LA SR T

[5] Prostate Health Index outperforms other PSA derivatives in predicting a

pul
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[6]

positive biopsy in men with tPSA <10 ng/mL: Largest prospective cohort in
Taiwan. Journal of Chinese Medical Association. (2019) 82: 772777
Baseline prostate health index risk category and risk category changes during
active surveillance predict grade reclassification. Urol Oncol.
2023;41(11):455.e1-455.e6
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T R R 2R R
Hormonal Changes and Prostate Health in Aging Men

ML FEE
B Rio R F e i RA L FEE

Pe o - B2 KT EFMR R R RS KR o L 13RS
LERREFARER2-35 0 27 F RER I RRFEFEL - i@
foe RS R o B RIS R LS M AL R R
5 EGRGR ER HE TR A BRI S B R
AU A S FREE USRS (IPSS) 59 R - Rites? 2 iFEF
FROE A RN K T R eTRA R 0 240 1 60 K T R X2 0 R
ErA AR B H - B A H - R A L AR i it A A .

%gﬁﬂﬁ’w_%? ek di e TS R METHR E (proximal urethra) o » f{ T
DL =L USRE RS Bk LS £ SR A G 2
fed Wk ptdiand g o ¢ X E T MY L ehT g gk (lower urinary tract
symptoms, LUTS) # 7 = 2 3 50 Do < ) o e Lo 2 & 6
?}HT\W ~ (‘benign prostatic hyperplasia, BPH) & 2 ]“i%éﬁ’ﬁtfi% (benign
prostatic obstruction, BPO) F&f £ & & R Fl2 - o § H 2 ik e SR L AL
5'3 , & u%»;c;p_v?%gaﬁl\l&amﬁ 4 ﬁa’%r_ﬁﬁ ’ B%P;léjélg}iﬁp‘%?% EAAIBRS A
foAZ T o IR R e s fRRE R BT - BT 0 BRI
V-3 g sk R g 0o e e S TR R T RATE 0 S E AR
R E R o 2RA > T e s g Ak (lower urinary tract symptoms,
LUTS) « 7 i &5 Bl i % 0 S ofiin g - & PR grgekatin 20t L i
FA O B A SR AN FLTRA 3w R TR % R
# 7 AE o (European Association of Urology, 2024 )

kTG F Y WEEE 9%:&;}»; 3= 4 % ( International Prostate
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Symptom Score, IPSS) & & i e fc€ & o IPSS B p 2 Wie /R F € plkipdc

( American Urological Association Symptom Index, AUA-SI) » ¢ 2 7 B R
REFRA GCE AR BB R A B BRI S fRARF A 0 R R
A3 0-54- 842 0-3b - i FAEERE0-TA~ Y R8-194 -ER
20-35 4 > ¥4 A REEFTRETE o IPSS hip B3 A H PP U Lk
;g*;wg 4 (benign prostatic hyperplasia, BPH) » & &_%[ e+ ¥ PR A Js A LD
PR AT BT > L a T R HES R 0 B HETETE R
Lit- Hip g L0 d & k45 o (Barryetal, 1992)

FHLEY Pf CA R R S e e 9:]1;4 it X (Late-onset hypogonadism;
LOH) » &g T Mg ¥ E &3 & - WM & r?ﬁi%e (testosterone ) i% ;BT ' sl
- (A FTRAEEH A B R gLy P a2 BRIt TR
R RIER I FF A p 40 REEL o FEY 1- 2%k BT
(Harmanetal,,2001) ° #@ » § H{ EPchr FTr2E 2R 5 T8 o
Lo R TARE - T £ - & ¢ #h(hypothalamic - pituitary - gonadal axis )
AR AR R A kY (SHBG) F 2 5 2 s % X 48 (androgen
receptor) AT M "E o R R (T R o TRkt é,—‘gf v oae DIRERE
P A R R g R B RR R PR Y
EERE AL A 2B A REARREmE Tk BEEAR A T E
P P RFLERAREREL FEAMER TS > TV HF R EE L
(4= ADAM questionnaire ) & {73z » BH A % > § 4 { £ 8 - Fisdap &
RS e kG )k SR ;];; H & *%#g]whz W3 %E’”F"’E’T FJ'\ﬁxﬂ e
T EPXEFTHEEDT LAROE & RS o (Bhasin et al., 2018; European
Association of Urology, 2023 )

e R X e e H;Tu% it M T (Late-onset hypogonadism; LOH) #hig/k &t @ -
X iv 9 Mz 24k 2 B ¥ (Androgen Deficiency in the Aging Male questionnaire,
ADAM questionnaire) £ & B ;2@ * 1 E2 - %K 45 d Morley & 4 3% 1 »
AR NEFFREET RN FAEER DT PR LFEITHIERRREA
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ADAM ¥ £ & 7 10 BH 248 > N B 40T ¢

1 £33 H87%°

2. RFRIHA 2 LY

3. AFALY fAatd T2

4. 33 RE?

5. A F 2 FhBARR S 9

6. RIEGALE?

7. EFFAeA L7

8. HZEZFH a4 TED

9. L ZFLmMAELT S RpE?

10, £ F1iv2mBL?
HE AN ES LM (BETE) ST (Priahr) vETE,
ﬁlO{g:‘*ﬁf;fﬁ{{ujw«*g TR ERBME FE-HEFEGFEF
b ¥ B AR BT o FRm > ADAM BP BB E 5 2 aur g B (97 i 80 -
90% ) ’fﬁﬂ%%aﬂl'ﬁﬁifi’§¥ﬁ PlEEE ~ IR R B R E PR R E

PAERE B BT B BB TRAE EAIER 2 4 L ¥ 5 (total testosterone
s free testosterone) ©# * - (Morley et al., 2000 )

Fpe o~ ? ES 0 k% FfE (testosterone) k& g iEBT R 0 @ %Fﬁﬂﬁx
BT LA v P 2edt & < 48 (androgen receptor, AR) FUELA I o B SR
SR HMm TS d S0 B R pF (Sereductase ) # i 5 - % F R
(dihydrotestosterone, DHT) ; = a £ HFfp &2 ze 2 X G L {8 > ¥ 22 FE
“;]1\_* Blmre 2R v e 4 o Tt e F — e F X H ks (androgen—
androgen receptor axis ) AR %gﬁﬁ&%} B “L]i%;ﬁﬂﬁug 4 (benign prostatic
hyperplasia, BPH ) 2; = ehd & 4 4= & 2L # - ( Madersbacher et al., 2019 )

Ra oo §E T RE gk (lower urinary tract symptoms, LUTS )
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2 BB o f 2R H SRR T B FIfE (testosterone) A% F o HEALAR S o sk
AP | AR TR LR 0 X 1 T T R R T 8 R B
2N K s NG rg P s ks g id 0 2 %ﬁw%ﬁ—r E R E
MR EmET R GEEE 2 PR S0 A 7 RS R
B e T A BRI R o 8LE s i T (Late-onset hypogonadism,
LOH) & T i fjif sk T 2 ¥ R AFAIL 2 3 42 BT i 5§ 23 B
Mo mdpd > KEFMRAT L SE S EPRPEREH G e Fa
% < %8 (androgen receptor, AR ) i#44 ~ z&:%awﬁaﬁ%%p;?i ek 4 L B
PAA S AR R BGEREE LF o - H e E R AR o gttt e
LEN N ;ﬁ;rj+ R Gl PFRAEES MM QT‘M‘T BH T /"Z*ff\i]ﬁ?
e d > RAFhEETHRFEY EREG A& 593 o (Kohnetal., 2016)

Flgb o TR B EYEEERREARS - BT IRF ) b A
- g oz E —zef 2 X Haha (androgen - androgen receptor axis ) ¥ &
“ﬁ"\’s‘_ & "’L]“z‘_%;ﬁ“ﬁua 4 (benign prostatic hyperplasia, BPH ) % # & & 4 -
FAH#H ¥ -5 ¢ &5 E Ffr (testosterone) T HF AT EEANBE K B
P R R et B T R & e IRGE T % AR s (lower urinary tract
symptoms, LUTS ) s di 322 & it o fp ik + 3™ 40 - 60 gk e fog sk pso
F Jlg AR AR B e A e g S IR R R B TR R
AR NHEE PERSETE FHA ST E TG FHEIER - R
FFEETIET R RS ( European Association of Urology male LUTS
guideline, 2024) 7 5.5 » F 4L SRR B P FIR AR 0 H R 2in g R
i Z ik Pk A Ak %ngs;]z« BT IR AR R U O A R R e
B % it e o (Coronaetal., 2013; Traish et al., 2018)

by

§ 42T g sk (male lower urinary tract symptoms, LUTS ) «h& 4 io
BB Ll 1 ~#§:€E9ﬁw§7}é ~ @ 7| ﬂyjlﬁ%;ﬂl Uk (prostate-specific antigen, PSA )
A HFE o A%k di e & (bladder outlet obstruction, BOO ) it {7 1 %] i :E # o
PR TR G A g A o ¥ A AMEE ﬂx]urg 4 ('benign prostatic
hyperplasia, BPH ) 4p R » ¥ & * 5 H 4 gl T+ ’ﬂj‘\% < %G e %r# (alpha-1
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adrenergic receptor antagonists ) » ]4- tamsulosin ~ silodosin ~ alfuzosin &
doxazosin » 14 ¥ Rk L8 B gL e e R R B R o F R
x> Pl * 7 A R Rpsdr4A (5-alpha reductase inhibitors ) o B 4e
finasteride # dutasteride » 2 *# = & % Hfr (dihydrotestosterone, DHT ) jk &
Rk fﬁ"ﬁfl‘%éﬁ”@%ﬁ A @%Fiﬁw% FEAKREIGR G o H R RGE &
%éﬁéﬂﬁl%ﬁﬁﬁ«’ m%—*ﬁ B AR ELS LB VR B E R 8P s (European
Association of Urology, 2024 ; Sandhu et al., 2024 )

FUORR > B S RRER RS G L O RIT R R F P
(antimuscarinics ) & /3 %+ W% < %8 ®_»z#| (beta-3 adrenergic receptor
agonists ) - 12 2 L Mk b AP BRI o FOp A P PR & B ShAe s B IR ek 0 BRpL
= fafF % 7 Al¥r41% (phosphodiesterase type 5 inhibitors) - 4c tadalafil » 7=
L TRBEMREEA R FAR e FAGE A RBGESE Y DHE L
( European Association of Urology, 2024 )

3383 ']:%_']:%_ﬂﬁ'ué it T (late-onset hypogonadism, LOH ) /558 % 5 £
fir 48 "L 5% (testosterone replacement therapy, TRT) - i & Jf e P 2 & fk JE
PR Yoa XAy o A2 Y A RS A SES AL S T T L)
%~ 7 H;TL#%&L L (prostate-specific antigen, PSA) ~ = +* % (Hematocrit, =
ﬁﬂﬁiﬁ%@@ﬁﬁﬁ@w)~%ﬁ@&ﬂﬁﬁ£wi§%%°&ﬁmﬁi
e T IR A RN PR R R N B ARG T E R R
X VAR o 3 fﬂﬁ»ﬂ% kB ~ai vt F 2 59 £ FUR (prostate-specific antigen,
PSA) it « Fp A 3 2T F & BRELR T HRIEE AR > FIE T el
TR — R A — Ut RS (Bhasinetal., 2018) -

B9 T R AR sk (male lower urinary tract symptoms, LUTS ) £ 838 14
'Viﬂﬁiﬁ ¢ ™ (late-onset hypogonadism, LOH ) F ¥ 35 feenfin™ > & Ffp 4
“uipJk (testosterone replacement therapy, TRT) &% ¢ & it #&3k aﬁug Bk —
E{ﬁ&wﬁ¢§#o@&ﬁgm;ﬁﬁ%wﬁﬁg%ﬁﬁg,,mwfﬁi

v 2 B TORBRE AR S A BRI R P o R T E KRR w R LG AT R
oo HAE D Y RTTOREE R PR LR KT R R A i

125



()q:if.ﬁiw*}x'%'?" . ape
b T ZEBEMNE RS CEEERRE

BT AEFERE ;EH;]UJ*I A4 4 (International Prostate Symptom Score,
IPSS) ~ % 7] Hﬁ{#@‘rﬂ Uk (prostate-specific antigen, PSA ) & %éﬁ%’“]ﬂ%ﬁﬁt o F]pL s
AT ETRTORHMBM LRI EGHE L L F T EHRIRFRE
i ¥ s #ic@ (Kohnetal., 2016 ; Yuan et al., 2024 )

% 94T R gk (male lower urinary tract symptoms, LUTS ) 53 § %
Piohm@Eeed S NMEFRM BT RE- A N o FRITIIRBIL
PR eI 2R RIESHEF RARFT F RRARERF - FREE T H
WA BFEAR KRR A0 U RERE “ﬁtr}fz}% =/ 4 (International Prostate
Symptom Score, IPSS) # 4 5 ¢ £ & ¥ FF4 F & F 4 (European Association
of Urology, 2024 )

FE RO T S G TR B e MR ) g G
SHiSA c TUE R b SRR LR R R S R R o K L BT A
PRGN RIS B T LA LT

B pick? 0 KA K& F #9% (water vapor thermal therapy, Reziim )
BRI OKEF L R R e Y XEBR L  f  N Y R

B I T ERIVRRT R - L RR L B ] g
BT ML ER 0 2 300k A Y N T NRRF T S T o R
(McVary et al.,, 2016 ) - ¥ — %F 5 #&:£ ’JJTJJ"\;E F B 4% £ 5 (prostatic
urethral lift, UroLift) - &4 » %% %#%gﬁﬁumii%%“ > IR RE R H
P SRF IS SRR 2 R fe +ehg ¥ (Roehrborn
etal., 2013)

FHEER G OP W AR IR LA hE e SN ik § SRR S 1T

3N R R L “fﬁ’ﬂ' - fapre Y o Bk kfﬂ%%ﬁli% AVics

( photoselective vaporization of the prostate, PVP ) 4% % it & & &7 it #&& ’Jﬁi

£$’£$Q%ﬁiiﬁ%,xgﬁﬂﬁﬁﬁgﬁw&ﬁoﬁéﬁﬁﬁﬁﬂ@

# (holmium laser enucleation of the prostate, HOLEP ) R+ %f%xj;%ﬁ%éf{ﬂﬁwﬁt

ogr g~ 'J‘%‘%’éﬁ’?\ C R PR BAE AR 0 B RS 5O R
S Ep A2 N & Mg 5+ £ ez — (European Association of Urology, 2024 ) -
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R =2 éﬂ‘%éjﬁ”ﬁlizﬁ(thulium laser prostate surgery ) 7= ¥ i& {731 14 & 4] 4
B f a5 ootk GehiR gk o

’ i}i’ﬁm‘—k’i’ TE AT AT 2B RRE R R BRI K/Tt

% "5i#rfﬁsi‘ﬁ%#ﬂﬁif%?#’i&ii%%ﬁi&—*‘°.‘1*%n‘17Fﬁiﬁ‘f
> 3 ’ﬁt:}fz;l%éiﬂ;iiifi R RTE RS R E vy 2R TRAE Y RikdpiEE
AL RIS (B ¢ ET ) o 4 BRSPS KR S Rt
7 i %] v 3£ % (European Association of Urology, 2024 ; Cornu et al., 2015 )

E T T RS T L EP DAL f b A A LR
LAY S EAILR A e A TR AR e R A UL
Bk R EPER 22 E R e G AL paf#g» PR E T MF L TR R
oMk Fart o Haor TR < & TRE A R Rk e 7 A
RS R W AR E R L RREW G R
HoRERR R AR AREFHI B CPHDTE TR LD A
TR BT R PR AT B R RS 0 M RS B F B R B R
By penF ok
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