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ABSTRACT

Industrial effluents generated by chemical, textile, metal-processing, and mining industries contain complex mixtures of diverse pollutants. These
contaminants include persistent organic pollutants, recalcitrant organic compounds, and toxic heavy metals. These contaminants, either individually or
through synergistic interactions, can adversely affect ecosystems and human health. Their coexistence can enhance wastewater treatment resistance and
reduce the effectiveness of conventional processes, including activated sludge, coagulation—flocculation, and adsorption-based treatments. Therefore,
developing efficient processes capable of simultaneously removing diverse contaminants remains a major challenge in environmental engineering.

Porous polymeric foams have recently attracted considerable attention as multifunctional adsorbent platforms. These materials are attractive due to their
interconnected three-dimensional structures, low density, and high specific surface areas. Furthermore, their tunable surface chemistry and potential
reusability can significantly enhance adsorption performance. These foams, particularly after surface modification or incorporation of active components,
can enable simultaneous and selective removal of organic and inorganic contaminants. Moreover, recyclability and the incorporation of bio-based
polymer matrices in some systems offer additional advantages in terms of environmental sustainability. In this review, polymeric foams are classified
according to the origin of their polymer matrices (synthetic and bio-based foams) and their functional design strategies, including nanocomposite, smart,
polymer—metal, and multilayer architectures. Furthermore, surface modification strategies, including functionalization, nanoparticle incorporation, and
smart coating approaches, are discussed to enhance adsorption performance. These strategies aim to improve adsorption capacity, selectivity, and
practical applicability in environmental remediation.

The primary adsorption mechanisms and the effects of operational parameters on foam performance are also evaluated. Recent studies indicate that
modified foams, owing to their enhanced adsorption capacity and potential regeneration capability, may serve as complementary alternatives to
conventional adsorbents under specific operating conditions. However, challenges related to production costs, scalability, and large-scale industrial
implementation remain unresolved. Finally, the development of bio-based multifunctional foams for continuous-flow treatment systems is highlighted
as an important direction for future research.
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Figure 1 Porous Polymer Foams: A Schematic Representation of
the Adsorption of Organic Pollutants and Heavy Metals [1,3,5,10]
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Figure 2 Macro-, Meso-, and Microporosity in Polymer Foams:
Structural Characteristics Study [21-23,31]
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Figure 3 Overview of the Physicochemical Properties of Porous
Polymer Foams [39,45,52,57]
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Table 1Correlation between Porous Architecture and Functional Performance of Polymeric Foams for Pollutant Adsorption and Purification

Porous Structural- Representative Design and
Architecture Functional Material Fabrication Functional Effect References
Type Attribute System Approach
Small Polyurethane Nanoparticle Enhanced dye
Micronorous interconnected foam loaded incorporation adsorption and
struf:)ture pores enabling rapid with TiO: for for improved photocatalytic [21, 22, 29]
organic pollutant textile dye photocatalytic | degradation via high
uptake purification efficiency surface reactivity
Meso-sized pores Controlled Improved ca_talytlc
. PS foam L and sorption
Mesoporous (2-50 nm) suitable - synthesis via .
templated with performance via [23, 30, 32]
framework for storage and nanostructured S
- ZnO optimized pore
catalytic processes templates
geometry
Large pores (>50 FM)_(M ; _ Facilitated liquid
; composite with 3D structuring transport and
Macroporous nm) enhancing . . - i ;
. TiC: using via sacrificial evaporation through | [32, 34, 36]
network evaporation and ; . .
melamine templating interconnected
water transport
template macropores
. . Multi-scale pores Monolithic Hierarchical Selective adsorption
Hierarchical . . - .
enabling rapid COFs and architecture and rapid mass
porous . . - [34, 36, 39]
. transfer and PolyHIPE-based | integration with | transfer across pore
architecture . . -
selective adsorption materials PolyHIPE scales
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High SSA, total
. . porosity, and MF@PCP and S_urfac_e . Ex_pandt_ad .
Functionalized functional functionalizatio | adsorption via high
0rous network unctional groups CPPF. n and active SSA and active B
P G composites roup graftin functional sites
adsorption group g g
. Incorporation of .
lon-Exchange and Re:ﬁ?éisefcn'iﬂ?ke PU combined conductive Sirei??\fﬁs ';::j
Electrical Surface y an with PANI / polymers with y [47, 50, 51]
. charge-selective - charge-transfer
Properties . PPy functional o
transport behavior - efficiency
nanoparticles
Maintains cyclic Hyﬁ::g:]zat:lon Ensures high
Thermal/Chemica performance and PU and nano ar%icle structural stability
| Stability and chemical integrity nanocellulose- . Pg and reusability [48, 49, 52]
. - integration and
Recyclability under corrosive based aerogels network under harsh
exposure tailoring environments
L Network
Swelling Swelling kmt_eﬂgs CS/CD/MIL- engineering Enable_s tunable
Behavior and governed by ionic 68(Al) employing swelling and [54, 55, 57]
Dynamics concentration and composites superabsorbent regulated water s
y crosslink density P P uptake
agents
Optimization of
Foaming Morphological and scCO2, NRF + foaming Facilitates precise
Techniques porosity control ADC, mineral parameters P
. . - ' . morphology control
(Physical, achieved via particles or using . [59, 63, 66]
) . . and sustainable
Chemical, and process parameter emulsion environmentally .
. - - foam fabrication
Template-Based) tuning templating friendly
techniques
Advanced _— . .
Fabrication rll::r?c:;(t:?t:::?ﬂrgg PVA/gelatin Integration of erfT; Iri!]iz:égfr;;ms
Technologies o aerogels, PLA | advanced multi- pertormar
. foams exhibiting . L with tailored [70,72,77]
(Freeze-Drying, filters, PAN- fabrication -
L tunable 3D - porosity and
3D Printing, . based foams strategies . . .
o architectures multifunctionality
Electrospinning)
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Table 2 Industrial Assessment of Different Foam Preparation Methods

Relative
Preparation Material Representative . - Industrial
P P Production Scalability* Ref.
Method System Performance Data Cost* Assessment
Bubble nucleation Environmentally
density increases friendly process with
. with controllable pore
Physical depressurization structure; requires
foaming PVA/scCO: P ++ +H/H++ clure, req [61]
(scCO2) rate; morphology high-pressure
: controlled by equipment for
polymer viscosity industrial
and CO: diffusion implementation
Uniform foam Raplq and
. L cost-effective process
. formation within < 6 )
Chemical Natural min using suitable for
foaming (AD . large-scale fi
oaming ( C rubber/AD microwave or + ++ arge-scale foam [63]
microwave-assis . production; requires
C foam combined -
ted) . control of foaming
microwave— -
. . agent decomposition
convection heating
products
. Produces highl
Compressive stable por(?usy
PVA/CNF/ modulus - 1.65 MPa structures but
F dryi Gelatin (=8 higher than st 4+ involves [71]
B PVA/CNF and ~91x e
aerogel . energy-intensive and
higher than pure time-consumin
CNF aerogel) Hing
processing

va




. Excellent structural
Cu adsorption designability and
_— PLA/TCNF | capacity: 234 mg g™ g _y
3D printing adsorption
(FDM + TIPS + and (TCNF) and 208 mg /A ++ erformance; [75]
X PLA/ChNF g (ChNF); P o
freeze-drying) ] . : multi-step fabrication
filters microplastic . -
increases production
removal up to 54%
cost
Hierarchical ..
. Promising for solar
micro/macro-porous desalination systems
Gas-foamed PAN structure for thermal but relies);n
electrospun foam@PPy | insulation and water A /4 - [77]
Janus structure | evaporator transport in solar pecializ
. . electrospinning and
interfacial .
. coating steps
evaporation
. Highly efficient
Superhydrophobic . gnly .
. . oil/water separation;
Chemical surface with water .

. Cu foam + requires surface 8
modification + . contact angle ~158° ++ ++ . . [78]
Lo PS fibers - functionalization and

electrospinning and sliding angle .
<5 metallic foam
substrates
. . . reen gas-foamin,
Gas dissolution Drug loading up to Green gas-foaming
. Hollow . route to create hollow
foaming of 15 wit% with .
PCL _ ++ ++ porous fibers; [79]
electrospun L sustained release .
. microfibers potential template for
fibers ~1.5 days .
adsorbent design
. High purification
Solar absorption . .
Electrospun GF/PMMA ) P efficiency with
raphene +PU ~92%; removal of reduced graphene
graphene. >99.9% heavy metal + ++ grap [80]
composite with sponge + . usage; promising but
ions and 99.8% -
foam support PS foam . requires further
organic dyes .
scale-up studies
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Table 3 Adsorption Mechanisms and Performance Challenges of Functional Foams

Mechanism Key Foam Feature ihal_lenge/ Strategy / Recommendation References
imitation
Comt?lned 3D interconnected porous L|m|te_d Use of bio-based and polymeric
A structure with active ES PN foams for organic pollutant [81, 82],
chemical : stability and ganic p [88], [90]
: functional groups L removal
adsorption recyclability
Chemisorptive Active functional groups ung:figlr:’ly Iect)ist?ve Bioadsorbent and biochar [91, 92]
uptake (-OH, —-NH:, -COOH) P surface functionalization
adsorption
ril_é%?;ti d Ligand-functional groups (- pH sensitivity and Engineering bio-based [94, 95]
. &= ioni i
complexation SH, —PO+") ion interference nanocomposites
Cooperative Chitosan-, PVA-, and Complex Engineering modified bio-based [99-101]
; adsorption
adsorption nanocellulose-based foams foams
pathways
. . . L Surface engineering with
Site-competition | Common functional groups (— Active site " 102-104
adsorption COOH, -NH, —-OH) competition RIS TS NETTEL 3TanTp [ ]
placement
Hierarchical structures . N
Multi-functional | incorporating graphene oxide High fabrication Green and scalable fabrication [105-107]
. . cost and process . -
adsorption (GO) and metal-organic complexit of multi-functional foams ,[109]
frameworks (MOFs) plexity
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Figure 4 Comparative Adsorption/Uptake Capacities of Porous Foam-Based Adsorbents Toward Different Pollutant Classes
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Table 4 Functional Strategies and Design of Polymer-Based Foams for Targeted Contaminant Removal

Foam Functional Functional . .
Strategy Component Design / Delivery Approach Targeted Effect References
Synthetic foams with PS, PAAM Controlled ‘.:e" sFruc_turing, Enhanced removal of organic
tunable structures P\,/A PU ’ LT 2 B GE [ZE T, 2 and metal contaminants Lok 22
! nanoparticle incorporation
Bio-based and Chitosan, Fabrication of porous Selective removal of metal
environmentally alginate, networks via polyelectrolyte ions and organic pollutants [113-116]
friendly foams cellulose complexation with recyclability
. . . . . . Selective metal ion capture
Mlngral nanoparticle- Magne_tlc Hybrid foam de5|gn Wlth with high stability and facile [117-119]
reinforced foams nanoparticles stable substrate binding .
separation
Smart and Polvmer + Multifunctional, stimuli- Multi-functional removal of
. . Y responsive foam (pH, organic and metal pollutants, [121,122]
multifunctional foams | nanostructures g - .
temperature, magnetic field) antimicrobial and recyclable
. . Selective adsorption of
MOF-polymer MOF + olln:ﬁg:a:r:gtr:i?:];s'wﬁ;st\:lvrz?bl e pollutants with water/gas [123-125]
composite foams PUPVAPAN | P S){l rface area and porosit purification and energy
P y storage potential
. PVA/gelatin + . Enhanced selective pollutant
Layer.ed ar]d spatially carbon Layered polar/hydrophobic removal with increased [126, 127]
functionalized foams open-cell foam structures - -
nanotubes adsorption rate and capacity
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@ Porous polymeric foams, with a 3D structure, high surface area and mechanical strength, efficiently

remove organic pollutants and heavy metals in fixed-bed systems. Functionalized polyurethane foams offer
diverse chemical sites for selective capture, while tunable porosity enhances mass transfer, making them
effective for industrial-scale wastewater treatment

Porous and nanocomposite polymeric foams play a vital role in treating complex wastewater from
electroplating, dyeing and petrochemical industries. Their 3D porous structure, high surface area, tunable
functionality enable efficient and reusable removal of toxic metals and organic pollutants under harsh
industrial conditions

Porous polymer nanocomposites have emerged as efficient, recyclable adsorbents for treating mining
wastewater rich in toxic metals such as As, Hg, Cd, and Mn. Their high surface area, chemical stability, and
tunable functionality enable strong metal-polymer interactions, offering a sustainable solution for heavy-
metal removal in harsh industrial environments.
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Figure 5 Overview of Industrial and Semi-Industrial Applications of Porous Polymeric Foams in Complex Wastewater Treatment
[128,130,134,141]
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Table 5 Comprehensive and Quantitative Comparison of the Adsorption Performance of Porous Foams in the Removal of Heavy Metals,
Organic Pollutants, and Multi-Contaminant Systems

: Contact / Adsorption
Foam adsorbent Target Adsorp_t lon Re_moval Optimal pH equilibrium model / Ref.
pollutants capacity efficiency - -
time mechanism
AlgFe304-1GO-4S nl\:;/aé 71?22?1357 MB ~90%; Cu?* Hydrophilic -
2+ i o ~ ] . g
"~ graphene VDI | mgle Qo | >99.99%; He - °"i‘3‘gtsake hg’g:ﬁggﬁg{'f [10]
biopolymer foam > 73.5 mg/g; oils: 100%
surface
11-18g/g
Sips isotherm;
Methyl 32.5% within equilibrium Elovich and
PU-PANT foam orange 255 mg/g first 5 min 5 =30 h intraparticle [31]
diffusion models
ARG 255.81
mg/g; MB
22.57 mg/g; ARG 88%; MB
ARG, MB, | Cr(VI)105.32 40%; Cr(V1) : :
PU-P/T composite | Cr(VI), TP, | mg/g; TP 10.04 | 90%: TP 58%: column Redox interaction
foam N me/e: NHa" NH.* 42%: - operation up between Cr(VI) [38]
pl /g Nt ¢ ; to 1800 min and PANI
NOs-, COD 7.98 mg/g; NOs~ 30%;
NOs~23.03 COD 63%
mg/g; COD
236.31 mg/g
- dyes >500 Electrostatic
CP;F ﬁ:g’g);g:ﬁqed dy"’éfﬁ“ i mg/g; metals >97C%C?Ztser5 >5 - adsorption by [39]
poly >30 mg/g 4 carboxyl groups
MB Langmuir
IPB-PBAT . photodegradatio isotherm;
open-cell foam il 5 T ) n >95% after 5 ) ) pseudo-second-or [42]
cycles der kinetics
Cu?* 66.05
Cuz mg/g; Cr(V1)
Cr(VI’) 132.8 mg/g; Pseudo-second-or
MF@PCP MO ' MO 646 mg/g; ) ) rapid der Kinetics; [45]
composite foam ACBk ACBK 691 adsorption int(apar_ticle
CR DC’F mg/g; CR 702 diffusion
' mg/g; DCF 784
mg/g
MB, trypan MB 60.61 Langmuir
CS/CD/MIL-68(Al) blue, mg/g; trypan sulfonamides 4 ) isotherm; [57]
MOF foam column | sulfonamid blue 454.55 ~100% pseudo-second-or
es mg/g der kinetics
pseudo-second-or
BC/PU composite organic up to 23.6 g/g stable after 5 ) ) dﬁgﬁ;‘:ﬁﬁs [81]
foam solvents (n-hexane) cycles isotherm: EDA
interaction
MI_3, rl:}/lg?g8589|:_9r ; F_reundlich
WEPS-BTA foam | S3MNNET, | 40367 mog: | high removal 2-12 fapid isotherm; [82]
malachite MG 11973 adsorption pseudo-§ecqnd-or
green molg der kinetics
L . . Langmuir and
fabrllz,CJ?mforced Pb2* - effective Pb? investigated - Freundlich [83]
0oam removal models

AR



flural (70% rem())val adsorption
catalyst-residue PU trifluralin PURCS50); up n n
foam pesticide : to 83% with e LELRD L Bglue?fmd 5y [90]
higher dosage surtace area
phenol 135.6
mg/g; 2-CP
_ fég 213g7/g7 - interacti_on,
3D graphene oxide phenol oA electrostatic
foam derivatives mo/g; DCP, . . . interaction, (102]
398.6 mg/g; hydrogen bondin
BPA 420.9 yarog 9
mg/g; TCP
585.8 mg/g
dyes >99.76%;
lignin-cellulose dyes, heavy B - functional-group
foam metals, oils : e ol ) ) rich biomass foam IFEE)
' separation
>99.95%
TA@CNF-CDA . Cu> adsorpti_on spontaneous
aerogel foam Cu, oils | 45.6 mg/L; oils ) 5 ) chemisorption [104]
up to 108 g/g
Langmuir
HPPs-COO/PUF methylene >90% after 5 isotherm;
foam blue 125 mgfg cycles L ) pseudo-second-or [112]
der Kinetics
2015 mg/g Freundlich
chitosan/alginate Eriochrome (CSA); 2297 stable after 5 stable in wide ) isotherm; [113]
biofoam black-T mg/g cycles pH pseudo-second-or
(CSAC15) der kinetics
. high column Thomas and
Pg(r:b% :g{;ﬁ:&;’sﬁgd Pb2* - adsorption 2-6 Z(;Lliénr: Yoon-Nelson [129]
efficiency models
. . MB 95.15— . Langmuir model;
pol_}?agcél arlfde—mod MB, Cu®, - 97.58%; Cu?* investigated MBHBO min, pseudo-second-or [140]
ified PU foam S. aureus 94.73-96.87% Cu?" 40 min der Kinetics
separation superhydrophilic
Fe(OH)3@PDA@ oil/water _ efficiency ) ) surface; water [143]
WPU foam mixtures flux 57796 L h!
>08.7% 2
oil removal
. 77.2%;
raphene-PU emulsified ’ . porous graphene
cc%mgosite foam oil, - S%gag/a 'nt - conftllnuous foam sorption [147]
column surfactants S ow column
electroflotation
oil >90%
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Table 6 Key Research Challenges and Strategic Approaches in Designing Functional Polymeric Foams for Pollutant Removal

Reséeg;ﬁzngzp/ Strategy / Approach Represgr;/gettsr\;e Foam References
Multi-functional,
Selective adsorption of hierarchically structured MOF-polymer
organic and metal foams with tailored active composites: magnetic [144-146]
pollutants in multi- sites; integration of MOFs hvbrid nanoé:om osites
contaminant systems and functional Y P
nanoparticles
Field-scale evaluation; Graphene-reinforced PU
Limited industrial-scale hybrid adsorption— foams; bio-based [147, 148]
and real-condition data electroflotation systems adsorbents from !
for wastewater treatment agricultural waste
Multi-responsive PS/PEl/polyelectrolyte-
Development of smart and elbiere foam_s (PH, complex foams; multi-
stimuli-responsive foams BT, TG, functional con;posite el
magnetic/electric field) for foams
tunable adsorption
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