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ABSTRACT

Introduction: With the advancement of industries and increased use of metalworking fluids, controlling
pollutants generated by machining operations has become increasingly challenging. This study aimed to
address these challenges by designing an air filtration system designed specifically for this purpose.

Material and Methods: A local exhaust ventilation system was developed based on the VS-80-12 ACGIH
standard, tailored to the working conditions and air sampling of the environment. The filtration system
includes an aluminum pre-filter, an E11 class filter, and a nanofiber filter incorporating a metal-organic
framework. The performance of the system was evaluated by measuring the numerical concentration
of particles and the mass concentration of oil mist at both the inlet and outlet. The results were then
compared to those obtained from an E1 class filter.

Results: The results obtained from XRD and FTIR analyses showed that ZIF-8 had high crystallinity and
was successfully incorporated into the structure of the fibrous media filter containing metal-organic
framework. The evaluation revealed that the filtration system effectively removed pollutant particles at
their source. Notably, the initial efficiency for larger particles reached 100%, while the average removal
efficiency for particles smaller than 2.5 microns was 99%.

Conclusion: In conclusion, the combination of nanofiber filters with a metal-organic framework and
aluminum pre-filters presents an effective solution for controlling particulate pollutants from machining
operations. However, further research is necessary to comprehensively assess the system’s performance,
particularly regarding dust loading capacity. Future studies should also explore the effects of various
factors, such as airflow rate and the type of metalworking fluid, on the system’s efficacy.

Keywords: Local exhaust ventilation system, Filtration, CNC, Metalworking fluids, Nanofiber filter, Metal-
organic framework
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1. INTRODUCTION

Today, industries are seeking advancements
in all aspects of production, with the economic
environment playing a crucial role in realizing this
objective. One of the most important industrial
processes for producing equipment, tools, parts, and
structures is machining, whose efficiency depends
on several factors, including processing conditions
and feed rate. To reduce damage to equipment,
increase their lifespan, and absorb generated heat
while decreasing friction between the tool and
the workpiece, the use of metalworking fluids has
been proposed as an effective solution. These fluids
are used in various metalworking and machining
processes for lubrication, cooling contact surfaces,
and removing metal particles. Given the rapid
growth of industries, the consumption of these
fluids has also increased significantly, with global
annual consumption estimated to exceed two
billion liters.

In the United States, approximately 155 million
gallons of these fluids are produced annually, and
about 1.2 million workers are exposed to pollutants
resulting from them. Although there are no
accurate statistics on production and consumption
in Iran, field studies indicate that in just one
industry producing engines, gearboxes, and axles,
the annual consumption is around 200,000 liters.
This increased consumption can pose serious
health risks to workers. Metalworking fluids are
produced in three main types: pure oils (mineral
oils, anhydrous), solutions (mineral oils emulsified
in water), and synthetic fluids (water with
soluble compounds, without mineral oils). A key
component of the first two types is mineral oil, a
complex mixture of various chemicals. Depending
on refining quality, mineral oils may contain toxic
compounds such as N-Nitroso, triethanolamine,
diethanolamine, formaldehyde, and polycyclic
aromatic hydrocarbons, which can be harmful to
health.

In industrial processes, especially when in
contact with high temperatures and rapidly moving
surfaces, small droplets of these oils are produced
as aerosols or mists and released into the air. Oil
mists, mainly containing particles with diameters
of 0.1 to 1 micron, can remain suspended in the air
and enter the body through inhalation or ingestion.
These particles can irritate the eyes, nose, and
throat, and smaller particles can penetrate deeper
into the lungs. Long-term inhalation of these mists
can lead to diseases such as occupational asthma,
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pulmonary fibrosis, hypersensitivity pneumonitis,
and even lipid pneumonia. Research by the IARC
indicates that mineral oils used in metalworking
can cause skin cancer.

To control the harmful effects of metalworking
fluids, several measures can be implemented,
including preventing aerosol generation, improving
machining equipment design, replacing hazardous
materials, and using air purification and personal
protective equipment. However, due to economic
and technological limitations, implementing these
solutions is often infeasible. Currently, the most
common control method is using air purification
systems to remove aerosols and pollutants from
metalworking fluids. These systems operate based
on mechanisms such as filtration, adsorption, or
electrostatic methods, each with its advantages and
disadvantages. For example, electrostatic filters are
effective in removing airborne particles but may
not perform well in high-humidity environments,
have high costs, consume a lot of electricity, and
pose safety hazards when removing water and
soap mists. Other methods, such as scrubber
systems and adsorption, do not adequately remove
pollutants from machining operations.

Filtration is one of the most common methods
for removing particles from air streams, widely
used across industries. In this method, particles
are separated from the air stream using physical
mechanisms such as gravitational settling, inertial
impaction, and diffusion. Recently, nanofiber
technology has gained attention as an effective
method for particle filtration due to its high
collection surface area and low airflow resistance.
In filtration, molecular mechanisms also allow
for the chemical absorption of particles, gases,
and vapors alongside physical mechanisms.
Adding organic or inorganic compounds to filter
fibers has gained significant attention, allowing
for the production of hybrid fibers with special
functional properties. The use of metal-organic
frameworks (MOFs) has enabled the production
of hybrid filters with optimal performance due
to their high adsorption capabilities. Studies
show that integrating MOFs with polymer fibers
forms fibrous composite materials that offer more
advantages than single-component polymer films
and mixed-matrix membranes. This combination
can enhance molecular transport and facilitate
easier access to active sites of the MOFs, making
fibrous composites attractive for applications
in textiles, personal protective equipment, air
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purification, and filtration.

Accordingly, this study aims to design,
construct, and evaluate an air filtration system for
removing aerosols emitted from CNC machining
operations using nanofiber filters containing
metal-organic frameworks. The air filtration system
refers to a collection consisting of a cartridge
filter, nanofiber containing MOFs, an aluminum
filter, and other accessories. It is anticipated
that the filtration system utilizing nanofibers
containing metal-organic frameworks could have
a lower pressure drop compared to existing air
purification systems due to its high porosity and
ease of airflow passage, thereby reducing energy
consumption in machining industries. The design
aims to significantly reduce the dimensions of
the air purifier for use in the outlet channel of
the ventilation system, as air purification systems
are typically large devices occupying significant
workshop space.

2. MATERIAL AND METHODS

The study was conducted in an industrial
setting that utilized various machining equipment,
including CNC and milling machines, and grinders.
The facility employed water-based coolants during
machining processes, which contributed to the
generation of oil mist. The steps were carried out in
the following order:

« Analysis of the performance of the existing
ventilation system and its design challenges

o Pre-design phase of the local exhaust
ventilation system

« Synthesis of the metal-organic framework
ZIF-8 and construction of the nanofiber media
filter

o Evaluation of the structural properties of
the nanofiber filter containing the metal-organic
framework

« Design calculations.

« Construction of the filtration system

o Construction of the local exhaust ventilation
system

o Evaluation of the air filtration system’s
performance

The first step in the study was a detailed analysis
of the existing ventilation system to identify
potential challenges and areas for improvement.
A site survey was conducted to gather critical
information about the pollutant sources, workplace
layout, and equipment locations.

In the design phase, the following considerations
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were taken into account:

. Pollutant reactivity, flammability,
explosiveness, and toxicity

o The workflow of the machining process,
including raw materials, secondary compounds,
and main products

o Ergonomic factors and the movement of
workers in relation to the machinery

« The positioning of ducts and ventilation fans
to optimize pollutant capture while minimizing
interference with production processes

This study focuses on the synthesis of the
ZIF-8 framework, chosen for its ease of synthesis,
durability, and lower production costs, making
it suitable for commercialization. The synthesis
involved using six-hydrate zinc nitrate (Merck-
Germany) and 2-methylimidazole (Merck-
Germany). Specifically, 4 grams of zinc nitrate was
dissolved in 150 milliliters of methanol, while 8
grams of 2-methylimidazole was also dissolved
in 150 milliliters of methanol. The mixtures were
stirred for 3 hours, after which the zinc nitrate was
added to the 2-methylimidazole solution and mixed
at 50 degrees Celsius for 140 minutes. The resulting
solution underwent centrifugation at 6000 rpm for
30 minutes, was washed twice with methanol, and
dried in an oven at 50 degrees for 24 hours.

For nanofiber production, polyamide 6 (PA6)
from Sigma Aldrich was selected due to its excellent
mechanical properties, thermal and chemical
stability, and capability to form thin fibers, making
it ideal for electrospinning. Formic acid served
as the solvent, and the electrospinning solution
was prepared at a 20% weight concentration,
maintaining a weight ratio of 1:10 between ZIF-
8 and PA6. The solution was stirred for 20 hours
to achieve homogeneity and then placed in an
ultrasonic bath for 2 hours to prevent agglomeration
of nanoparticles. The electrospinning process was
conducted under optimal conditions: an applied
voltage of 10 kV, a 10 cm distance between the
needle and collector, an air temperature of 25
degrees Celsius, and a duration of 120 minutes.

Structural characteristics of the nanofiber
filter were analyzed using Fourier-transform
infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and BET testing. The hood
design for the ventilation system was based on
equipment specifications and pollutant generation
mechanisms. Due to space constraints for worker
access, a standard non-enclosing hood (VS-80-
12) was used, as recommended in the ACGIH
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industrial ventilation manual. To calculate the
ventilation system specifications, psychometric
data, airflow rates, channel velocities, pressure
drop coefficients, and channel dimensions were
required. The pressure-velocity method, which
accounts for pressure drops due to velocity changes
and friction, was employed for these calculations.

The filtration system comprised two main
sections: an aluminum pre-filter and an E11 class
filter with a nanofiber layer. The pre-filter was
designed to capture larger pollutants such as metal
chips and lubricating liquid droplets, chosen for
its mechanical strength, corrosion resistance, and
washability. This pre-filter reduces the overall
pollutant load and protects the exhaust fan, thus
enhancing system efficiency. The second section,
the E11 class filter, targets finer particles (PM<2.5)
and aerosols from lubricating liquids used in
grinding.

The nanofiber filter was laminated onto the E11
filter in collaboration with a filter manufacturing
company. The lamination process involved
applying special adhesives between layers, ensuring
strong bonding without compromising filtration
efficiency. The layers were pressed at 70 degrees
Celsius to enhance adhesion and then stabilized
in a controlled environment. The pleating process
created uniform pleats in the filter layers, which
were held in place by special molds to ensure the
final shape.

In this study, a centrifugal fan with radial
blades was utilized, known for its stability against
pollutants and efficiency in gas transfer. The fan’s
performance was evaluated based on airflow rate,
static and total pressure, motor speed, suction inlet
diameter, mechanical efficiency, and power.

To assess the filtration systems performance,

an E11 class filter was tested against the nanofiber-
enhanced filter. Particle concentrations were
measured before and after airflow passed through
the system, focusing on various aerodynamic
diameters. The ventilation system operated under
standard conditions, with contaminated air
introduced for testing.

3. RESULTS AND DISCUSSION

During visits to the industrial unit under
study, various factors were assessed, including
the dimensions and coordinates of pollutant
sources, existing devices, personnel movement
paths, working methods, access limits, and design
obstacles. Due to the inefficiency of the installed
ventilation system, a redesign was necessary,
focusing solely on the ventilation system while
disregarding other pollution sources.

The extraction hood was designed to be as close
as possible to the CNC machines grinding wheel.
A flexible (accordion) duct was utilized to transfer
contaminated air to the filters, allowing for high
aerosol removal efficiency without the need for
ducting to discharge extracted air, as the purified
air is returned to the environment. The local
ventilation system comprises several components:
a local extraction hood, a flexible duct, a filtration
chamber, an aluminum filter, a centrifugal fan, a
tube sheet, and a cartridge filter module (Figure 1).

To avoid obstructing the operator’s view during
grinding, the extraction hood was mounted on the
multi-axis arm of the device, allowing it to move
with the grinding wheel. The optimal installation
distance for the hood was determined to be 25
centimeters from the operation point. The hood’s
dimensions were based on guidelines from
“Industrial Ventilation,” ensuring the width was

—
N

Fig. 1: Schematic of the designed local exhaust ventilation system (1 - Local extraction hood, 2 - Flexible accordion duct, 3 - Fil-
tration chamber, 4 - Aluminum filter, 5 - Centrifugal fan with radial blades, 6 - Tube sheet, and 7 - Cartridge filter containing a
metal-organic framework nanofiber)
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Table 1: Performance results of the filtration system based on the mass concentration of particles

Hood Face

Filtration system

Velocity

Difference (Pa) (m/s)

Pressure Inlet Concentration Outlet System

Filtration System with

124 18.72 12.57
E11 Filter
E11 with a Nanofiber
L .
ayer Containing a 143 17.32 923

Metal-Organic
Framework

at least 50% greater than the estimated pollution
plume diameter. The final dimensions were set at
10 x 25 centimeters, with a 45-degree entrance
angle and a throat loss coeflicient of 0.25, ensuring
effective pollutant capture.

For optimal operation, the ventilation system
requires a fan with the following specifications:

Inlet Diameter: 13 inches

Motor Speed: 1191 rpm

Motor Power: 1.51 horsepower

Airflow Rate: 1273 acfm

An aluminum pre-filter was installed as the first
stage of purification in the airflow path before the
fan, effectively capturing metal chips and lubricant
particles. Following this, an Ell cartridge filter
combined with a nanofiber filter containing a
metal-organic framework was used as the second
purification stage. This filter can withstand a
maximum surface velocity of 0.2 m/s under specified
pressure differentials, with three square meters of
filter area sufficient for the system’s airflow.

Performance tests indicated varying efficiencies
for different particle sizes. The E11 (filter
demonstrated a removal efficiency of 92.64% for
0.3 micron particles and 94.27% for 0.5 micron
particles. As particle size increased, removal
efficiency improved, reaching 95.96% for 1 micron
and 96.68% for 2.5 micron particles. The filtration
system achieved 100% efliciency for particles sized
5 microns and above.

These results confirm that the filtration
system effectively reduces secondary pollutant
concentrations, particularly for larger particles.
While the designed filter shows acceptable
efficiency for submicron particles compared to the
E11 filter, a reduction in efficiency for smaller sizes
is expected due to limitations in particle capture
mechanisms.

To evaluate the filtration system’s performance,
mass concentration was assessed in two scenarios:
using an E11 filter and using the E11 filter with
a nanofiber layer. Results indicated a pressure
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(mg/m?®) Concentration (mg/m?) Efficiency (%)
9.42 11.17 0.82 1.93 0.57 92.88+2.44
8.95 10.33 0 0 0 100

differential of 124 Pascal and an efficiency of
92.88% for the first scenario. In the second scenario,
the pressure differential was 143 Pascal, achieving
100% efficiency (Table 1).

This study marks a significant advancement in
improving workplace air quality and mitigating the
harmful effects of machining-related pollutants.
However, it has limitations, notably concerning
filter dust capacity and saturation. As operating
time increases, filters clog, reducing efficiency and
necessitating periodic replacements, which raises
maintenance costs.

Oil recovery from metalworking fluids
remains a challenge not addressed in this study.
While coagulating filters could enhance oil-
water separation, further investigation is needed.
The initial costs of advanced filtration systems,
particularly those using nanofibers, may be high,
along with ongoing maintenance and replacement
expenses. The long-term environmental and health
impacts of these systems are not fully understood,
warranting further research to evaluate these effects
comprehensively. This study primarily focused on
nanofiber filters with a metal-organic framework,
which, while promising for pollutant removal,
may not be suitable for all metalworking fluids or
specific operational conditions.

4. CONCLUSIONS

The system developed in this study
demonstrated effective performance in controlling
pollutants from machining operations, successfully
removing contaminant particles at the source.
Results indicate a removal efficiency of 100% for
larger particles, while the average for particles
smaller than 2.5 microns was 99.88%.

These findings suggest that using nanofiber
filters combined with a metal-organic framework
and aluminum pre-filters is a highly effective
solution for managing pollutants in machining
operations. This advancement could significantly
enhance working conditions across various
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industries and mitigate the harmful effects of air its dust capacity and saturation. Future research

pollution on worker health and the environment. should also investigate the impact of factors such as
However, to fully evaluate the system’s airflow rate and the type of metalworking fluid on
performance, further studies are needed to assess system performance.
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. Fourier transform infrared spectroscopy

. X-ray diffractometer

. Brunauer-emmett-teller

. Scanning electron microscopy

. American conference of governmental industrial hygienists
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