Fuel Cells Bulletin
ISSN: 1464-2859

Depth Filtration and Pre-Treatment Solutions for Fuel Cell Feed
Streams: A Comprehensive Review of Mechanisms, Materials, and
Emerging Technologies

Ratheesh Goud Karabooja,
pharmaceuticals science student in Harrisburg science and technology university Pennsylvania USA
ABSTRACT

PEMFCs and other electrochemical energy conversion devices require exceptionally clean feed streams -
specifically clean hydrogen (H 2 ) and air without particulate matter, chemical contaminants, sulfur
compounds, carbon monoxide, ammonia, and biological agents. Poisoning of catalysts: potentia| The level
of feed stream impurities, even on a part-per-billion (ppb) level, may lead to irreversible catalyst poisoning,
degradation of the membrane and disastrous performance losses. Multi-mechanism separation strategy depth
filtration has become one of the foundations as a pre-treatment technology that combines both particle
capture, adsorption and electrostatic retention in a three-dimensional porous network. This is a
comprehensive review that methodically analyzes (i) the main mechanisms of depth filtration and related
pre-treatment processes, (ii) novel materials (e.g., fibrous, granular, ceramic, and nanostructured adsorbents)
used in fuel cell conditioning systems, (iii) key pollutants and their critical permissibility levels, (iv) multi-
stage pre-treatment train integration, The quantitative performance comparisons based on peer-reviewed
literature are combined into adherent tables and schematic figures. The review also reveals existing obstacles
and prospects of scalability of the future research as key to commercializing the next-generation fuel cell
systems in automotive, stationary, and portable applications.

Keywords: depth filtration; proton exchange membrane fuel cell; hydrogen purification; feed stream pre-
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1. Introduction

The shift in the world towards decarbonized energy structures has represented hydrogen-based fuel cells as one of the
potentially successful electrochemical conversion technologies of the twenty-first century [1,2]. Proton exchange
membrane fuel cells (PEMFCs), alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs) and solid oxide fuel cells
(SOFCs) represent a wide range of applications between automotive traction systems and large-scale stationary power
generation systems. Of these, the most research has been concentrated on PEMFCs due to its low operating temperatures
(60 -100 C), power density, fast start-up rate, and zero direct CO 2 at point of consumption [3,4].

Although there has been staggering advances in membrane-clectrode assembly (MEA)-design, catalyst-formulation and
bipolar plate design, the practice and commercialization of fuel cells are severely limited by the quality of reactant feed
streams [5,6]. Production of hydrogen by means of steam methane reforming (SMR), coal gasification, or water de-
ionization is certain to contain impurities, such as CO, H 2 S, NH 3, halides, siloxanes, and dust-like particles [7,8]. In like
manner, feed streams containing compressed air or oxygen will contain aerosol particles, NO-, SO- and volatile organic
compounds (VOCs) which will move through the gas diffusion layer (GDL) and react with platinum (Pt) or platinum-
group metal (PGM) catalysts deposited on the membrane surface in ways that are adverse [9].

Depth filtration- a radically different operation to surface sieving filtration - operates by bringing particles together via
inertial impaction, interception, diffusion, gravitational settling, and electrostatic attraction across the whole thickness of a
porous filter media [10,11]. This type of volumetric retention mechanism provides high dirt-holding capacity, reduced
pressure drop and the capacity to collect sub-micron particles without the blinding effect of surface-type membranes
happening rapidly [12]. When used with chemisorption on activated carbon, zeolites or new metal-organic frameworks
(MOFs), depth filtration beds have the potential to reduce particulate, chemical, and biological contamination in a single
compact module [13].

Although the quality of feed streams is a critical issue, there is no consolidated and upgraded literature review that offers
a combined view of science of filtration, material chemistry and fuel cell engineering in a single framework. The current
research articles either discuss hydrogen purification [14,15] only or fuel cell degradation only, but they do not approach
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the concept of integrating depth filtration with multistage pre-treatment as a self-contained discipline of design
engineering.. The current work fills this gap by critically examining publications published between 2000 and 2023 and
paying special attention to developments that have occurred after 2020 where MOF adsorbents, electrospun nanofiber
filters and catalytic pre-treatment reactors are already quite mature.

This review has four goals, including catalogue of contaminants that occur in produced fuel cell feed streams and their
reported performance effects on cell performance; (2) elucidate the underlying depth filtration and related pre-treatment
unit operation; (3) survey advanced filter media and adsorbent materials, performance metrics based on peer-reviewed
literature; and (4) identify current technological shortcomings and future research enhancement opportunities over the next
decade [16].

2. Fuel Cell Feed Streams and Contaminant Sources
2.1 Hydrogen Production Pathways and Characteristic Impurities

The production route is essential in determining the purity of hydrogen fuel. Steam methane reforming (SMR) that now
comprises about 95 percent of hydrogen worldwide produces raw stream of syngas with 7075 percent H 2, 1520 percent
CO 2, 510 percent CH 4, 133 percent CO, and seldom H 2S (10100 ppm), NH 3 (< 5 ppm) and hal Despite the fact that
consequent water-gas shift (WGS) reactor and pressure-swing adsorption (PSA) units are able to reduce CO below 10 ppm
and H2 purity at 99.97 99.999, formidable impurities remain at levels that are intolerable to PEMFC operation, with the
CO tolerance threshold of standard Pt/C being one as low as

Production of inherently purer hydrogen (99.5-99.9999) is possible by alkaline water electrolysis, proton exchange
membrane electrolysis (PEMEL), but sub-micron particles and trace metal contaminants are introduced in storage and
distribution due to aerosol carryover by the electrolyte and compressor lubricants, respectively [18]. A summary of
hydrogen production methods, their profile of impurity characteristics and pre-treatment requirements in relation to
PEMEFC are listed in the table below as Table 1.

Table 1. Hydrogen Production Pathways: Characteristic Impurity Profiles and Pre-Treatment Requirements for PEMFC
Application

Catalytic
Meth :0.1-1 ; HaS:
IS;:::)Tmine t (:;ZR) 99.97-99.999  CO» €O H:S, S(? 10 m; ﬂ?{m-’ <(;Sl methanation/CO-
g ’ ’ CH., NHs -+ PP A =0 PROX; H-S adsorbent;
+ PSA ppm .
particle filter
Coal Gasification + CO, H:S, COS, CO: 1-10 ppm; H2S: 1- | Desulfurization; CO-
99.95-99.99 NHs, HCN, 10 ppm; HCN: <0.5 PROX; depth filtration;
WGS + PSA . .
particulates ppm activated carbon bed
Alkaline Water 02 HaO aerosol, (5 4. kOH: <1 Desiccant dryer;
Electrolvsis 99.5-99.9 KOH mist, m: particles: <0.1 um coalescing filter;
Y particulates ppi; p ek activated alumina bed
. 02, H20 vapor, 02: <100 ppm; F: Recombination
PEM Electrol
cetrolysis 99.99-99.9999 Pt/Ir nanoparticles, | <0.05 ppm; particles: catalyst; depth filter;
(PEMEL) S . .
fluoride ions <0.01 pm ion exchange resin
1 t ;
. Tar, H>S, NH3, Tar: 1-20 g/Nm?; HzS: O TeS e
Biomass 50—-60 (raw HCL siloxanes 1001000 ppm: HCI: tar cracker;
Gasification syngas) » SLORANES, PDI; ' desulfurization; depth

particulates
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Distributed Variable. 99,9 CO, hydrocarbons, = CO: 10-100 ppm; S: CO-PROX; ZnO sulfur
Reforming (On- 99 9’9 9 ' S-compounds, 0.1-1 ppm; HC: 1-10 guard; coalescing depth
board/On-site) ' lubricant aerosols ppm filter

Source: Compiled and adapted from Buttler & Spliethoff [18], Dutta et al. [7], and IEA Hydrogen Report 2023 [17].
2.2 Air Feed Stream Contaminants

The cathode airflow of a PEMFC has to be purified to eliminate gaseous pollutant, aerosol particles, and humidity variations
which would otherwise hamper oxygen reduction reaction (ORR) catalyst, plug gas diffusion layers or promote thinning
of the membranes. In the urban and industrial settings, SO 2 (5-100 ppb) and NO 3 (10-500 ppb) and other hydrocarbons
like benzene and toluene, together with PM 2.5, are deposited in the air compressor inlet. SO 2 reduces on Pt catalyst
surfaces even in the concentration of ppb-level, forming sulfate/sulfonate species that cover active sites and leading to the
loss of performance in tens of hours of exposure [19].

NO: reacts with water to form nitrous and nitric acid that enhance the rate of decomposition of ionomers and a decrease in
proton conductivity of Nafion-based membranes [20]. Ammonia, known to be emitted by the agricultural sector or
industries, poisons the Pt catalyst, as well as the sulfonic acid groups of the ionomer by cation exchange to form NH 4+,
which lowers the conductivity of membranes by up to 40 percent [21,22].

2.3 ISO Standards and Regulatory Thresholds for Fuel Cell Feed Streams

International Organization of Standards (ISO) 14687 series provide quality assurance of hydrogen fuel to be used in PEM
type fuel cell vehicles. The ISO 14687-2 (2012), and the 2019 revision, establishes threshold values of 13 types of
contaminants. Likewise, the Society of automotive engineers (SAE) J2719 standard consolidates standards on the levels of
tolerance when using fuel cell grade hydrogen. Table 2 provides an overview of the major permissible levels of
contamination by these standards and available published catalyst sensitivity data.

Table 2. ISO 14687 / SAE J2719 Contaminant Tolerance Thresholds vs. Documented Catalyst/Membrane Sensitivity in
PEMFCs

Carbon 0.1-1.0 ppm (reversible = Pt active site blocking;
. 0.2 ppm 0.2 ppm . .
Monoxide (CO) above 0.2 ppm) CO chemisorption
>0.001 ppm .
Total Sulfur (as 0.004 ppm 0.004 ppm irreversible PLS Irrevers.lble sulfide
H-S) . adsorption on Pt
formation
. >0.05 ppm ionomer NHa4" exchange with H*
A H 1 1
mmonia (NH;) 0-1'ppm 0-1'ppm degradation in Nafion [21]
Total Halogen . Halide complexation
. . >0.02 P
Compounds 0.05 ppm 0.05 ppm 0.02 ppm Pt corrosion with Pt catalyst [9]
Total 10-50 ppm (mild effect ~ _OmPettve
Hydrocarbons 2 ppm 2 ppm on PY) adsorption; coking at
(C-Cy) elevated T [7]
Particulate >0.5 mg/kg GDL GDL and flow-field
1 kg H 1 kg H
Matter (>10 pm) mg/kg Hz mg/kg Hs blockage channel clogging [11]
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H>0- formation;

>100 ppm S
Oxygen (02) 5 ppm 5 ppm safety/explosive risk membrane oxidative
attack
M flooding;
Water Vapor 5 ppm (at —40 °C 5 oom Flooding above 100% ic:rt{:)ﬁ:;onosgls:vgv’ 0
(H:0) dew point) PP RH

°C [19]

Source: ISO 14687-2:2012, SAE J2719 Rev. 2015, sensitivity data adapted from Cheng et al. [9] and Uribe et al. [21].
3. Fundamentals of Depth Filtration
3.1 Definition and Distinction from Surface Filtration

Depth filtration is a volumetric retention where particles, acrosols, or dissolved species are not only trapped at the top of
the filter medium at the upstream part of the filter but the whole three dimensional configuration of the filter medium is
used to capture the contaminant. Figure 1 represents schematically the basic difference between depth and surface filtration.
In surface (or surface) filtration, the particles are stuck by size exclusion on the surface of the filter, causing rapid
generations at the top of the cake, gradual increase in the pressure drop, and the reduction of the service life. By contrast,
depth filters use tortuous networks of pores, in which particles smaller than the nominal size of the pore are held by the
overlapping transport/deposition processes.

In gas phase depth filtration, the main capture mechanism to consider is: (1) Stokes number Stk > 1 Inertial impaction of
particles; (2) interception of particles approaching filter fibers with a radius less than one particle: (3) Brownian diffusion:
(4) electrostatic particle-to-particle attraction; (5) gravitational settling: (6) only with particles larger than 1 mm in diameter:

SURFACE FILTRATION DEPTH FILTRATION

Figure 1. Schematic comparison of surface filtration (left) and depth filtration (vight) mechanisms. In depth filtration,
particles are captured at multiple zones via inertial impaction, interception, and diffusion throughout the filter matrix,
resulting in stable pressure drop and extended service life. Adapted conceptually from Brown [10] and Leung et al. [12].

3.2 Single-Fiber Collection Efficiency Theory

Predicting depth filter performance can be based upon the classical single-fiber efficiency (SFE) model, originally proposed
by Kuwabara [23] and later improved by Lee and Liu [24]. The single-fiber, total collection efficiency, which is denoted
as m_"total" may be expressed as.

Neotal = 1 — (L = 1) (1 =) (1 —1p)(1 —1ng)

where 1y, 1;, Np, and ng represent the interception, inertial impaction, Brownian diffusion, and electrostatic deposition
single-fiber efficiencies, respectively [10].

The corresponding overall filter penetration Pfor a filter having thickness L, fiber packing density «, and mean fiber
diameter dyis given by

4antotal L

P=exp[- wd;(1 —a)
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This theoretical concept declares the presence of the most penetrating particle size (MPPS), which usually happens in the
range of 100-300 nm, wherein the joint efforts of inertial and diffusional capturing forces become counterproductive [11].
Brownian diffusion captures the smaller particles more efficiently and interception and inertial impaction are more effective
at removing the larger particles than the MPPS.

Critical implications of the MPPS phenomenon on finer fuel cell filtration design are that ultrafine particulate pollutants of
catalyst losses or corrosion in pipelines can be in this difficult size regime.

3.3 Pressure Drop and Quality Factor
The pressure drop across a fibrous depth filter, denoted by AP, is commonly described using the Davies correlation [25] as

64uUyLat5(1+56a3)
P= z

where urepresents the dynamic viscosity of the gas, Uyis the face velocity, Lis the filter thickness, adenotes the fiber
volume fraction, and dfis the mean fiber diameter.

The filter quality factor (QF), also referred to as the figure of merit, expresses the trade-off between particle penetration
and pressure drop, and is defined as

—In (P)
F= AP

where Pis the penetration of the particle and AP is the pressure drop of the filter medium.

The larger the value of QF, the more effective filter medium since it indicates stronger performance in removing particles
with respect to lower pressure-drop cost. It is a crucial parameter in systems of fuel cells in balance-of-plant (BOP) systems,
as the parasitic power consumption by supporting components directly influences the system efficiency. Table 3 provides
comparison of QF values of the typical types of filter media used in pre-treatment of fuels in the application in fuel cell.

Table 3. Comparison of Filter Quality Factor (QF) and Key Parameters for Representative Filter Media Types at MPPS
(~200 nm NaCl Aerosol, Face Velocity 5.3 cm/s)

Glass Microfiber
0.3-1.5 70-90 >99.97 250-350 0.018-0.025

(HEPA grade)
Polypropylene 1.5-5.0 100-200 99.0-99.9 100-200 0.020-0.035
Meltblown
Electrospun PAN

2-0. -1 5-99. 40— .055-0.
Nanofiber (200 nm) 0.2-0.5 ERE 99.5-99.99 0-80 0.055-0.085
Ceramic Alumina 28 150-300 98.0-99.5 80150 0.025-0.040
Fiber
Activated Carbon

10-2 2004 .0-95. -1 .015-0.
Fiber (ACF) 0-25 00400 85.0-95.0 50-100 0.015-0.030
Flectret PTFE 0.5-2.0 30-60 99.97-99.999 120-220 0.030-0.050
(charged)
Electrospun SiO:/PVA 0.1-0.3 o 9989999 30-60 0.090.0.140

Nanocomposite
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Source: Brown [10], Lee & Liu [24], and Davies [25]. QF values measured at MPPS (~200-300 nm NaCl aerosol, face
velocity 5.3 ecm/s, 25°C, 1 atm).

4. Filter Media and Adsorbent Materials for Fuel Cell Pre-Treatment
4.1 Fibrous Filter Media
4.1.1 Glass Microfiber and Ceramic Filters

In fuel cell gas conditioning systems, borosilicate glass microfiber media are still considered the gold standard of high-
efficiency particulate air (HEPA)- and ultra-low penetration air (ULPA)-filtration. The glass microfiber filters can be used
with fibres with a diameter of 0.3-2.0 um and randomly arranged three-dimensional networks, resulting in particle
collection efficiencies of greater than 99.97% at MPPS with low to moderately high pressure drops. They are especially
effective in the high-temperature fuel cell (SOFC, PAFC) gas conditioning due to their chemical inertness to hydrogen,
oxygen and usual contaminants in the fuel cell and their thermal stability at temperatures to 700 C.

Fiber filters made of alumina and mullite ceramics present comparable performance in terms of filtration and mechanical
strength as well as increased cyclic thermal stresses tolerance [10]. Recent experiments have shown that surface-modified
Al 2 O 3 fibre filters using TiO 2 photo-catalytic coating have the capability of removing particulates and oxidizing traces
of organic contaminants at the same time under UV-irradiation, providing a versatile pre-treatment strategy to biogas-fed
SOFC systems.

4.1.2 Polymeric Meltblown and Electrospun Nanofiber Filters

Polymeric depth filters are a commonly made (polypropylene, polyester, polyamide) depth filter type manufactured by
meltblowing to provide economical removal of particles in ambient temperatures (e.g., PEMFC air intake conditioning ).
Gradient density meltblown filter packs, lowest fiber to upward-increasing and highest to downstream packing density are
used to maximize the dirt-holding capacity whilst maintaining end-of-life efficiency.

Electrospinning has become the new game changer in the creation of nanofiber membranes composed of fiber diameters
of 50-500 nm, bordering on the MPPS scale, with a much larger surface-area to volume ratios and better QF values as
compared to the old meltblown media. Polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), polyimide (PI) and
composite nanofiber structures have been exploited widely in filtration of sub-micron aerosols [9,10]. It has shown that
electrospun SiO 2/PVA composite nanofiber filters can give the highest values of QF of 0.094 0.135 Pa -1 against PM 2.5
aerosol filtration - one of the highest values that ever existed in the literature. The values of the reported QF of different
electrospun nanofiber membranes are summarized in Figure 2 and reported between 2018 and 2023.

Si0o/PVA [23] |
2022

PAG/CNT [25] 0.098 Pa*
2023
‘
‘
Cellulose/ZnQ [53] -1
‘

i
PAN/TIO- [22] | i N
2021 0.075 Pa

ic e
Hion i
: 0.120 Pa—*
|
1

PVDF/PTFE [24] |
2020

0.063 Pa—*

Pl nanofiber [52] |
2019

PTFE electret [44] 2
e 0.042 Pa
1
Glass/PP [43] -1
o 0.028 Pa
1
1

0.00 0.02 0.04 0.06 0.08
Filter Quality Factor QF (Pa-%)

0.055 Pa—*

0.10 012 014

Figure 2. Comparison of filter quality factors (QF) of electrospun nanofiber membrane filters reported in the literature
from 2018 to 2023. Higher QF indicates superior filtration efficiency at lower pressure drop. References: [10,11,24,25].

4.2 Granular and Packed Bed Adsorbents
4.2.1 Activated Carbon Beds

The most commonly used adsorbent deployed in the removal of volatile organic compounds (VOCs), sulfur compounds
and residual hydrocarbons present in fuel cell feed streams is activated carbon (AC) in either granular form, extrudate form,
or in pellet form. Its very large BET surface area (500-3000 m 2/g) with wide microporosity (pore diameter < 2 nm) that
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can be tuned and surface chemistry, allows physi- as well as chemisorption of a wide range of contaminant classes at the
same time.

Activated carbons generically functionalized with sulfur-impregnated (S-AC) and KI-impregnated (AC) show increased
binding affinities to mercury and inorganic pollutants, whereas amine-functionalized (AC) and AC-supported metal oxides
(ZnO, CuO) selectively chemisorb H 2 S at ambient temperatures [9]. Recent literature has shown that KOH-activated
biomass-derived carbon with a BET surface of 2847 m 2/g attained a H 2S breakthrough rate of 134 mg/g at 25 0 C and
50% of RH - about 4 times that of commercial coconut-shell AC.

4.2.2 Zeolites and Molecular Sieves

Zeolites are crystalline aluminosilicate framework materials containing uniform micropores with a diameter of 3-12 A,
which offer shape-selective adsorption of CO, NH3, H20 and small organic molecules in feed streams of fuel cells. Cu-
exchanged zeolites (Cu-SAPO-34, Cu-SSZ-13) which were initially used in selective catalytic reduction (SCR) of NO -
occurring in diesel emissions have also been used as CO adsorbents at room temperature, taking advantage of the Cu + -
CO complexation. Common desiccant substances to dry compressed hydrogen and air streams to dew points less than -
60C are using 3A and 4A molecular sieves (exchanged zeolites-A with alkali metal).

4.2.3 Metal-Organic Frameworks (MOFs) as Next-Generation Adsorbents

The paradigm shift of metal-organic frameworks in the design of adsorbents is a crystallographically defined pore structure,
with BET surface areas above 7000 m 2/g, tuneable pore sizes (330 A), and programmable chemistry via linker
modification and post-synthetic modification [13,26]. The exceptional structural variety of MOFs - there are more than
100,000 structures in the Cambridge Structural Database - presents the ultimate toolkit of selective gas adsorption and
separations [27].

For fuel cell pre-treatment applications, MOFs have demonstrated outstanding performance in four critical areas: (1) H2S
capture MIL-53(Al), HKUST-1, and amino-functionalized MIL-101(Cr) show H:S adsorption capacities of 10-250 mg/g
; (2) CO removal Cu-BTC and Fe?-based MOFs exploit open metal sites for CO chemisorption at ambient temperature ;
(3) NHs adsorption Brensted acidic MOFs such as H:O*-loaded MIL-101(Cr) and CAU-10-H achieve capacities of 30-80
mg/g ; and (4) SO: capture SIFSIX-3-Ni and SIFSIX-3-Cu show record SO- uptakes of 8.7-12.3 mmol/g at 1 bar .

Regardless of these impressive performances, real-life applications of MOFs in fuel cell pre-treatment systems are
challenged with problems such as hydrothermal stability (most of MOFs break down in humid climates), mechanical
stability upon cycling, cost of preparation, and inability to scale manufacture. More recent studies of water-stable Zr-MOF
(UiO-66-NH2)/activated carbon composites have shown that the materials can retain greater than 90% of their initial CO-
adsorption capacity following repeated humidity-cycling experiments at 85% RH, which is encouraging news in regards
to PEMFC automotive applications. An overview of MOF adsorbents as compared to benchmarking fuel cell feed stream
conditioning is given in Table 4.

Table 4. Performance Summary of Representative MOF Adsorbents for Fuel Cell Feed Stream Contaminant Removal

HKUST-1 (Cu- . . . o Low: decomposes
BTC) CO, H.S 1500-1900 CO: 3.2 mmol/g; H.S: 12 mmol/g (25°C) ~50% RH
Moderate: stable
MIL-101 -
NH 01(Cn) H-S, NHs 2400-2800 H-S: 18 mmol/g; NHs: 9.4 mmol/g <80% RH, 200
2 OC
High: stable
UiO-66-NH-
NH 11 14 1. l/g; . 6. 1 >905% RH
(Zr-MOF) CO, SOz, NHs 00-1400 CO: 1.8 mmol/g; SO2: 6.3 mmol/g 95% RH, 300

°C
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Good: stable 75%

SIFSIX-3-Ni SO, CO2 363 SO:: 8.7 mmol/g (0.01 bar) RH
CAU-10-H (Al- ) o Good: water-
MOF) NHs, H.0 680-750 NHs: 12.1 mmol/g (25°C, 1 bar) stable, 250 °C
MOF-177 (Zn- | VOCs, 4500-5000 Benzene: 22 mmol/g; Toluene: 18 Low: moisture-
BTB) hydrocarbons mmol/g sensitive
Ui0-66/AC CO, 850-1100 CO: 2.4 mmol/g; 91% retention after 100 = Excellent: 85%
composite particulates humidity cycles RH cycling

Source: Compiled from Furukawa et al. [27] and Zhou et al. [26]. Capacity values measured at 25°C unless stated
otherwise.

5. Multistage Pre-Treatment System Design
5.1 System Architecture and Unit Operation Sequencing

The fuel cell feed stream is pre-treated in a complete train including various unit operations in a particular order to ensure
the safety of each downstream unit in the face of contaminants that could affect its operation or durability. The overall
principle of the design takes a coarse-to-fine sequence: bulk separation and phase elimination are first aided, then chemical
contaminant treatment and then the last step is to polish filtration which is immediately preceding the fuel cell stack.

When processing hydrogen feed streams of SMR-PSA plants, a typical pre-treatment flow includes: (1) a bulk particulate
separator (cyclone or inertial impactor) to remove SMR-PSA feed particles larger than 10 pm; (2) a coalescing depth filter
to remove SMR

A schematic of a process flow of a typical multistage pre-treatment system of hydrogen and air conditioning in a stationary
PEMFC-powered facility is shown in Figure 3.

[ HYDROGEN SIDE (Anode) ] [ AIR SIDE (Cathode)

BN Hydragen pre-ireatment stoge  EEE Alr pre-Ueaiment siage mE PEMFC stack

Figure 3. Schematic process flow diagram of a multistage pre-treatment system for hydrogen (anode) and air (cathode)
feed streams in a stationary PEMFC power plant. Stage sequencing follows the coarse-to-fine principle to maximize
adsorbent bed lifetime and minimize parasitic pressure drop. Adapted from Besancon et al. [28].

5.2 CO Removal Technologies: CO-PROX and Methanation

Removal of carbon monoxide is the most challenging pre-treatment problem affecting hydrogen-fed PEMFCs. There are
two major catalystic methods used, preferential oxidation (CO-PROX) and methanation [29]. CO-PROX selectively
oxidizes CO to CO 2 in an H 2-rich stream on Au/ CeO 2, Pt/ A1 20 3 or Ru/ TiO 2 catalysts at 80 -150 C to produce CO
outlet concentrations less than 10 ppm and an O 2 selectivity of more than 50% of the total. The key point is that it needs
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a wide temperature range without hydrogen oxidation to remain selective and fuel economy sustainable, which is also
inefficient in its operation.

Methanation is the conversion of CO into CH 4 through the reaction of CO + 3H2 to CH 4 + H 2 O in the presence of Ni,
Ru, or Rh catalysts at temperatures ranging between 200 and 300 o C. Compared to CO-PROX, which is more effective in
reducing CO to < 1 ppm, methanation requires 3 moles of Hz to remove one mole of CO, which has a fuel penalty [29].
Continuous H: elimination via palladium-based membrane reactors and CO-enriched retentate by WGS reactions anlyrying
a target of continuous H: elimination (compared to sequestration) is an integrated approach to be developed [30].

5.3 Sulfur Removal Strategies

Removal of sulfur compounds is necessary because even at low concentrations of H2S such as 1 ppb, the process of forming
Pt-S bonds is irreversible and therefore forms after few minutes of using the PEMFC. Fixed-bed reactors at 250400 o C
using ZnO realise bulk removal of H2S with equilibrium outlet concentrations smaller than 50 ppb, through ZnO + H2S H
20. Among ambient-temperature pre-treatment options, CuO/ZnO/Al.O3 mixed oxide adsorbents, iron oxide ( Fe 203)-
based sorbents, and the above-mentioned MOF materials are capable of deep removal of sulfur to sub-ppb levels.

Organic sulfur compounds (mercaptans, thiophene, DMDS) present in odorant-dosed natural gas require
hydrodesulfurization (HDS) catalysts (CoMo/Al.Os, NiMo/AlL:Os) to convert them to H2S before the ZnO guard bed, or
alternatively, selective adsorption on Cu-Y zeolites through n-complexation with the aromatic thiophene ring [31].

6. Emerging Technologies and Recent Advances (2020-2023)
6.1 Electrospun Nanofiber Composite Filters with Functional Nanomaterials

The electrospun nanofiber matrices used synergistically with functional nanomaterials, such as TiO 2, ZnO, graphene oxide
(GO), carbon nanotubes (CNTs), and MOF nanoparticles have created a new generation of multifunctional filter media
that can capture particles, oxidize them by photocantelease, and adsorb them by chemistry. Initial work showed that
electrospun PAN/TiO 2 composite nanofiber mat could attain high PM 2.5 level of filtration efficiency with photocatalytic
degradation of toluene under UV light - something that could not be done using conventional filter media.

The combination of electrospinning and hydrothermal growth of SiO2 nanowires on the surfaces of fibers to produce
hierarchical SiO2 nanowire/PVA nanofiber composite membranes have reached QF values of 0.132 Pa -1 - a 4-fold
increase over commercial HEPA glass fiber media - due to the combination of nanofiber-scale depth filtration and
nanowire-enhanced surface The hierarchical architecture offers also very low airflow resistance typical of depth filtration
as well as features the high particle capture efficiency previously available only to surface filtration membranes.

A functionalization of electrospun nanofibers made of cellulose with ZnO nanoparticles has been shown to have both
antibacterial and air filtration applications in fuel cell systems prone to biological growth in humidification circuits [9]. It
has created UiO-66-NH 2 /PAN nanofiber-based composites with MOF crystals growing in situ onto the surfaces of the
fibers, and offer both nanoscale depth filtration through fiber matrix and concomitant chemisorption CO + SO2
contaminants, realizing more than 90 percent removal of CO with a very low pressure drop of 45 Pa of a 15.

6.2 Catalytic Depth Filtration Beds

Catalytic filtration The idea of catalytic filtration [including the entrapment of catalytic nanoparticles into the depth filter
bed to have the same depth but clustering with physical separation and catalytic reaction active] has also become widely
trending [in the context of fuel cell pre-treatment]. At ambient temperature, Pt and Au nanoparticles deposited on the
surface of aluminum oxide fiber are catalysts of CO oxidation which can be used in presence of trace O 2 to single step
CO elimination to less than 0.1 ppm in H 2 streams without using an independent reactor [32]. The excursion of temperature
linked with the CO oxidation (AH = -283 kJ/mol) can be controlled via the elevated heat capacity of the filter bed in
question, without a hot-spot development.

Glass fiber depth filters injected with Mn203/CeO2 nanoparticles have also shown the ability to catalytically oxidize
formaldehyde (HCHO) - a typical VOC found in reformed hydrogen streams - to both CO2 and H2O at room temperature
with over 95 per cent conversion of contaminant in the range of 1-10 ppm. The depth filter set up allows close contact
between the gas and the solid as well as a high loading of catalysts per unit of volume than traditional packed bed reactor
and also issues filtration of the particles.
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6.3 Machine Learning-Assisted Filter Design

Using machine learning (ML) algorithms to speed up the design of filter media and optimization of pre-treatment systems
is a quickly developing frontier in the field of data science and filtration engineering at the interface of data science and
filtration engineering. Prediction of single-fiber efficiency, pressure drop, and quality factor based on structural parameters
have been accomplished using convolutional neural networks (CNNs) trained on scanning electron microscopy (SEM)
images of filter microstructures without the need to test them through tedious experimental methods. The applications of
generative adversarial networks (GANs) have involved the development of new nanofiber microscaffolds with architecture
designs to achieve high QF, which offer design templates to electrospinning experiments.

To select adsorbent material, a high-throughput computational screen of 47 MOF structures, predicted to have higher than
10 mmol/g SO 2 adsorption capacity, with 12 of those designed being experimentally verified by synthesis and
characterization [33]. This computational pre-screening short-cuts the experimental load significantly and the translation

between computational design and practical usage of fuel cell pre-treatment applications.

7. Integrated Performance Comparison and System-Level Analysis

7.1 Comparative Efficiency of Pre-Treatment Technologies

Table 5 represents a rough analysis of interim performance of varied pre-treatment technologies of major classes of
contaminants with the combination of literature in peer-reviewed articles up to 2023. This consolidated overview can be

used to evidence-based select pre-treatment strategies to fit particular fuel cell applications and opportunities.

Table 5. Comprehensive Performance Comparison of Pre-Treatment Technologies for Fuel Cell Feed Stream

Conditioning

ZnO Fixed Bed 10-30 kPa; High T required; no

H >99. < H
(300°C) 5, COS 999 50 ppb H:S heating energy ambient use
Activated Carbon VOCs, HzS, 5-20 kPa; no Capacity limited;

-99. <0.1 H
Bed (ambient) NH: 95-99.5 0.1 ppm S heating needed humidity sensitive
MOF Bed (UiO-66- 8-25 kPa; Cost; scale-up;
NH -99.8 <0.1

NH>) €0, 80, NH, 9799 o PP mbient T water stability
CO-PROX Reactor 1-5 kPa; 02 selectivity

CO >99.9 <0.1 CO
(100°C) ppm moderate heating | challenge; H: loss
Methanation 5-15 kPa; heating = H- consumption (3

CO, CO >99.99 <1 CO
(250°C) 2 pp + Ha penalty mol/mol CO)

No chemical
HEPA Glass Fi Particl 250- Pa;
G_ ass Fiber articles >99.97 <0.1 mg/m? 50-350 Pa; no removal; MPPS
Depth Filter (>0.3 pm) energy
gap
= .

Electrospun Particles + >99.9 (PM) + 0.1 ppm CO; 45 Pa; no energy; = Long-term cycling
Nanofiber CO/SO 91%(Coy  olmemt o ientT stabili
(PAN/MOF) : ° PM Rl
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Cu-Y Zeolite (S- Thiophene, <0.5 ppm 8 18 kPa; "l."hllophene capacity
compound 95-99 . limited;

. mercaptans total S ambient T ..
selectivity) deactivation
Pd Membrane CO, all non- >99.999 (H. @ <1 ppm CO; High AP; 300— Cost; Hz recovery
Reactor Ha purity) 99.999% H- 500 °C operation | <95%

Source: Compiled from Besancon et al. [28], Farrauto et al. [29], and Dutta et al. [7].
7.2 Parasitic Power Consumption Analysis

A large portion of the balance-of-plant (BOP) parasitic power demand of the fuel cell systems is the pre-treatment system.
Hydrogen compressor or air blower must compress pressure drop across filtration and adsorption beds and that requires
use of electric power as the fuel cell output [34]. The general 30 kPa system efficiency loss in a 100 kW PEMFC system
with 0.65 V average cell voltage and 80 percent hydrogen utilization is a typical 30 kPa total pressure difference across the
hydrogen pre-treatment train (compressor inlet at 10 bar delivery pressure) [34]. In case of the air cathode running at near-
ambient pressure and a blower providing flow at total filtration resistance of 5001000 Pa, the parasitic power of the blower
is 0.8-1.5% of rated stack power.

The same parasitic losses encourage the replacement of high-resistance depth filtration media (which use low-pressure-
drop depth filtration media), such as electrospun nanofibers, gradient-density meltblown, by high-capacity adsorbents - the
archetype design direction that MOF materials and composite nanofiber media permit.

8. Current Challenges and Future Research Directions
8.1 Long-Term Durability and Filter Lifetime Management

The increasing commercialization of fuel cell vehicles and stationary power systems requires components of pre-treatment
to have a lifetime of 5000 to 8000 hours (for automotive) and 40000 to 80000 hours (for stationary applications) or higher.
Existing commercial depth filters and adsorbent beds have maintenance cost and downtime implications as they require
replacement or regeneration every 500 2,000 hours, depending on the quality of feed stream. Regenerable adsorbent beds
with temperature-swing adsorption (TSA) or pressure-swing adsorption (PSA) cycles provide a way to get longer system
life, but come with complexity and energy costs.

In-situ contamination monitoring sensors such as electrochemical CO sensors mounted in pre-treatment modules, optical
fiber-based hydrogen purity analyzers, MEMS-based particulate sensors should be developed to ensure predictive
maintenance strategies where operation over set-point intervals are substituted with operation based on the requirement of
replacement. The breakthrough events in machines can be potentially predicted a few hours in advance by machine learning
algorithms that are being trained on sensor data streams, which allows scheduling maintenances early.

8.2 Water Management and Humidity Effects on Filtration Performance

Humidity and filter/adsorbent behaviours has been an ongoing difficulty in the design of fuel cell pre-treatment system.
Liquid water condensation in depth filter beds in high relative humidity leads to capillary-bridging between fibres and a
significantly higher pressure drop with the potential to reduce filtration efficiency by providing a mechanism to re-entrain
particles. In the case of adsorbent beds, water is competing with target contaminant molecules to have adsorption sites and
this decreases capacity by 30-70% at the relative humidity above 70% uniqueness of the water.

Recent studies have examined hydrophobic surface-surface modification of glass microfiber filters with fluoroalkyl silane
cushioning to confer hydrophobicity (contact angle > 140) but they retained the ability to capture particles. In the case of
MOF adsorbents, hydrophobic linkers (alkyl-functionalized, fluorinated) or protective polymer coating the MOF pore
interior to exclude water vapor but still allow smaller target molecules to pass through is an active field of research [26].

8.3 Scalability and Cost Reduction for Emerging Technologies

Scaling up laboratory proven advances in electrospun nanofiber membrane and MOF adsorbents to commercial fuel cell
pre-treatment modules is also cost-challenged in scalability. Equipment designed to create membranes with nanofibers
with widths of 1-2 meters and throughputs of over 100 m2/hour do exist, but are about 5-10 times more costly per unit of
area than commercial meltblown production. The prices of MOF synthesis, although decreasing with scale and continuous
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production methods (ex: flow chemistry, microreactor synthesis), are still 10100x more expensive, per-gram, than activated
carbon [26,27].

Techno-economic analysis (TEA) research reports that to make MOF adsorbents economical in fuel cell pre-treatment
processes, the synthesis cost per kilogram should fall below 20-50 dollars so that solvent recovery and linker synthesis as
well as activation processes should be optimized [33]. Another route, which utilizes MOF precursors as thermolytic
decomposition products, has been developed: MOF-derived carbons and metal oxide nanostructures are prospective
adsorbents that do not lose all of the structural benefits of MOFs, customizable but with access to the cost structure of
existing carbon-based adsorbents.

8.4 Integration with Renewable Hydrogen Pathways

The hypothetical replacement of fossil-derived by renewable electrolytic hydrogen in a decade will cause the shift of the
characteristic profile of impurity of fuel cell feed streams, with the relative contents of CO and hydrocarbon pollutants
decreasing to aerosol droplets of electrolytes, fluoride ions, and metallic nanoparticles produced by the degradation of the
PEM electrolyzer membrane The pre-treatment systems that were designed to be SMR hydrogen optimized might need to
be redesigned to treat this new contaminant landscape. Fluoride capture ion exchange resins, electrolyte aerosol coalescing
depth filters and ultrafine metallic particles nanofiltration membranes will become more significant in green hydrogen
supply chains [18].

The on-site electrolytic H> generation through hydrogen production can be purpose-designed with an initial pre-treatment
design designed with first-principles to H 2 electrolytic catalysis as opposed to modifying existing SMR-oriented designs.
The precise impurities produced by PEMEL, alkaline electrolysis, and anion exchange membrane electrolysis (AEMEL)
should be the focus of research to understand their particle size distributions, chemical speciation and concentration ranges
to guide the next-generation pre-treatment design [35].

9. Conclusions

This in-depth survey has analyzed depth filtration and pre-treatment of fuel cell feed streams in the framework of
underlying mechanism, material science, and systems integration and application to new technological horizons. The main
findings of the synthesized literature are the following:

» The most significant near-term impediments to the commercialization of PEMFC are feed stream contaminants,
where sulfur compounds (H-S, COS), CO, NH3, and sub-micron sized particulate matter make up the predominant
hazards to both catalyst and membrane life at concentrations much lower than those that induce adverse effects in
people or equipment.

» Depth filtration has several inherent benefits over surface filtration in use in fuel cell pre-treatment where a solid
fuel cell requires: a high dirt-holding capacity; a constant long-term pressure drop; and filtration functionality can
be incorporated into the filter matrix to allow simultaneous physical and chemical contaminant removal.

» Electrospun nanofiber composite membranes, especially ones that include MOF nanoparticles, TiO2, or
functionalized silica nanowires are the latest in filtration media, with quality factor values (QF =0.09 Pa -1 ) much
higher than conventional HEPA glass fiber-based media and also offer chemical adsorption capacities.

» All-Metal-organic frameworks provide unexplicit tunability to capture selective gas contaminants, and water-
stable Zr-based MOFs (UiO-66 family), and composite MOF/AC systems represent the most promising
combination of high capacity, stability in humid conditions and viable regenerability.

» Machine learning-aided filter design, computational MOF screening, and in-situ sensor incorporation (predictive
maintenance) are the most influential near-term-research priorities to hasten the transition of advanced pre-
treatment systems to commercialized fuel cell products.

» Such a shift toward renewable supply of electrolytic hydrogen will necessitate a re-evaluation of the design of
pre-treatment systems to respond to the unique impurity levels produced by water electrolysis systems that will
require both technical challenges and opportunities to optimize clean-hydrogen pre-treatment solutions.

The fuel cell feed stream pre-treatment field is at a tipping point with new developments in nanomaterials synthesis,
computational materials design and electrospinning manufacturability converging to allow pre-treatment systems that are
more efficient, smaller and less costly than the current generation. To achieve this potential, there must be a long-term
partnership between filtration engineers, materials chemists, electrochemical engineers, and systems integrators - a
multidisciplinary undertaking which is equal to the commercial value of fuel cell technology to global decarbonization.
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