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Polymer-derived ceramics (PDCs), obtained from preceramic polymers, have emerged as promising materials for
environmental applications due to their high thermal and chemical stability, tunable nano-microstrucure and
porosity, and versatile surface functionalities. This review focuses on the recent advances in porous PDCs and
their use in key environmental fields such as sorption, filtration, and catalysis. A comparative analysis of pre-
cursor chemistry, synthesis strategies, and resulting structural properties is presented, emphasizing how these
factors influence performance in environmental remediation tasks. By consolidating findings across specific
application areas, the work aims to clarify the functional potential of PDCs and identify current research gaps and
opportunities for future development in environmental material science.

1. Introduction development, it caused substantial environmental hazards due to its

release of various toxic chemicals, gases, solid waste, and microorgan-

The 21° century may be designated the Century of the Environment.
Concerns about increasing ecological threats, biodiversity preservation,
and the sustainability of natural resources are becoming increasingly
important in environmental studies. As is known, the mentioned
ecological issues are receiving a lot of political and scientific attention
due to the growing global population and agricultural and industrial
activities.

While industrialization offered significant economic and social

isms into our surrounding ecosystem, affecting land, air, and water,
besides leading to massive consumption of natural resources. Thus,
scientific research aims to reduce existing damage, such as water and air
purification, and sustainably utilize more eco-friendly natural resources
and green energy. We can briefly recall that, while connected, we
currently face two significant global challenges: environmental pollu-
tion and energy shortage [1,2]. Broadly speaking, environmental
pollution can be categorized into various types: water/soil, air, solid
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waste, food, noise, thermal, and radiation pollution [3]. Addressing
these challenges and promoting environmental sustainability involves
scientific research exploring innovative materials through new designs,
syntheses, and modifications to enhance their performance in various
applications.

Water is a fundamental requirement for pH; e.g., all environmental,
industrial, and metabolic functions rely on water. When water quality is
diminished due to contamination, causing the water to be unsuitable for
its intended purpose, it is considered polluted. Contamination of water
sources poses a significant risk to both humans and aquatic ecosystems.
The typical water pollutants are natural organic matter, heavy metals,
dyes, oils, disinfection byproducts, pesticides, fertilizers, pharmaceuti-
cals, personal care products, and microorganisms [4,5].

Air pollution, a significant global issue, can be caused by indoor
(cooking, smoking, heating, ventilation systems, and various materials
emitting combustion byproducts and volatile organic compounds) and
outdoor sources (power plants, industries, and vehicles) [6]. A variety of
gaseous (volatile oxides of nonmetallic elements such as sulfur, nitrogen,
and carbon) and particulate matter (solid particles, liquid droplets, or
mixtures thereof, including aerosols containing viruses, bacteria, and
spores) can cause air pollution [7]. As a result of air pollution, detri-
mental impacts emerge on the environment that may manifest in acid
rain, ozone depletion, and climate change, notably global warming due
to increased emissions of greenhouse gases.

In recent years, different material groups have been tested in appli-
cations related to environmental sustainability. Because of their high
catalytic efficacy, metal nanoparticles (Ag, Au, Fe, Pd, etc.) are studied
in environmental remediation, including hydrogen peroxide catalysis,
soil decontamination, and wastewater treatment [8]. Besides, Ag, Fe,
Cu, Zn, and Ni-based systems have been used to make antibacterial
components such as the ones in water-filtering membranes [9,10] and
air filters [11-13]. Over the past decades, metal-organic frameworks
(MOFs) with uniform pore size (<2 nm) and high SSA (reaching even to
3500 m2.g™1) [14] serving copious active sites, have been explored for
purifying water from various contaminants, including heavy metal ions,
non-metal inorganics, organic dyes, and pharmaceuticals [15].
Furthermore, high SSA (10-100 mz.g’l) and micro-mesoporous (<50
nm) metal-based materials have garnered attention in applications like
supercapacitors (Pt film, Pt-Au alloy, etc.), batteries (Si, Ge, Sn, Cu, and
Al-Ge alloy), and electro/photocatalysis (Pt-Cu, Pt-Ni alloys, and Ag
nanoparticles) due to their high power rate and prolonged cycle lifetime.
They facilitate the oxidation of small organic molecules [methanol
(CH30H), ethanol (C2HeO), and formic acid] and play a crucial role in
oxygen reduction reactions, making them pivotal electrode reactions in
fuel cells. Although it has a high cost, Pt still stands out as one of the
most efficient electrocatalysts [16].

A significant number of synthetic polymers [e.g., polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyurethane (PU), etc.] have
been used, directly or as a substrate in environmental remediation ap-
plications (water/soil treatment [17-19], air filtration [7,17,20,21], soil
stabilization [22,23], energy storage, etc.). Polymeric air filters are used
to purify air within vehicles, clean rooms, warehouses, and laboratories,
and as personal protective equipment (surgical or face mask). They are
also employed in gas turbines, compressors, and engines as air filters
[24,25]. The predominant material types used to form air filters are
synthetic polymers. Typically, polymers are transformed into fibers
using spinning methodologies at moderate temperatures to obtain sys-
tems with relatively high SSA, good permeability to gases, and high
flexibility. Different air filter materials have been recently examined,
focusing on diverse manufacturing techniques and their effectiveness
[7]. Numerous polymer types (PU [26], PE [27], PP [28], PS [28],
polyacrylonitrile (PAN) [29], polyvinylpyrrolidone (PVP) [30], polyvi-
nyl alcohol (PVA) [31], polyacrylic acid (PAA) [32], polyethylene
terephthalate (PET) [33], Polyvinylidene fluoride (PVDF) [34], poly-
lactic acid (PLA) [35], Nylon-6 [36], cellulose acetate [37], aramid [38],
etc.) were processed via different techniques such as electrospinning,
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melt-spun, melt-blown, blow spun, and needle punching for polymeric
filter production and tested against different pollutants (cigarette, san-
dalwood, and incense smoke, NaCl/KCl, aerosol particles, paraffin mist,
Escherichia coli, Staphylococcus Aureus, Di-Ethyl-Hexyl-Sebacat oil).
Apart from filtration/purification, various polymers were used in other
applications, such as energy storage [39], thermal insulation [40,41],
and vibration/sound insulation [42].

Natural materials such as silk, wool, starch, cellulose, chitin/chito-
san, fungi, algae, etc., offer high potential for capturing airborne or
water contaminants, albeit with limited chemical and thermal stability.
For instance, silk was used to produce facial masks designed for air
filtration [43,44]. Wool has been employed as an adsorbent and mem-
brane for extracting heavy metal pollutants [45], virus reduction during
water filtration [46], and filtering and absorbing harmful gases from the
air [47]. Similarly, algae [48] and fungi [49] and plant seeds [50] (okra,
pumpkin, grape, and squash) derived natural sorbents are widely used
for the removal of metal ions (Cu, Pb, Zn, mercury, etc.) and organic
pollutants (e.g., anionic and cationic dyes) from aqueous solution [51].

Minerals play crucial roles in environmental applications, ranging
from water treatment and soil remediation to carbon capture. Silica
(SiOy) [52], dolomite [53], wollastonite [54,55], zeolite [56], clays
(bentonite and kaolinite) [57], and coal-based adsorbents [58] are used
in water/soil treatment processes (removal of heavy metals, microbes,
and chemicals). Magnesium oxide and olivine are being explored for
carbon capture and storage [59,60]. These minerals can chemically
react with carbon dioxide (CO3), forming stable carbonates through a
process known as mineral carbonation, thereby sequestering CO2 [61].
Additionally, they are used in waste management practices, including
landfill liners and covers. Bentonite and kaolinite are employed in
landfill liners to prevent leachate migration and groundwater contami-
nation [62]. Natural materials can also be used in composite systems, e.
g., chitosan combined with clays was extensively used for the retention/
immobilization of heavy metals in polluted systems to remove Hg, Ni,
Pb, and Cr from water and contaminated soil environments [63].

Inorganic solids (ceramics and glasses) are suitable for many envi-
ronmental applications [64-67] due to their superb chemical and ther-
mal stability, even under harsh conditions [67,68]. For example,
alumina (Al03), zirconia (ZrOy), titania (TiO), silicon carbide (SiC),
zeolites, etc.) have been used for wastewater and desalination treat-
ments [69-71]. Alternatively, various forms of carbon e.g., activated
carbon (ACQ), fullerenes, carbon nanotubes, graphene, and graphene
oxide (GO) have excellent water treatment and purification potential
[72]. Both powdered and granular forms of AC are among the most
efficient and extensively utilized adsorbents on an industrial scale for
the removal of air/water pollutants, purifying of water, and refining
drinking water quality due to their remarkably high SSA (up to 1500 m?.
g1, microporosity, and surface functional groups. To date, AC has been
derived from non-renewable sources (such as coal, lignite, and peat) as
well as agricultural residues (biomass wastes like rice&coffee husk,
peanut&coconut shell, banana peel, etc.) by following pre-treatment,
carbonization, and activation steps [73]. AC has been explored not
only as adsorbents but also as catalysts and catalyst supports for
removing heavy metals, pharmaceuticals, pesticides, organic matter,
toxic chemicals (e.g., cyanide), synthetic textile dyes, and microplastics
[74-76].

Ceramic filters and membranes are utilized for particulate filtration
in various applications (e.g., ash filtration from hot gases, diesel exhaust
gases, and air purification) [77]. Dust-containing hot flue gas is an in-
termediate product in industries where electricity generation (coal--
fired), glass and cement production, waste burning, catalyst
manufacturing, and biomass feedstock pyrolysis. Capturing and recov-
ery of dust can lower intermediate energy usage and diminish the release
of pollutants. In this regard, the ceramic candle filters (Mullite, Al,Os3,
and SiC) [65,78] have been used as hot gas filters. Among these,
silicate-bonded SiC candle filters have been predominantly selected due
to their low thermal expansion coefficient, high resistance to thermal
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shock, abrasion, and erosion, inertness, and high mechanical strength,
even at elevated temperatures [79-82].

Although recent regulations aim to restrict their utilization in auto-
mobiles [83], diesel engines are widely utilized in various vehicles. Such
engines emit critical pollutants such as particulate matter and nitrogen
oxides. Particulate matter has to be filtered, so filters have been inte-
grated into passenger cars since 2000 [84]. Cordierite (MgAl-silicate),
aluminum titanate, FeCrN, Mullite, silicon nitride (Si3N4), and SiC are
candidates for honeycomb-shaped wall-flow diesel particulate filters
(DPF) [84,85].

In air purification systems, ceramic filters (AlyOg3 fiber [86], ZrOq
fibrous membrane [87], SiC foam [88], etc.) have been developed and
evaluated for their usage as high-efficiency particulate air (HEPA) filters
[88-90]. HEPA filters, with efficiencies of 99.95 % to 99.995 %, are
designed to prevent airborne pathogen and allergen spread in medical
facilities and protect sensitive products from contamination in industries
like cosmetics, pharmaceuticals, food, optics, and microelectronics.
They are also increasingly used in residential and commercial air puri-
fiers to improve indoor air quality [91]. HEPA filters consist of a pleated
mat of randomly arranged fibers that capture particles through three
main mechanisms: diffusion for small sized particles (such as smoke and
fine dust <0.1 pm) collide with air molecules and flow a random,
irregular path, increasing their probability of being captured by fibers,
interception, where particles similar in size to the spacing between fibers
are trapped as they flow the airstream; and impaction, which occurs
when larger particles (>0.3 um) deviate from the airflow and directly
collide with the filter fibers [88].

Ceramic systems are used for gas filtering, separation, and seques-
tration processes. COy emissions can be managed through carbon
sequestration, which involves capturing and securely storing the CO5
released from fossil-fuel-fired plants. Notably, ceramic membranes such
as microporous glasses, AloO3, SiOs, SigNy4, SiC, zeolites, and various
metal oxides have gained significant attention for their capability to
separate different gases under conditions that demand high abrasion,
chemical, and thermal resistance. These ceramic membranes surpass
traditional polymeric membranes, having high perm selectivities and
low fluxes and becoming plasticized at high CO; pressure [92]. Different
types of ceramics, including lithium and sodium zirconates, silicates,
aluminates, and metal oxides [93,94], have already been suggested and
tested to capture CO, through physical adsorption and chemisorption
[95].

The rising global energy demand, driven by population growth and
industrial expansion, has increased attention towards nuclear energy as
a viable alternative to finite fossil fuels and limited renewable sources.
However, the establishment of new nuclear power plants has resulted in
the generation of significant radioactive waste, posing a severe threat to
the environment and human health [96-98]. For this purpose, glasses
(borosilicates and phosphates) or ceramics were used as a host for
immobilizing radioactive waste via vitrification technology due to the
high chemical, physical, and mechanical stabilities for many years
[99-108].

Energy storage and conservation are other issues for modern civili-
zation due to the increasing energy consumption and environmental
aspects. Ceramic materials have already been used in energy storage
technologies (dielectric capacitors and batteries) [109-113] and insu-
lation applications (sound/thermal insulators and electromagnetic wave
absorbers) [114-122].

Noise arises from various sources, such as traffic, industrial activities,
and architectural structures. Noise pollution and other hazards are a
significant environmental concern in the 21 century. Mitigating the
adverse effects of noise exposure necessitates reducing noise levels to
acceptable standards [123]. Sound-absorbing materials find extensive
use across diverse applications, including acoustic liners in aircraft and
automotive mufflers, combustion chambers in gas turbines, components
of air conditioning systems, pump chambers, motor insulation, and
construction projects [124,125]. Sound absorption applications may
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necessitate the absorbent material to withstand corrosion and high
temperatures. In such scenarios, using ceramic material for sound con-
trol offers potential advantages over other material options [126].
Porous ceramics, particularly those with open pores, favor sound ab-
sorption [127]. The conventional inorganic sound-absorbing materials
include glass wool [125], rock wool [125], glass/ceramic fibers [128,
129], foam glass [130], ceramic sponges [123], porous zeolite [125],
ceramic tiles [131], ceramic aerogels [132].

The concept of a "low-carbon economy" is currently of great signif-
icance. It entails several sectors, such as energy, transportation, in-
dustry, and agriculture, to reduce their carbon footprint. Increasing
emphasis on energy efficiency across many areas—buildings, trans-
portation, and manufacturing processes—involves adopting new tech-
nologies, improving insulation, and optimizing energy use to lower
overall consumption. One potential way to decrease energy consump-
tion is to minimize the heat losses. While organic materials have pri-
marily dominated the market for building insulation, inorganic products
offer distinct advantages such as high-temperature stability, fireproof
performance, resistance to chemical degradation, and non-toxicity
[133]. Foam glass/ceramics [133,134], ceramic tiles [135,136], silica
aerogel (glazing, blankets or in panels, evacuated solar collectors,
mortar, bricks, cement composites) [137-139] are used to improve the
building thermal insulation. In addition, a range of ceramic coatings
(such as Aly03, TiOg, ZrOy, yttria-stabilized ZrO,, mullite, cerium oxide,
lanthanum zirconate/aluminate, etc.) has been evaluated as thermal
barrier coatings for thermal management and protection due to their
superior properties such as low thermal conductivity, high corrosion,
and thermal shock resistance, etc [140].

While the risks are not yet certain, prolonged use of electronic de-
vices (mobile phones, tablets, Wi-Fi routers, powerlines, cell towers,
etc.) that generate electromagnetic fields may have potential health
implications [141]. Considerable efforts have been directed toward
developing advanced materials capable of effectively absorbing or
shielding against these high-frequency (GHz) electromagnetic waves
[142]. Carbon nanotubes, graphene, oxide (e.g., zinc oxide (ZnO)) &
nitride [e.g., SigN4 and silicoboron carbonitride (SiBCN)] ceramics, and
SiC are among the extensively studied electromagnetic wave absorbers
[143,144].

PDC method has been employed to produce inorganic solids in the Si-
O-C-N-B family, such as SiC, SizN4, SiBCN, silicon oxycarbide (SiOC),
silicon carbonitride (SiCN), and many others [145]. In a straightforward
definition, manufacturing involves the initial shaping of the polymer/-
oligomers and its cross-linking. Subsequently, pyrolysis of the cross-
linked thermoset at temperatures typically exceeding 800°C, where
organic components are eliminated, yields an inorganic material [146,
147]. Interestingly, PDC can be used to obtain porous structures, crucial
in environmental applications such as support for catalytic reactions or
filters. Examples include the replica method by PDC technologies of a
thermoplastic preform that could be a simple PU foam or a 3D-printed
complex lattice. Furthermore, the crosslinking of pre-ceramic resin
within a solution causes its gelation, and the subsequent removal of the
solvent in controlled conditions (supercritical drying, freeze-drying)
paves the way to porous PDCs with outstanding SSA.

Compared to conventional ceramics produced by powder processing,
the PDC route offers several advantages, including composition control,
the possibility of complex geometric shapes, and low processing tem-
peratures [148-150]. Despite the numerous advantages of PDCs in
reducing environmental pollution and saving energy, their processing
still presents challenges. During the pyrolysis, various gas species such
as ethylene (CoHy), benzene (CgHg), methane (CHy), silanes, methyl-
amine (CH3NHy), and hydrogen (H,) are released, typically within the
temperature range of 400 °C to 1000 °C [151,152].

For nearly half a century, the production of PDCs has focused on
tailoring the microstructure, chemical, and physical structure of the
formed ceramics. Apart from many research papers, there have been
comprehensive book chapters and reviews on the processing and
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properties of PDCs. The application areas of these advanced materials attracted to each other through weak physical forces (physisorption) or
follow technological developments in an ever-expanding window in stronger chemical forces (chemisorption) [186]. This interaction occurs
many places, from sensors to bioengineering and environmental to en- when the adsorbate first adsorbs to the surface and then penetrates the
ergy storage. There has been significant recent hype on exploring the pores and active sites of the adsorbent [187].
potential and capabilities, especially their utilization for ecological Natural clays [188,189], zeolites [190], and AC [183], can be
challenges. counted as classic representative of adsorbents for pollutant removal. All
PDCs find various field utilization in areas such as water purification of these have pros and cons in the context of purification processes, but
(removing dyes, heavy metals, oils, etc.) [153-156], gas separation AC is the most commonly used [191,192].
[157,158], and energy-related applications (insulation [159-164], bat- The preference for PDCs as adsorbents in water and wastewater
teries [165-169], and dielectrics [170,171]). treatment [153], as well as gas adsorption, stems from their alterable
Comprehensive reviews [17,19,172,173] and books [174-176] have composition, surface functionality, high SSA, and total porosity, which
been published on environmental applications of various materials, can be deliberately controlled through adjustments in pyrolysis condi-
including metals, polymers, ceramics, natural materials, and nano- tions and polymer composition. They have been primarily utilized in the
materials. However, these publications have not thoroughly addressed adsorption of common pollutants such as metal ions, dyes [177,193],
the environmental applications of PDCs obtained from preceramic oils, and pesticides [194].
polymers. As seen in Fig. 1A, the number of published works has been
increasing exponentially, highlighting the importance of PDCs as a 2.1.1. Water/wastewater treatment
remedy for different environmental problems. Accordingly, this topical Industrialization and urbanization caused severe water pollution,
review aims to analyze these works to emphasize the high versatility and particularly from non-biodegradable and toxic substances (heavy
potential value of PDCs in environmental sustainability research. metals, dyes, oils, pesticides, fertilizers, etc.) [195]. Numerous studies
and review articles have investigated various types of adsorbents (AC,
2. Application methods AlyO3, clay minerals, SiO5 gel, zeolites, biomaterials, industrial
byproducts, agricultural solid wastes, magnetic, etc.) for water treat-
PDCs can be used in applications such as adsorption, filtration, ment [196-200].
catalysis, and energy conversion and storage [177-179]. Most PDCs A wide variety of works have already demonstrated the utilization
used in these applications are porous, and structural properties such as and properties of several PDCs to eliminate different adsorbates (dyes,
pore size distribution (PSD), specific surface area (SSA), open, closed, oils, herbicides, antibiotics, and metal ions), as detailed in Table 1.
aligned, or gradient porosity, which can vary depending on the pro- Among all the compositions in the table, SiOC is the most widely
duction process, play an essential role defining the capability for a researched one as an adsorbent for water treatment. This is primarily
particular application type [180]. because the precursors to obtain SiOC are economic and can be easily
handled and processed in ambient atmospheric conditions. SiOC ce-
2.1. Adsorption ramics can be produced via either sol-gel or organosilicon preceramic
polymers, namely polyorganosiloxanes —[SiR'R?>-0],-. Following the
The adsorption technique is widely studied among available ap- preceramic polymer route, crosslinking, and pyrolysis (typically around
proaches utilized in environmental studies, such as water treatment and 1000 °C or higher) in an inert atmosphere, it is possible to obtain an
gas capture/separation applications, due to its simple applicability, amorphous SiOC structure noted as SiOyCj.x/2, where 0 < x < 2, char-
versatility, rapid kinetics, and cost-effectiveness [181-185]. acterized by simultaneous bonding of Si atoms with O and C atoms. A
In water treatment, adsorption involves bonding impurities and free carbon phase also comprises sp>-hybridized carbon layers arranged
pollutants onto the surface of an adsorbent material. This technique to form amorphous carbon, turbostratic, or nanocrystalline graphite
enables the efficient and economical treatment of large volumes of [148]. The resulting polymer-derived SiOC ceramic systems have unique
water. On the other hand, gas adsorption is employed to capture and ~ properties, including (i) amorphous or nanocrystalline structure
separate gases from mixtures or to store gases in porous materials. One depending on the composition and processing conditions, (ii) tailored
of the prospective advantages of adsorption is the ability to regenerate composition by adjusting the precursor chemistry, (iii) various forms
and reuse the adsorbent. In adsorption, the adsorbate and adsorbent are (foams, membranes, aerogels, beads, etc.), (iv) high-temperature
1000 20000
(A) (B)
900 4
800 -
o 700 15000
S 2
§ 600 -] -%
e =
§_ 500 %’ 10000 4
° @
g =
§ 2 5000 -
0-
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Years Years

Fig. 1. Trends in the number of publications/citations per year related to the use of PDCs and related materials in environmental applications. (A) The number of
publications resulting from a web of science search with the keywords "Polymer derived ceramics", "Preceramic polymer", "Polysiloxane", "Polysilane", "Polysilazane",

"o,

"Siliconoxycarbide", "Siliconcarbonnitride", "SiOC", and "SiCN" combined with terms such as "enviromental", "water treatment", "water purification", "wastewater",
won won "o "o v won

"purification”, "adsorption", "photocatalyst", "photocatalytic", "photocatalytic", "membrane", "hot gas filtration", "absorption", and "insulation". (B) The number of
citations. Both data were extracted from 2000 up to now, and the line represents an exponential growth function fit.
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Table 1
Polymer derived ceramic adsorbents and utilization for wastewater treatment.
Adsorbent SSA Adsorbate Adsorbate conc. Contact time Adsorption Refs.
m’.g’ ) type (ppm) Q) Capacity
(mgg™h)
Dyes
SioC 120-660 MB, RB and CV 25 24 50-186 [155]
SioC 88 RB 5 2 N.A. [215]
SioC 60-398 MB ~10 2 N.A. [177]
SiOC/wood 91-463 20 2 69-147 [153]
SiOC nanobeads 23 5 2-24 4-8 [154]
SiOC /TiO5 nanobeads 36 5 4 4 [154]
Si0C/ZnO 153-260 ~10 2 N.A. [177]
SiOC/TiOz 129 ~10 3 15 [202]
SiOC/TiO, 212-382 ~10 2 N.A. [203]
SiOC/N-doped TiO> 129-254 ~10 2 N.A. [203]
N-doped TiO,/SiOCN 186 ~20-40 12 N.A. [216]
Ni/SiOC(H) 253-344 AF 200 2 124-130 [204]
SiCN 252 AF & MB 200-300 24 1084-1328 [193]
SiOC aerogel 163 MB & RB 1-1000 1-172 0.16-45 [205]
SiOC aerogel 163 100-800 48-172 14.8-44.2 [206]
SiC aerogel 102 1 48 N.A. [206]
Others

SiOC ambi/aerogel 274-318 Sesame & engine (oil) NA. 1.5 980-1390 [163]
SiC/C aerogel 215 Glyphosate (herbicide) 2 48 0.6 [194]
SioC 480-766 Ciprofloxacin (antibiotic) 10 1.5 85-148 [210]
SiC Foam 0.13-0.31 Non-steroidal anti-inflammatory drugs 0.002-0.01 24-72 0.0002-0.0042 [214]
SiOC aerogel 207 Cr(I11)/(VI) ions 5-200 1 30 [208]
SiCN aerogel 388 5-200 1 20 [208]
SioC 120-660 Cr (III), Pb (III), and Cd (II) ions 1 2 2-6 [155]

N.A. = Not available, and CV = crystal violet

stability and oxidation resistance, resulting in significant potential in
many applications [201].

Pan et al. [153]. developed porous SiOC composites by mixing pol-
ysiloxane precursor and wood powder, which was cured and pyrolyzed
under argon (Ar) at different temperatures (1000-1300 °C). SiOC com-
posite (SSA: 91 m2.g™ 1) produced by pyrolyzing the system at 1000 °C
exhibited a Methylene Blue (MB) adsorption capacity of 69.17 mg.g™*
with a 60 % removal rate at the end of 2 h. Instead, samples prepared at
1200°C (SSA: 290 m2g™!) and 1300°C (463 m2g™!) demonstrated
higher adsorption capacities with 111.58 mg.g™! and 146.77 mg.g"},
respectively. The trend was attributed to increased BET (Brunauer--
Emmett-Teller) SSA, which offers accessible and potent adsorption sites.

In another study, emulsion-derived SiOC nanobeads were produced
using commercial polymethyl-silsesquioxane (PMS) precursor via py-
rolysis at 600 and 1200 °C. Additionally, samples were mixed with Ti-
tanium(IV) n-butoxide/CyHgO solution to prepare TiOy coated-SiOC
nanobeads [154]. Adsorption performance was evaluated for MB
removal from aqueous solutions as a function of pyrolysis temperature
and TiOg coating. Neat SiOC nanobeads (pyrolyzed at 1200 °C, SSA: 23
m2.g~!) showed a maximum adsorption capacity of ~8.20 mg.g~* and
an 82 % removal rate, instead ceramer SiOC nanobeads (pyrolyzed at
600 °C, SSA: 370 m2.g~!) had lower adsorption capacity of 0.6 mg.g~!
and 5 % removal rate by the end of the 24 h period. Despite the high SSA,
the relatively poor adsorption efficiency of the samples pyrolyzed at 600
°C was ascribed to factors such as hydrophobic nature, absence of free
carbon deposition, and surface silanol groups. After the TiO,-coating of
SiOC nanobeads (pyrolyzed at 1200 °C), the adsorption capacity was
tested for only 4 h, giving a maximum adsorption capacity of ~3 mg.g L.

Mesoporous TiO5/SiOC samples were formed following two steps: (i)
mixing of polyhydrodimethylsiloxane (PHMS) and mesoporous carbon
and then pyrolyzing at 1000 °C, and (ii) coating mesoporous SiOC-C
with titanium n-tetrabutoxide and heat treating at 500 °C (in the air)
to fabricate TiOy/SiOC nanocomposites. The process yielded two
different types of PDC adsorbers. The mesoporous composite (SSA:129
m2g~1) displayed a significantly greater adsorption capacity of 15.20
mg.g’l, with complete MB (10 parts per million; ppm) adsorption in 10
min. In contrast, macroporous composite (SSA: <1 mz.g’l) had a 0.16

mg.g~! capacity, for which the difference was explained by the higher
SSA present in the mesoporous samples [202].

Hojamberdiev et al. [203] investigated the effect of pyrolysis tem-
perature (700-900 °C) and TiO» (0-20 wt.%) addition in SiOC ceramic
for MB adsorption. Results indicated that the sample pyrolyzed at 700 °C
with greater SSA values (up to 400 m?.g~!) and increased mesoporosity
yielded higher adsorption capacity than microporous SiOC ceramic.

In a different fashion, magnetic Ni-modified SiOC(H) ceramic
nanocomposites were synthesized by pyrolysis of the crosslinked poly-
carbosilane (PCS) and Nickel (II) acetylacetonate. The samples were
then investigated for their adsorption capacity towards Acid Funcsin
(AF) dye [204]. Notably, this type of material offers the advantage of
convenient recyclability from the reaction system by applying an
external magnetic field. Mesoporous ceramic nanocomposites with high
SSA in the range of 253-344 m2g~! yielded an adsorption capacity
reaching 85.80 mg.g~! in the first 10 min and 129.80 mg.g™! in 2h.

Polysilazane (PSZ) -polydivinylbenzene (DVB) derived macro/
micro-porous SiCN hybrid ceramics were produced through the pyrol-
ysis between 600-1100 °C and examined for MB and AF adsorption. The
adsorption mechanism of the porous Si-C-N hybrid material was due to
Van der Waals forces between the sp? carbon in the adsorbent and the
triphenyl structure of the dye. Quantum modeling confirmed that the
distance between the sp? carbon and MB was within the Van der Waals
range. Additionally, electrostatic interactions between Si-NH-Si sites in
the material and the amino groups of the dyes further enhanced the
adsorption process. It was shown in Fig. 2A, that while the maximum
adsorption capacity reached 1328 mg.g~! for MB, it was 1085 mg.g~!
for AF. Qe (mmg/g) represents the amount of adsorbate retained per unit
mass of adsorbent at equilibrium, while Ce (mg/L) denotes the equi-
librium concentration of the dyes remaining in the solution. Such sam-
ples revealed superior adsorption capacities compared to other
adsorbents tested, such as magnetic chitosan grafted with GO, organo-
bentonite-modified cellulose, and carbon nanotube-graphene hybrid
aerogel. Furthermore, the samples were regenerated at 400 °C for 2 h (in
anitrogen (N») atmosphere) to eliminate the adsorbed dye, resulting in a
recycling performance with a removal efficiency of 93.56 % even after
the 5™ cycle (Fig. 2B) [193].
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Fig. 2. (A) Adsorption isotherms of two dyes for SiCN hybrid material, and (B) Removal percentages of MB in five recycle runs using regenerated SiCN hybrid
material (initial concentration: 200mg.L~1). (Reproduced from [193], with permission Springer Nature, Copyright 2015).

Aerogels were also tested in this manner, e.g., polymer-derived
[liquid PHMS/PCS with DVB] SiOC and SiC ceramic aerogels were
produced by crosslinking and followed by CO5 supercritical drying and
pyrolysis (at 900 °C). The aerogel samples were then investigated as
sorbents for the removal of MB and Rhodamine B (RB) [205,206].
Adsorption experiments were conducted to assess the removal efficiency
at a high dye concentration (100 ppm), closely resembling the textile
wastewater levels. The impact of the initial dye concentration on the
removal capacity was discussed, revealing a capacity of 16.70 mg.g™*
for 100 ppm MB and 45.00 mg.g ! for 547 ppm MB concentration after
172 h. These aerogels, which had a total porosity around 70 vol% and a
SSA ranging from 100 to 160 m2.g™!, manifested a higher removal ca-
pacity compared with granular AC [207] (SSA: 747 m%.g™!) and meso-
porous silica SBA-15 [206] (SSA: 490 mZg™1), displaying a lower
capacity of 21.50 and 41.20 mg.g”, respectively. The increased ca-
pacity of the PDC aerogels was ascribed to the presence of the sp>free
carbon, interacting with the aromatic structured organic dye through
Van der Waals forces, along with the inorganic SiOC nanostructured
silica and carbon network [205,206].

SiOC adsorbents were also tested for oil, antibiotic, and metal ion
sorption from contaminated water. Commercial PMS-derived polymeric,
hybrid, and SiOC ceramic ambi/aerogels were recently synthesized
using an ambient pressure/CO, supercritical drying route followed by
pyrolysis at temperatures ranging from 600 to 1000 °C [163]. All
ambi/aerogel ceramics were evaluated for their potential to adsorb both
sesame and engine oil. Hydrophobic polymeric ambi/aerogels (with
SSA:690-780 m2.g~! and total porosity: 80 vol%) presented a similar
capacity of ~3.15 g.g”!. After pyrolysis at moderate temperatures
(600-800 °C), the oil sorption capacities of hybrid ambi/aerogels were
found to be 1.78-2.51 g.g™!. Hydrophilic SiOC ceramic ambi/aerogels,
featuring SSA of 274-318 m2.g ! and total porosity of 80 vol%, showed
oil absorption capacity of 0.98-1.39 g.g~!. According to the results,
pyrolysis temperature altered the wetting behavior of samples, with the
highest oil sorption performance achieved by structures with high SSA
and predominantly hydrophobic characteristics. The regeneration pro-
cess was also employed, resulting in only a 28 % decrease in oil sorption
performance after the second cycle.

PDC aerogels such as SiOC and SiCN were examined for their ability
to adsorb Cr(VI) and Cr(Ill) ions from aqueous solutions [208]. To
produce preceramic aerogels, polysiloxane and PSZ were separately
combined with a DVB crosslinker, followed by gelation and pyrolysis,
forming SiOC and SiCN, respectively. These ceramic aerogels were
produced through varying pyrolysis atmospheres (N2, NH3, and CO3)

and temperatures (900 and 1300 °C). The highest adsorption capacity
for Cr(VI) ions was observed to be 30 mg.g~! for SiOC aerogel pyrolyzed
in an Ny atmosphere (SSA: 207 m%.g™ 1) and 20 mg.g ™! for SiCN aerogel
pyrolyzed in an NH® atmosphere (SSA: 388 m2.g™!) after 1 h. All aero-
gels exhibited lower adsorption capacities for Cr(III). This underlines the
intricate nature of metal ion adsorption onto porous materials influ-
enced by various factors like SSA, surface functionalities, net surface
charge, etc.

Polymer-derived SiOC and hydrofluoric acid (HF)-etched SiOC
components have been tested for adsorption of Cd(II), Pb(II), and Cr(III)
[155]. Fig. 3A gives a scanning electron microscopy (SEM) image of
HF-treated SiOC displaying a rough and porous surface, with the
transmission electron microscopy (TEM) image showing both macro and
mesopores. The HF-treated high SSA SiOC samples yielded slightly
higher adsorption affinity. The highest metal ion sorption (see Fig. 3B)
occurred at pH 6, and the adsorption capacities for metal ions ranged
from 2.7 to 5.6 mg.g’1 for Cd(ID), 3.4 t0 5.6 mg.g’1 for Pb(II), and 3.7 to
4.0 rng.g*1 for Cr(III) (Fig. 3C). HF etching of the SiOC material altered
the surface chemistry and pore morphology by primarily targeting Si-O
bonds. The increased SSA and an enhanced surface charge negativity
create additional cation adsorption sites. Comparative studies in the
literature on the metal ion adsorption behavior of SiOC are limited;
nonetheless, the maximum adsorption capacity values for Cd(II), Pb(II),
and Cr(Ill) are clearly lower than those of AC, which has maximum
adsorption capacities of 60 mg.g~! for Cd(II) and 90 mg.g~" for Pb(II)
[209].

The risk of environmental contamination from pharmaceuticals is
considered high and near-term. Pharmaceuticals (such as antibiotics,
painkillers, hormones, etc.) can be found in insufficiently treated
wastewater from cities, hospitals, drug factories, and animal farms, and
are potential sources of pharmaceutical pollution in rivers, lakes, and
groundwater. To eliminate antibiotic (ciprofloxacin) from contaminated
water, hierarchically porous SiOC composites [210], synthesized from
silicone resin and rice husk via pyrolysis at temperatures ranging from
1000 to 1200 °C were tested. The porous SiOC sample (with SSA: 766
m2.g™1), produced using a 1:1.5 silicon resin to rice husk ratio and py-
rolyzed at 1100 °C, shows evidence of high adsorption capacity (148 mg.
g~} for ciprofloxacin removal from wastewater after 90 min at a pH of
6.8. Compared to other common adsorbents such as carbon xerogel (120
mg.g’l) [211], magnetic mesoporous carbon (75 mg.g’l) [212], and
herb biochar (43 mg.g_l) [213], it is clear that the porous SiOC adsor-
bent confirmed better capacity. Moreover, regeneration studies dis-
played superior reusability after five cycles, with no significant
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Fig. 3. (A) SEM image showing HF etched SiOC component (inset: TEM image), (B) The effect of pH for metal ion sorption, and (C) Adsorption data for metal ions HF
etched SiOC component. (Reproduced from [155], with permission John Wiley and Sons, Copyright 2018).

reduction and ~90 % of its initial adsorption capacity retained.

Foams can be directly used as an adsorbent without a scaffold or
filter. Regenerating a foam is straightforward and efficient, unlike
powder or granular form adsorbents, without material loss. Polymer-
derived SiC foams were from PCS preceramic polymer upon pyrolysis
at 1200 °C with a 2 h dwell time. The adsorption capacity of SiC foams
towards non-steroidal anti-inflammatory drugs (ibuprofen, fenbufen,
flurbiprofen, naproxen, etc.) was evaluated after different contact times
(24, 48, and 72 h) [214]. Approximately 0.0042 mg of ibuprofen could
be adsorbed by 1 g of SiC foam (SSA: 0.31 m?.g™!) in 72 h. The findings
indicate that adsorption capacity improved as contact time increased for
all target compounds, with the process being governed by slow kinetics.

Porous SiC-C aerogels were assessed as a potential sorbent for the
glyphosate herbicide [194]. The PDC aerogel was synthesized using
PCS, DVB, and cyclohexane, followed by gelation (150°C, 5 h), super-
critical drying, and pyrolysis at either 1000°C or 1500°C to compare the
glyphosate retention capabilities of amorphous and crystalline SiC.
While aerogel formed at 1000 °C showed deficient removal performance
(13.0 %) due to Si-OH formation and its lower SSA (102 mz.g’l), one
treated at 1500 °C had a higher SSA (215 m2.g™1), adsorption capacity
(0.6 mg.g’l), and removal efficiency (> 90 %) after 48 h.

2.1.1.1. Panel: sorption. The sorption mechanisms for contaminants,
such as heavy metals, organics, etc., on inorganic non-metallic adsor-
bents vary based on the distinct nature of metal ions and organic mol-
ecules, with the surface charge and functional properties of the
adsorbents playing a critical role. For metallic ions, adsorption generally
involves ionic and chemical bonding, forming covalent or ionic bonds
with surface functional groups, as well as electrostatic interaction. In
contrast, dye molecules have complex chemical structures that influence
their sorption, with mechanisms including electrostatic attraction
(depending on the charge interaction between the dye and ceramic),
hydrophobic interactions with nonpolar dye regions, hydrogen bonding
through dye functional groups (like -OH or —-NHjy) with ceramic hy-
droxyl groups, n—r interactions between aromatic rings in the dyes and
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n-electrons on the ceramic, and Van der Waals forces aiding neutral or
nonpolar dye adsorption. Specific surface modifications are often
needed for oils, herbicides, and pharmaceuticals; hydrophobicity ben-
efits oil adsorption, while mixed polarity and diverse functional groups
improve the adsorption of herbicides and drugs.

The sorption capability of sorbents may depend on different vari-
ables such as SSA, time, surface functionality, pH, etc [217]. In simple
terms, when the concentration of the solute remains constant, equilib-
rium conditions are set [199]. The equilibrium sorption isotherms,
which may vary (refer to Fig. 4A), are used to evaluate these experi-
mental conditions. From these isotherms, constants and coefficients are
usually determined to comment on the results. Although the linear
isotherm does not indicate selectivity, it is sometimes favored because it
simplifies the modeling, particularly when equilibrium data is incor-
porated into dynamic conditions. Sorbents with isotherms that exhibit
an upward convex curvature are referred to as favorable, as typically
modeled by Langmuir and Freundlich models, details on such models
can be obtained from published books [218].

Inorganic non-metallic solids offer stability across a range of pH
levels, temperatures, and chemical conditions, allowing for repeated use
and cost efficiency in water treatment applications. Diverse interactions
contribute to the effectiveness of PDC adsorbents. Surface functional
groups like Si-OH, sp? carbon, and magnetic responsiveness provide
unique adsorption mechanisms. For example, micro-mesoporous SiOC
components with SSA ranging between 120-660 mz.g_1 were investi-
gated for cleaning cationic dyes [155]. These materials verified dye
sorption capacities between 50-186 mg.g~!. The increased SSA and
altered SiOC pore structure provided additional sorption sites.

Similarly, Pan et al. [153] reported the production of SiOC com-
posites revealing SSA ranging from 90 to 465 m%g ™!, a pore volume
between 0.06-0.31 cm®.g~ !, and an average pore size of 2.8 nm. The
composite with an SSA of 91 m2.g™! displayed a relatively low adsorp-
tion capacity for MB (Cpax: 70 mg.g~1). In contrast, samples with higher
SSA values (290 and 465 m2.g™!) yielded higher adsorption capacities
(Cmax:112and 147 mg.g_l). Therefore, the increased dye adsorption was
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Fig. 4. (A) The arithmetic graph between concentration vs adsorbent loading presents different adsorption isotherms (Reprinted from [219], Licensee IntechOpen
2013), (B) The interaction between the sp? carbon domain and triphenyl structure of MB, and (C) suggested selective adsorption mechanism of dyes for porous
Si—C-N hybrid material. (Reproduced from [193], with permission Springer Nature, Copyright 2015).
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credited to the high SSA, offering numerous accessible and strong
adsorption sites.

Magnetic porous Ni-modified SiOC ceramic nanocomposites were
synthesized via a template-free PDC approach and evaluated for their
efficiency in adsorbing acid fuchsin dye [204]. These nanocomposites,
predominantly mesoporous, with a SSA of 250-345 m2.g™! and a pore
volume ranging from 0.13 to 0.18 cm®.g™!, achieve adsorption capac-
ities of 124 mg.g~! and 130 mg.g™}, respectively. The authors recog-
nized the superior adsorption performance toward AF dye molecules due
to their mesoporous structure and high SSA, with the Ni-based phase
enhancing chemisorption.

Porous SiOC samples with an SSA of 480-766 m2.g™! and a pore
volume of 0.43-0.84 cm>.g~! were assessed for their ciprofloxacin
adsorption capacity from wastewater [210]. The adsorption capacity
increased from 85 to 110 mg.g~! as the SSA nearly doubled. This
enhanced adsorption capacity for ciprofloxacin was largely due to the
higher SSA and greater pore volume. Additionally, TiO2/SiOC nano-
composites with mesoporosity (SSA: 129 m?.g™ 1) had rapid and almost
complete MB dye adsorption within 10 min, while macroporous samples
(SSA <1 mz.g’l) displayed limited adsorption [202].

SiOC ceramic ambi/aerogels [163], with an SSA of 274-318 m?. g’l,
a pore volume of 1.4 cm®.g ™}, and a total porosity of 80 vol%, yielded oil
absorption capacities ranging from 0.98 to 1.39 g.g’l. PDC-SiOC aero-
gels, with SSA values between 120 and 660 m2.g !, had promising
adsorption capacities reaching 6 mg.g’l. In comparison, SiCN aerogels
with an SSA of 390 m2.g~! showed an adsorption capacity of 20 mg.g ™
for metal ions such as Cr(VI), Cd(II), and Pb(II) [155,208].

These findings highlight that while a higher SSA generally improves
adsorption capacity across most PDC materials, optimal adsorption is
not solely governed by SSA. Other factors, such as surface functional-
ities, facilitate bonding and enhance adsorption performance. While
surface characteristics, particularly surface Si-OH groups, are critical for
metal ion sorption, a combination of Van der Waals forces and n-n in-
teractions between the aromatic structures of the dyes and the sp? car-
bon domains within PDCs becomes important for dye molecules.
Electrostatic interactions also contribute significantly, mainly when
amino groups on dye molecules interact with Si-NH-Si sites [193].

Quantum chemical modeling, depicted in Fig. 4B, confirmed that the
atomic distance between the sp? carbon clusters and MB lay within the
Van der Waals range. Fig. 4C illustrates the adsorption mechanism of the
porous Si-C-N hybrid material by Van der Waals forces between the sp>-
hybridized carbon domains in the adsorbent and the triphenyl structure
of the dye.

To summarize, the adsorption mechanism of polymer-derived ce-
ramics is governed by a combination of physical and chemical
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interactions imposed by the structural and surface properties (over-
viewed in Fig. 5). By tailoring these, PDCs may selectively adsorb spe-
cific molecules or ions for different applications. Studies reveal that
while physisorption is affected by high porosity/SSA, chemisorption is
predominantly determined by the type and presence of surface func-
tional groups. For instance, SiOC and SiCN commonly present —-NH,
-C=0, and -Si-OH functional groups, facilitating specific chemical in-
teractions with adsorbates. The adsorption of dyes onto such surfaces
can be facilitated through van der Waals interactions between the aro-
matic structure of the dyes and the sp>free carbon phase, a common
feature of the Si-based PDCs [205], or through electrostatic interactions
involving carbon-oxygen complexes (C-O/C-OH) or surface Si-OH
moieties [206]. Van der Waals interactions are particularly notable for
the aromatic structure of dyes such as methylene blue and Rhodamine B,
interacting with the segregated carbon phase in SiOC [205]. In contrast,
phase pure silica relies solely on ionic adsorbate-adsorbent interactions.
Beyond dyes, polysiloxane-derived SiOC micro- and mesoporous hybrid
ceramics (ceramers) demonstrate suitability for adsorbing n-heptane
and oil with minimal water adsorption due to their hydrophobic surface
[163,220].

2.2. Filtration

Air pollution, originating from natural and human activities, consists
of gaseous and particulate substances that can cause significant harm to
human and environmental health. Most commonly, air pollutants can be
categorized as gaseous and particulate pollutants. Pollutants [sulfur,
nitrogen, carbon oxides, and particulate matter (PM)] are released into
the atmosphere. Gaseous pollutants comprise volatile oxides and vola-
tile organic compounds, while particulate pollutants encompass solid
particles and liquid droplets [221]. These particulates are further cate-
gorized by size, with classifications including coarse (PMjg), fine
(PM3 5), and ultrafine (PMy 1), denoted as PM, where x represents the
maximum particle diameter in micrometers (pm) [222].

Air pollution is a significant risk for noncommunicable diseases,
affecting respiratory health, with conditions such as asthma and lung
cancer linked to pollutants like nitrogen dioxide and sulfur dioxide.
Cardiovascular diseases are also aggravated by fine and ultrafine par-
ticulate matter. PM can affect systemic inflammation, oxidative stress,
and direct vascular damage [223]. Air pollution harms not only human
health but also the environment. Environmental impacts of air pollution
include acid rain, haze, ozone layer depletion, and climate change
[224]. To mitigate these effects, stronger pollution controls and methods
are necessary.

Ceramic filters are employed in a wide range of industries and
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Fig. 5. Visualization of the adsorption mechanism of porous PDCs.



O. Icin et al.

environments (including water treatment, hot gas purification, diesel
exhaust particulate control, air filtration, metal processing, and more, as
given in Fig. 6) due to their remarkable ability to endure high temper-
atures, resist chemical corrosion, and maintain structural integrity
under extreme conditions [90,225-228].

Hot gas filtration purifies industrial gases in power plants, chemical
processing, and waste incineration, effectively removing particulates
and contaminants even at elevated temperatures. In particular cases,
such as in metal casting, ceramic filters are employed to purify molten
metals, removing impurities and enhancing the quality of the final cast
products. They are also highly effective in water filtration, efficiently
removing contaminants like bacteria, sediment, and microorganisms to
ensure clean and safe drinking water. Their robust construction and
long-lasting durability make them appropriate for household and in-
dustrial use, where reliable filtration performance is essential [229]. The
utilization of ceramic air filters is a reliable solution for maintaining air
quality and an environmentally sustainable choice. Their ability to be
regenerated through cleaning processes such as counter pressure or
high-temperature treatment extends their lifespan and reduces waste
[89].

2.2.1. Hot gas filtration

Hot gas filtration is defined as filtration conducted above 260 °C (up
to 900 °C, at pressures up to 8 MPa, in both oxidizing and reducing at-
mospheres) according to the VDI (Verein Deutscher Ingenieure, Asso-
ciation of German Engineers) guidelines 3677-3. For more details, the
interested reader is referred to reviews on the detailed processing of hot
gas filtration [230,231]. The filter medium has to be stable against
temperature, pressure, and chemical composition of gas (such as HjS,
HCI, NH3, Cly, and H20) and dust [230]. Hot gas filters must be reliable
for over 10,000 h, efficiently removing particulates while withstanding
mechanical and thermal stresses.

Rigid, self-supporting ceramic and metal filter elements are suitable
for high temperatures. Ceramic or metal candles are among the most
promising hot gas cleanup material types outlined in Fig. 7A-B. They
offer a cleaning efficiency higher than 99 %, successfully removing
particulates and contaminants [231]. Ceramic hot gas filters, e.g., candle
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filters, have been widely used in advanced coal-fired power generation
systems and have been beneficial in biomass-fired systems for decades
[232]. Among the others, SiC ceramic candles boast high particulate
collection efficiency. They are frequently employed in industrial power
generation facilities because of their high-temperature stability, thermal
shock resistance, low thermal expansion, high fracture toughness, and
high-temperature creep resistance [232,233].

Ceramic filter elements, preferred for hot gas filtration, come in
various shapes, including candle forms and honeycomb monolith
structures [230]. The honeycomb monolith (in Fig. 7C-D) comprises
numerous cells arranged in parallel. Gas flow enters the open cells on the
upstream side, traverses through the walls, and exits through the open
cells on the downstream side. Particles are trapped along the walls of the
upstream cells. Studies have illustrated that ceramic foams can provide
more efficient heat transfer than particle beds and honeycombs [234]. In
other words, foams offer a superior mass transfer-to-pressure drop ratio,
benefiting from radial mixing, which is particularly well-suited for gas
filtration applications [225,235].

Although porous PDCs are ideal for hot gas filtration due to their
high thermal stability, chemical resistance, and oxidation resistance,
only one study [225] has explored the hot air permeability of
polymer-derived SiOC reticulated foams produced using the PU foam
replica technique. The microstructural characteristics of SiOC foams
were adjusted by modifying processing parameters such as the type of
PU foam (cell size and open or partially closed cells), cross-linking
conditions (temperature range: 80-220 °C and time), and the nature of
the cross-linking polymeric blend (PHMS, polydimethylsiloxane; PDMS,
and tetramethyltetravinyl-cyclotetrasiloxane; TMTVS). Preceramic so-
lutions impregnated PU foams were cured and pyrolyzed (at 1000 °C) to
obtain SiOC foams. Hot gas permeability tests proved that SiOC foams,
with a total porosity of 95 %, remained stable up to 700 °C without any
loss of functionality.

Inorganic non-metallic solid filters play a vital role in DPF in the
automotive industry, significantly reducing soot emissions and helping
vehicles meet strict environmental regulations. Porous ceramics are
excellent candidates for DPF; however, few studies have explored PDCs
for DPFs. In this study [237], SiC and SiOC membranes were formed to
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Fig. 6. Inorganic non-metallic solid filters are used in various sectors, including air filtration, energy, metallurgy/foundry, biomedical applications, chemical
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Fig. 7. Pictures of the typical ceramic filter elements; candle filters for hot gas filtration (A) ceramic filter, (B) metallic filter (Reproduced from [236], with
permission Elsevier, Copyright 2022), and commercial ceramic te DPFs (C) monolith cordierite filter, (D) Segmented SiC filter. (Reproduced from [84], with

permission John Wiley and Sons, Copyright 2005).

filter soot particles, with a schematic overview in Fig. 8 of the fabrica-
tion process. Briefly, using commercial preceramic polymers (SMP-10
and SPR-036), the DPFs were dip-coated to reduce pore size and improve
filtration, with polymer concentrations used in dip-coating ranging from
10-40 vol%. After pyrolysis at 1000 °C for 2 h under Ar flow, coatings
reduced DPF porosity from 43 % to 40 % and pore size from 22 to 18 um
without increasing back pressure. The membranes enhanced durability,
and catalytically active Ce—O-Fe-Pt/SiC coatings improved CO/HC
oxidation and soot combustion, with soot burning occurring at 30 °C
below the SiC baseline. While PDCs have higher initial costs than
traditional ceramics, they offer durability, confinement of catalysts, and
reusability.

2.2.2. Membrane filtration

Membrane-based separation technologies (simple operation, easy to
scale up, energy-conserving, and high efficiency) have become prevalent
in water treatment, food processing, pharmaceuticals, and gas separa-
tion [238-241]. This method involves using a semi-permeable mem-
brane to separate components in a fluid, selectively allowing certain
particles or molecules to pass through based on size, charge, or chemical
properties.

Membranes can be designed as ’porous’ or 'dense’ based on the
intended applications. The separation mechanism for porous mem-
branes in liquid separation is primarily due to pore-sieving, whereas for

10

dense membranes in gas separation, it is mainly driven by solution-
diffusion phenomena [69]. Various material systems (zeolite, AlyOs3,
ZrO, TiOy, SiC, SiOy, carbon, GO, several polymers, etc.) have been
employed in developing membranes [71,242,243].

Polymeric membranes are widely used in water treatment and
desalination, yet their inadequate long-term chemical and mechanical
stability, as well as susceptibility to fouling and compaction, restrict
their application. Similarly, carbon-based membranes suffer from
structural collapse at high temperatures in gas separation. Instead,
metal-based membranes are susceptible to hydrogen embrittlement
during Hj separation. Despite their promise, mixed-matrix membranes
encounter hurdles, including the high cost of fillers and the necessity for
further scaling-up studies. In contrast, ceramic membranes have
distinctive advantages: high mechanical strength, superior chemical and
thermal resistance, fouling resistance, ease of cleaning, regeneration/
decontamination at high temperatures, and extended operational life-
span [71,240,241,243]. Ceramic membranes can endure backwashing
pressures and resist damage from cleaning agents and oxidants. Methods
like chemically enhanced backwashing and cleaning in place, using high
concentrations of sodium hypochlorite, sodium hydroxide, or ozone,
have effectively restored ceramic membranes in water and wastewater
treatment [244]. Most ceramic membranes are inherently hydrophilic,
possessing a lower fouling tendency.

Reviews [69,71,244] classify ceramic-based membranes on pore size
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Fig. 8. Process flow for developing SiC and Ce-O-Fe-Pt/SiC membranes from preceramic polymer precursors. (Reproduced from [237], with permission Elsevier,

Copyright 2016).

(macro, meso, and micro), surface character (hydrophobic or hydro-
philic), and applications (pressure and thermally-driven). They typically
feature a multi-layered structure comprising a substrate offering me-
chanical support, an intermediate layer for customized pore size, vol-
ume, and an active top layer for separation purposes. Ceramic
membranes, such as AlyOs, TiO, and ZrO,, reveal distinct advantages
and drawbacks. Al;Os3, particularly a-AlyO3 (corundum), stands out as a
commonly used material due to its price-to-performance ratio, ease of
processing, and inherent properties like high strength, chemical resis-
tance, and thermal stability. It serves multiple roles in ceramic mem-
branes, functioning as a substrate, intermediate, and active membrane
layer. Typical processing methods for Al;03 membranes include sol-gel,
dip coating, and sintering. Commercially available Al,O3 membranes
vary in shape, pore size, and module configurations, although achieving
precise control over smaller pore sizes remains challenging [245].

TiO4 is recognized for its effectiveness in separation and photo-
catalysis. Yet, it faces challenges in water treatment due to its, in general
terms, lower SSA and the instability of its anatase structure at high
temperatures. Silica membranes suffer from structural instability when
exposed to water due to their high affinity, necessitating improvements
in hydro-stability. Zeolite membranes encounter difficulties in achieving
defect-free structures with desired thicknesses.

PDC membranes have gained significant attention as alternatives to
traditional polymeric and inorganic membranes due to their superior
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thermal and chemical resistance, tunable porosity, and processability.
Specifically, here, the proceeding section provides an overview of
fabrication strategies, structure-property-performance relationships,
and the emerging applications of PDC membranes in environmental
remediation, particularly in water treatment, dye removal, salt rejec-
tion, oil-water separation, and gas filtration.

Polymer-derived SiOC, SiCN, and SiC membranes are proven to be
highly effective in separating gases and liquids at high temperatures, are
resistant to chemical cleaning, and are employed in fluid separation
processes. Preceramic polymers offer an efficient way to produce these
membranes, known for simplicity and processing flexibility, and are
suitable for both batch and continuous production. PDC membranes,
monolithic or as coatings, with pore sizes ranging from nano to micron
size, were synthesized using polysiloxane, PSZ, and PCS precursors,
followed by pyrolysis. Published studies showed that these membranes
have significant potential for water [156,195,241,242,246-248] and
gas separation [157,239,240,243,249-251]

As known, different fabrication methods, such as dip-coating, elec-
trospinning, phase inversion, and selective laser printing, can facilitate
control over pore size, surface chemistry, and membrane architecture.
PDC membrane production can be done by casting/self-sacrificial
methods, coating/spraying on substrates, and spinning or 3D printing,
see Table 2.

SiOC membrane was developed via a reactive self-sacrificing method
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Filter
Element

Preceramic
Precursor

Processing
Method

Pyrolysis

Other Properties

Application Refs.

SiOC Foam

SiOC Foam

SiOC(N) Foam

SiOC Membrane

SiOC Composite

Nanofiltration Membrane

SiOC Membrane

SiOC Membrane

SiOC Membrane

SiOC Membrane

SiOC/SiC/TiO, Membrane

SiOC Membrane

SiOC Membrane

SiOC Membrane

Polysiloxane

Polysiloxane

Polysilazane

Polysiloxane

Polycarbosilane

Polysiloxane

Polysiloxane

Polysiloxane

Polycarbosilane

Polysiloxane

Polysiloxane

Polysiloxane

Silane
&
Siloxane

PU template
(65-80 PPI)
Replica

PU template (10 PPI)
Replica

PU template (10 PPI)
&

3D-printed PU template
Replica

Self-sacrificed template

Dip Coating on ceramic substrate

Preceramic Liquid Casting

Tape casting

Coating onto Yttria Stabilized ZrO,

hollow fiber membrane

Electrospinning

Tape casting

Coating on y-Al;03 & ZrO, substrates

Top coating y-Al;O3 coated -Al;03
substrate

Coating on a-Al;03-Si0,-ZrO, substrate
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1000 °C
2h /Ar

1000 °C
2h /Ar
1200 °C

2h /N,

1000 °C
2h /N,

700 °C/Ny

1100-1400
e
3h /Ar

600-1000
°C/Ny

800 °C
1h /Ar

1100 °C/Ar

600-1000
°C/Na

700-800 °C/
inert

700°C
1h/Ar

500-800°C
0.5h/Ny

SSA: 1- 80 m%g~!
Pore size: 141-886 pm
Porosity: 93-97 vol%
6.=0.208-0.244 MPa
Pore size: 2042 pm
Porosity: 98 vol%
6.=0.079 MPa

Pore size: 2179 pm
Porosity: 61-98 vol%
6.=0.027-27 MPa

SSA: 8- 28 m2.g !
Pore size: 6-10 nm
Porosity: 27-45 %
Permeability:140Flux@
2.5 bar

Thickness: 1-2.4 pm
6.=28-31 MPa

Flux: 3.37-22.6
m~2h~'bar™?

Dye rejection rate: 96 %
Pore size: 0.59-0.95 pm
Porosity: 30-65 %

N, permeation: 6.4 x
10° -3.9 x 10° LMH/bar
Water permeation: 9.8
x 10%-3.3 x 10° LMH/
bar

Oil rejection rate: 94.6
%

Salt rejection rate: 99.9
%

SSA: 4-473 m%g !
Pore size: 1-10 pm
Porosity: 33-47 %
06;=20-48 MPa

Water permeation:
1-23 LMH @1 bar
6-55 LMH @3 bar
Thickness: 15 pm

Pore size: 50 nm-2 pm
Porosity: 34-41 %
Water permeation:
1549 LMH @0.1 MPa
6:=6.5 MPa
Modulus=302 MPa.
SSA: 10-200 m%.g~!
Pore size: 0.3 -1.4 pm
Porosity: 30-40 %
6;=15-35 MPa

Water permeation:
2.5-370 LMH@2 bar
Oil rejection rate: 81-98
%

H, permeance: 0.56-
49.8 LMH

@25-300 °C
Permselectivity:
H,/CO4: 0.9-9.1
H,/C3Hg: 3.7-92.8
Hy/SFe, 7.1-320
Thickness: 300 nm
Permselectivity:
H,/COy. 10

H,/CHy. 23
Ha/SF6:320 @300 °C
SSA: ~50-350 m2.g~!
Pore size: 1-5 nm
Permselectivity: @50-
500 °C

H,/CF,, 240-640
H,/SFs. 1400-2900

Hot gas [225]

Molten Metal [265]

Molten Metal [265]

Water Purification [195]

Water Purification [242]

Oil-in-water emulsion [156]
filtration

&

membrane distillation

Water filtration [246]

Water filtration [247]

Water/Oil separation [248]

Water/Oil separation [241]

Gas separation [157]

Gas separation [240]

Gas separation [249]

(continued on next page)
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Filter
Element

Preceramic
Precursor

Processing
Method

Pyrolysis

Other Properties

Application Refs.

SiOC Membrane

SiOC Membrane

SiOC Membrane

SiCN Membrane

SiC Membrane

SiC Membrane

SiC Membrane

SiC-based membrane

SiC-based membrane

Silane
&
Siloxane

Polysiloxane
Phenolic resin

Polysiloxane

Polysilazane

Polycarbosilane

Polycarbosilane

Polycarbosilane

Polycarbosilane
Polyvinylsilane

Polycarbosilane

Deposited onto a-Al,O3 substrate

Selective Laser Printing
& precursor impregnation

Sprayed onto a SizNy4
membrane

Coating on ZrO, substrate

Dip-Coating on y-Al,O3 coated a-Al,03
substrate

Dip-Coating on a-Al;O3 substrate

Coating on a-Al,O3 substrate

Spin-coating on y- Al,O3

Coating on a-Al,0O3 substrate
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500-700°C
0.5h/Ny

1000-1600

°C/Ar

500-1000 °C
3h/Ar

600-900 °C/
inert

800 °C
1h /Ar

400-800 °C
2h /Ar

300-800 °C
0.5h /N,

850 °C
0.5h /Ar

350-750 °C
0.5h /N,

N,/CF,. 98
Hy/Na. 5.9-62

SSA: 315-393 m?%.g !
Permselectivity: @200
°C

Hy/CHy; 15-19

H,/SFe. 1000-1400

of = 18.9-27.3 MPa
Pore size: 0.1-30 pm
Porosity: 35-42 %

Gas permeation flux:
2759 LMH

Water permeation flux:
24

LHM

Thickness: ~1.8 pm

Hjy permeance: 3.26 x
1078

mol.m2Pa~ls7!
Permselectivity: @25 °C
H,/CO4. 20

Permeance @25-300 °C
Hy. 25.6-11.2

LMH

Permselectivity:
Hy/COy: 1.5-4.6
H,/C3Hg; 1.8-29.7
Hy/SFe, 8.1-103
Thickness: ~380 nm
Permeance @600 °C
He: 2.43 x 1077 -1.06 x
10°°

Hy:1.31-8.1 x 1077
CO,: 6.2 x 1078-1.28 x
1077

Ar: 1.31-6.33 x 1078
N,: 1.55-7.01 x 108
mol.s™L.m 2Pa!
Permselectivity: @300-
800 °C

Hy/CO4: 5-13

He/COy: 5-19
Thickness: ~1-2 pm
Permeance @100 °C
He: 62-84 x 107 *°

H,: 18-63 x 107 1°

CO: 0.16-3 x 1071°

Ny: 0.13-2.6 x 1071°
mol.s \.m 2Pa!
Permselectivity: @100
°C

H,/CO: 22-114
Thickness: ~200 nm
Permeance @200 °C
Hy: 0.2-5 x 10°°
mol.s~\.m 2Pa!
Permselectivity: 200@
°C

Hz/Na: 12-56

Hy/SFe. > 10,000
Ny/SFe. > 800
Thickness: ~1.25 pm
SSA: 1.25-2.09 m2.g ™!
H; permeance: 10710
108
mol.s".m 2Pa
Permselectivity: 250@
°C

Hy/Nj: 3.7-254

Pore size: 0.4-0.6 nm
H; permeance: 5.87 x
1077-1.95 x 10°°®
mol.s \.m 2Pa!
Permselectivity:

R.T to 200@ °C

-1

Gas separation [250]

Gas & water treatment [239]

Gas separation [243]

Gas separation [157]

Gas separation [251]

Gas separation [258]

Gas separation [259]

Gas separation [260]

Gas & pervaporation [261]
separation

(continued on next page)
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Filter
Element

Preceramic
Precursor

Processing
Method

Pyrolysis Other Properties Application Refs.

Ti/SiC-based Membrane Polytitanocarbosilane Coating on a-Al,O3 substrate

Pd-doped SiOC membrane Polycarbosilane Electrospinning

Hy/Nj: 4.2-9.5
He/Hj: 0.6-0.8
Ny/SFe: 12-761
Ny/CF4; 4.3-76
N2/CHy4; 0.8-1.9
Permeance

Hy:10.7 x 1077
N2:1.3 x 1077
mol.s~\.m 2Pa~!
Permselectivity: 200@
°C

H,/C3Hg: 34

Hy/CFy4: 404

Ny/SFe: 2,110
H,/SFe: 16,600
Thickness: ~50 pm
Pore size: 11.2-18.1 nm
SSA: 29-52 m2.g !
067r=0.5-33 MPa
Emodulus= 290-620 MPa
Fmodulus= 2-8 kPa

750 °C
0.5h /N,

Gas & pervaporation [262]

separation

1100 °C 1h
/ Ar

Air filtration [274]

[195]. The cyclosiloxane hybrid polymer was synthesized through the
polymerization of 2,4,6,8-tetramethylcyclotetrasiloxane and 2,4,6,8-tet-
ramethyl-2,4,6,8-tetravinylcyclotetrasiloxane in a 1:1 mass ratio. PDMS
served as the sacrificial template. The prepared viscous mixture was
transferred to Teflon molds and degassed in a desiccator before being
cured in an oven at 80-150 °C. Following curing, the samples were py-
rolyzed in flowing N2 at 1000 °C for 2 h. During pyrolysis, the PDMS
template thermally decomposed, forming membrane pores facilitating
water transportation. The pore size and porosity were tunable by vary-
ing the amount and type of PDMS (vinyl and trimethyl terminated) with
molecular weights ranging from 25,000 to 139,000 g.mol ! used in the
fabrication process. As the PDMS content increased, both linear
shrinkage and porosity of the membrane increased while the apparent
density decreased. The SiOC membranes attested hydrophilic surfaces,
the water flux increased linearly with pressure across all membranes,
and water permeability was closely related to PSD and membrane
porosity. Water permeability and rejection performance were tested
using a homemade dead-end membrane filtration system. Various
pressures, ranging from 0 to 2.5 bar, were applied to assess pure water
permeability. The SiOC membrane, prepared with trimethyl-terminated
PDMS (M,, = 63,000 g.mol’l, 30 wt%), had high water permeability (60
L.m %h™' (LMH)@1 bar to 140 LMH@2.5 bar) and a 95 % removal rate
of RB, showcasing its potential applications in water treatment.

Porous SiOC ceramic membranes were fabricated from liquid poly-
mer (PHMS to tetramethyltetravinylcycletetra (D4Vi) mass ratio of 1:1)
and PDMS (30-60 wt%) as a pore-forming agent [156]. The mixture was
cast into glass molds and, after gelation, subjected to pyrolysis at
1100-1400 °C in a flowing Ar atmosphere for 3 h. PDMS was also
employed for surface modification, resulting in a super-hydrophobic
surface. The mean pore size ranged from 0.59 to 0.95 pm, and
porosity varied from 30 % to 65 %, increasing with higher PDMS content
(30-60 wt%). This increase in porosity led to decreased bending strength
and density due to increased total porosity. Ny (6.4 x 10° LMH/bar to
3.9 x 10° LMH/bar) and water permeation rates (9.8 x 102 LMH/bar to
3.3 x 10°® LMH/bar) also increased with larger pore sizes and higher
porosity. Membranes with an average pore size of 0.59 pm effectively
separated an oil-in-water emulsion with an average oil droplet diameter
of 0.83 pm, achieving a 95 % rejection rate. A high salt rejection rate of
99.9 % was achieved with NaCl solutions (4-16 wt%) at various tem-
peratures (55-85 °C). The membranes manifested stable performance for
over 100 h, using 4 wt% NaCl in the feed at 75 °C.

Porous SiOC membranes were produced using a PDC route adapted
to the phase inversion tape casting technique, with commercial methyl
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polysiloxane as the ceramic precursor [246]. The process involved
mixing the preceramic polymer with CoHgO, imidazole as the catalyst,
pre-heat treated preceramic particles, and PVP, followed by casting the
slurry and pyrolyzing. The membranes’ characteristics were tailored by
adjusting pyrolysis temperatures (600 and 1000 °C), PVP, and pre-
ceramic particle loading. The resulting membranes had porosity of
33-47 %, SSA of 4-473 m?.g "}, and pore sizes of 1-10 pm. Incorporating
particles improved slurry processability, mechanical flexural resistance
(20-48 MPa), and reduced average pore size. The membranes possessed
hydrophobic surfaces at 600 °C, with water contact angles of 128°, and
hydrophilic surfaces at 1000 °C pyrolysis. In PDCs, particularly derived
silicon-based precursors such as siloxanes, carbosilanes, and silazanes, a
lower pyrolysis temperature often results in a very high SSA due to
transient microporosity. However, the surface tends to be hydrophobic
due to residual hydrogen. The pyrolysis temperature not only tailors the
microstructure but also influences water affinity and surface chemistry.
It is important to note why some PDCs are hydrophilic while others are
hydrophobic. The porosity and the amount of residual hydrogen from
the organic precursor play a key role in defining these properties. A
lower pyrolysis temperature can lead to transient microporosity and a
higher residual hydrogen content, making the surface more hydropho-
bic. In contrast, higher pyrolysis temperatures tend to reduce hydrogen
content and modify the surface chemistry, potentially increasing hy-
drophilicity [252,253].

Water flux performance, evaluated under different pressures (1-3
bars), directly correlated with pore size and porosity, with 6 to 55 LMH
fluxes. Compared to commercial borosilicate glass (8 LMH at 3 bar),
mullite (7-40 LMH at 3 bar), and Al,O3 membranes (23 and 37 LMH at 2
bar), the polysiloxane-based membranes performed better. PDC-based
membranes offer lower production costs and the ability to tailor sur-
face characteristics through single-step pyrolysis.

For microfiltration applications [241], Fontao et al. developed
porous ceramer and SiOC composites using a 1:1 mixture of commercial
methyl/phenylmethyl polysiloxanes as the preceramic precursor, com-
bined with xylene as a solvent, imidazole as a crosslinking agent,
micron-sized SiC, and nanofillers TiO,. Azodicarbonamide served as the
pore former. The resulting slurry was cast onto a PET carrier film, and a
doctor blade was applied. The cured tapes were then pyrolyzed at
temperatures between 600-1000 °C under a N5 atmosphere for 4 h.
Sponge-like structured membranes with spheroidal pores had an
average pore size ranging from 0.3 to 1.4 pm, and porosities between
30-40 %. High SSA of up to 200 m2.g~! was achieved for tapes pyrolyzed
at 600 °C, but these values decreased to as low as 10 m%.g™! at higher
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temperature thermal treatment. The pore size and maximum strength
(omax) increased from 15 + 5 MPa to 35 + 5 MPa with higher pyrolysis
temperatures. Water permeation and oil-in-water emulsion filtration
performance were tested using a homemade dead-end setup. A linear
relationship was observed between water flux and applied pressure,
with higher pressures resulting in higher permeation fluxes. Larger pore
sizes led to lower mass transfer resistances and higher permeation rates,
with pure water fluxes ranging from 2.5 to 370 LMH at 2 bar. Lower flux
values for samples pyrolyzed at 600 °C were assigned to their more
hydrophobic nature. Oil removal efficiencies ranging from 81 to 98 %
were achieved at an initial oil concentration of 1000 mg.L !, evidencing
the potential of these PDC membranes for treating oily wastewater.
Incorporating TiO5 could impart self-cleaning properties to the mem-
branes under appropriate light conditions, potentially reducing mem-
brane fouling, a significant challenge in membrane applications.

A multi-scale porous SiCN-based ceramic membrane was developed
by integrating shaping and coating techniques with a single preceramic
poly(vinyl)silazane (PVS), followed by pyrolytic transformation, sum-
marized in Fig. 9A [254]. The fabrication involved three primary stages:
(1) A sacrificial filler approach produced a macroporous support formation
planar-disc configuration. Poly(vinyl)silazane was blended with poly-
ethylene particles, then cast, cross-linked, and pyrolyzed at 800 °C for 4
h, resulting in discs with a diameter of 13.5 mm and thickness of 2.5 mm.
(ii) Intermediate layer deposition; an intermediate layer was applied via
dip-coating using a slurry composed of uncured PVS, pyrolyzed
PVS-derived particles, and toliiene as solvent in weight ratio of 8:32:60.
After coating, samples underwent another pyrolysis at 800 °C, and (iii)
Microporous Selective Layer Formation; a selective layer with average pore
sizes of 0.8 nm was dip-coated onto the intermediate layer and pyro-
lyzed at 600 °C to induce microporosity. The membrane’s performance
for gas separation was tested by measuring single-gas permeance at
temperatures up to 500 °C for a variety of gases (He, Nj, Ar, CoHg, and
CO»). At 500 °C, the membrane established He/N, and He/CO selec-
tivities of 3.1 and 4.1, respectively, with He permeance reaching 3 x
10-® mol.m2.pal.s! (can be seen in Fig. 9B).

The dip coating process enhances wetting and ensures an even
spread of the precursor solution across the substrate. This controlled
method enables the formation of uniform and continuous ceramic
membranes, minimizing defects and irregularities. The support structure
plays a critical role in the performance and efficiency of composite
membrane separation layers. Choosing a suitable support material is
essential as it significantly affects the membrane’s functionality and
separation properties. The support provides a stable foundation for the
active separation layer, with its mechanical properties impacting the
composite membrane’s integrity and durability. On the other hand, the
design of the intermediate layer is crucial in preventing the penetration
of the coating solution into the support layer, thereby enhancing the
separation layer’s quality [255].

SiOC ceramic composite nanofiltration membranes [242] were syn-
thesized using a dip-coating approach. The synthesis involved preparing
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a PCS solution to form the coating suspension for the separation layer
and preparing a ZrOy to SiOp intermediate layer. The substrate
(a-Aly03/TiOy/black talc with 62 vol% porosity and an average pore
size of 6.3 pm) was dip-coated with the suspension. The samples were
then dried and subjected to pyrolysis (at 700 °C, under N5 atmosphere),
resulting in SiOC separation layers with a 1.05-2.38 pm thickness. The
SiOC ceramic composite membranes exposed compressive strength of
approximately 30 MPa and water contact angles between 78° and 88°.
Hydrophilicity significantly influences membrane flux, with weaker
hydrophilicity potentially reducing flux. Notably, the SiOC membrane
with a contact angle of 78° achieved a flux of ~22 LMH/bar and a dye
rejection rate of 90 %. In comparison, a less hydrophilic SiOC membrane
(contact angle of 88°) indicated the highest flux of ~3 LMH/bar and
high dye rejection rate of 96 %. These membranes maintained stable
water flux for at least 24 h, indicating good long-term stability during
cross-flow filtration.

Guo et al. [247] fabricated SiOC film ceramic membranes with
tunable pore structures by dip-coating polysiloxanes onto
yttria-stabilized ZrOz (YSZ) hollow fiber substrates, followed by cross-
linking and pyrolysis at 800 °C for 1 h in an Ar. The precursors used were
PHMS and D4Vi siloxane, while linear methyl-terminated PDMS and
silicone S184 served as sacrificial fillers (in weight ratios of 1:2, 2:2, and
3:2, and 30-50 wt% relative to the precursors). The resulting SiOC film,
approximately 15 pm thick, had a pore size range of 50 nm to 2 pm and a
porosity of 35-40 %, achieved by varying the pore-forming agents. The
corrosion resistance properties of the SiOC layers were also investigated.
The SiOC-coated fiber membranes manifested a high corrosion resis-
tance, with only a 0.07 wt% weight loss in a 20 wt% H2SO4 solution.
This exceptional resistance to chemical corrosion is due to the unique
SiOC micro-lattice structures, which provide significant chemical
durability. Compared to Al;O3 hollow fiber substrates (1.25 wt%) [256]
and cordierite membranes (17.0 wt%) [257], the SiOC film-coated YSZ
membranes had significantly lower weight loss during the chemical
corrosion test.

Hydrophilic SiOC and hydrophobic SiOC-palladium ceramic nano-
fiber membranes were fabricated using electrospinning [248]. PCS and
PS were used for the spin solution, stabilized by curing at 210 °C, and
pyrolyzed at 1100 °C in Ar. The hydrophobicity was achieved by
incorporating trace amounts (0.2-0.5 wt%) of palladium. The resulting
SiOC-palladium membranes revealed high hydrophobicity with a water
contact angle reaching 137°, whereas the neat SiOC membrane was
hydrophilic. Chemical resistance tests revealed that the fibrous structure
remained intact and flexible after immersion in basic (KOH) and acidic
(H2S04) solutions at 80 °C for 36 h. Moreover, the SiOC-palladium
membranes retained their hydrophobicity across the entire pH spec-
trum. The fibrous membranes possessed robust mechanical properties,
with a tensile strength of 6.5 + 1.0 MPa and a modulus of 302 + 43 MPa.
Flexural property tests involving repeated specimen bending (300 times)
confirmed excellent flexural behavior (see Fig. 10).

Amorphous SiOC and SiCN membranes [157] were deposited as thin
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Fig. 9. (A) Schematic of the asymmetric poly(vinyl)silazane-derived ceramic membrane design & experimental setup for single-gas permeance testing up to 500 °C,
using the constant-volume variable-pressure technique, and (B) Gas permeance characteristics of the asymmetric poly(vinyl)silazane-derived ceramic membrane as a
function of test gas. (Reproduced from [254], with permission Elsevier, Copyright 2016).
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(C)

Fig. 10. (A) SEM images and the corresponding wetting behavior of SiOC-palladium ceramic nanofiber membrane, (B) The flexibility of SiOC-palladium ceramic
membrane, and (C) Digital photo of the SiOC-palladium ceramic membrane after bending 300 times. (Reproduced from [248], with permission Elsevier, Copy-

right 2017).

layers by dip-coating tubular asymmetric porous Al;O3 ceramic sub-
strates with intermediate layers of y-Al,O3 or ZrO,. At room tempera-
ture, the SiOC membrane had an Hy permeance of 0.56 m?/(m2.h.bar).
When the temperature increased to 300°C, the permeance improved to
49.8 LMH, with ~10 perm selectivity for H,/CO2 and ~100 for hydro-
gen/propane (CsHg). In contrast, the SiCN membrane displayed a very
low Hy/CO, ideal perm selectivity of 4.6. Interestingly, both systems
hold high Hy/Sulfur hexafluoride (SF¢) perm selectivity, with values of
320 for SiOC and 103 for SiCN, indicating the absence of defects, sug-
gesting that separation is primarily based on molecular sieving.

Prasad et al. [240] explored the hydrogen separation performance at
high temperatures of a microporous SiOC membrane. Diluted
vinyl-functionalized polysiloxane in anhydrous toluene (40 vol%) was a
precursor. Monochannel a-Al,O3 tubes (with a pore size of 3 mm) served
as supports with an intermediate y-Al;O3 layer (pore size of 5 nm)
located on the inner wall of the tube for the deposition of SiOC mem-
brane. The SiOC ceramic layer was deposited as a thin membrane (~300
nm thick after three gradient precursor coatings and pyrolysis at 700 °C
for 1 h in Ar) on a tubular porous y-Al;03/a-AlyO3 substrate. The
resulting SiOC membranes (Si;O1,06C1.15) had an SSA of ~400 mz.g’l.
Photograph and SEM image of SiOC coated on the Al;O3 substrate can be
seen in Fig. 11.

Single gas permeance characterization for Hp, CO,, CH4, and SFg
yielded permeance values of 1.8 x 108 (for H) to 5.6 x 10! (for SFg)
mol.m 2.5 1.Pa!, with ideal permselectivities of Hy/CO5 (9.1), Ha/Ny
(22.4), Hy/CHy (22.9), and H,/SFg (320) at 300 °C. The ideal
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permselectivity for Hy/SFe due to the very low permeance of SF¢ is
explained by the defect-free SIOC membrane. Additionally, the calcu-
lated activation energies of Hy permeation for the SiIOC membrane were
lower than those for SiO; membranes. This lower activation energy in-
dicates that the SiOC membrane possesses a different pore structure
compared to SiO,, allowing easier passage of Hy molecules.

Similar to the previous work, SIOC membranes were fabricated using
porous a-Al,O3 tubes with a total porosity of 50 % and an average pore
size of 1 pm, incorporating a SiOy—ZrO, intermediate layer for gas
separation applications [249]. The SiOC membrane solution was pre-
pared via the sol-gel method using silicon precursors such as vinyl-
trimethoxysilane, triethoxysilane, and 1,1,3,3-tetramethyldisiloxane.
The top layer was formed by coating with the SiOC sol, followed by
pyrolysis at 500—800 °C for 30 min under Ny. The influence of pyrolysis
temperatures on the SiOC network structure and gas permeation prop-
erties was examined. Oxidative stability was assessed by measuring gas
permeance over time during air treatment at 500 °C. The SiOC mem-
brane pyrolyzed at 700 °C retained high selectivities for larger molecule
separation (Hy/Carbon tetrafluoride (CF4): 640, Hy/SFg: 2900, No/CF4:
98) and lower permeances for CH4, CF4, and SFg compared to the
membrane pyrolyzed at 500 °C, got a high H, permeance of 9 x 1077
mol.m2s L.Pa™! and selectivities of Hy/Ny: 6, Hy/CF4: 240, and
Ha2/SFe: 1400. A membrane pyrolyzed at 800 °C had an Hy/Nj selectivity
of 62, approximately 10 times higher than that the sample pyrolyzed at
700 °C, due probably to the densification of SiOC networks via cleavage
and redistribution reactions of Si—C and Si—O groups.

Fig. 11. (A) Photographs of the porous Al,03 and SiOC-coated Al,O3 substrates (B) SEM image of the cross-section of SiOC-coated Al,03 membrane. (Reproduced

from [240], with permission John Wiley and Sons, Copyright 2015).
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A novel selective laser printing process was used to create high-flux
ceramic membranes for water and gas filtration [239]. The method
began with crosslinked and ground polysiloxane powder prepared with
a peroxide catalyst at 180 °C for 4 h. After pyrolysis at different tem-
peratures (1000-1600 °C), this polymeric powder transformed into SiOC
ceramics containing oxygen (3-21 wt%). The phenolic resin was added
to the powder mixture and ball-milled for 4 h. The mixture was then
laser-printed to form green bodies extracted from the mold. These green
bodies underwent pyrolysis at 900 °C in an Ar atmosphere to convert the
phenolic resin into pyrolytic carbon. The debonded bodies were then
vacuum-impregnated with a polysiloxane precursor solution and further
pyrolyzed. The study explored how sintering temperature affects the
microstructure, mechanical properties, and filtration performance of
SiOC ceramic membranes. It was found that water flux increased with
rising porosity and pressure. Membranes pyrolyzed at 1600 °C exposed
the highest porosity (42 vol%) and water flux (24.4 LMH) compared to
other samples, achieving a gas flux of 2769 LMH. As sintering temper-
atures increased from 1000 to 1600 °C, both porosity (35 % to 42 %) and
permeability rose, but flexural strength declined from 27 MPa to 18
MPa.

A SiOC membrane was fabricated on a SisNa substrate using multiple
spin-coating steps [243]. The preparation involved mixing the precursor
polymer (PHMS), with the crosslinking agent (TMTVS) in a 1:1 mass
ratio, and a platinum catalyst. This mixture was then spin-coated onto
the Si3N4 membrane and cured at 80-120 °C for 12 h. The cured gel was
subsequently pyrolyzed at temperatures ranging from 500-1000 °C in an
Ar atmosphere for 3 h. The resulting amorphous SiOC ceramic mem-
brane, approximately 1.8 pm thick, yielded strong adhesion to the SigN4
substrate. The membrane had stable Hy permeation of 3.26 x 10~8 mol.
m2.Pa"ls7!, significantly higher than CO, permeation of 1.61 x 10~°
mol.m~2.Pa!.s1, Single gas permeation tests revealed an ideal Hy/CO5
selectivity of up to 20 at 25 °C and 5 bar, outperforming the Knudsen
diffusion selectivity of 4.69, indicating that the SiOC membrane had
good molecular sieving ability. These results indicate strong molecular
sieving ability, because of the compatibility between SiOC and Si3N4, as
well as the formation of robust chemical bonds at the interface. This
performance, combined with good long-term stability, emphasizes the
potential use of the membrane in hydrogen purification applications.

SiC-based membranes possess significant promise in separation
processes due to their superior structural stability, mechanical strength,
corrosion resistance, and durability at high temperatures [251,
258-262].

Studies by Wang et al. explored SiC membranes fabricated using
different preceramic polymers, such as PCS, allyl-hydrido-PCS, and
poly-titano-carbosilane, applied onto porous Al,O3 substrates [259,261,
262].

The preparation involved coating the Al,O3 tube surface, creating an
intermediate layer to reduce defects, and applying a preceramic polymer
solution, followed by curing and pyrolysis.

The relationship between single-gas permeance and pyrolysis tem-
perature for SiC membranes was investigated [261]. For example, a
polymeric membrane with a pore size of 0.61 nm, pyrolyzed at 350 °C,
exhibited Hy permeance of 5.87 x 1077 mol.m 2. Pa l.s™! and an Hy/Ny
selectivity of 9.5. The dense polymer network, rich in organic groups,
was responsible for the high selectivity but limited gas permeance due to
increased steric hindrance. For ceramic membranes (750 °C, pore size
0.50 nm), the structure became denser with narrower pores due to
rearrangement reactions during densification. Increasing the pyrolysis
temperature from 350 °C to 750 °C improved gas permeance but
reduced selectivity, with Hy permeance rising to 1.95 x 10-® mol.m ™2,
Pa~ls7! and Hy/N, selectivity decreasing to around 7. These mem-
branes also had superior selectivity for Ny over larger molecules like SFg
or CF4, indicating fewer defects. On the other hand, the separation of
methyl acetate and CH3OH via membranes presents a challenging task,
as the membrane must withstand harsh solvents while maintaining good
flux and selectivity. The study also examined SiC membranes for
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pervaporation, particularly for CH3OH removal from organic solvents.
The membrane displayed higher permeance during pervaporation than
in single-gas permeation due to network swelling, which increased the
membrane’s free volume and pore size. However, this swelling nega-
tively impacted selectivity. While the CH3OH/toluene selectivity for the
polymeric membrane was 0.72, the ceramic SiC membrane with a 0.50
nm pore size achieved a selectivity of 189. In pervaporation, the per-
meance of SiC ceramic membranes decreased as the solvent molecular
size increased, paralleling the trend in single-gas permeation. This
similarity suggests that the separation mechanism in pervaporation
through these membranes is primarily driven by molecular sieving,
much like single-gas permeation.

Allyl hydrido PCS-derived ceramic SiC membranes prepared at
temperatures ranging from 300 to 800 °C with different pore structures
displayed excellent gas permeation properties and good oxidation
resistance at 500 °C under air [259]. SEM images of membranes pyro-
lyzed at 700 °C revealed a thin, crack-free, continuous separation layer
of about 200 nm, deposited onto an intermediate layer (given in
Fig. 12A-B). Ceramic SiC membranes prepared at 700 °C had promising
H, permeance, ranging from 2 to 4 x 109 mol.m2Pa~l.s7! at 200 °C,
with Hy/Ny selectivity between 16 and 22, and Hy/SFg selectivity
exceeding 10,000.

The permeation properties of Hy, No, and SFg, as well as the Hy/Ny
and Hy/SFs selectivities, were influenced by pyrolysis temperature, see
Fig. 12C. As the temperature increased from 300 to 800 °C, both Hy and
N2 permeance initially increased and then decreased, whereas Hy/Nj
selectivity indicated an inverse trend. This suggests that the effective
permeable pore structure expanded and then shrank as the temperature
rose.

The development of Ti-incorporated porous SiC-based membranes
for pervaporation separation was reported by Wang et al. [262]. The
membranes, prepared at 750 °C pyrolysis, proved good selectivity for
separating water or CH3OH from liquid mixtures. The addition of tita-
nium increased the molecular weight and prevented the collapse and
densification of micropores during the pyrolysis process. The
Ti-incorporated porous SiC membranes were tested at 50 °C for dehy-
drating water and separating CH3OH in mixtures of CH3OH, C2HgO,
acetone (C3HgO), isopropyl alcohol (IPA), and methyl acetate (with a 10
wt% concentration of HoO or CH30H). As the molecular size of the
solvents increased (HyO: 0.29 nm, CH30H: 0.38 nm, C;HgO: 0.43 nm,
C3HgO: 0.47 nm, IPA: 0.47 nm, and methyl acetate: 0.48 nm), their
permeance decreased, resulting in a significant rise in the separation
factors for each system. For example, the separation factors were
approximately 2.3 for Hp,O/ CH30H, 48 for Hy0/CoHgO, 109 for
H0/C3HgO, and 216 for HyO/IPA. A similar trend was observed for
CH30H removal, with CH30H permeance remaining consistent across
all mixtures, while the permeance of other solvents decreased as their
molecular size increased. The separation factors for CH30H/CyHgO and
CH30H/IPA were 4 and 14.6, respectively.

2.2.3. Metal filtration

Impurities in metals and alloys weaken mechanical properties,
damage surfaces, increase porosity, and elevate corrosion risk.
Nonmetallic impurities, serving as stress points, may affect early failure.
The size, shape, type, and distribution of these inclusions impact the
quality of the finished product. Accordingly, metal melt filtration is
employed in the casting industry to separate impurities such as slag
residues, foundry sands, and trapped gas bubbles from the molten ma-
terial to obtain uniform and quality products [263]. Three filtration
mechanisms are seen in the process of filtering molten metals: i) macro
filtration or sieving where particles larger than filter openings are
trapped, ii) filtration through a layer formed by trapped inclusions at the
filter entrance capturing more minor inclusions than the pores, and iii)
filtration throughout the entire filter volume via its openings and
channels [264]. Moreover, the molten metal flow types can typically be
categorized as follows during the filtering: Turbulent Flow: characterized
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Fig. 12. (A-B) SEM image of cross-section of SiC coated Al,O3 membrane, and (C) Relationship between the gas permeation performance at 200°C of SiC membranes
and the pyrolysis temperature (Reproduced from [259], with permission Elsevier, Copyright 2020).

by chaotic changes in pressure and velocity, causing irregular movement
and potential defects in cast components due to turbulence and impurity
mixing. Laminar Flow: involves smooth, orderly movement of molten
metal in parallel layers with minimal disruption, ideal for reducing
turbulence and defects in casting. Transitional Flow: An intermediate
state between laminar and turbulent flow, featuring characteristics of
both. It occurs under conditions where neither flow type can be exclu-
sively maintained, influenced by factors like velocity and viscosity.
Foam filters promote laminar flow, thereby enhancing casting quality
and strength while reducing defects by converting turbulent flow to
laminar flow [265].

Numerous companies globally produce molten metal filters in large
volumes and various shapes and compositions. The filter material must
be non-reactive with the metal, highly resistant to thermal shock, have
high open porosity, and be mechanically stable. Cellular ceramics are
preferred materials in metal casting processes. These filters are available
in several forms (pressed, extruded, and foam) [266] and are extensively
used, particularly in aluminum casting, cast iron, and other metals.

While detailed information on types and production methods of
cellular ceramics is available in various publications [267-270], here we
briefly mention pressed, extruded, and foam processing. Sieves and
pressed filters are created by compacting damp ceramic powder. Paste
composed of ceramic powder and water is applied for filters made
through extrusion. Pore formers such as PVA beads are mixed into the
paste to introduce porosity. The paste is then extruded into rods, where
the pore-forming beads elongate within. On the other hand, ceramic
foams are manufactured using the replica technique in which ceramic
slurry is impregnated onto an organic scaffold, which is subsequently
eliminated via firing, resulting in a porous ceramic structure. Utilizing
open-cell PU foam as the scaffold in cellular filters grants good filtration
capability due to its distinct, tailorable pore structure, which enables an
indirect flow of metal melt. By adjusting the pore size and relative
density of PU foam, ceramic replica filters can be customized to elimi-
nate diverse contaminants, making them a preferred choice [271]. These
foams are commercially found with typical cell sizes ranging from 10 to
60 PPI, being a significant utility in molten metal filtration applications,
such as Al;O3, SiC, Carbon, and Mullite for cast iron, Al,O3 and mullite
for a, and ZrO, and mullite for molten steel [263,272]. For instance,

18

photographs of the ceramic foam filters (10 PPI) made of different ma-
terials (AlpO3, ZrO,, SiC, and Aly03-C) are shown in Fig. 13. A key
advantage of PDC foams is that in some cases, the struts are not hollow.
In contrast, foams obtained through slip powder processing have hollow
structures, as the region where the parent PU foam was present leaves a
void after decomposition. The processing technique results in foam with
both hollow and dense struts [225], depending on the manufacturing
step, rather than primarily having reticulated hollow struts.

Cellular ceramics, particularly ceramic foams, are widely exploited
in industries for metal filtration. Ceramic foams produced via the PDCs
route have been tested for molten metal filtration in only one publica-
tion. However, using ceramic foams produced via the PDC route for
molten metal filtration is relatively unexplored, with only one docu-
mented work. This indicates a promising area for future research to
develop further and optimize these materials for industrial use. The
study reported [265] the synthesis and performance of PDC filters for
molten metal filtration. SIOC and SiOC(N) foam filters were produced
using flexible PU foam and 3D-printed PU templates, respectively. Both
types of filters used a urethane-based polymeric template impregnated
with a preceramic solution, followed by pyrolysis (1000-1200 °C). SiOC
and SiOC(N) ceramics were then used to filter a molten Al alloy (A357).
The casting system and tested ceramic filter with SEM images are given
in Fig. 14.

The filtered Al samples were then mechanically tested. According to
the results, filters improved the reproducibility and reliability of me-
chanical properties such as yield strength (190-205 MPa), ultimate
tensile strength, and elongation at fracture. SiOC foam filters (with
4039 + 313 pm cell size and ~ 35,000-37,000 m%m~> volumetric
surface area) outperformed 3D-printed-SiOC(N) ceramic filters (having
uniaxial channels of 1040 + 66 ym and ~ 14,000-18,000 mZm™),
likely due to their three-dimensional interconnected porosity and higher
volumetric SSA. The foam structure is known to facilitate laminar flow.
This means that the critical velocity of the molten metal increases by
reducing turbulence, which helps prevent surface defects during casting
and results in cast metal components with improved strength.

2.2.3.1. Panel: membranes. Inorganic non-metallic solid membranes are
thin filters, commonly below 5 mm, typically made using oxides such as
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Fig. 13. Photographs of the ceramic foam filters (10 PPI) fabricated from different materials (A) Al;O3, (B) ZrOs, (C) SiC, and (D) Al,03-C. (Reproduced from [273],

with permission John Wiley and Sons, Copyright 2021).

Fig. 14. (A) SolidWorks drawing of casting system including digital photos demonstrating the real position of the tested ceramic filter (bottom right) and example
sample prepared after casting for the mechanical test (top right), SEM images of (B) SiOC foam ceramic filter produced via replica technique, and (C) 3D printed SiOC
(N) cellular structure. (Reproduced from [265], with permission Springer Nature, Copyright 2022).

Al503, Zry04, or TiO,, as well as carbides like SiC. A ceramic membrane
usually has a total porosity between 30-50 vol% with a pore size
(microfiltration membrane if the pore size is 0.1 to 10 um, ultrafiltration
membrane if it is between 1 to 100 nm, and nanofiltration if pores are
below 2 nm), and topology allowing selective filtration of particles,
molecules, or ions based on size or charge, commonly used in industries
requiring high stability and resistance to harsh operating conditions.
Apart from many other characteristics, membrane mechanical
strength and wear resistance depend heavily on the application. For
example, high abrasion resistance is particularly required in applica-
tions where membranes are exposed to particulates, which may wear
down the membrane surface, as in the case of wastewater treatment.
High compressive strength is required when a membrane is to be used
for high-pressure applications such as the ones in high-pressure mem-
brane bioreactors, gas separation in petrochemical and natural gas
processing, and reverse osmosis for water desalination. However, in
most other applications, other properties became important instead of
mechanical strength, such as for biomedical and pharmaceutical, where
sterility and chemical resistance are crucial, and for the food and
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beverage industry, where purity and flavor preservation are important.

PDC membranes have already been produced and tested for several
different applications. For example, the SiOC membrane was prepared
using the phase inversion technique. The resulting samples had a total
porosity from 30 to 50 %, with SSA ranging widely from 4 to 473 m2.g~!
and pore sizes between 1 and 10 pm [246]. In terms of mechanical
performance, these membranes exhibited flexural strength reaching
~50 MPa. The authors claimed that the produced samples can be
promising candidates for water purification applications.

SiOC composite nanofiltration membranes were manufactured using
a dip-coating method, forming thin SiOC separation layers with thick-
nesses ranging from 1.05 to 2.38 pm [242]. Although porosity charac-
teristics were not explicitly reported, these membranes had a
compressive strength of ~30 MPa, i.e., a reasonable level of structural
integrity. Water flux rates ranging from 3 to 22 LMH/bar and a dye
rejection efficiency of up to 96 % were presented, they make the
membranes highly effective at removing dye molecules from waste-
water. Moreover, the membranes could maintain stable flux for over 24
h, underlining their potential for long-term use. In another work, SiOC
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fibrous membranes, formed using electrospinning, yielded a tensile
strength of 6.5 MPa and a modulus of 300 MPa [248]. Flexural testing
(up to 300 bending cycles) indicated their flexibility and durability. The
authors suggested that these membranes were well-suited for flexible
filtration systems, especially where mechanical resilience and repeated
stress endurance are essential.

Sponge-like SiOC membranes with spheroidal pores were developed,
featuring total porosity levels between 30 % and 40 % and pore sizes
ranging from 0.7 to 1.4 pm [241]. The mechanical strength of these
membranes ranged from 28 MPa to 38 MPa. For microfiltration appli-
cations, the PDC membranes had sufficient flexural strength, compara-
ble to various ceramic membranes for microfiltration reported in the
literature, despite being sintered at lower temperatures (see Fig. 16).
Filtration tests results expressed that water permeation rates reaching
370 LMH at 2 bar, along with oil-in-water emulsion filtration efficiencies
of 98 %. The distinctive sponge-like structure and high water flux per-
formance make these membranes especially suitable for oily wastewater
treatment, combining high permeability with effective oil removal.

In the other work, neat and Pd-doped SiOC fibrous membranes were
created through a combination of electrospinning and heat treatment, as
shown in Fig. 15A-B [274]. The mechanical properties of the membranes
were significantly enhanced by the in situ incorporation of palladium
nanoparticles into the SiOC fibers (detailed in Fig. 15C). Increasing the
palladium content reduced the pore diameter from 18.1 to 11.2 nm and
increased the SSA from 30 to 52 m2.g~!. The neat and Pd-doped SiOC
fibrous membranes entailed a flexural modulus of 2.23-7.79 kPa, tensile
strength of 0.5-33.2 MPa, and an elastic modulus of 289-618 MPa. The
filtration performance was measured with an airborne particle counter,
marking 99.6 % efficiency for smaller particles and achieving 100 %
efficiency for particles larger than 5 um, with excellent corrosion resis-
tance. These results suggest that durable PDC-SiOC fibrous membranes
are well-suited for filtration applications in corrosive environments.

Selective laser printing was used to fabricate SiOC ceramic mem-
branes with total porosities up to 42 % [239]. By tuning the micro-
structure and altering the total porosities, they achieved flexural
strengths ranging up to 27 MPa. Additionally, water flux rates increased
with higher porosity and applied pressure, indicating an adaptable
approach to improve filtration performance as required. The work marks
the potential of 3D-printed membranes for water and gas filtration ap-
plications, where high flux can be prioritized alongside moderate me-
chanical strength.

SiOC ceramic membranes [195] with total porosities reaching 65 vol
% and an average pore size of 0.59 pm effectively removed oil droplets
from water, and had a 95 % rejection rate. However, no mechanical
properties were given.

Hydrophobic-oleophilic SisNs nanobelts with interconnected
porosity (> 95 %) were obtained by impregnating preceramic siloxane
resin into polyurethane foam and performing pyrolysis at 1500°C in an
N2 atmosphere [275]. The produced nanobelts selectively absorb pump
oil and effectively separate it from water. Oil impregnation led to a

(A) (B)

SioC

SiOC-1.0Pd

Open Ceramics 23 (2025) 100803

weight increase of up to 2500 %, with over 90 % of the theoretical oil
capacity filled. The oil can be easily removed from SisN4 by heating to
600°C.

The relationship between microstructural (pore size and total
porosity) and mechanical properties for different types of inorganic non-
metallic solid membranes was analyzed and plotted in Fig. 16. Fig. 16A
provides an overview indicating that membranes generally have total
porosities between 20-60 vol%, with PDC-derived membranes display-
ing similar characteristics. Also, the pore distribution plot (Fig. 16B)
indicates that membrane pore sizes range from the micron scale (suit-
able for microfiltration) down to the nanometer scale (ultrafiltration and
nanofiltration). Fig. 16B also marks that PDCs offer the broadest range of
pore sizes compared to the other materials.

The versatility in processing routes enables the design of PDC
membranes with targeted porosity, mechanical strength, and surface
properties. These materials show clear advantages in chemical resis-
tance, flow stability, and application-specific tunability, particularly in
oily wastewater treatment, dye removal, and desalination. The mem-
branes exhibit strong mechanical performance, with flexural strength up
to 50 MPa and stable operation under harsh conditions. Their applica-
tion in water treatment has shown high efficiency, including up to 99.9
% salt rejection, 98 % oil removal, and 96 % dye rejection [156,241,
242]. In gas separation, PDC membranes demonstrated high selectivity
(e.g., Ha/SFe > 2900) and stable performance at elevated temperatures.
Overall, PDC membranes stand out as multifunctional, durable, and
scalable materials for next-generation filtration technologies, though
greener production processes and long-term validation remain key
future challenges. Future work should focus on scale-up, emission
reduction in production, and long-term field performance validation.

2.3. Catalytic activity

Reactions facilitated by catalysts can be categorized as homogeneous
or heterogeneous. In homogeneous catalysis, all reactants and the
catalyst are in the same phase. In contrast, in heterogeneous catalysis,
the catalyst is typically in the solid phase, while the reactants are in the
liquid or gas phase. Accordingly, PDC catalysts can be considered an
example of heterogeneous catalysis [145], where the reactants are in
different phases. Although heterogeneous catalysts offer the advantage
of easy separation and reuse due to phase differences, their activities
may be low. The structure of the material plays the most significant role
in heterogeneous catalysis [276].

In a broad classification, catalytic activity can be classified into
thermocatalytic, photocatalytic, and electrocatalytic reactions based on
the energy source used: heat, ultraviolet (UV) or visible light, and
electrical energy, respectively. All these processes, in fact, are frequently
employed in environmental applications to increase reaction rates. It is
also commonly used to remediate organic pollutants and gases from
water or air, converting them CO; and H,0 through oxidation. Several
other examples can be found in comprehensive reviews focusing
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Fig. 15. (A) Digital pictures of bending performance for SiOC membrane and (B) Pd-doped SiOC membrane (C) Stress-strain curves of SiOC and Pd-doped SiOC
membranes. (Inset shows the digital picture of the mechanical property of the Pd-doped SiOC membrane. (Reproduced from [274], with permission John Wiley and
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20



O. Icin et al.

200

Open Ceramics 23 (2025) 100803

200
(A) @ PoC-sioc (B) @ Pocsioc
Alumina Alumina
@ Alumina + Fly ash @ Mullite-Alumina
@ Mulite-Alumina @ FlyAsh
150 - @ FlyAsh 150 - @ Muliite
— ° ® Mulite - ° @ Clay
© ; ® Clay © Silicon Nitride
% o - Silicon Nitride o Silicon Carbide
< @ Silicon Carbide é
< £
S 100 - S 100+
S ° e c o0
B : g
w (2]
50
x -
3 % . & N
i ° s w .
[}
04 o 04
T T T T T T T T T
0 20 40 60 80 100 0 2 4 6 8 10

Porosity (%)

Pore size (upm)

Fig. 16. (A) Flexural Strength (MPa) versus Porosity (%) chart, and (B) Flexural Strength (MPa) versus Pore size (pm) chart, (the data collected from the pub-

lished papers).

explicitly on the topic [277-280].

Physical methods like adsorption are employed to remove contami-
nants from water, but these methods merely transfer chemical pollutants
from water to other media, leading to secondary contamination. In
contrast, photocatalytic oxidation technology is widely used in waste-
water treatment due to its high efficiency and lack of secondary pollu-
tion [281].

The mechanism of photocatalytic degradation is as follows: When a
semiconductor photocatalyst is exposed to a light source with energy
higher than its bandgap, electron-hole pairs (e’ as the reducing agent and
h" as the oxidizing agent) are generated. These pairs initiate chemical
reactions that mineralize contaminants through oxidation and reduction
reactions. Holes (h’) in the valence band migrate to the photocatalyst
surface and react with water to produce hydroxyl radicals (¢OH), known
as oxidation reactions. Electrons (¢') in the conduction band react with
oxygen to form superoxide anion radicals, which undergo further re-
actions to generate hydroxyl radicals, known as reduction reactions.
Ultimately, these hydroxyl radicals react with organic pollutants,
yielding H>0 and CO» as end products [282]. An effective photocatalyst
should be biologically and chemically inert, photo-stable, cost-effective,
and non-toxic [283].

There are several different photocatalytic materials, including TiO»,
ZnO, iron oxide, tungsten trioxide, copper oxide, cadmium sulfide, bis-
muth vanadate, ceria (CeOy), silver halides, and their composites. Such
materials are extensively utilized in environmental applications and can
be engineered for diverse purposes, including developing self-cleaning
surfaces [284], mitigating air pollution [285], and hydrogen or oxy-
gen evolution. In addition, a prevalent application lies in the removal of
pollutants, such as phenolic compounds [286] and dyes, from waste-
water, facilitating purification processes [287].

Although many research groups have employed photocatalytic
degradation to dispose of organic substances, it has rarely been tested
for PDCs (given in Table 3). SiOC/TiO3 and SiOC/N-doped TiO; ceramic
composites were made via a template-free method, and the samples
were tested for MB degradation [203]. SiOC/N-doped TiOs ceramic
composite, produced by pyrolysis at 700°C for 2h in Ar, displays supe-
rior photocatalytic performance (the highest photodegradation rate
constant, k, 3.4 x 10~2.min"!) in comparison to both pure SiOC ceramic
and the SiOC/TiO, ceramic composite, see Fig. 17.

N-doped TiO5 was embedded within an amorphous SiOCN matrix to
obtain a composite structure. The MB dye and the formed material were
kept in dark for 12 h to reach equilibrium, followed by applying visible
light. The photodegradation rate constant was calculated to be 8.3 x
1073 min~!. Additionally, it was observed that the SSA decreased from
186 to 130 mz.g’1 after the adsorption/catalyst experiment [216].
SiOCN/TiN nanocomposite, another novel material obtained by pyrol-
ysis under an ammonia atmosphere and used as a precursor for PHMS,
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Table 3

PDC-based photocatalyst and catalyst utilization for wastewater treatment and
electrocatalytic reactions.

Photocatalysts SSA Particle/ Application Efficiency Refs.
(mz.g’l ) Pore size (%)
(nm)
SiOC/ TiOz ~300 97 [154]
SiOC/ TiO2 129 ~7 MB Dye N.A. [202]
SiOC/TiO2 254 4 Degradation N.A. [203]
SiOC/N-doped 336 4 N.A. [203]
TiO2
Si0C/ZnO ~400 ~4 100 [177]
SiOCN/TiO2 186 11 N.A. [216]
SiOCN /TiN ~1 N.A. 64 [288]
SiOCN / ZrO, N.A. 4-20 [290]
SiC/ Bi;WOg 0.00274 N.A. RB Dye 90 [289]
Degradation
SiOC/ Ni 85-410 3.0-3.2 CO, 25 [291]
1-20 6.2-6.4 methanation
SiOC/ Ce 15 13-28 CO, N.A. [292]
decomposition
Sioc/ve 239 N.A. Oxygen Onset pot: [293]
reduction 0.8V
SiOC ceramers 333-588 1-2 CO conversion 98 [294]
SiC 55-363 N.A. CO conversion 90 [295]
SiC/W 170-277 N.A. HER N.A. [296]
SiCO N.A. N.A. IPA conversion N.A. [297]
SiBCN/rGO N.A. N.A. H, evolution Onset pot: [298]
-0.3V
SiOCN / Ni 232 N.A. DRM N.A. [299]

HER = hydrogen evolution reaction, and DRM = dry reforming of methane.

has been investigated for MB degradation [288]. Photodegradation ef-
ficiency and its rate constant were calculated 64 % and 4.2 x 1073
min~?, respectively.

SiOC/TiO2 nanocomposite was obtained using the template-assisted
method, and its photocatalytic activity against MB degradation was
analyzed [202]. The photodegradation rate constant was calculated to
be 4.8 x 1072 min~l. It has been stated that the synthesized nano-
composite reduces the band gap compared to pure titania and enhances
the photocatalytic effect by forming Ti-O-C/Ti-C bonds.

The MB removal efficiencies of SiOC nanobeads produced via the
emulsion method and their composites coated with TiO, were investi-
gated by Icin et al. [154]. Produced materials were pyrolyzed at
different temperatures (600, 1200 °C), and it was stated that their MB
photodegradation efficiencies under UV light reached up to 97 %. The
study documented that even after 3 repetitions of reusability tests, the
degradation efficiency values of the produced composites remained
above 90 %, see Fig. 18.

Mesoporous SiOC/ZnO nanocomposites with high SSA (up to 400
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Fig. 17. (A) TEM micrograph (insets: SAED pattern and HRTEM micrograph) of SiOC/20 wt.% N-doped TiO, ceramic composite and (B) photocatalytic activity of
SiOC ceramic and SiOC/20 wt.% TiO, and SiOC/20 wt.% N-doped TiO, ceramic composites pyrolyzed at 700 °C for 2 h in Ar atmosphere. (Reproduced from [203],

with permission Elsevier, Copyright 2012).
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Fig. 18. SEM images of the emulsion-derived nanobeads (A) pyrolyzed at 600 °C (the inset are the TEM images), (B) pyrolyzed at 1200 °C, and (C) MB degradation
efficiency under UV light irradiation for NB600Ti, NB1200Ti, and TiO, powder (the dashed lines represent the exponential non-linear fitting resulting with R? >
0.737), and (d) reusability of the photocatalyst (Reproduced from [154], with permission Elsevier, Copyright 2021).

m2g™!) were synthesized for the degradation of MB in water. The
impact of varying pyrolysis temperatures (700 and 900 °C) and the
amount of ZnO (0-20 wt.%) on photocatalytic activities was investigated
[177]. Higher pyrolysis temperatures and increased ZnO content were
found to decrease the SSA. However, the enhancement in UV-induced
photodegradation of MB was positively associated with higher ZnO
content in the SiOC matrix. The synthesized nanocomposites containing
higher ZnO content demonstrated rapid decolorization of the MB solu-
tion within 30 min under UV light exposure. While SiOC had approxi-
mately 50 % MB degradation efficiency, it reached 100 % with an
increase in the ZnO ratio to 15 % in the composites.

Using the template-free PDC route, mesoporous SiC(O) ceramic
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nanocomposites were produced using bismuth tungstate (BiaWOg)
nanopowder and tested for RB photodegradation [289]. The resulting
ceramic nanocomposites yield significantly higher photocatalytic ac-
tivity than pure Bi;WOg nanoparticles. Such an enhanced activity was
due to the SiC in PDC, which provides an efficient transport pathway for
dye molecules into the interior. In samples with high Bi;WOg content
(40 wt%), the photocatalytic degradation efficiency reached ~90 %,
suggesting superb effectiveness for removing organic dyes from water.

In-situ formation of ZrO; crystals was observed when PHMS was
used to produce SIOCN/ZrO, nanocomposites by Bhaskar et al. [290].
Nanocomposite foams were made with 10, 30, and 50 % zirconium (IV)
butoxide (ZB), and detailed structural characterizations were employed.
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Among the synthesized materials, the sample containing 50 % ZB and
pyrolyzed at 1400 °C generated a hierarchical pore structure and sta-
bilized t-ZrO,, smaller than 15 nm. This sample’s photocatalytic activity
was evaluated for MB degradation. After 4h of visible light exposure, the
nanocomposite manifested a photocatalytic efficiency of 72 % with a
rate constant of 3.2 x 10~ min~".

Reactions facilitated by catalysts can be categorized as homogeneous
or heterogeneous. In homogeneous catalysis, all reactants and the
catalyst are in the same phase. In contrast, in heterogeneous catalysis,
the catalyst is typically in the solid phase, while the reactants are in the
liquid or gas phase. Accordingly, PDC catalysts can be considered an
example of heterogeneous catalysis [145], where the reactants are in
different phases. Although heterogeneous catalysts offer the advantage
of easy separation and reuse due to phase differences, their activities
may be low. The structure of the material plays the most significant role
in heterogeneous catalysis [276].

PDCs have been tested for thermocatalytic [292,300] and photo-
catalytic activities [202,216,288], whereas their application in electro-
catalysis is less prevalent. In electrochemical reactions, resistance to
high temperatures, particularly harsh acidic environments, is crucial for
the stability of the catalyst. Therefore, it may be possible to employ PDCs
in electrocatalytic reactions, even if they are not frequently studied (see
Table 3) [293,296]. Functionalizing SiOC and SiCN components with
metallic nanoparticles can allow for the creation of diverse supported
catalysts used, for example, in hydrogen production [291,296,301-303]
and pollution control.

Ni-modified polysiloxane-derived ceramics were produced by ster-
eolithography, and their catalytic activities for CO, methanation were
investigated [291]. The effects of different pyrolysis temperatures
(600-800 °C) on the morphology and catalytic activity of the produced
3D-printed ceramic lattices have been studied. As the pyrolysis tem-
perature increased, a decrease in SSA and a reduction in catalytic ac-
tivity were observed. The SSA of these printed monoliths ceramics
(pyrolyzed at 600 °C) increased from 84.5 to 410.4 m2.g~! when it was
ground into a powder, which corresponds with the improvement in their
catalytic activity, as the CO, conversion value rose from 3.5 % to 25.6 %.

The catalytic effects of Ni/SiOCN nanomaterials produced using two
PSZ polymers with different molecular structures were investigated
through dry reforming of methane [299]. The sample pyrolyzed at 900
°C using a perhydropolysilazane-Ni precursor had ~ 230 m2.g~! SSA
and a microporous structure, exhibiting high activity.

Ce/SiOC nanocomposites produced by mixing different ratios of urea
(0.1-0.75M), CeOy (6-10 mmol), and polymethyl-silsesquioxane and
pyrolyzing under N, were investigated for their use as catalyst support
materials in thermochemical CO5 decomposition. The catalytic activity
of the produced materials was evaluated based on the CO generated.
While the thermocatalytic activity of catalysts consisting of pure phases
can be measured by weight loss in dynamic scanning gravimetry ther-
mogram through the release of O,, different methods may be required
for composites, as in this research. The activity of the produced catalyst
nanocomposite was determined by detecting the intensity of the CO
band at 2170 cm™ using FTIR. It was observed that the material with a
high Ce content yielded higher CO production results [292].

A new procedure was proposed for preparing metallic platinum
dispersed in polysiloxane matrices for catalytic applications. Pyrolysis of
polyvinylsiloxane with platinum at 1000 °C in Ar forms metallic plat-
inum particles embedded in SiOC ceramics. The catalytic activities of the
produced materials were monitored by analyzing different products in
alcohol decomposition reactions using gas chromatography and calcu-
lating the decrease of activation energy. These platinum-containing
systems disclose catalytic activity in IPA conversion [297].

A study evaluated the catalytic activity through CO oxidation using
hybrid ceramic materials produced from poly-methyl-phenyl-
silsesquioxane [294]. The platinum-containing materials, pyrolyzed at
500 °C, were investigated regarding the effect of varying amounts of the
complexing agent (3-aminopropyltriethoxysilane, APTE). Although
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increasing the complexing agent led to a decrease in SSA values, the
samples with 16 times the amount of APTE compared to platinum
achieved up to 98 % CO conversion. The pyrolytic behavior of the
produced materials showed that the thermal stability decreases with
increasing APTE content. Samples containing the aminopropyl group
are, therefore, suitable for applications below 300 °C due to the poten-
tial for carbon decomposition following pyrolytic conversion. Even
though the produced materials may not be ideal for reactions at high
temperatures, they could still be proposed as catalysts.

Similarly, macroporous ceramics were produced using Pt-containing
polysiloxane precursors by direct foaming for testing as a catalyst in CO
oxidation reactions [295]. The catalytic properties of samples pyrolyzed
at 600 °C and 1400 °C were compared. The samples pyrolyzed at 600 °C
had increased CO conversion with the increasing temperature, with
smaller platinum particles (Fig. 19B) that affected their catalytic per-
formance. In contrast, the samples pyrolyzed at 1400 °C displayed a high
conversion rate (over 90 %) and reaction behavior typical of catalyst
support systems, see Fig. 19C. The formation of nanowires on the cell
walls of the foams (see Fig. 19A) enhanced the effective utilization of the
catalyst material by exposing the Pt particles.

Further environmental applications of a catalyst employed is the
hydrogen evolution reaction. Notably, a study has produced porous
PDC/reduced-GO composites as electrocatalysts for hydrogen produc-
tion [298]. Suggests that PDC composites can also be used in electro-
chemical catalysis due to their thermo-mechanical properties, chemical
stability, and tailorable microstructure. It was noted that
oxygen-enriched O-SiBCN/rGO composites had high electrocatalytic
activity, with an onset potential of —340 mV and a Tafel slope of ~120
mV.dec™ !, making them effective catalysts in electrochemical reactions.
The results indicated the exceptional long-term stability of
0O-SiBCN/rGO, and the potential of these materials for practical appli-
cations (Fig. 20C).

2.4. Energy and other applications

The broad applicability of PDCs in areas such as thermal insulation,
electrical as well as dielectric and electromagnetic wave absorption, and
electrochemical energy storage is due to their highly tunable properties.
By adjusting the choice of pre-ceramic polymers and processing
methods, these properties can be tailored to specific needs. This adapt-
ability makes PDCs promising materials for use in industries like aero-
space, defense, and energy, where high-temperature and extreme
conditions are prevalent. There are already reviews about the energy-
related applications, for more details, the interested reader is referred
to recent reviews on PDCs [304-310].

3. Conclusions and outlook

This review joins the scientific and technological advancements in
PDCs for environmental remediation, with a particular focus on sorp-
tion, filtration, and catalysis. Thanks to their tunable microstructure,
high chemical and thermal stability, and surface functionalities, PDCs
have shown strong potential in addressing water purification, gas sep-
aration, catalytic processes, and energy storage applications.

Specific issues are discussed in two separate panels: (i) In the context
of sorption, experimental findings underline the pivotal influence of SSA
and porosity on the adsorption efficiency of PDCs, particularly for
removing dyes, pharmaceuticals, and metal ions. Adsorption perfor-
mance extends beyond SSA optimization, with surface functionalities,
such as Si-OH groups and sp? carbon domains, playing a critical role in
facilitating specific bonding interactions and adsorption mechanisms.
The robustness of PDC adsorbents under variable pH, temperature, and
chemical conditions, combined with their cost-effectiveness and reus-
ability, further establishes their suitability for diverse water treatment
applications, and (ii) regarding membranes filtration, PDC membranes
manifest high potential, characterized by porosities spanning from 30 %
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to 65 % and pore sizes covering nm to micron range with mechanical
strengths reaching 50 MPa. Compared to other commonly used ceramic
membranes, PDC membranes prove high efficiency through precise
microstructural control and tailored surface characteristics, enabling
their application across various industries, including wastewater treat-
ment and gas separation. It was documented that advanced fabrication
techniques such as phase inversion, dip-coating, electrospinning, and
selective laser printing may improve structural and functional versa-
tility. The adaptability of PDC membranes in terms of both mechanical
integrity and filtration performance features their applicability for
diverse and demanding filtration scenarios. Future progress in
manufacturing techniques and material engineering will likely enhance
their performance and broaden their industrial and environmental
utility.

Since the microstructure of PDCs can be customized through the
choice of precursors and production techniques, they can be designed to
provide specific solutions to environmental issues. However, despite the
significant potential, challenges still need to be addressed. One primary
concern is the environmental impact of the PDC production process,
particularly during synthesis and pyrolysis stage, where gases such as
CHy4, CgHg, and CO may be released. Future research should focus on
developing greener synthesis and methods that minimize these emis-
sions and align with the principles of eco-friendly chemistry.

It is essential to focus on developing sustainable synthesis methods.
To reduce the environmental footprint of PDC processing, novel syn-
thesis methods should be designed using renewable resources and waste.
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