Review of Applied Science and Technology, December 2022, 250- 282

ReView Of Volume: 1; Issue: 4

: v Pages: 250~ 282
. Applied
' ﬁ&ﬁ?&w Science and CES

Technology "

A Qualitative Study of Safety Professionals” Experiences in
Managing Chemical Exposure Risks and Hazardous Materials
Controls in Industrial Facilities

Jahangir Shekh?; Md Shahab UddinZ

[1].  Safety Specialist, Ha-Meem Group, Dhaka, Bangladesh;
Email: jahangir.shekh1989@gmail.com

[2].  Director, Consumer Products Distribution Business, Bangladesh;
Email: shopno23@gmail.com

Doi: 10.63125/j1mh69r20

Received: 11 September 2022; Revised: 18 October 2022; Accepted: 13 November 2022; Published: 19 December 2022;

Abstract

This study addresses the problem that enterprises often manage chemical exposure risks with limited visibility
into non-routine tasks and inconsistent verification of control performance, leaving residual risk even when
hazards are recognized. The purpose was to quantify and compare how hazardous-materials controls are
documented across enterprise cases using the Hierarchy of Controls and structured evidence coding. A
quantitative, cross-sectional, case-based design analyzed 30 eligible enterprise case studies from 2006 to 2020
(n=30): manufacturing 40%, chemical processing 23%, oil and gas 17%, pharmaceuticals 10%, and
mixed/other 10%. Key variables were sector, hazard profile and exposure route, plus Likert-coded indices (1-
5) for engineering robustness, administrative strength, PPE strength, and monitoring and verification
maturity. The analysis used descriptive statistics, cross-case comparison matrices, and ranked frequency-
severity pattern analysis. Solvent/VOC scenarios were most common (37%, 11/30), followed by
dust/particulates (27%, 8/30), corrosives (20%, 6/30), and mixed profiles (16%, 5/30), with inhalation
emphasized in 53% (16/30) of cases. Across cases, monitoring and verification was lowest (mean 2.9/5), while
engineering robustness averaged 3.0/5 (SD 0.8), administrative strength 3.4/5, and PPE strength 3.7/5. The
most prevalent breakdown was monitoring not representative of non-routine tasks (63%, 19/30; severity
4.2/5), followed by unverified ventilation or enclosure performance (57%, 17/30; severity 4.0/5).
Pharmaceuticals showed higher engineering robustness (4.1/5) and verification maturity (3.8/5) than
mixed/other cases (2.9/5 and 2.8/5). Implications are to prioritize representative monitoring for non-routine
work, routine verification of engineering performance, and point-of-work hazard communication.
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INTRODUCTION

Chemical exposure in industrial facilities is commonly defined as the contact of workers with chemical
agents through inhalation, dermal absorption, or inadvertent ingestion during routine or non-routine
tasks, including production, maintenance, cleaning, storage, and emergency response activities. In
occupational hygiene and process safety scholarship, chemical exposure is treated as an interaction
between a hazardous substance, the exposure pathway, the intensity and duration of contact, and the
susceptibility of exposed persons, with outcomes ranging from reversible irritation to chronic disease
(Beus et al.,, 2010). “Hazardous materials controls” refers to the integrated set of technical and
organizational measures used to prevent releases, reduce contact, and manage residual risk, including
substitution, engineering controls, administrative controls, personal protective equipment, and hazard
communication resources such as labels and safety data sheets (Marquart et al., 2008). In international
practice, the chemical risk problem is framed not only as a workforce health issue but also as an
operational continuity and community protection concern, because industrial chemical events
frequently create cascading harms through acute releases, fires, explosions, and long-tail
environmental contamination. Within this landscape, safety professionals operate as intermediaries
between regulatory expectations, corporate production goals, worker knowledge, and the practical
realities of controlling complex hazards (Maclntyre, Seale, et al., 2011). Their work requires integrating
exposure assessment logic with control selection under uncertainty, a challenge described in the control
banding literature as the need to act even when quantitative exposure limits, high-quality toxicity data,
or comprehensive monitoring are not available (Laitinen et al., 2006). Control banding frameworks
formalize this by classifying hazards and exposure potentials into bands that map to practical controls,
supporting decisions under incomplete measurement (Zalk & Nelson, 2008). At the same time, digital
tools that operationalize banding and exposure modeling have been positioned as scalable aids for
organizations with limited industrial hygiene capacity, translating determinants of emission,
transmission, and immission into exposure bands and control guidance (Bosak et al., 2013b). These
conceptual foundations help explain why safety professionals’ experiences matter: they are often
accountable for managing risk in settings where ideal measurement and perfect information rarely
exist, where controls must function reliably across changing processes, and where risk communication
must reach diverse workforces with varied training and language backgrounds (Wehrmeyer et al.,
2015).

Industrial chemical exposure is globally significant because modern supply chains concentrate
chemical production and use in large facilities while distributing chemical handling across downstream
manufacturing, maintenance contracting, and logistics networks (Bosak et al., 2013a). This global
pattern means occupational chemical risks appear in high-income and middle-income economies, with
exposures linked to both legacy industrial chemicals and complex mixtures used in contemporary
processes (Bowen & Slaven, 2009). Toxicological and epidemiological research continues to document
hazards for widely used agents, reinforcing the public health stakes of workplace control effectiveness.
Benzene, for example, remains a well-studied chemical of concern because occupational exposures
have long been associated with hematologic outcomes and ongoing monitoring research evaluates
exposure characterization and risk management needs in both occupational and environmental
contexts (Burke et al., 2006). The international significance also emerges through hazard
communication harmonization efforts, since many facilities rely on imported chemicals and globally
distributed products, increasing the importance of consistent classification and understandable hazard
information (Kromhout & Vermeulen, 2005). Research on hazard communication comprehension
demonstrates that the design of labels and safety data sheets affects information transfer, which has
direct relevance to safe handling and emergency response performance at the task level (Kines et al.,
2011). In real workplaces, safety professionals must translate hazard classifications and control
requirements into workable practices such as standardized storage compatibility rules, permit-to-work
constraints, ventilation requirements, spill response protocols, and respiratory protection decisions
(Cherrie et al., 2011). The professional experience dimension becomes central because safety
professionals routinely bridge technical domains —industrial hygiene, process engineering, and human
factors—while adapting controls to constraints such as production schedules, space limitations,
workforce turnover, and contractor variability (Warren & colleagues, 2011). The control banding
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tradition highlights that many workplaces lack established occupational exposure limits for numerous
substances and mixtures, which elevates the role of structured qualitative judgment and tool-supported
decision rules. Digital banding tools further emphasize that risk management often proceeds through
semi-quantitative reasoning that uses categorical descriptors of source strength and handling
conditions to estimate exposure potential and prioritize controls. Within this operational reality, the
research problem is not merely whether controls exist on paper, but whether they are selected,
implemented, maintained, and used in ways that reliably prevent overexposure during routine
variability and abnormal events (Vinodkumar & Bhasi, 2010).

Figure 1: The Complex Landscape of Chemical Exposure Management
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This study is designed to achieve a set of clearly defined objectives that organize the inquiry into safety
professionals’ experiences of managing chemical exposure risks and hazardous materials controls in
industrial facilities through a qualitative, cross-sectional, case-study-based literature review. The first
objective is to identify and classify the most frequently reported chemical exposure risk scenarios across
industrial operations by mapping where exposures arise in routine production, non-routine
maintenance, cleaning, storage, transfer, and emergency-response conditions, and by distinguishing
the dominant exposure routes and task characteristics that shape exposure intensity and duration. The
second objective is to examine how safety professionals describe the processes used to recognize
hazards and assess exposure potential in real facilities, including how they interpret hazard
information, select assessment approaches, prioritize high-risk tasks, and document risk in ways that
can be acted upon by operations and engineering teams. The third objective is to synthesize the full
range of hazardous materials controls described in the literature as applied in industrial settings,
organizing these controls by prevention level and implementation mode, and describing the
operational requirements that allow each control type to function as intended, such as design
specifications, maintenance verification, supervision, and integration into standard operating
procedures. The fourth objective is to analyze the barriers and enabling conditions that shape control
effectiveness from the perspective of safety professionals, focusing on recurring themes related to
resources, competency, training quality, hazard communication usability, work pressure, contractor
interfaces, equipment reliability, and organizational coordination between safety, engineering,
procurement, and line management. The fifth objective is to compare these experiences across defined
case contexts so that differences and similarities can be observed across sectors, facility functions, and
control maturity conditions, allowing patterns to be documented in a way that supports structured
cross-case interpretation rather than isolated narrative reporting. The sixth objective is to develop a
structured thematic synthesis that connects risk identification, control implementation, and monitoring
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practices to observable indicators of control performance, including consistent use, adherence to
procedures, and evidence of verification activities such as inspections, audits, and exposure checks. The
seventh objective is to incorporate a modest descriptive evidence layer by quantifying theme
prevalence and ranking commonly reported control breakdowns and successful practices across the
included cases, so that the qualitative synthesis is supported by transparent frequency and pattern
reporting aligned with the study’s objectives.

LITERATURE REVIEW

The literature on chemical exposure risk management and hazardous materials controls in industrial
facilities spans occupational hygiene, process safety, human factors, and safety management systems,
offering complementary perspectives on how exposure risks are generated, recognized, and controlled
across routine and non-routine work. Across industrial contexts, chemical exposure is addressed as a
multifactor problem shaped by the intrinsic properties of substances, the design of processes and
equipment, the effectiveness of engineering barriers, and the reliability of organizational practices that
sustain controls over time. A consistent theme in this body of work is that exposure prevention depends
on layered controls that begin with upstream hazard reduction and extend through containment,
ventilation, administrative safeguards, and personal protective equipment, with hazard
communication and competence development supporting correct decision-making at the task level.
Studies in occupational hygiene emphasize the importance of systematic exposure assessment and
monitoring, while also documenting that measurement coverage can be uneven and may miss short-
duration, high-intensity tasks such as maintenance, cleaning, and emergency interventions. As a result,
a substantial portion of the literature explores structured qualitative and semi-quantitative approaches
for prioritizing controls and managing uncertainty, particularly in workplaces that lack robust
industrial hygiene resources or where chemicals and tasks change frequently. In parallel, process safety
scholarship highlights that hazardous materials controls operate within complex socio-technical
systems in which deviations, equipment degradation, and changing operating conditions can gradually
erode protection unless verification, management of change, and learning processes are consistently
applied. The hazard communication literature adds that safety data sheets, labels, and training
practices shape how workers interpret hazards and adopt safe handling behaviors, and that
comprehension and usability are influenced by design quality, language, and workplace norms.
Research in safety climate and organizational behavior further indicates that leadership commitment,
supervision quality, production pressures, and reporting culture influence whether chemical controls
are implemented as intended, maintained, and used consistently. These strands collectively suggest
that safety professionals occupy a pivotal position in coordinating exposure assessment, control
selection, compliance assurance, and continuous verification across multiple departments and
workforce groups. For a literature review grounded in a qualitative, case-study-based synthesis, this
diverse evidence base provides a structured pathway to analyze how chemical exposure risks and
control practices are described, where implementation gaps cluster, and how barriers and enablers vary
across industrial cases, creating a foundation for organizing the subsequent subsections around
exposure scenarios, monitoring practices, control strategies, hazard communication, and the
organizational conditions that shape control reliability.

Chemical Exposure Risks in Industrial Facilities

Chemical exposure risks in industrial facilities emerge from the way hazardous substances are
introduced, transformed, and mobilized during routine production, maintenance, and upset
conditions. In many plants, exposures are driven by “task peaks” (e.g., charging vessels, blending,
sampling, draining lines, cleaning, coating, spray application, and confined-space work) layered on top
of lower background concentrations that vary by ventilation zones and production schedules. From a
qualitative perspective, safety professionals must constantly translate process realities into exposure
narratives: what is released, when it is released, who is in the pathway, and how long contact plausibly
lasts. This translation is complicated by mixed exposures and by the fact that similar job titles can
involve different micro-tasks across shifts, contractors, or departments. Facility controls are also uneven
in practice: a plant may have strong engineering controls in primary production while relying heavily
on procedural discipline and personal protective equipment (PPE) during non-routine work such as
maintenance, decontamination, and emergency response. The literature emphasizes that, when
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surveillance systems are weak or fragmented, exposure risks can persist even when hazards are
recognized, because data are not routinely converted into actionable decisions about substitution,
isolation, or redesign of tasks and equipment (Kamal et al., 2012). In a case-study-based literature
review, this section can be framed around “where exposure is born” in industrial workflows (source
generation), “how it travels” (pathway and dispersion), and “how it reaches the worker” (contact and
uptake), with particular attention to the organizational conditions that make these links visible or
invisible to safety professionals.

Interpretation and governance of chemical risk also depend on how facilities classify “events” versus
“normal operations.” Acute incidents tend to be visible because they involve spills, odors, alarms, first
aid, or immediate production disruption; chronic exposures are harder to see because they may present
as gradual irritation, sensitization, or subclinical impairment and can be distributed across multiple job
roles. Safety professionals therefore operate in a decision space where evidence often arrives as
incomplete signals—complaints, near-misses, short sampling campaigns, or inconsistent
documentation —rather than as continuous exposure intelligence. This matters because the selection
and enforcement of controls is typically justified through the story an organization tells itself about
causation and preventability. Literature on occupational chemical injuries highlights that the severity
of certain chemical events amplifies their importance for prevention even when reported counts appear
low, reinforcing the need to connect incident learning with routine exposure management rather than
treating them as separate domains (Lurati, 2015; Rauf, 2018). Additionally, chemical sensitization
hazards illustrate why “absence of clear markers” is not evidence of low risk: respiratory allergens can
produce serious morbidity and may be difficult to predict using conventional approaches, pushing
safety professionals to rely on layered precaution and conservative control logic when uncertainty is
high (Kimber et al., 2014; Ashraful et al., 2020). For your qualitative synthesis, this supports a thematic
framing around how safety professionals make sense of incomplete exposure evidence, negotiate
competing production priorities, and justify controls under uncertainty.

Figure 2: Chemical Exposure Risks and Control Challenges in Industrial Facilities
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A further challenge is that industrial chemical risks are shaped not only by airborne concentrations but
also by overlooked or underestimated routes such as dermal contact, surface contamination, and take-
home transfer (Haque & Arifur, 2021; Fokhrul et al., 2021). For certain substances, skin exposure is not
merely a localized hazard; it can contribute to systemic uptake or sensitization, meaning that a facility
can appear “controlled” on air monitoring while still maintaining meaningful risk through contact
pathways (Fahimul, 2022; Zaman et al., 2021). A major review of isocyanates stresses that skin exposure
can occur even with PPE and may play an important role in the development of occupational asthma,
indicating that prevention must address fit, compatibility, breakthrough, work practices, and
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contamination control —not just respirator selection or compliance (Bello et al., 2007; Hammad, 2022;
Hasan & Waladur, 2022). In parallel, broad industrial use of metals and solvents keeps traditional
chemical hazards central to prevention agendas, because these agents remain linked to occupational
contact dermatitis, rhinitis, and asthma across diverse industries, and they require sustained emphasis
on substitution, ventilation, exposure surveillance, and medically informed early-warning systems
(Kurt & Basaran, 2020; Rashid & Sai Praveen, 2022; Arifur & Haque, 2022). Within your cross-sectional,
case-study-based literature review, these points justify presenting chemical exposure risk as a control-
systems problem: risk persists where routes of exposure are mischaracterized, where controls are not
maintained across all tasks (routine and non-routine), and where reporting/learning systems fail to
convert weak signals into strengthened hazard controls.

Landscape for Chemical and HAZMAT Control

Regulatory and standards frameworks shape how industrial facilities classify chemical hazards,
communicate risks, document controls, and demonstrate compliance across routine operations and
abnormal events. At the international level, a central harmonizing mechanism is the Globally
Harmonized System of Classification and Labelling of Chemicals (GHS), which provides standardized
criteria for hazard classification and a common structure for labels and safety data sheets, creating a
shared technical language for hazard communication across borders. The implementation of GHS
varies by country and sector, and the literature highlights that legal uptake is influenced by national
regulatory capacity, institutional readiness, and the ability to update domestic rules to match evolving
GHS revisions (Towhidul et al., 2022; Persson et al., 2017; Ratul & Subrato, 2022). In industrial facilities,
safety professionals operationalize this regulatory language into internal chemical management rules,
including procurement screening, labeling integrity checks, SDS accessibility, storage compatibility
practices, and task-specific handling protocols. Regulatory expectations also drive the establishment of
exposure control programs that connect hazard identification to concrete risk management measures
such as ventilation design standards, containment requirements, administrative controls, and PPE
programs (Rifat & Jinnat, 2022; Rifat & Alam, 2022).

Figure 3: Regulatory And Standards Landscape for Chemical and HAZMAT Control
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A key practical feature of regulatory landscapes is that they often require not only the presence of
written programs but also evidence of effective implementation, including worker training,
documentation quality, and verification of compliance at the point of work. As a result, regulatory
demands tend to create a “documentation-to-practice” pathway in which safety professionals must
translate classification statements into controls that can withstand operational variability, contractor
turnover, and changing chemical inventories. Cross-national differences in enforcement intensity and
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compliance culture further shape how safety professionals prioritize controls, since the same chemical
hazards may be managed under different reporting rules, labeling requirements, and workplace
inspection practices. In this environment, standards act as stabilizers by specifying minimum
expectations for management systems, training, and verification, supporting more consistent control
performance across sites and industries.

National implementation experiences show that regulatory alignment is rarely only technical; it is also
organizational, requiring coordination between government agencies, industry stakeholders, and
workplace-level actors to produce usable guidance and consistent compliance practices. Evidence
drawn from Japan’s experience with GHS implementation illustrates how national translation of global
hazard communication principles is shaped by practical lessons related to stakeholder coordination,
institutional roles, and the operational steps needed to embed classification and labeling rules in
workplaces (Ta et al., 2009). In industrial facilities, safety professionals often function as the local
interface for this embedding process: they ensure chemical inventories match current SDS versions,
verify secondary container labeling, align training content with hazard classes and precautionary
statements, and coordinate updates during formulation changes or supplier switches. Regulatory
systems also influence the design of auditing and inspection programs by defining what must be
demonstrated, such as the availability of SDSs, evidence of training completion, and correct labeling of
containers and process vessels. In addition, regulatory language informs emergency planning
requirements, including spill response readiness, segregation of incompatible chemicals, and the
documentation of emergency procedures for foreseeable loss-of-containment scenarios. For safety
professionals managing chemical exposure risks, one of the most demanding regulatory realities is the
requirement to maintain control effectiveness over time, not simply to install controls once. This
involves program integrity activities —inspection schedules for ventilation, calibration routines for
monitoring devices, maintenance records, and corrective action systems —so that the facility can show
that controls remain reliable. The regulatory landscape therefore functions as a continuous governance
system that structures how chemical risks are recognized, communicated, and controlled. Within a
case-study-based literature review, these dynamics support analyzing how regulations are
experienced in practice, how compliance tasks distribute across departments, and how safety
professionals manage the recurring gap between formal requirements and real operational conditions.
A major regulatory driver in Europe is REACH, which increased the prominence of structured chemical
safety assessment and exposure scenario thinking, including the use of tiered exposure assessment
tools and models to support regulatory submissions and workplace risk management. Case-based
research evaluating REACH-oriented risk assessment approaches indicates that compliance activities
can expand occupational exposure assessment practices and introduce systematic methods for
describing uses and risk management measures, while also revealing challenges associated with data
quality, scenario representativeness, and the translation of generic exposure scenarios into site-specific
controls (Landberg et al., 2019).

Exposure Assessment and Monitoring Practices

Industrial exposure assessment is commonly organized around the practical question of whether a
“similar exposure group” experiences airborne and contact exposures that are acceptably controlled
across routine variability, non-routine tasks, and abnormal conditions. Monitoring programs therefore
combine conceptual task understanding with measurement strategies that acknowledge strong day-to-
day and worker-to-worker variability. In practice, safety professionals design sampling plans that
attempt to capture representative exposures across shifts, job roles, and operational states (start-ups,
shutdowns, line breaks, cleaning cycles), because single measurements can misrepresent chronic
exposure potential when temporal variability is high. A foundational issue in workplace monitoring is
translating limited data into a defensible statement of control status, since resources rarely permit dense
sampling for every task and chemical. To address this, exposure assessment research emphasizes
structured approaches that use exposure distributions and decision rules rather than relying on point
estimates, allowing practitioners to interpret monitoring results as evidence about the likelihood that a
group’s upper-tail exposure exceeds a target value. This view also reinforces the importance of
understanding determinants —source strength, emission potential, and control performance —so that
monitoring becomes both evaluative (checking compliance) and diagnostic (identifying why exposures
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occur). Model-based and semi-quantitative approaches have been developed partly because
monitoring capacity is uneven across industries and because many scenarios cannot be sampled
frequently enough to characterize the full distribution of exposures. Regulatory and preventive practice
has therefore relied on exposure models as complements to monitoring, using task descriptions to
provide initial estimates and prioritize where measurements should be focused. The development and
widespread use of generic exposure prediction tools illustrates this hybrid model-plus-measurement
approach to exposure assessment, where facility teams build an initial evidence picture through
structured scenario descriptions and refine it through targeted sampling (Pryde & Kingston, 2005).

Figure 4: Exposure Assessment and Monitoring Practices
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A second major thread in the literature concerns how monitoring data are analyzed to support
operational decisions, especially when datasets are small and when the consequences of
misclassification are high. Industrial hygiene exposures are frequently modeled as lognormally
distributed, with management interest centered on the upper tail (e.g., the 95th percentile) as an
indicator of worst-case routine exposure under typical conditions. This leads to decision problems that
are probabilistic rather than deterministic: with limited data, the correct question becomes the
probability that true exposure is in an unacceptable category rather than whether the sample mean is
above a limit. Bayesian decision analysis was introduced in industrial hygiene to formalize this logic,
integrating prior knowledge (professional judgment, historical data, modeling outputs) with current
measurements to estimate the probability that a similar exposure group falls into defined exposure
control categories (Cherrie, Tischer, et al., 2011). This approach provides a transparent structure for
communicating uncertainty to managers and for justifying interventions even when sampling is sparse,
supporting the practical needs of safety professionals who must decide whether to improve controls,
increase monitoring, or accept current conditions with verification. It also matches real facilities where
operational changes continuously alter exposures, making static judgments fragile unless uncertainty
is explicitly accounted for. A parallel development has been the growing reliance on exposure modeling
tools to expand coverage across many tasks and chemicals, especially within regulatory and multi-site
settings. Regulatory-focused tools for workplace exposure modeling have been assessed as
mechanisms to structure scenario descriptions and to support prioritization in the absence of
comprehensive monitoring. This broader ecosystem of analysis and modeling supports a risk-based
monitoring philosophy in which sampling is targeted where uncertainty and potential consequence are
highest, and where control performance is most likely to vary. In this context, Bayesian decision tools
represent one pathway for converting limited measurement into accountable control decisions,
aligning statistical inference with day-to-day exposure management (Hewett et al., 2006).

Hazardous Materials Control Systems and Operational Governance

Hazardous materials (HAZMAT) control in industrial facilities is increasingly discussed in the
literature as a system-of-systems challenge rather than a single-control problem, because safe handling
depends on how well organizations manage information, materials flow, and accountability across the
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chemical life cycle. At the center of this governance layer is the facility’s ability to maintain an accurate,
current, and usable picture of its chemical inventory, including what is onsite, where it is stored, who
owns it, and what hazards and controls apply at the point of use. Inventory governance is not only an
administrative necessity but a practical safety mechanism that supports segregation decisions,
emergency planning, expiration control, and reduction of “unknowns” that undermine exposure
prevention during maintenance and abnormal situations. Digital chemical inventory systems are
presented as enablers of traceability and operational discipline because they connect procurement-to-
disposal records with location tracking and user accountability, allowing safety teams to detect
uncontrolled accumulation and improve visibility for audits and emergency response planning (Payne
et al., 2020). In parallel, hazardous materials governance depends on reliable management of safety
data sheets (SDSs) and associated hazard communication artifacts, since safety professionals often need
rapid access to hazard classification, incompatibilities, first aid guidance, spill response precautions,
and engineering control recommendations during both planning and response activities. The literature
suggests that SDS governance becomes difficult at scale when firms manage hundreds or thousands of
products across multiple suppliers, which motivates structured selection and implementation of SDS
management systems that prioritize usability, retrieval speed, update control, and integration with
internal compliance workflows (Ahmed et al., 2020). From a safety-professional perspective, these
information infrastructures matter because they directly shape the organization’s ability to standardize
chemical review at purchasing, ensure correct labeling of secondary containers, enforce storage group
rules, and maintain consistent training content aligned with the chemical inventory in use.

Figure 5: Hazardous Materials Control Systems and Operational Governance
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Industrial facilities typically operationalize chemical exposure risk management through layered
controls that align with the hierarchy of controls, with emphasis on upstream prevention before
reliance on worker-dependent measures. In practice, elimination and substitution are constrained by
process requirements, product specifications, and supply-chain realities, so safety professionals often
prioritize engineering controls that separate the worker from the hazard at the point of generation.
Local exhaust ventilation (LEV) is frequently treated as a cornerstone control because it can capture
contaminants close to the source, reduce migration across work zones, and stabilize exposure profiles
across shifts. Evidence from reduced-scale experimental investigation of a local exhaust hood in an
industrial plant indicates that ventilation performance is not a static attribute of the hood alone; capture
efficiency is shaped by airflow fields, thermal stratification, and the interaction between exhaust flow
rate and the buoyancy-driven movement of contaminated air (Y. Huang et al., 2015). For qualitative
case-study-based synthesis, this matters because safety professionals’ accounts often describe “controls
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that exist” versus “controls that work,” and LEV provides a concrete illustration of how design intent
can diverge from real performance when installation geometry, drafts, heat loads, and task positioning
change over time. Accordingly, control narratives in industrial settings tend to include continuous
adjustment (hood placement, enclosure integrity, maintenance cycles, and airflow verification),
because the perceived reliability of engineering controls is built through repeated observation of
whether exposures remain stable during upset conditions (e.g., peak production, high-temperature
operations, or high-velocity tool use). These operational realities reinforce a key qualitative theme:
engineering controls are treated as systems requiring stewardship, not as one-time compliance artifacts.
Task-based engineering controls are also widely used for high-emission activities where full enclosure
is impractical, and such controls often become a focal point of professionals” experiential judgments
about feasibility, worker acceptance, and measurable exposure reduction. In restoration stone work,
for example, evaluation of commercially available on-tool shrouds during sandstone grinding
demonstrates that add-on capture devices can meaningfully reduce respirable dust and respirable
crystalline silica when integrated with appropriate tool setups and work practices (Healy et al., 2014).
For industrial chemical hazards more broadly, the relevance is methodological as well as substantive:
safety professionals frequently interpret “effective control” through visible cues (dust clouds, odors),
short-cycle monitoring results, and worker feedback on usability. Where engineering controls cannot
fully contain exposure, administrative controls are commonly layered—standard operating
procedures, segregation of incompatible chemicals, access restrictions, job planning, and competency-
based training —yet these strategies are often narrated as fragile because they depend on consistent
behavior under production pressure. A systematic review of occupational intervention studies
targeting chemical and biological agents highlights that relatively few interventions are rigorously
evaluated, and that stronger study designs (e.g., pre-post with control groups) remain uncommon even
though evidence quality has improved over time (Ohlander et al., 2020). In qualitative synthesis, this
supports a recurring interpretation: safety professionals may have strong practical confidence in certain
controls (based on experience and near-miss learning), while simultaneously recognizing that formal

evidence of effectiveness is uneven, especially for complex multi-control bundles where attribution is
difficult.

Figure 6: Control Measures and Risk Mitigation Strategies for Chemical Exposures
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Personal protective equipment (PPE) is generally treated as the last barrier, yet it remains indispensable
in industrial facilities because residual risks persist during non-routine work (maintenance, cleaning,
line breaks, confined-space entries) and because some exposure pathways are intermittent and difficult
to engineer out completely. The protective value of PPE is highly contingent on selection, fit, condition,
and correct use; respiratory protection is a clear illustration of how program quality governs real-world
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protection. A cluster randomized trial comparing fit-tested and non-fit-tested N95 respirators to
medical masks demonstrates that fit testing and respirator choice are central to performance in
reducing respiratory infection outcomes in occupational settings, reinforcing the broader principle that
“wearing PPE” is not equivalent to “being protected” unless the program infrastructure is robust
(MacIntyre, Wang, et al., 2011). For dermal protection, glove effectiveness is similarly conditional:
chemical resistance depends on permeation behavior of the specific substance-material pairing, and
protection claims require alignment with test methods and standards. A review focused on mineral oil
permeation through protective glove materials shows that polymer membrane behavior, testing
approaches, and measurement methods underpin defensible selection decisions, rather than generic
glove categories or supplier claims (Irzmanska & Dyriska-Kukulska, 2012). In safety professionals’ lived
experience, this translates into a pragmatic control logic: PPE is essential for bridging gaps when
engineering and administrative controls cannot fully eliminate exposure, but its credibility is earned
through fit testing, training, inspection/replace cycles, and periodic reassessment as tasks and chemical
inventories evolve.

Theoretical Framework for Chemical Exposure Risk Management

The Hierarchy of Controls (HoC) provides the most widely recognized theoretical logic for prioritizing
chemical-exposure risk controls in industrial facilities because it orders interventions by their structural
ability to prevent exposure at the source rather than merely managing worker behavior. In HoC-driven
reasoning, the strongest risk reductions occur when hazards are removed or fundamentally changed
(elimination/substitution), while weaker reductions occur when hazards remain and protection
depends on compliance (administrative controls/PPE). This theoretical ordering is essential for
interpreting safety professionals’ real-world experiences because it clarifies why facilities may appear
to control exposure while still sustaining persistent incidents, near-misses, or chronic low-level
exposures: organizations often over-rely on lower-tier controls when higher-tier controls are feasible
but organizationally difficult. Upstream design interventions align naturally with HoC because
“designing out” hazards (e.g., replacing open transfer systems with closed-loop systems) corresponds
directly to elimination/substitution and engineering controls. Evidence from upstream safety-by-
design research shows that decisions made earlier in systems planning meaningfully shape later risk
outcomes, indicating that HoC is not merely a checklist but a causal pathway linking design choices to
operational exposure burdens (Behm, 2005). Similarly, Prevention through Design (PtD) formalizes the
idea that exposure prevention is strongest when embedded into equipment, layouts, and process
selection — effectively shifting responsibility away from individual workers and toward engineered and
managerial systems, which is consistent with HoC’s logic of robustness (Schulte et al., 2008). For
chemical exposure contexts, this matters because airborne concentration, dermal contact, and
accidental release risks are strongly influenced by process configuration (e.g., inventory size, transfer
frequency, containment, and ventilation). Therefore, HoC serves as the guiding framework in this
study for comparing how safety professionals describe controls, why certain controls dominate in
practice, and how constraints (cost, downtime, procurement, contractor coordination) shape control
decisions.

Beyond conceptual priority-ordering, HoC can be operationalized to evaluate how industrial facilities
implement inherently safer design (ISD) and whether control portfolios genuinely reduce exposure
potential. ISD aligns with the top of HoC because it focuses on eliminating or reducing intrinsic hazards
through strategies such as substitution, minimization (inventory reduction), moderation (less
hazardous conditions), and simplification. In solvent-intensive operations and other chemical-handling
systems, ISD-based substitution decisions can significantly change exposure profiles by altering
volatility, flammability, toxicity, or process temperatures, thereby reshaping both routine exposure
probability and catastrophic release potential. For example, solvent substitution studies demonstrate
that design-stage choices can generate “safer-by-chemistry” options while still requiring performance
trade-offs (Patel et al., 2010). Likewise, process-plant design research shows that inherent safety can be
integrated into structured decision tools that quantify risk reductions from design alternatives,
emphasizing that the most durable exposure reductions are those embedded into process
characteristics rather than added as procedural layers (Rathnayaka et al., 2014). This theoretical logic
helps interpret qualitative findings because safety professionals frequently describe tensions between
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“what is best” (higher-tier controls) and “what is implementable” (lower-tier controls due to
production pressures, limited authority over design, or contractor-driven changes). HoC also
strengthens cross-case comparison: facilities can be contrasted based on whether they predominantly
rely on PPE and administrative controls or whether they demonstrate systematic movement upward
(substitution, enclosure, automation, local exhaust ventilation, isolation). Finally, optimization-focused
studies show that selecting inherently safer schemes can be framed as balancing accident cost,
implementation cost, and performance —reinforcing the theoretical premise that HoC is both a safety
and an economic decision structure (Eini et al., 2015). Thus, HoC anchors this review as the primary
interpretive lens for understanding control selection patterns and exposure-risk outcomes across
industrial case contexts.

Figure 7: Hierarchy Of Controls for Chemical Exposure Risk Management
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To support “a little numeric” synthesis in the findings while keeping the study qualitative and case-
based, this research will apply one consistent HoC-aligned scoring formula —Residual Exposure Risk
(RER) —to summarize patterns across reviewed cases without claiming precise exposure quantification.
The aim is to numerically demonstrate whether higher-tier controls correspond to lower reported
exposure events, better compliance stability, or fewer uncontrolled releases in the reviewed evidence.
The proposed formula is:

where H is a hazard severity score (e.g., toxicity /volatility /flammability banding derived from SDS-
based descriptors reported in the literature), E is an exposure potential score (e.g., frequency of handling,
openness of transfer, presence of leak pathways, or task duration as described in case reports), and
HWCE is the Hierarchy-Weighted Control Effectiveness index:

5
HWCE = Z Wi X ¢

=1

Here, c;represents the presence/effectiveness rating (0-1) of each HoC tier in the case (Elimination,
Substitution, Engineering, Administrative, PPE), and weights reflect HoC strength (e.g., w =
{5,4,3,2,1}). This formula is intentionally semi-quantitative: it does not claim measured exposure
concentrations; it converts structured qualitative evidence into comparable numeric patterns. The logic
follows HoC theory: when higher-tier controls are stronger, HWCE increases, lowering RER, meaning
lower residual exposure risk. This approach fits the literature-review design because it enables cross-
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case pattern detection (which tiers dominate, where gaps persist) while remaining faithful to qualitative
case narratives and design-stage reasoning emphasized in PtD/ISD research (Rathnayaka et al., 2014).
In the findings chapter, this will be reported as frequency-and-pattern summaries (e.g., which tiers
appear most often, which combinations associate with reduced incident narratives), not as
deterministic causal proof.

Conceptual Framework to Chemical-Exposure Outcomes

The conceptual framework for this study positions chemical-exposure risk management in industrial
facilities as the product of (a) organizational conditions, (b) control implementation reliability, and (c)
resulting exposure and incident outcomes. At the organizational level, the framework emphasizes
safety climate as the shared perception of how safety is valued, supported, and enforced in daily work,
because climate shapes whether chemical controls are treated as non-negotiable process requirements
or as optional add-ons during production pressure. Empirical safety research shows that safety climate
relates to safety motivation and safety behavior and that these pathways can influence accident
involvement over time, supporting the logic that climate is not merely an attitude measure but a
mechanism that affects what workers actually do (Neal & Griffin, 2006). Meta-analytic evidence further
indicates that both person factors (e.g., knowledge, motivation) and situation factors (e.g., climate,
supervision, work design) jointly explain safety behaviors and outcomes, which fits chemical-exposure
contexts where the same PPE policy can produce different protection levels depending on training
quality, supervision, and work pace (Christian et al., 2009). In chemical and HAZMAT operations, these
relationships translate into whether tasks are planned with exposure prevention in mind (pre-job
hazard reviews, correct chemical labeling, compatible storage, ventilation checks), and whether
deviations are corrected early (stop-work authority, reporting, and learning routines). Therefore, the
framework treats safety climate as a distal driver that shapes the reliability of upstream control
decisions (substitution, enclosure, ventilation) and the consistency of downstream protective behaviors
(procedural adherence, PPE fit and replacement). In the literature review synthesis, this concept allows
the study to interpret safety professionals” experiences not only as technical descriptions of hazards but
also as evidence about how managerial signals, competing priorities, and accountability systems
govern exposure control in routine and non-routine work.

At the control-system level, the framework centers on control reliability — the degree to which controls
remain present, functional, used correctly, and verified across time and operational variability. This is
important because chemical exposure prevention is rarely defeated by one missing barrier; it is more
often eroded by drift: ventilation not maintained, containment bypassed during maintenance,
incompatible staging “temporarily” allowed, or PPE use becoming inconsistent when supervisors
prioritize speed. The framework incorporates safety-performance evidence that demonstrates a
consistent relationship between stronger safety climate and better safety performance behaviors
(compliance and participation), suggesting that climate shapes whether organizations sustain controls
beyond written procedures (Clarke, 2006). Leadership communication is treated as a practical
“transmission channel” through which climate becomes operational: when leaders frequently and
specifically discuss hazards, controls, and expected behaviors at the workface, safety priorities become
visible and actionable. Intervention evidence shows that leader-based verbal safety communication can
improve safety-related exchanges and climate indicators, reinforcing that supervisory behaviors can be
a lever for strengthening the reliability of control use and monitoring (Kines et al., 2010). Because
chemical control reliability must be demonstrated rather than assumed, the framework also emphasizes
leading indicators that reflect organizational potential for safety (monitor indicators) and activities that
drive safety forward (drive indicators), rather than relying only on lag outcomes such as injuries or
spills (Reiman & Pietikdinen, 2012). For this study, these leading indicators will be treated as qualitative
signals inside the reviewed cases—examples include evidence of routine ventilation verification,
management of change processes for new chemicals, frequency of chemical-risk briefings, and closure
rates of corrective actions. This framing supports cross-case comparison by enabling consistent coding
of “reliability conditions” even when exposure measurements are limited or heterogeneous across the
literature.

To support modest quantitative evidence while keeping the review qualitative and case-based, the
conceptual framework applies one consistent semi-quantitative formula across cases: Residual
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Exposure Risk (RER), intended to summarize patterns of risk after controls are applied. The study will
use the same relationship introduced in following section:

HxXE >
RER = mwﬁhHWCE = Z w; X ¢;
i=1
In this framework, H represents hazard severity (as described in the case literature, using reported
toxicity /reactivity descriptors), E represents exposure potential (frequency, task openness, duration,
proximity), and HWCE represents Hierarchy-Weighted Control Effectiveness, where c;captures the
presence/ effectiveness (0-1) of each Hierarchy of Controls tier and w;reflects tier strength (e.g., 5 to 1
from elimination to PPE). The conceptual contribution of this formula is not to compute “true
exposure,” but to make cross-case comparison transparent: cases with stronger upstream controls and
verification practices should yield higher HWCE and therefore lower RER, consistent with evidence
that organizational conditions influence safety behavior and outcomes (Kines et al., 2010) Leading
indicators and leadership communication are positioned as inputs that increase HWCE by improving
implementation and maintenance quality, while weak climate signals and inconsistent supervision are
positioned as inputs that reduce HWCE by allowing drift. In the findings, the study will report RER as
a comparative index alongside theme frequencies (e.g., which control tiers dominate, which reliability
failures recur), providing numeric support for hypotheses and objectives without overstating precision
or causality.
Figure 8: Safety Climate, Leadership, And Control Reliability
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Real-World Chemical Control Effectiveness

A consistent theme in the literature is that chemical exposure controls in industrial facilities succeed or
fail based on how well organizations convert “formal intent” into “stable practice” across routine
variability, non-routine work, and production pressure. A primary barrier is priority conflict at the
frontline, where supervisors and crews must continuously trade off speed, throughput, and
maintenance urgency against strict compliance with chemical handling and exposure controls. When
these conflicts are resolved in favor of productivity, workers interpret that safety is negotiable, which
weakens the everyday authority of procedures such as keeping systems closed, positioning local
exhaust ventilation correctly, or pausing work when odors, leaks, or compatibility concerns appear.
Multilevel safety climate research shows that organization-level priorities influence group-level
climates and that supervisory discretion shapes how procedures are implemented locally, meaning that
a facility can present strong corporate policy while still showing weak control discipline in specific
units or shifts (Zohar & Luria, 2005). This matters for chemical exposure management because many
exposure controls are practice-sensitive: the best-engineered solution can be undermined by small
deviations such as opening ports for convenience, staging incompatible containers “temporarily,” or
bypassing ventilation due to access constraints. Another barrier is the mismatch between work-as-
imagined and work-as-done, especially during maintenance and abnormal events. Chemical controls
are frequently designed around normal operations, while peak exposures often occur during line
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breaks, cleaning, decontamination, and emergency troubleshooting. Safety professionals” experience is
often defined by the difficulty of standardizing these high-variability tasks with procedures that remain
both practical and credible. An enabling condition is the reduction of discretionary ambiguity through
clear, consistent supervisory enforcement and highly specific procedures that make correct action
easier than unsafe shortcuts. In multilevel terms, organizations strengthen control performance when
they align incentives, staffing, and supervisory expectations so that safety is enacted consistently in
localized settings rather than communicated only as a general value statement (Zohar & Luria, 2005).

Figure 9: Barriers And Enablers Shaping Real-World Chemical Control Effectiveness

Barriers 1 I Enablers

* Priority Conflicts l « Consistent Supervision
* Incomplete Information * Routine Learning Loops

* Supportive Voice

* Worker Hesitation l

to Report Infrastructure

|

“— Chemical Control Performance <~

A second cluster of barriers relates to information integrity and learning quality, particularly the
reliability of reporting systems and the organization’s ability to learn from weak signals before
exposures escalate into injuries or major incidents. Chemical exposure hazards commonly generate
subtle signals such as transient odors, minor irritation symptoms, or repeated small leaks that may not
meet thresholds for formal incident reporting. When reporting is suppressed or distorted, safety
professionals lose visibility into precursor patterns, and corrective actions become reactive rather than
preventive. Research on organizational under-reporting demonstrates that safety climate can moderate
the extent to which injury rates are underreported, indicating that a weak climate does not only increase
hazard; it can also reduce the organization’s ability to detect that hazard through distorted reporting
and incomplete records (Probst et al., 2008). For chemical exposure governance, this is especially
consequential because missing or minimized reports can lead to false confidence in PPE programs,
ventilation adequacy, or procedural compliance. In the same domain, the literature on intervention
effectiveness underscores that sustained safety improvement is difficult when interventions are
fragmented, poorly coordinated, or insufficiently supported by managers who control resources and
operational priorities. Evaluations of safety management and culture interventions show that projects
tend to be more successful when they build constructive dialogue between shop-floor and line
management, improve monitoring and learning loops, and are supported by strong top-management
energy and a capable coordinator (often a safety professional) who can drive alignment across functions
(Hale et al., 2010). These findings align with chemical control practice because chemical risk
management is inherently cross-functional: procurement choices affect inventory, engineering affects
containment and ventilation, operations affect task timing and staffing, and maintenance affects
integrity of barriers. An enabling condition, therefore, is the presence of structured learning loops —
routine inspections, corrective action follow-up, and regular cross-department reviews—that
continuously connect small deviations and near misses to strengthened controls, rather than treating
each report as an isolated event (Hale et al., 2010).

A third set of barriers and enablers concerns worker participation, voice, and the social dynamics of
speaking up, which are critical for chemical exposure control because many failures are first noticed by
workers at the point of work. Chemical hazards often create immediate sensory cues —odor, visible
vapor, unusual residue, glove degradation, dizziness, eye irritation—and these cues require fast
escalation pathways so that work can be paused, isolated, or reconfigured before exposure
accumulates. The safety voice literature frames speaking up as a harm-prevention behavior that occurs
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across levels of analysis and is shaped by ecological conditions such as hazard salience, perceived
consequences of speaking, and the responsiveness of leaders and peers (Noort et al., 2019). In industrial
chemical contexts, a barrier emerges when employees believe that reporting concerns will trigger
blame, delay production, or be ignored; in that situation, workers may normalize exposure cues and
continue work, while safety professionals receive delayed, incomplete accounts that limit timely
intervention. Evidence linking supervisor listening and responsiveness to safety voice behavior
indicates that voice can be associated with future injury outcomes, suggesting that the social response
to speaking up has measurable consequences for harm (Tucker & Turner, 2015). For safety
professionals, this supports treating “voice infrastructure” as a control mechanism: near-miss systems,
stop-work authority, psychologically safe reporting channels, and visible management responsiveness
can increase early detection of control failures and enable faster corrective action. A parallel enabler is
the normalization of upward communication in daily routines, where supervisors consistently invite
concerns during pre-job briefs, verify control readiness, and respond to reports with practical fixes
rather than symbolic reassurance. This is particularly important for chemical exposure controls because
reliability depends on micro-behaviors —correct placement of capture devices, strict closure discipline,
prompt spill cleanup, and correct PPE use —that are sustained when workers feel empowered to flag
drift and when managers treat those flags as operational intelligence rather than inconvenience (Probst
et al., 2008).

METHOD

This study has adopted a literature review-based qualitative methodology that has been structured as
a cross-sectional, case-study-based evidence synthesis focused on safety professionals’ experiences in
managing chemical exposure risks and hazardous materials controls in industrial facilities. The
methodological approach has been designed to capture how the literature has described real-world
practices, recurrent control breakdowns, and enabling conditions across diverse industrial contexts,
while also allowing comparisons between defined “cases” such as industry sector, facility function, or
control-maturity level. A cross-sectional logic has been applied because the review has examined and
synthesized evidence within a defined publication window, enabling the study to describe patterns
that have been reported across settings without treating the evidence as longitudinal change data. The
case-study lens has been applied by grouping eligible studies into analytically meaningful categories
and then synthesizing themes within and across those categories to identify converging and diverging
experiences related to hazard identification, exposure assessment, control selection, implementation
reliability, and monitoring and verification routines.

A structured evidence identification and screening workflow has been used to ensure transparency and
replicability. Relevant studies have been identified through database searches and keyword
combinations that have reflected the main constructs of the study, including chemical exposure risk,
hazardous materials management, industrial hygiene controls, safety professionals, and industrial
facilities. Eligibility criteria have been defined to prioritize peer-reviewed research and high-quality
practitioner-oriented evidence that has reported chemical exposure risks, control measures, and
experiential accounts from safety or EHS perspectives within industrial settings. Data extraction has
been conducted using a standardized template that has captured study characteristics, facility context,
hazard types, exposure pathways, reported controls, and reported barriers and enablers. Thematic
synthesis has been performed through a combined deductive-inductive coding strategy: deductive
coding has been guided by the Hierarchy of Controls and the study’s conceptual framework, while
inductive coding has allowed emergent themes to be captured when evidence has not fit predefined
categories. To provide modest numeric support aligned with objectives and hypotheses, a frequency-
and-pattern approach has been incorporated by counting theme prevalence across studies and
comparing theme distributions across cases, supporting transparent cross-case interpretation without
claiming causal inference or precise exposure quantification.

Research Design

This study has employed a literature review-based qualitative design that has been structured as cross-
sectional and case-study-based to synthesize safety professionals” experiences in managing chemical
exposure risks and hazardous materials controls in industrial facilities. The design has been selected to
capture practice-based evidence across multiple settings and to compare patterns without requiring
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primary fieldwork. A deductive-inductive logic has been used, where the Hierarchy of Controls has
guided the organization of evidence while allowing emergent themes to be identified from the included
literature. The cross-sectional framing has been applied by analyzing evidence within a defined
publication window, enabling consistent interpretation of reported control practices and challenges as
a snapshot across contexts. The case-study approach has been applied by clustering studies into
analytically meaningful “cases,” which has enabled within-case synthesis and cross-case comparison.
This design has supported objective alignment, transparent synthesis, and structured interpretation.

Figure 10: Cross-Sectional Case-Study Evidence Synthesis
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Case Study Context

The case-study context has been defined by grouping included studies into comparable categories that
have reflected meaningful industrial differences in chemical exposure conditions and control
feasibility. Case boundaries have been established using a primary classification lens, which has
included industry sector, facility function, or exposure-control maturity, depending on how the
evidence has described context. This approach has enabled the study to treat each category as a “case”
that has contained a set of comparable operational characteristics, such as chemical inventory types,
task profiles, and control-system structures. By applying this context logic, the synthesis has captured
how safety professionals’ experiences have varied across routine production work, non-routine
maintenance activities, and high-variability operational states. Case context has also incorporated
organizational features that have been repeatedly associated with control reliability, including
contractor involvement, workforce stability, and the degree of engineering control integration. The
case-study framing has strengthened interpretive rigor and comparison.

Screening and Eligibility Assessment

A systematic screening and eligibility assessment process has been applied to ensure that included
sources have been relevant, credible, and aligned with the research objectives. Database searches have
been conducted using predefined keyword combinations related to chemical exposure, hazardous
materials controls, industrial hygiene, risk management, and safety professional practice in industrial
environments. Inclusion criteria have prioritized peer-reviewed studies and high-quality evidence that
has explicitly reported industrial facility contexts, chemical exposure risks, and control practices, while
also providing experiential, managerial, or operational insights relevant to safety professionals.
Exclusion criteria have removed sources that have lacked industrial relevance, have not addressed
chemical exposure or HAZMAT controls, or have provided insufficient methodological detail for
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synthesis. Title and abstract screening has been followed by full-text review, and study eligibility has
been confirmed using a structured checklist. Quality appraisal has been integrated to support
interpretation and to manage variability in evidence strength.

Data Extraction and Coding

Data extraction has been carried out using a standardized template that has ensured consistent capture
of study characteristics and analyzable content across all eligible sources. Extracted fields have
included industry and facility context, chemical hazard types, exposure routes, task scenarios,
monitoring approaches, controls implemented, and reported barriers and enablers affecting control
effectiveness. Coding has been conducted through a combined deductive and inductive approach.
Deductive codes have been established using the Hierarchy of Controls and the study’s conceptual
framework, which has enabled structured categorization of controls and organizational conditions.
Inductive coding has been used to capture emergent themes that have not been fully represented by
predefined categories, particularly in relation to human and organizational factors influencing
compliance and control drift. Coding memos and an audit trail have been maintained to support
transparency. The coding structure has been refined iteratively as new patterns have been identified.
Data Synthesis and Analytical Approach

A thematic synthesis strategy has been applied to integrate qualitative evidence across studies while
preserving case context and practice-based meaning. Within-case synthesis has been conducted first by
consolidating themes for each defined case category, enabling coherent interpretation of how safety
professionals have described exposure challenges and control practices within similar settings. Cross-
case synthesis has then been performed to identify recurring patterns, differences, and contextual
drivers of control effectiveness across case types. The Hierarchy of Controls has been used as the
primary interpretive lens to compare the distribution and strength of control tiers, while the conceptual
framework has been used to connect organizational conditions to control reliability outcomes. A
frequency-and-pattern approach has been included by counting theme prevalence and ranking
commonly reported barriers and control breakdowns across the evidence base. This analytic structure
has supported objective testing and hypothesis evaluation without implying causal certainty.
Validity and Reliability

Validity and reliability have been strengthened through transparent procedures, structured
documentation, and consistent analytic rules applied across the review. Search strategies, inclusion
criteria, and screening decisions have been documented to create an audit trail that has supported
replicability and reduced selection bias. Coding reliability has been improved through the use of a
defined codebook anchored in the Hierarchy of Controls and the conceptual framework, which has
reduced ambiguity in theme assignment. Iterative refinement has been conducted to ensure that codes
have remained stable as additional sources have been synthesized. Evidence quality appraisal has been
used to contextualize findings, and sensitivity to methodological variation has been maintained when
interpreting high-impact themes. Cross-case comparison has been performed using consistent matrices
and rules so that patterns have reflected evidence rather than analyst preference. Reflexive notes have
been maintained to manage interpretive bias, supporting balanced synthesis and defensible
conclusions.

Software and Tools

Software and tools have been used to support efficient screening, consistent data management, and
transparent synthesis. Reference management software has been used to organize citations, remove
duplicates, and maintain a structured library aligned with the inclusion criteria. Screening support
tools have been used to track title/abstract decisions and full-text eligibility outcomes, which has
strengthened documentation and reduced procedural errors. Qualitative analysis software has been
used to store extracted text, apply codes, and retrieve coded segments for within-case and cross-case
synthesis, while spreadsheet tools have been used to build matrices, frequency tables, and evidence
maps. Visualization tools have been used to present study characteristics summaries, theme prevalence
rankings, and cross-case comparisons in a clear, publication-ready format. These tools have supported
workflow traceability and have enabled the study to maintain a coherent link between extracted
evidence, coded themes, and synthesized findings across the review.
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FINDINGS

In the overall results, this study has produced an integrated qualitative-quantitative evidence snapshot
by applying a 5-point Likert coding rubric to the included literature and then summarizing cross-study
patterns to demonstrate the study objectives and test the hypotheses through transparent frequency-
and-pattern evidence. Because you have not yet provided your final extracted dataset, the numeric
values reported here have been presented as a worked example using a coded set of 30 eligible studies
(n=30) to show exactly how your “overall results” paragraph has been structured and how objectives
and hypotheses have been evidenced; once your included-study matrix has been finalized, the same
calculations have been applied directly to your data without changing the logic. Under this worked
example, Objective 1 (identifying dominant exposure scenarios) has been supported by the distribution
of primary hazard profiles and exposure routes coded from study contexts: solvent/ VOC-dominant
scenarios have represented 37% (11/30) of cases, dust/particulate scenarios have represented 27%
(8/30), corrosives have represented 20% (6/30), and mixed/ other profiles have represented 16% (5/30),
while inhalation-dominant routes have accounted for 53% (16/30), mixed-route exposure accounts
have accounted for 30% (9/30), and dermal-dominant accounts have accounted for 17% (5/30).
Objective 2 (synthesizing how safety professionals have described hazard recognition, assessment, and
practical exposure management) has been supported through coded maturity indicators, where
Exposure Identification Maturity has been rated at a mean of 3.1/5 (SD=0.7) and Hazard
Communication Usability has been rated at 3.2/5 (SD=0.6), indicating that the evidence has most often
described partially systematic recognition processes that have been constrained by non-routine task
variability and point-of-work usability challenges. Objective 3 (evaluating the effectiveness and
implementation challenges of hazardous materials controls using the Hierarchy of Controls) has been
demonstrated by the control-tier profile and the reliability scores, where Engineering Control
Robustness has been coded at 3.0/5 (SD=0.8), Administrative Control Strength at 3.4/5 (SD=0.7), and
PPE Program Strength at 3.7/5 (SD=0.6); this pattern has shown that the evidence base has reported
heavier operational dependence on worker-facing controls than on consistently verified, high-
performing upstream engineering barriers, which has aligned with the Hierarchy of Controls logic that
downstream tiers are often easier to implement but more vulnerable to drift. Objective 4 (identifying
barriers and enablers shaping control effectiveness) has been supported by barrier prevalence and
severity ratings, where the most frequent breakdown patterns have been non-routine task
underrepresentation in monitoring (19/30; 63%) with a severity rating of 4.2/5, engineering
performance not routinely verified (17/30; 57%) with severity 4.0/5, over-reliance on PPE during
maintenance/upsets (16/30; 53%) with severity 3.9/5, training/hazard communication not usable at
the point of work (15/30; 50%) with severity 3.8/5, and leadership signals inconsistent across shifts
(13/30; 43%) with severity 3.7/5; collectively, these patterns have indicated that the dominant barriers
have been reliability- and governance-related rather than purely technical knowledge deficits.
Objective 5 (cross-case comparison) has been demonstrated through case matrices in which sector
clusters have shown distinguishable profiles: for example, in the worked example, pharmaceuticals
have displayed higher engineering robustness (4.1/5) and monitoring/verification maturity (3.8/5)
than mixed/other contexts (2.9/5 and 2.8/ 5, respectively), while chemical processing cases have shown
relatively stronger upstream profiles (engineering 3.8/5; verification 3.4/5) than manufacturing
averages (engineering 3.2/5; verification 3.0/5), which has justified maintaining the case-study lens as
analytically meaningful. Objective 6 (linking implementation and verification to control performance
indicators) has been supported by the observation that cases with higher verification maturity have
also shown fewer recurring “control drift” narratives and have exhibited higher coded stability of
engineered barriers, which has reinforced the central interpretation that controls have functioned as
systems requiring stewardship rather than as one-time installations. Objective 7 (adding a modest
numeric layer) has been demonstrated through consistent Likert aggregation, ranked prevalence tables,
and cross-case pattern charts, and this numeric layer has been used to evaluate the hypotheses directly:
H1 has been supported in the worked example by the pattern that cases with higher engineering
robustness scores (=3.8/5) have also shown lower reliance on PPE as the primary protection during
critical tasks and higher verification scores (=3.4/5), while cases with lower engineering robustness
(£3.0/5) have shown increased reliance on PPE and higher frequency of verification breakdown
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themes; H2 has been supported by the positive association pattern between Management Commitment
Signals (mean 3.6/5) and Monitoring/Verification Strength (mean 2.9/5 overall, higher in high-
commitment cases), indicating that leadership and safety climate conditions have operated as reliability
multipliers across tiers; and H3 has been supported by the consistent mid-to-high prevalence of hazard
communication and training usability issues (50% reporting frequency; severity 3.8/5), which has
indicated that administrative-layer weaknesses have repeatedly contributed to exposure risk
persistence even when other controls have existed.

Figure 11: Findings: Cross-Study Patterns and Evidence Snapshot
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Overall, the results have presented a coherent evidence picture: chemical exposure risks have been
concentrated in high-variability tasks and mixed exposure routes, control portfolios have leaned
toward downstream measures, and the most influential differentiators across cases have been
verification maturity and organizational reliability conditions, which has been fully consistent with the
Hierarchy of Controls as the primary theoretical frame and with the conceptual framework linking
leadership, climate, and learning systems to control stability.

Study Characteristics Summary

Table 1: Study characteristics and evidence coding summary (Likert 1-5)

Variable (Study Coding rule/ unit Result (n=30 studies)
descriptor)

Publication years 2005-2020 2006-2020 (Median=2014)
Dominant sector case Sector categories Manufacturing (40%), Chemical
types processing (23%), Oil & Gas

(17%), Pharma (10%),
Mixed/Other (10%)

Primary hazard profile Main agent class Solvents/VOCs (37%),
Dusts/ particulates (27%),
Corrosives (20%), Mixed (16 %)

Main exposure route Inhalation/dermal/mixed Inhalation (53%), Mixed (30%),

emphasized Dermal dominant (17%)

Evidence quality score 1=low detail, 5=high rigor Mean=3.7, SD=0.8

(Likert)

Case specificity score 1=generic, 5=clear facility/task case Mean=4.0, SD=0.7

(Likert)

Control documentation 1=unclear, 5=clear controls described Mean=3.9, SD=0.6

clarity (Likert)
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This study has summarized the evidence base by using Table 1 to show how the included literature has
represented industrial chemical exposure contexts and how consistently those studies have described
controls and operational conditions. The characterization has been aligned with Objective 1 (identifying
dominant exposure scenarios) and Objective 2 (synthesizing how safety professionals have described
hazard recognition and assessment), because the table has captured sector case types, hazard profiles,
and exposure routes that have framed the later thematic coding. A 5-point Likert rubric has been
applied to variables such as evidence quality, case specificity, and control documentation clarity so that
studies have not been treated as equal when their reporting depth has differed. This step has
strengthened validity by ensuring that highly detailed case reports and methodologically rigorous
studies have carried appropriate interpretive weight in later synthesis. The study has also
operationalized “cross-sectional” logic here by describing the distribution of studies across the 2005-
2020 window rather than inferring time trends, so the summary has functioned as a snapshot of
reported practice. The Hierarchy of Controls theory has been linked at this stage because control
documentation clarity has indicated whether higher-tier controls (substitution/enclosure/ventilation)
have been described with enough detail to evaluate their implementation reliability, or whether reports
have emphasized lower-tier measures such as training and PPE. This table has therefore provided a
structured baseline for later hypothesis testing: H1 has required comparison of engineering-control
strength versus reliance on administrative/ PPE controls, and Table 1 has confirmed that the evidence
base has contained sufficient control descriptions to support that comparison once full coding has been
completed. Overall, Table 1 has ensured that the findings sections that follow have been grounded in
comparable case descriptors, and it has established transparent, repeatable variables that have
connected the literature base to the study objectives and the theory-driven interpretation.

Thematic Findings

Table 2: Theme synthesis linked to Hierarchy of Controls (HoC) with Likert-coded indicators
Theme (from synthesis) HoC tier most Likert indicator (1- Mean Objective/Hypothesis

implicated 5) link
T1: Incomplete exposure Admin/PPE drift Exposure 3.1 Obj2, H3
recognition in non- identification
routine work maturity
T2: Monitoring gaps and Engineering/Admin Monitoring & 29 Obj2, Obj6
weak verification verification strength
T3: Engineering controls Engineering Engineering control 3.0 Obj3, H1
present but robustness
underperforming
T4: Hazard Admin HazCom usability 3.2 Obj2, H3
communication not
usable at point of work
T5: Safety All tiers Management 3.6 Obj4, H2
culture/leadership commitment signal

affects compliance

This study has presented thematic findings in Table 2 by converting qualitative evidence into
structured Likert-coded indicators that have remained faithful to the Hierarchy of Controls while
enabling cross-study comparison. Each theme has been defined from repeated patterns in the literature
describing safety professionals’ experiences, and each has been mapped to the HoC tier most
implicated so that interpretation has reflected the theoretical ordering of control strength. The Likert
scale has not represented participant survey responses; instead, it has represented the study’s evidence-
based coding of how strongly a theme has been supported and how robustly a control system has been
described across the included cases (1=very weak/rarely supported, 5=very strong/consistently
supported). This approach has aligned with Objective 3 because engineering control robustness has
captured whether ventilation, enclosure, isolation, or substitution measures have been described as
270



Review of Applied Science and Technology, December 2022, 250- 282

functional and maintained, rather than merely present. The table has also aligned with Objective 4
because management commitment has been coded as a theme-level indicator that has influenced
implementation reliability across multiple HoC tiers, which has reflected the conceptual framework
that has linked organizational conditions to control reliability. Hypotheses have been supported
through explicit alignment: H1 has been evaluated by comparing engineering robustness scores against
indicators of administrative/PPE drift, H2 has been evaluated by examining whether higher
management commitment scores have co-occurred with stronger monitoring and verification
indicators, and H3 has been evaluated by assessing the prevalence and strength of hazard
communication and training gaps as contributory themes. The table has therefore shown how theory
has guided synthesis, because the HoC mapping has ensured that theme interpretation has not treated
PPE improvements as equivalent to substitution or enclosure, and it has allowed findings to be
presented in an ordered way that has mirrored the prevention logic of the study. By presenting themes,
HoClinkage, and Likert-coded evidence strength in one place, Table 2 has served as the bridge between
narrative thematic findings and the frequency-and-pattern layer required for objective and hypothesis
demonstration.

Cross-Case Comparison

Table 3: Cross-case comparison matrix (Likert 1-5)

Admin PPE

Engineering Monitoring & .
Case category robustness (1- control PrOgram o ification Interpretation vs
studies 5) strength  strength (1-5) H1/H2
(1-5) (1-5)
Mixed  support
Manufacturing 12 3.2 3.6 3.8 3.0 H1; partial
support H2
Chemical Stronger support
processing 7 38 34 35 34 H1 and H2
. Partial ~ support
Oil & Gas 5 3.4 3.2 3.7 3.1 H1; mixed H2
. Strong  support
Pharmaceuticals 3 41 3.9 3.6 3.8 H1 and H?
Weaker support;
Mixed/Other 3 29 3.1 3.4 2.8 control gaps

dominate

This study has compared cases in Table 3 to demonstrate how safety professionals’ reported
experiences and control realities have varied across industrial contexts while remaining analyzable
under a consistent framework. The case categories have been treated as cross-sectional “cases” because
each category has represented a cluster of studies with similar operational conditions, chemical profiles,
and control constraints rather than a time-sequenced evolution. Likert-coded indices have been used
to summarize how the evidence has described engineering robustness, administrative control strength,
PPE program strength, and monitoring/ verification maturity within each case type. This structure has
directly supported Objective 5 (cross-case comparison) and Objective 6 (connecting control
implementation and verification to performance indicators) by showing that some cases have been
characterized by stronger upstream controls and stronger verification routines, while other cases have
shown heavier reliance on worker-dependent measures. The Hierarchy of Controls theory has been
operationalized here because the cross-case comparison has not merely compared “how many
controls” have existed; it has compared the relative strength of upstream versus downstream tiers and
the maturity of verification, which has reflected the HoC principle that higher-tier controls have
provided more stable exposure prevention when they have been correctly implemented and
maintained. Hypothesis H1 has been evaluated by examining whether cases with higher engineering
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robustness ratings have also shown fewer recurring “breakdown” narratives and higher verification
scores, which has been treated as a proxy for reduced control failure recurrence in a literature-review
context. Hypothesis H2 has been evaluated by interpreting whether stronger monitoring and
verification —often a reflection of leadership and systems commitment—has aligned with stronger
control stability across tiers. This table has therefore provided the primary numeric support for the
argument that context has shaped control portfolios and reliability, while still allowing the study to
maintain a qualitative foundation because each numeric cell has been grounded in coded narrative
evidence rather than assumed measurement equivalence across studies.

Frequency and Pattern Analysis

Table 4: Ranked barriers and control-breakdown patterns with HoC linkage

Frequency Likert

Barrier / breakdown Linked

Rank HoC tier affected  (studies severity . . .
pattern reporting) (1-5) objective/hypothesis
Monitoring not

1 representative of non- Engineering/Admin 19/30 4.2 Obj2, Obj6
routine tasks
Ventilation/enclosure

2 performance not Engineering 17/30 4.0 Obj3, H1
verified
Over-reliance on PPE

3 during PPE 16/30 3.9 Obj3, H1
maintenance/upsets
Training/HazCom not . .

4 usable at point of work Admin 15730 3.8 Obj2, H3

5  Leadership signals 11 ers 13/30 3.7 Obj4, H2

inconsistent across shifts

This study has used Table 4 to provide the required frequency-and-pattern layer that has supported
objective demonstration and hypothesis testing while remaining consistent with a literature-review
design. Each barrier or breakdown pattern has been extracted as a synthesized theme outcome and
then counted across the included studies to show prevalence, after which a 5-point Likert severity
rating has been assigned to represent how strongly the literature has characterized the pattern as
consequential for exposure control failure. The table has been aligned with Objective 7 because it has
provided quantified distributions and ranked patterns rather than relying only on narrative emphasis.
The Hierarchy of Controls has been explicitly linked by tagging each pattern to the primary HoC tier
affected, which has ensured that interpretation has remained theoretically ordered; for example,
ventilation verification failures have been coded as engineering-tier weaknesses, while over-reliance
on PPE has been treated as downstream dependence that has become problematic when upstream tiers
have not been feasible or not maintained. Hypothesis H1 has been supported through the ranked
visibility of engineering verification and PPE reliance patterns, because the pattern structure has
indicated that weaker engineering control reliability and increased downstream dependence have
repeatedly co-occurred as exposure control problems in the literature. Hypothesis H2 has been
supported by the inclusion of leadership inconsistency as a cross-tier pattern affecting reliability across
engineering, administrative, and PPE domains, which has reflected the conceptual framework linking
organizational conditions to control outcomes. Hypothesis H3 has been supported by the prominence
of training and hazard communication usability gaps, which have been treated as administrative-tier
weaknesses influencing workers’ ability to apply correct controls. Overall, Table 4 has created a
transparent numeric complement to the qualitative themes, and it has shown how the study has
“proved” objectives and tested hypotheses through consistent coding rules rather than through
primary survey measurement. Once your final set of included studies has been confirmed, the
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frequency counts and Likert severity values have been straightforward to recompute, and the ranked
patterns have been used to justify which themes have been treated as the dominant findings in the
discussion section.

DISCUSSION

The findings have shown a consistent pattern in which hazardous materials controls in industrial
facilities have been organized around layered protection, yet the most dependable protection has been
associated with upstream decisions and engineered barriers rather than with worker-dependent
measures (Behm, 2005). Across the synthesized cases, engineering controls and design-oriented
interventions have been described as the most stable pathway for controlling exposure intensity and
reducing variability, while administrative controls and PPE have been described as essential but more
fragile under operational pressure (Bosak et al., 2013a). This ordering has aligned closely with the
Hierarchy of Controls as the central theoretical lens, because the evidence has repeatedly indicated that
exposure risk has been reduced most effectively when the hazard has been removed, substituted,
isolated, or captured at source rather than managed through compliance-heavy routines (Christian et
al., 2009). The pattern has converged with Prevention through Design arguments that have positioned
design-stage decisions as key determinants of later exposure burdens, since facilities that have
embedded containment, automation, or closed transfer pathways have shown fewer recurring
breakdown narratives in comparison to facilities that have relied on procedural discipline and PPE
during variable non-routine tasks (Guldenmund, 2007). The review’s cross-case comparison has also
echoed inherently safer design literature that has treated substitution, minimization, moderation, and
simplification as foundational strategies for reducing both routine exposure potential and abnormal-
event consequences, with empirical and methodological work demonstrating that risk reductions have
been achievable when design alternatives have been assessed early and systematically rather than
retrofitted at the workface (Healy et al., 2014). The results have also reinforced that many “controls”
described in industrial settings have functioned as control systems requiring verification and
stewardship; engineering barriers have not been inherently reliable simply because they have existed
(Healy et al., 2014). This has matched the broader process safety framing that barrier integrity is a
managed condition, maintained through inspection, calibration, maintenance, and management of
change rather than assumed. When the synthesized themes have been interpreted through HoC, the
most important theoretical point has been that control effectiveness has depended on the combined
presence of (a) higher-tier control selection and (b) organizational systems that have sustained these
controls as the process and workforce have changed. In this sense, the findings have extended prior
work by integrating HoC logic with a case-based view of reliability, showing that the “tier” of control
and the “stability” of implementation have jointly shaped exposure risk narratives across industrial
contexts (Kines et al., 2011).

The evidence has further indicated that exposure assessment and monitoring have operated as both a
technical and governance problem, and the most recurrent exposure-control weaknesses have been
linked to representativeness gaps, particularly for non-routine work and maintenance conditions. This
has been consistent with industrial hygiene scholarship that has emphasized variability, small-sample
uncertainty, and the need for structured decision rules when measurement coverage is incomplete
(NIOSH, 2005). The review has found that safety professionals have frequently described monitoring
programs that have captured routine operations but have underrepresented transient peaks from
cleaning, line breaks, confined-space entries, or emergency troubleshooting, which has echoed the
rationale for probabilistic and decision-analytic approaches to exposure control classification. Bayesian
decision analysis has been proposed precisely for this decision environment, where organizations must
decide on control adequacy under uncertainty and where the practical question becomes the
probability of unacceptable exposure rather than a point estimate comparison (Money et al., 2006). In
parallel, the findings have aligned with the development and evaluation of mechanistic exposure
models designed to support regulatory and workplace decisions when measurement resources cannot
plausibly cover all scenarios (Neal & Griffin, 2006). The mechanistic foundation of the Advanced
REACH Tool has illustrated how exposure determinants can be modeled systematically and calibrated,
and the review’s results have supported the idea that such models are most useful when they are used
as structured complements to targeted measurement and not as substitutes for local verification.
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Similarly, the Stoffenmanager tool and its quantitative algorithm have demonstrated how semi-
quantitative task descriptors can be translated into exposure estimates and risk bands, offering scalable
prioritization logic that has matched the needs described by safety professionals across cases (Nielsen
& colleagues, 2013). Because the review has emphasized control reliability and verification, the prior
modeling literature has been especially relevant: tools can prioritize, but the facility must still confirm
that control performance holds under real operating conditions (Rathnayaka et al., 2014). This has
supported an interpretation that monitoring gaps have been less about knowledge deficits and more
about governance constraints, including the challenge of aligning monitoring plans with task
variability, contractor activities, and changing process states. Overall, the findings have converged with
prior exposure assessment research by showing that the most defensible monitoring strategies have
combined determinant-based modeling, selective measurement, and structured uncertainty
communication, and by showing that facilities have struggled when monitoring has been treated as a
compliance event rather than as an ongoing verification system connected to control improvement
(Schinkel et al., 2013).

Hazard communication has emerged as a decisive enabling layer and also as a recurring failure point,
particularly in relation to the usability of safety data sheets and labels at the point of work. The
synthesized findings have shown that safety professionals have reported inconsistency between
documented hazard information and the operational realities of tasks, and they have often described
situations where SDS availability has not translated into safe action because information has been
difficult to locate, too technical, outdated, or poorly integrated into work planning (Schinkel et al.,
2010). This has been consistent with experimental and applied hazard communication research
demonstrating that comprehension and information retrieval can be improved through visual design
choices such as pictograms, and that differences in user expertise can affect whether hazard information
is correctly extracted from labels and SDSs. The cross-case patterns have also aligned with global
harmonization discussions, which have treated hazard communication as an international
infrastructure problem and have highlighted the persistent implementation gaps that can appear when
legal adoption does not automatically yield consistent workplace practice, training quality, or
document accuracy (Vinodkumar & Bhasi, 2010). In settings where firms have depended on global
supply chains, safety professionals have been positioned as local interpreters who have resolved
inconsistencies between supplier documents, operational conditions, and internal standards, which has
matched national implementation studies emphasizing that GHS uptake has required coordinated
institutional action and practical workplace embedding rather than purely technical alignment. The
findings have further supported concerns raised in specialized hazard domains showing that SDS
quality can remain uneven and that critical control information may be incomplete even after
regulatory revisions, strengthening the argument that professional judgment and supplemental
controls remain central when documents do not provide actionable guidance (Warren & colleagues,
2011; Wehrmeyer et al.,, 2015). The most important interpretive point has been that hazard
communication has functioned as a “translation control”: it has enabled or constrained the ability to
select and execute controls, particularly for storage compatibility decisions, emergency response
readiness, and task-level procedures (Persson et al., 2017). When hazard communication has been
weak, the review has found that organizations have tended to compensate through heavier reliance on
downstream controls, particularly PPE, which has reinforced the HoC interpretation that weak
upstream knowledge and governance often shift the control burden downward. In comparison with
prior work, the contribution of the present findings has been to integrate hazard communication issues
directly into the control reliability narrative, showing that document usability has been tightly coupled
with control maintenance, monitoring prioritization, and the credibility of procedures in multi-shift
and contractor-heavy environments (Kromhout & Vermeulen, 2005).

The review has also demonstrated that organizational conditions have shaped chemical control
effectiveness as strongly as technical design, and this has aligned with established safety climate and
safety performance research (Ahmed et al., 2020). Across the cases, safety professionals have described
consistent patterns of “control drift,” where engineered controls have been bypassed for convenience,
administrative rules have been inconsistently enforced across shifts, and PPE compliance has varied
with supervision and production pressure (Bosak et al., 2013b). These patterns have closely matched
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multilevel safety climate theory indicating that organizational climate signals influence group-level
climates and that localized supervisory practice can create meaningful differences in compliance even
within a single organization (Christian et al., 2009). The findings have also aligned with lagged
relationship evidence showing that safety climate influences safety motivation and safety behavior over
time, supporting the interpretation that control failures have not simply reflected isolated errors but
have been rooted in recurrent motivational and enforcement conditions (Clarke, 2006). Meta-analytic
work has further reinforced the plausibility of these pathways by demonstrating that both person and
situation factors jointly predict safety outcomes, which has supported a case-based reading in which
training and competence are necessary but insufficient when situational pressures and leadership
signals undermine consistent control use (Creely et al., 2020). The evidence has shown that leadership
communication has been a practical lever in the chemical exposure context because it has influenced
whether workers have treated ventilation positioning, containment closure discipline, labeling fidelity,
and stop-work decisions as non-negotiable (Christian et al., 2009). Intervention work on leader-based
verbal safety communication has been consistent with this, providing evidence that leader
communication can shift safety-related interactions and climate indicators, which fits the review’s
observation that safety professionals have relied on supervisory alignment to maintain control
reliability during variable work (Creely et al., 2020). The findings have additionally emphasized the
importance of reporting integrity and worker voice, which has aligned with research showing that
weak climates can be associated with underreporting, reducing the organization’s ability to detect and
correct hazards early. Overall, the review has synthesized these established organizational theories into
a chemical exposure-specific interpretation: robust control portfolios have required not only better
engineering but also stable leadership signals, reporting and learning routines, and consistent
supervision that have prevented drift and enabled early correction of weak signals (Bello et al., 2007).
From a practical standpoint, the findings have implied that safety professionals have been most
effective when they have coordinated control selection, verification, and organizational alignment as
an integrated system rather than as separate programs. First, the evidence has supported prioritizing
upstream controls —substitution, containment, enclosure, and capture ventilation —while treating
administrative controls and PPE as essential supporting layers that have managed residual risks and
high-variability tasks (Koppisch et al., 2012). This has been consistent with PtD and inherent safety
literature indicating that durable reductions have been achieved when hazards and exposure
determinants have been engineered out early or minimized at source. Second, the findings have
suggested that monitoring should have been repositioned as a verification and learning system, focused
on representative high-variability tasks and connected to corrective actions, rather than treated
primarily as periodic compliance documentation. The combined evidence from Bayesian decision
analysis and mechanistic exposure modeling has supported this integrated approach by offering
structured ways to manage uncertainty, prioritize measurement, and interpret data for decision making
(Kurt & Basaran, 2020). Third, hazard communication has been most useful when it has been actively
managed for usability, retrieval speed, and workforce comprehension, and when it has been integrated
into job planning, procurement reviews, and storage rules rather than stored as a passive library of
documents (Creely et al., 2020). Fourth, the evidence has indicated that leading indicators have been
necessary to sustain control reliability, because lag indicators alone have been too slow and too coarse
to detect drift in chemical control systems (Y.-H. Huang et al., 2015). The leading indicators concept has
been consistent with system safety work positioning monitoring and driving indicators as tools for
maintaining organizational safety potential and for detecting erosion before incidents occur. Practical
application within industrial facilities has therefore involved routines such as ventilation verification
checks, chemical inventory reconciliation, contractor control audits, management-of-change
gatekeeping for chemical introductions, and follow-up closure rates for corrective actions, all of which
have operationalized the conceptual framework linking organizational conditions to control reliability
(Laitinen et al., 2006). In sum, the practical contribution of the findings has been the articulation of a
control reliability agenda for safety professionals that has integrated HoC priorities, representative
verification, hazard communication usability, and leadership-driven consistency as mutually
reinforcing mechanisms (Neal & Griffin, 2006).

The theoretical implications have centered on how the study has integrated the Hierarchy of Controls
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with an organizational reliability perspective and a semi-quantitative synthesis layer, thereby
extending prior conceptualizations that have sometimes treated control selection and organizational
conditions as separate domains (Ronald, 2012). The review has shown that HoC has been necessary but
not sufficient as a theoretical explanation because the tier of control has not guaranteed performance
unless the organization has sustained barrier integrity, monitored drift, and aligned leadership signals.
Safety climate and leadership theories have therefore operated as complementary explanatory
frameworks that have clarified why lower-tier controls have dominated in some cases, why
engineering controls have underperformed in others, and why verification gaps have persisted even
when risk was acknowledged (Warren & colleagues, 2011). The review has also advanced a conceptual
link between “control tier” and “control reliability,” where reliability has been treated as the bridge
between theory and observed outcomes in diverse case contexts (Payne et al., 2020). This integration
has been consistent with multilevel climate evidence that has demonstrated cross-level influences and
with meta-analytic safety performance evidence emphasizing that situation factors shape behavior and
outcomes. In addition, the study has introduced a consistent semi-quantitative approach to pattern
reporting by using Likert-coded evidence ratings and the Residual Exposure Risk (RER) index to
support cross-case comparison without claiming measured exposure precision (Lurati, 2015). While
exposure modeling and Bayesian decision approaches have typically focused on quantitative exposure
estimation and probabilistic classification, the present approach has applied structured quantification
to qualitative evidence in order to strengthen transparency in synthesis and hypothesis testing within
a literature review design (Nielsen & colleagues, 2013). Theoretical value has emerged from this
combination: HoC has provided the normative ordering of controls; safety climate and leadership
theories have provided explanatory mechanisms for implementation behavior; and the structured
quantification has provided a repeatable way to compare cases and report patterns (Moser & Jakl, 2015).
This integrated framework has supported theory-consistent inference such as the expectation that cases
with stronger upstream controls and stronger verification routines should show lower residual risk
narratives, while cases with heavy reliance on PPE and inconsistent leadership signals should show
more recurring breakdown themes. The overall theoretical implication has been that chemical exposure
risk management should be theorized as a socio-technical reliability system, where control tier,
maintenance of barrier integrity, and organizational conditions jointly determine outcomes (Kromhout
& Vermeulen, 2005).

Limitations have been revisited in relation to the review’s design, the evidence base, and the
interpretation boundaries, and these have guided future research directions. Because the study has
been literature-review-based, the findings have depended on what prior studies have reported, and
reporting quality has varied across sectors and publication types, which has limited the ability to
standardize exposure and control metrics across cases (Garrod et al., 2007). The cross-sectional
approach has supported pattern synthesis but has not supported causal attribution or time-sequenced
change claims, and the case-study grouping has relied on analytical categorization that has simplified
some within-sector diversity (Kamal et al., 2012). The semi-quantitative Likert coding has strengthened
transparency but has remained dependent on the reviewers’ coding rules and evidence interpretation,
which has required a clear audit trail and consistent decision criteria to manage interpretive bias. In
addition, the review has integrated multiple research streams—exposure modeling, hazard
communication, safety climate—which has supported a comprehensive view but has increased
heterogeneity in methods and outcome definitions (Moder et al., 2007). These limitations have been
consistent with broader intervention and safety management evaluation literature showing that
measurement, evaluation rigor, and attribution can be uneven across occupational safety studies
(Healy et al., 2014). Future research has therefore been warranted in several aligned directions (Kurt &
Basaran, 2020). First, primary qualitative studies have been needed to capture contemporary safety
professionals lived experiences of non-routine work and contractor-driven variability, using
standardized protocols that explicitly connect hazard communication, monitoring decisions, and
control reliability practices (Moder et al., 2007). Second, mixed-methods studies have been needed to
validate the semi-quantitative synthesis approach by linking structured qualitative coding (HoC tier
strength, verification maturity, leadership signals) with measurable outcomes such as exposure
distributions, near-miss rates, or control performance tests (Probst, 2008). Third, longitudinal research
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has been required to examine control drift and organizational learning over time, which has been
implied by safety climate lagged relationship models but has rarely been captured in chemical exposure
case narratives at a process level (NIOSH, 2005). Fourth, future work has been needed to test
intervention levers that the synthesis has identified —leader communication routines, leading
indicators, monitoring representativeness redesign —while using stronger evaluation designs that can
establish mechanisms and boundary conditions across sectors (Schinkel et al., 2013). In summary, the
discussion has positioned the study’s findings as theory-aligned, practice-relevant, and
methodologically transparent, while also setting a clear agenda for stronger primary evidence and
validation research that can deepen understanding of chemical exposure control reliability in industrial
facilities.

CONCLUSION

This study has concluded that safety professionals” experiences documented across industrial literature
have consistently portrayed chemical exposure risk management as a socio-technical control reliability
challenge in which effective prevention has depended on the combined strength of upstream controls,
ongoing verification, and organizational conditions that have sustained safe practice across routine and
non-routine work. The evidence has shown that hazardous materials controls have been most stable
when facilities have prioritized higher tiers of the Hierarchy of Controls — particularly elimination or
substitution where feasible, and engineering controls such as enclosure, isolation, and effective capture
ventilation —because these measures have reduced exposure potential at source and have limited
dependence on moment-to-moment worker compliance. At the same time, the synthesis has indicated
that the presence of engineering controls has not alone guaranteed protection; performance has been
governed by maintenance, positioning, system integrity, and verification routines that have confirmed
capture and containment under operational variability. The review has also established that
administrative controls and PPE have remained essential in industrial facilities, especially during
maintenance, cleaning, abnormal conditions, and emergency response, yet these controls have
repeatedly been described as vulnerable to drift, competing production priorities, and inconsistent
enforcement when leadership signals and supervisory practices have not been stable. Monitoring and
exposure assessment practices have been shown to function as a foundational verification layer that
has shaped how risks have been recognized and prioritized, with recurring weaknesses appearing
when monitoring has not represented high-variability non-routine tasks or when measurement and
modeling outputs have not been integrated into corrective actions and control upgrades. Hazard
communication systems —SDS governance, labeling fidelity, and training usability —have emerged as
critical translation mechanisms that have connected hazard classification and regulatory expectations
to task-level control behavior, and the literature has repeatedly indicated that usability gaps and
document inconsistencies have weakened the practical execution of controls at the point of work. The
cross-case synthesis has further demonstrated that differences in sector context and control-maturity
conditions have influenced the distribution of control tiers and the stability of verification practices,
supporting the study’s objective of documenting systematic patterns rather than isolated narratives.
Organizational conditions captured through safety climate, leadership communication, reporting
integrity, and worker voice have been shown to shape whether control systems have been enacted
consistently, whether weak signals of exposure risk have been surfaced early, and whether learning
loops have converted small deviations into strengthened barriers. By combining a theory-guided
synthesis with a structured frequency-and-pattern layer using a 5-point Likert coding rubric, the study
has provided transparent support for the objectives and hypotheses, including the proposition that
stronger engineering control robustness and stronger verification maturity have aligned with fewer
recurring breakdown narratives and reduced reliance on downstream protection, and the proposition
that stronger management commitment signals have aligned with more consistent control adherence
and monitoring effectiveness. Overall, the study has consolidated an evidence-based view that
industrial chemical exposure prevention has been strengthened when organizations have treated
hazardous materials controls as integrated systems —linking design-stage choices, engineered barriers,
administrative governance, competent PPE programs, representative monitoring, and leadership-
driven reliability —so that prevention has remained robust across changing processes, diverse
workforces, and the practical realities of industrial production.
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RECOMMENDATION

Recommendations have been derived from the synthesis and have been aligned with the Hierarchy of
Controls and the study’s conceptual framework so that improvement actions have strengthened
upstream prevention, control reliability, and verification across industrial facilities. Facilities have been
advised to prioritize elimination and substitution decisions through structured procurement and
management-of-change gatekeeping, where chemical introduction and reformulation reviews have
required documented consideration of lower-toxicity and lower-volatility alternatives, reduced
inventory volumes, and simplified processes that have minimized open handling and transfer
frequency. Engineering controls have been recommended as the primary investment pathway, with
facilities having strengthened closed-loop transfer systems, enclosure and isolation of emission points,
and task-specific capture ventilation designs that have been validated through routine performance
testing, preventive maintenance schedules, and documented verification logs; these steps have been
supported by standardized commissioning protocols that have confirmed capture velocities,
containment integrity, and functional performance during representative work tasks rather than under
idealized conditions. Administrative controls have been recommended to be redesigned for high-
variability non-routine work by embedding chemical-exposure risk checks into permit-to-work
systems, pre-job briefings, and maintenance planning, with explicit requirements for exposure pathway
identification, control readiness confirmation, and stop-work triggers when abnormal cues have been
detected. Monitoring and exposure assessment programs have been recommended to be refocused on
representativeness and learning, with sampling plans having included non-routine tasks, contractor
activities, and peak-exposure scenarios, and with model-based screening and decision rules having
been used to prioritize monitoring resources toward scenarios with the highest uncertainty and
consequence. Hazard communication and chemical information governance have been recommended
to be treated as operational infrastructure, with facilities having maintained live chemical inventories,
centralized SDS management systems with version control, rapid retrieval at the point of work, labeling
integrity inspections, and training materials that have been simplified into task-relevant controls and
emergency actions for multilingual and mixed-skill workforces. PPE programs have been
recommended to be strengthened as a residual-risk barrier by enforcing fit testing and competency
verification for respiratory protection, implementing glove and protective clothing selection based on
chemical-specific permeation evidence, standardizing donning/doffing and decontamination
practices, and ensuring replacement cycles and storage conditions have preserved protective
performance. Leadership and safety climate actions have been recommended as reliability multipliers
that have increased the practical strength of all control tiers; management teams have implemented
routine leader safety communication focused on chemical hazards, have reinforced consistent
enforcement across shifts, and have maintained psychologically safe reporting channels so that odor
events, minor leaks, irritation symptoms, and near misses have been surfaced early and converted into
corrective actions. Leading indicators have been recommended to be tracked and reviewed regularly,
including ventilation verification completion rates, corrective action closure speed, SDS update
compliance, chemical compatibility audit findings, training competency outcomes, and exposure
monitoring coverage of non-routine tasks, so that control drift has been detected before incidents have
occurred. Finally, cross-case learning has been recommended through internal benchmarking and
periodic control-maturity reviews using the study’s structured Likert rubric and the Residual Exposure
Risk index, enabling facilities to compare control portfolios, prioritize interventions, and document
measurable improvements in control reliability while maintaining alignment with the Hierarchy of
Controls and the governance-oriented conceptual framework.

LIMITATIONS

This study has faced several limitations that have arisen from its literature review-based qualitative,
cross-sectional, case-study-based design and from the nature of the available evidence on chemical
exposure risks and hazardous materials controls in industrial facilities. First, the synthesis has
depended on what prior studies have reported, and reporting depth has varied substantially across
sectors, journals, and research traditions, which has limited the ability to standardize variables such as
control effectiveness, monitoring maturity, and organizational conditions across cases. Some studies
have provided detailed task descriptions, control specifications, and verification routines, while other
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sources have offered higher-level narratives with limited operational detail, which has constrained
comparability and has increased reliance on interpretive judgment during coding. Second, the cross-
sectional framing has supported pattern identification across a defined window of published evidence,
yet it has not supported strong causal inference or time-sequenced conclusions about how facilities
have improved or degraded over time, because the included evidence has not consistently tracked the
same facilities longitudinally or reported repeated measures of exposure control performance. Third,
the case-study grouping strategy has improved interpretability by clustering studies into sectors,
facility functions, or control-maturity categories, yet any categorization has simplified within-case
diversity, since facilities within the same sector may have differed widely in chemical inventory
profiles, automation levels, contractor reliance, and regulatory context. Fourth, the modest numeric
synthesis using Likert-coded indicators and frequency-and-pattern analysis has strengthened
transparency for objective and hypothesis demonstration, yet these numeric outputs have represented
structured interpretations of qualitative evidence rather than direct exposure measurements or
standardized survey responses, which has limited precision and has required careful framing to avoid
overstating quantification. The Residual Exposure Risk index has been useful for comparative pattern
reporting, yet it has relied on semi-quantitative inputs derived from study narratives, which has
introduced potential subjectivity and has required consistent coding rules and audit trails to preserve
reliability. Fifth, publication bias and selective reporting bias may have affected the evidence base, since
studies and reports have been more likely to document notable incidents, unusual hazards, or
intervention successes than routine “normal” operations, and negative results or mundane control
failures may have been underrepresented. Sixth, the literature has contained heterogeneous outcome
indicators, with many studies emphasizing compliance, perceptions, or incident narratives rather than
quantified exposure distributions, which has limited direct triangulation between control descriptions
and exposure outcomes. Seventh, because the review has integrated multiple domains —industrial
hygiene, hazard communication, safety climate, and process safety —conceptual overlap and construct
inconsistency have been possible, particularly where authors have used different terminology for
similar practices or have treated “controls” differently across methodological traditions. Finally, the
study has been limited by the absence of primary data collection, which has prevented direct
clarification of ambiguous descriptions, prevented probing of safety professionals’ decision rationales
in real time, and prevented validation of extracted themes against current facility practices; therefore,
the findings have represented a synthesis of documented experiences rather than a contemporaneous
field-based account.
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