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Polylactic acid (PLA) is a biodegradable polyester derived from renewable resources, rec-
ognized for its environmental sustainability and versatile properties. Its applications spam the
biomedical, textile, and packaging industries and, more recently, wastewater treatment. This
review explores recent advancements in the use of PLA and its composites for wastewater
treatment, emphasizing their effectiveness, modification techniques to enhance performance,
and future research directions. A thorough literature review was conducted, covering the past
decade studies, and, including research articles, reviews, and case studies on PLA’s appli-
cation in wastewater treatment and comparative performance against other adsorbents. Al-
though PLA’s natural adsorption capacity is limited, it has demonstrated significant potential
for removing contaminants such as heavy metals, organic dyes, and other organic pollutants.
Various modifications, including surface chemical changes, physical blending with nanomate-
rials, and more, have notably improved its adsorption performance. Modified PLA composites
thus present a viable and sustainable solution for wastewater treatment. Continued research
is essential to further optimize these modifications, explore novel composite materials, de-
velop scalable technologies, and assess long-term environmental impacts. This review offers
a critical synthesis of current knowledge on PLA-based materials in wastewater treatment,
aiming to inform and guide future research in sustainable water purification technologies.

Keywords: polylactic acid (PLA); wastewater treatment; adsorbents; adsorption; PLA com-
posites; environmental sustainability.
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1. Introduction

Polylactic acid (PLA) is an aliphatic polyester (polylactide) recognized for
its environmentally friendly and biodegradable properties [1, 2]. Derived from re-
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newable resources such as agricultural waste, it is an eco-friendly alternative for
substituting conventional synthetic polymers [3, 4]. PLA is produced through the
polycondensation of lactic acid and/or via ring-opening polymerization (ROP)
of lactide [5, 6]. In recent decades, PLA has gained significant attention across
a wide range of industrial applications, including automotive, sports [7, 8],
biomedical [9, 10], textile [11, 12], and packaging sectors [13, 14]. This is due
to its excellent mechanical and thermal properties [15, 16]. One of the most re-
cent and promising applications of PLA is in wastewater treatment, a highly
relevant area given the increased industrial wastewater production requiring ef-
fective and sustainable treatment methods [17, 18].
The industry sector plays a crucial role as an active contributor to the in-

ternational markets of numerous developing countries, and significantly contrib-
utes to the generation of wastewater [19]. Industrial wastewater contains haz-
ardous contaminants such as chemicals, dissolved and suspended particles, or-
ganic matter, nutrients, and pathogenic microorganisms [20, 21]. Inadequate
wastewater treatment can cause severe environmental pollution and threaten
human health [22, 23]. Therefore, developing effective, economical, and environ-
mentally friendly wastewater treatment technologies is crucial to address these
challenges [24].
Numerous wastewater treatment methods have been reported by researchers,

including flocculation, coagulation/flocculation [25], electrocoagulation [26], elec-
trocoagulation integrated membrane ultrafiltration [27], integrated oxidation
processes [28], electrocoagulation-assisted adsorption (ECA) [29, 30], chemi-
cal precipitation, electrochemical precipitation [31, 32], evaporation [33, 34],
chemical oxidation/advanced oxidation processes (AOPs) [35, 36], anaerobic di-
gestion [37, 38], and adsorption [39, 40]. Among these, adsorption is currently
one of the most widely used methods in wastewater treatment [41, 42]. Ad-
sorption can be carried out using various types of adsorbents, such as chitosan
[43, 44], cellulose [45, 46], starch [47, 48], nanoparticle [49, 50], and PLA [51, 52].
PLA has emerged as a promising material (adsorbent) for wastewater treat-

ment due to its unique advantages over other biodegradable polymers like starch,
chitosan, and cellulose. Although starch-based adsorbents are biodegradable
and cost-effective, they suffer from low viscosity, instability, poor adsorption
capacity for heavy metals, and limited thermal stability, which restricts their
effectiveness in removing organic dyes, hazardous materials, or toxic ions [53].
Despite its high adsorption capacity, chitosan dissolves in acidic solutions, tends
to form gels, and is prone to rapid agglomeration, reducing its efficiency in some
adsorption procedures; it also has poor mechanical strength [54, 55]. Mean-
while, cellulose faces challenges in optimizing regeneration processes, enhanc-
ing chemical stability under extreme conditions, and improving scalability and
cost-effectiveness for industrial applications [56]. In contrast, PLA offers supe-
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rior mechanical strength and controlled biodegradability [57]. PLA is highly
scalable and commercially available [58], benefiting from widespread industrial
applications and advancements in production technologies. Moreover, its com-
patibility with nanomaterials facilitates the creation of functional composites
with enhanced adsorption efficiency and additional properties such as photo-
catalytic or antibacterial activity [59–62]. Combining PLA with nanomaterials,
along with their versatility and potential for functionalization, positions PLA
composites as a cutting-edge solution for current and future wastewater treat-
ment applications, highlighting their significant potential in achieving sustain-
able and efficient pollution control.
To enhance adsorption capacity, PLA can be modified through various meth-

ods such as surface chemical modification, composite formation with nanomate-
rials, and electrospinning techniques, among others [63]. These methods signif-
icantly improve PLA’s adsorption capacity, making it more effective in removing
contaminants from wastewater.
Surface chemical modification of PLA involves introducing new functional

groups that interact more effectively with contaminants [64]. For example, mod-
ifying PLA with nano-clay or activated carbon has significantly improved its
adsorption capacity. This technique combines PLA’s mechanical strength with
the high adsorption potential of these nanomaterials, resulting in better removal
of methylene blue (MB) [65]. Additionally, modification with strong bases or or-
ganic solvents can produce new hydrophobic and hydrophilic functional groups
on PLA’s surface, enhancing MB adsorption by approximately 75% [63]. Electro-
spinning is also reported as another technique used to modify PLA nanofibers.
For instance, PLA modified with poly(ethylene glycol)–poly(propylene glycol)–
poly(ethylene glycol) (PEG-PPG-PEG) and silica produces nanofibrous adsor-
bents with higher adsorption capacities for copper ions (Cu2+) compared to pure
PLA [66].
Another study demonstrated an innovative approach to fabricating float-

ing adsorbent beads using a one-pot process (OP bead) combining PLA and
maleic anhydride (MAH)-modified cellulose derived from waste lemongrass leaves
(LGL). This process involved modifying cellulose microfibers without grind-
ing and forming sorbent beads through phase separation, utilizing unreacted
MAH and dimethylacetamide (DMAc) as pore formers and solvents. Com-
pared to conventional methods, the OP beads exhibited improved thermal stabil-
ity, enhanced surface porosity, and superior MB adsorption with an 86.19 mg/g
capacity. The adsorption behavior followed the pseudo-second-order (PSO) ki-
netic model and Langmuir isotherm model, with the beads retaining 88% of
their adsorption efficiency after five cycles. Additionally, the beads selectively
adsorbed cationic dyes such as MB while repelling anionic dyes such as methyl
orange (MO) [67].
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Previous studies also reported that PLA is versatile for direct modification
and functions effectively as a filler or functional additive. The incorporation of
nano-sized PLA onto graphene oxide (GO) through a facile synthesis approach,
for the first time, demonstrated improved adsorption performance for MB and
tetracycline (TC) from aqueous solution. The modified GO-PLA composite ex-
hibited optimal adsorption conditions at an adsorbent dose of 0.5 g/L, contact
time of 120 minutes, pH 4, at a temperature of 318 K. The PSO kinetic model
indicated that chemisorption governed the adsorption mechanism, while the in-
traparticle diffusion model revealed contributions from both surface adsorption
and intraparticle diffusion. The Langmuir isotherm model best described the ad-
sorption behavior, with maximum monolayer uptake capacities of 332.5 mg/g
and 223.7 mg/g for MB and TC, respectively. These values reflect significant
improvements of approximately 70% and 110% for MB and TC, respectively,
compared to unmodified GO. The enhancement is attributed to the nano-sized
PLA, which introduced additional functional groups and increased the compos-
ite’s surface area [68]. By exploring the use of PLA composites in wastewater
treatment, more effective and economical methods can be developed to address
existing aquatic environmental issues.
However, many aspects still require further investigation to optimize the use

of PLA in wastewater treatment. One of the main challenges is the production
and modification costs of PLA. Effective modification processes often involve
expensive materials and technologies, which can limit the industrial-scale ap-
plication of PLA [66]. This literature review aims to examine and analyze the
use of PLA composites in wastewater treatment, focusing on modification meth-
ods, their effectiveness as adsorbents, and the prospects of PLA in this field.
Thus, this review seeks to provide a solid foundation for further research and the
development of more effective and environmentally friendly wastewater treat-
ment technologies.

2. Lactic acid and polylactic acid

Lactic acid (LA), also known as 2-hydroxy propanoic acid has the chemical
formula CH3-CH(OH)-COOH and is an organic acid obtained through biotech-
nological fermentation [69]. LA was first isolated and described by Karl Wilhelm
Scheele (1742–1786) in 1780 from sour milk and was mass-produced by C.E. Av-
ery in Littleton, MA, USA, in 1881 [70]. Generally, LA is chiral, existing as two
optical isomers: L-(+)-lactic acid (LLA) and D-(−)-lactic acid (DLA) [71], as
shown in Fig. 1. Both isomers can be applied in various sectors, including the
food industry (as an emulsifier, preservative, buffering agent, and acidulant)
[29, 30], textile, pharmaceuticals, chemical industry, and packaging [72, 73]. Re-



The development of green polylactic acid (PLA) composites. . . 489

Fig. 1. Optical isomers of lactic acid [77].

cently, LA has been widely used as a precursor fo producing PLA polymers for
wastewater treatment [74], as summarized in Table 1.

Table 1. Applications of LA in various fields.

PLA Chemical industry Industries Medicine Food technology

• Packaging
• Film composite
• Adsorbent

• Ethyl lactate
• Acrylic acid
• Propanoic acid
• Propylene
glycol

• Textile
• Detergent
• Paper
• Cosmetics

• Dialysis and
parenteral
solution

• Lactate mineral
formulation

• Emulsifier
• Acidulant
• Preservatives
• Buffering agent

Numerous microorganisms can be used as inocula to produce LA from vari-
ous substrates through fermentation, including yeast, algae, and bacteria. Among
these, lactic acid bacteria (LAB) are the most commonly used genera for LA
fermentation [76, 77]. LAB are Gram-positive bacteria widely employed in the
bioproduct industry. They belong to the order Lactobacillales, which includes
genera such as Lactobacillus, Lactococcus, Aerococcus, Enterococcus, Leuconos-
toc, Streptococcus, Pediococcus, Vagococcus, Carnobacterium, Tetragenococcus,
Weissella, and Oenococcus [78, 79]. LABs are naturally found in diverse envi-
ronments and can be isolated from human mucosal surfaces, meat, milk, animal
microbiomes, and plants [80, 81]. Therefore, LABs are considered highly suitable
as fermentation inoculum for LA production.
Two common methods for LA production are chemical synthesis and micro-

bial fermentation, as illustrated in Fig. 2. Chemical synthesis of LA is associated
with high costs and significant environmental pollution. This method involves
the initial formation of acetonitrile (2-hydroxy propionitrile) through a reaction
between acetaldehyde and hydrogen cyanide under high temperature and pres-
sure conditions. The resulting acetonitrile undergoes purification via distillation
and then hydrolyzed using concentrated sulfuric acid (H2SO4) or hydrochloric
acid (HCl) to yield racemic LA as the primary product. However, this method
relies on petroleum-derived raw materials, which are expensive, non-renewable,
and pose significant environmental concerns [82].
In contrast, microbial fermentation produces pure lactic acid (either D- or

L-LA), depending on the type of microorganism used. This process utilizes en-
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Fig. 2. LA production scheme [77].

vironmentally friendly, carbohydrate-rich raw materials that are inexpensive,
abundant, and do not compete with food sector [77, 83, 84]. Microbial fermen-
tation accounts for the majority of global LA production, making it one of the
most favorable methods for LA production [85, 86]. However, LA obtained from
fermentation broth cannot be directly used as a precursor for polylactic acid
synthesis without further processing. The LA must be separated and purified
from the fermentation broth [74, 87]. This purification process is complex and
expensive, necessitating the need for more cost-effective and simpler methods to
reduce production expenses. Numerous techniques for the separation and purifi-
cation of lactic acid from fermentation broth have been reported by researchers,
including precipitation, liquid-liquid extraction, membrane separation, adsorp-
tion, and distillation [77].
The increasing demand for composite materials has attracted significant

attention from researchers, primarily due to their superior properties across
diverse applications [88, 89]. One key advantage of composite materials over
conventional materials is their high strength-to-weight ratio [90]. Traditionally,
synthetic composites are made from synthetic polymers derived from petroleum,
which are less favored due to their environmental drawbacks, including non-
biodegradability and unsustainability. Furthermore, the depletion of petroleum
resources caused by extensive consumption has intensified the urgency for al-
ternatives. PLA-based composites are a promising solution to replace non-
biodegradable and unsustainable composites [75, 91, 92].
PLA is synthesized from the monomer LA, first discovered by the Swedish

chemist Scheele in 1780 [93]. The polymerization of lactic acid into PLA oc-
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curs through four stages: LA dehydration, polycondensation, depolymerization,
and ring-opening polymerization (ROP) of lactide [74], as illustrated in Fig. 3.
The chemical structure of PLA can be altered by adjusting the ration of D or
L-LA monomers during polymerization, using appropriate catalysts and spe-
cific reaction conditions. Although pure PLA generally has a semi-crystalline
structure, it can be produced with amorphous or crystalline characteristics [94].
Thus, through monomer component manipulation, PLA can be obtained in semi-
crystalline, amorphous, or crystalline forms, providing versability in its use [95].

Fig. 3. Synthesis route of PLA from renewable biomass [96].

PLA, or aliphatic thermoplastic polymer (Fig. 4), has attracted significant
attention due to its renewable sources, such as biomass derived from agricul-
tural waste [96, 97]. As a biopolymer, PLA is fully biodegradable, bioabsorbable,
biocompatible, and low-toxic [98]. Other advantages of PLA include low energy
consumption and minimal greenhouse gas emissions during production. Its abun-
dant availability, environmental friendliness, antibacterial properties, and good
mechanical and thermal performance, make it a promising choice for sustain-
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Fig. 4. Chemical structure formula of PLA [10].

able products. However, PLA has some drawbacks, such as low barrier proper-
ties, limited thermal resistance, and a low glass transition temperature [74, 99].
Therefore, suitable modifications are required to enhance the quality of PLA
composites for wastewater treatment. Several studies have reported the produc-
tion of composite films using PLA combined with various modifications. These
modifications include the addition of fillers [100], chemical additives as crosslink-
ing agents [101], and the addition or immobilization of nanoparticles [102]. These
modifications improve PLA’s efficiency in wastewater treatment, providing more
environmentally friendly and sustainable solutions compared to petroleum-based
synthetic polymers.

3. Modification of PLA for wastewater treatment

Although PLA offers notable benefits such as excellent biocompatibility, ease
of processing, and biodegradability, its application in fields like structural engi-
neering remains limited due to certain drawbacks. These include brittleness at
room temperature, low impact toughness, and relatively high production costs.
Enhancing these properties through advanced modification methods can sig-
nificantly improve PLA’s performance and expand its applicability [103]. This
review explores and summarizes various modification methods reported by re-
searchers, as presented in Table 2. These modifications include surface chemical,
physical, biological, and thermal modifications, nanoparticle incorporation, and
bacterial immobilization, as depicted in Fig. 5. One approach involves develop-
ing PLA microspheres grafted with chitosan, which improves hydrophilicity and
surface roughness, thereby enhancing the attachment and activity of nitrifying
bacteria for ammonia removal [104].

Fig. 5. Modification of PLA composite and its application to wastewater treatment.
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3.1. Chemical modification

The synthesis and application of polymeric nanocomposite materials incor-
porating PLA and modified nano clay (Cloisite 20A, or C20A) treated with
1,4-diaminobutane dihydrochloride were investigated at varying reaction times.
Nanoclay concentrations in the PLA matrix were 0.5%, 1%, and 5% (wt%).
Thermal analysis indicated that the sample treated for 120 minutes (C20AM 120)
exhibited the highest degree of modification, based on weight loss measurement.
Fourier transform infrared (FTIR) analysis revealed a signal at 1443 cm−1, sug-
gesting intercalation of the organic modifier between the clay galleries. Further
characterization using X-ray diffraction (XRD), scanning electron microscope
(SEM), and X-ray photoelectron spectroscopy (XPS) confirmed good disper-
sion of nanoclays at lower concentrations in the PLA matrix. Adsorption stud-
ies demonstrated that the PLA/C20AM 5% nanocomposite achieved the high-
est removal percentages, reaching 65–89% for uremic toxins and 97% for MB,
indicating a strong affinity between the modified nano- clay and nitrogenous
compounds. Adsorption was completed within 60 minutes at an optimal pH
of 8, and the adsorption behavior was best described by the Langmuir isotherm
model [65].
Another study focused on the synthesis of PLA/silica composites through

in situ ROP of L-lactide onto the surface of pristine (Silochrom) and amine-
functionalized (Silochrom-NH2) silica. FTIR spectroscopy confirmed successful
grafting of PLA onto the silica surfaces. Thermal analysis showed that PLA
accounted for 5.9% and 7.5% of the composite mass for Silochrom/PLA and
Silochrom-NH2/PLA, respectively. The adsorption properties of these compos-
ites were evaluated for Pb(II), Co(II), and Cu(II) ions, considering variables such
as contact time, initial metal ion concentration, and pH. Notably, Silochrom-
NH2/PLA demonstrated a higher adsorption capacity of 1.5 mmol/g (90% re-
moval efficiency) for Pb(II). The composites performed optimally at neutral or
near-neutral pH (buffer pH 6.86) within the first 15 minutes of contact time.
Adsorption equilibrium was best described by the Langmuir isotherm model,
outperforming Freundlich or Temkin models [105].
A study conducted by Fathy et al. [106] investigated the adsorption of

MB using novel bio-polymeric matrices prepared from PLA/sodium alginate
(PLA/SA) and PLA/SA/carbon nanoparticle (PLA/SA/CNP) beads. The ad-
sorbent was characterized by SEM and FTIR spectroscopy. The percentage of
dye adsorbed increased with higher carbon nanoparticle (CNP) content, with
the optimal concentration found to be 5% wt. Adsorption efficiency and capac-
ity of the beads were evaluated by varying adsorbent dosage, initial pH, contact
time, and adsorbate concentration. Maximum adsorption occurred at pH 9 after
120 minutes using 50 mg of PLA/SA/CNP beads. Experimental data were mod-
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eled using the Langmuir and Freundlich isotherms, with the Langmuir model
indicating the highest adsorption capacity at 304.88 mg/g. The beads demon-
strated effective removal of MB dye, indicating strong potential for industrial
wastewater treatment applications
Modolon et al. [107] examined the influence of chitosan (CS) on the mor-

phological, chemical, and physical properties of PLA-based electrospun mem-
branes and their adsorption behavior in multielement aqueous systems contain-
ing Cr6+, Cu2+, Zn2+, Mn2+, Ni2+, and Cd2+ at pH 4. The addition of chitosan
reduced fiber and pore diameters, resulting in enhanced mechanical properties,
with modulus of elasticity reaching up to 346.4± 61.4 MPa and tensile strength
of 4.57± 0.69 MPa. Contact angles varied between 70± 5◦ and 114± 3◦, de-
pending on membrane surface (smoother or rougher). In adsorption tests, Cr6+

removal efficiency was the highest (40–100%), with its adsorption increasing sig-
nificantly due to the contribution of amino and oxygen-rich functional groups
in CS with the -COO− sites from PLA chains. SEM-EDS and XPS analyses
further indicated that the smaller ionic radius of Cr6+ contributed to its more
efficient removal [109].
In the study by Standau et al. [108], PLA was extensively reviewed for its

potential as a renewable and biodegradable alternative to petroleum-based poly-
mers such as polystyrene (PS). The research highlighted the primary limitation
of PLA – its low melt strength – which poses challenges for foaming processes.
To address this, researchers have incorporated various modification techniques,
such as chain extension, branching, and cross-linking, into PLA, to improve its
melt strength and make it more suitable for foaming processes. These modifica-
tions significantly enhanced PLA’s rheological and thermal properties, enabling
its use in conventional foaming methods, including batch foaming, foam extru-
sion, foam injection molding, and bead foaming. The study provided a com-
prehensive summary of chemical modifiers and their effects on PLA’s foaming
behavior, showcasing its adaptability for industrial applications. Although the
research focused on foaming applications, incorporating chemical modifications
introduced functional properties that could be beneficial for other applications,
such as adsorption.
Similarly,Abdulkareem et al. [109] demonstrated the modifications of PLA

surface using plasma-initiated grafting reactions with food additives such as
ascorbic acid (ASA) and fumaric acid (FA). This approach aimed to enhance
the surface and adhesion properties by grafting ASA and FA onto PLA after acti-
vating its surface with plasma. Analytical techniques such as FTIR spectroscopy
and peel resistance measurement confirmed successful grafting and significantly
improved aluminum foil adhesion, with peel resistance increasing by 74% and
184% for ASA- and FA-modified PLA, respectively [109]. Although this work
focused on improving adhesion properties, the hydroxyl and carboxy groups in-
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troduced by ASA and FA could be further explored for adsorption applications
due to their potential interaction with contaminants.
The techniques described above, especially the incorporation of chemical

modifiers and plasma-initiated grafting, can introduce functional groups or pro-
vide active sites that enhance PLA’s adsorption capacity. These modifications
increase the PLA-based materials’ hydrophilicity, mechanical strength, and ad-
sorption capabilities, resulting in increased pollutant removal efficiencies. The de-
velopment of PLA composite fibers through such chemical modification methods
showcases PLA’s potential as an environmentally friendly and sustainable solu-
tion for wastewater treatment applications.

3.2. Physical modification

Previous studies have demonstrated the use of 3D printing technology to cre-
ate structured adsorption filter materials by incorporating graphene oxide onto
a PLA scaffold, significantly improving MB adsorption with a removal efficiency
of 75% [63]. Another study reported that 3D printing technology also yields
significant results. Modifications to PLA can enhance the performance charac-
teristics of the composite, such as increasing adsorption capacities, improving
selectivity, and strengthening structural integrity. One study demonstrated that
modifying PLA with hydroxyapatite (HAp) significantly enhanced the biofil-
ters’ heavy metal adsorption capabilities, showcasing the performance benefits
of material modification [110]. Additionally, a 3D-printed filter composed of PLA
modified with CS/HAp composites results in filters with exceptional capabilities
in removing heavy metals from water, as demonstrated by the remarkable effi-
ciency in removing copper ions within a short duration of 90% removal within
2 hours, making it effective for rapid heavy metal removal from water [111].
Furthermore, hydrothermal treatment of PLA microplastics has been found to
increase their adsorption capacity for heavy metals, such as lead, by modifying
the surface characteristics and increasing the number of functional groups [112].
Several studies have demonstrated the potential of physical modification

techniques, particularly plasma treatment, to enhance polymer properties, with
significant implications for wastewater treatment applications. Duan et al. [113]
highlighted plasma techniques as an environmentally friendly and efficient meth-
od for modifying adsorbents to improve their pollutant entrapment capabilities.
Their study emphasized plasma-induced functionalization, where various reac-
tive groups are grafted onto adsorbent surfaces, significantly enhancing their
adsorption of both organic and inorganic water contaminants. These advance-
ments provide a sustainable approach for water quality improvement, aligning
well with the growing demand for eco-friendly materials in environmental reme-
diation.
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Similarly, Zhianmanesh et al. [114] explored plasma-based technologies as
dry, reagent-free methods for surface biofunctionalization, overcoming the draw-
backs of traditional wet chemical approaches. Their study demonstrated how
plasma techniques can covalently immobilize biomolecules onto material sur-
faces, improving biocompatibility and enabling applications in biomedical de-
vices. While focused on biomedical interfaces, the principles of plasma-induced
functionalization, such as enhanced surface energy and the introduction of func-
tional groups, can be adapted for wastewater treatment. In this context, bio-
functionalized materials may facilitate selective adsorption or catalysis of wa-
terborne pollutants.
Bhatt et al. [115] provided further insights into the use of plasma treatment

in modifying natural polymers, particularly for drug delivery systems. Their
study demonstrated how plasma modification introduces functional groups to
enhance surfaces wettability, adhesion, and loading capacity of natural poly-
mers. These modifications improved the polymers’ physicochemical properties
and expanded their applicability in controlled drug delivery. By analogy, plasma-
modified natural polymers could serve as advanced adsorbents with customized
functionalities, enabling the targeted removal of specific contaminants, such as
heavy metals or organic pollutants.
Rezaei et al. [116] demonstrated that atmospheric-pressure argon plasma

submerged in the liquid phase effectively modifies the physical properties of
PLA spinning solutions, enabling the production of smooth, uniform, and bead-
free PLA nanofibers, an outcome not achievable using untreated PLA solu-
tions. This improvement in PLA electrospinnability is primarily attributed to
a plasma-induced increase in solution conductivity and viscosity, along with al-
terations in surface tension. As observed through SEM, the resulting nanofibers,
exhibited improved morphology and uniformity. Making them highly suitable for
adaptation in wastewater treatment applications. Additionally, plasma treat-
ment process introduced functional groups and tailored porosity, further im-
proving pollutant interaction and adsorption capability.
Another study reported that plasma-treated PVA/PLA composite mem-

branes, initially designed to enhance hemostatic performance [117], hold signi-
ficant potential for wastewater treatment. Plasma modification improved interfa-
cial bonding, reduced fiber diameter, and increased surface roughness, resulting
in membranes with superior liquid-enrichment capacity and improved struc-
tural integrity. These improvements, combined with the introduction of oxi-
dized functional groups during plasma treatment, make the membranes highly
effective in pollutant interaction and adsorption. The enhanced surface area
and mechanical strength provide a robust platform for capturing and retaining
contaminants in aqueous environments. By adapting plasma treatment to tai-
lor functional groups specific to wastewater pollutants, these biodegradable and
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eco-friendly composites offer a sustainable and advanced solution to environ-
mental remediation challenges.
Collectively, these studies underscore the versatility of plasma treatment

as a modification tool for polymers, especially PLA. In wastewater treatment,
plasma-induced functionalization can significantly improve polymers’ adsorp-
tion capacity and selectivity, providing a sustainable and efficient strategy for
industrial wastewater treatment.

3.3. Biological modification

While the development of PLA-based composites incorporating proteins,
amino acids, and microorganisms is still relatively limited, significant advance-
ments have been made in modifying PLA for biomedical applications, tissue engi-
neering, and surface functionalization. Biological modification of PLA can intro-
duce functional groups that enhance its performance, particularly for wastewater
treatment. To improve the surface functionality of PLA, Ma et al. [118] grafted
poly(hydroxyethyl methacrylate) (PHEMA) or poly(methacrylic acid) (PMAA)
onto PLA films via photooxidation and UV polymerization techniques. These
grafted polymers introduced hydroxyl and carboxyl groups, which were then
activated to covalently immobilize gelatin and collagen. This modification im-
proved PLA’s hydrophilicity and introduced active binding sites. Their findings
show potential for adapting PLA composites in the adsorption and removal of
organic pollutants and bioorganic contaminants from wastewater
Building on this approach, Gu and Catchmark [119] demonstrated that

proteins such as casein can act as dispersants to improve the compatibility of
cellulose nanowhiskers (CNWs) in PLA composites. The functionalized CNWs
enhanced both the dispersion properties and mechanical strength of PLA while
maintaining its environmental compatibility. These improved interfacial inter-
actions suggest that PLA-casein-CNW composites could provide active biding
sites for hydrophilic contaminants, such as organic dyes or suspended proteins,
making them suitable for usage in industrial wastewater systems.
Another study reported by Pellis et al. [120] introduced a novel enzy-

matic approach for surface functionalization of PLLA films using hydrolytic
enzymes such as Candida antarctica lipase B and Humicola insolens cutinase.
This process successfully introduced reactive groups on the PLLA surface with-
out altering its bulk properties, as demonstrated by a reduction in water con-
tact angle from 74.6◦ to 33.1◦, indicating improved hydrophilicity. Furthermore,
XPS analysis confirmed successful grafting of functional molecules, enhanc-
ing biocompatibility and antioxidant activity. Their study highlights enzymatic
modification as a nondestructive, eco-friendly alternative to chemical meth-
ods, with strong potential for improving PLA surface properties [120]. Simi-
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larly, Lee and Yeo [121] employed the proteolytic enzyme Alcalase from Bacil-
lus licheniformis, to enhance the hydrophilicity of PLA fabrics. Under opti-
mized conditions, enzymatic treatment induced structural modifications, as ev-
idenced by a new peak at 2θ = 18.5 in XRD, without compromising mechanical
integrity of fabrics. This treatment also improved moisture regain and dyeing
properties, making the PLA fabrics more versatile for textile applications. Col-
lectively, these studies illustrate the versatility of enzymatic methods in tailoring
PLA’s properties and emphasize their application across diverse fields, includ-
ing wastewater treatment.
Further advancing the functional versatility of PLA, Huang et al. [122] mod-

ified PLA films with plasma treatment to introduce carboxylic acid groups, en-
abling the covalent grafting of antibacterial agents such as nisin and ε-polylysine.
These biopolymer-functionalized PLA films inhibited bacterial growth and en-
hanced surface bioactivity. Such modifications highlight potential for wastewater
applications where microbial contamination must be controlled alongside the ad-
sorption of organic and bioorganic pollutants. Calzoni et al. [123] explored the
covalent immobilization of proteases from Aspergillus oryzae onto PLA, cre-
ating a porous structure for enzymatic hydrolysis. This modification enabled
PLA to hydrolyze proteins in waste biomass, demonstrating its suitability for
breaking down organic contaminants in wastewater. The immobilized enzymes
exhibited notable stability and recyclability, further supporting their feasibility
for large-scale wastewater treatment processes
Finally, Ozaltin et al. [124] immobilized antibacterial compound chlorhex-

idine onto PLA using plasma activation and carbodiimide chemistry. This func-
tionalized PLA exhibited improved hydrophilicity, cytocompatibility, and anti-
microbial properties, making it effective against bacterial contaminants in aque-
ous systems. Their study reinforces the adaptability of PLA for wastewater
treatment applications, especially in managing microbial pollution alongside or-
ganic contaminants. Together, these studies demonstrate the remarkable versa-
tility of PLA modifications in enhancing its physicochemical properties, biocom-
patibility, and functional active sites. By incorporating proteins, amino acids,
and antibacterial agents, PLA-based composites become more environmentally
compatible and more effective in addressing critical challenges in wastewater
treatment.
In this review, we also offer several recommendations for various methods

that can be used to modify PLA for wastewater treatment, as shown in Table 3.
These recommendations are expected to enhance the adsorption capacity of
PLA and provide solutions for enhancing its capacity to adsorb contaminants
in industrial wastewater.
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Table 3. Recommendations for PLA modification using various methods and its application
for wastewater treatment.

Adsorbent Modification Treatment

PLA powder Surface functionalized with amino groups Heavy metals

PLA film Fabrication of glycine-chitosan/PLA Dye

PLA film Composite with carbon nanotubes Heavy metals

PLA powder Mixed with biochar Nutrient

PLA film Doped with TiO2 or ZnO or other nanoparticles
Turbidity,
heavy metals

PLA powder Esterification and grafting with acid/base Dyes/organic
pollutant

PLA beads Magnetic PLA-glycine-PEGDE (Fe3O4/PLA-g-P) Heavy metals

PLA film Grafting glycidyl methacrylate (GMA) (PLA-g-GMA) Dyes,
heavy metals

4. PLA vs other adsorbents

This review also compares the PLA performance as an adsorbent with other
adsorbents, as summarized in Table 4. PLA adsorbents have several advan-
tages and disadvantages compared to conventional adsorbents such as activated
carbon and zeolite. One of the primary benefits of PLA is its biodegradabil-
ity and derivation from renewable resources like sugarcane and corn [147, 148].
Meanwhile, activated carbon and zeolite require energy- intensive production
processes and can pose environmental challenges during their manufacture, us-
age, disposal, and recycling [149]. However, pure PLA often exhibits lower
physicochemical properties and adsorption capacities [150] compared to acti-
vated carbon and zeolite known for their exceptionally high adsorption capac-
ity [151]. Studies have shown that activated carbon and zeolite can effectively
remove contaminants from laundry wastewater [152]. Zeolite is valued for its
high cation exchange capacity and good thermal stability, but its higher cost
and the risk of filtration system clogging pose challenges [153, 154].
PLA and bentonite, in their natural forms, exhibit distinct adsorption capa-

bilities. Studies have shown that natural bentonite, with its high cation exchange
capacity and porosity, is effective in adsorbing heavy metals and certain organic
pollutants. However, its limitations in adsorbing hydrophobic and anionic dyes
without chemical modification are well-documented [77, 78]. In contrast, un-
modified PLA demonstrated its inherent advantages that enable adsorbing pol-
lutants such as heavy metals and dyes, albeit at lower efficiency than modified
forms. PLA’s structure contains functional groups that facilitate interactions
with metal ions and dye molecules through hydrogen bonding and electrostatic
interactions. These inherent properties make PA capable of adsorbing certain
pollutants without modifications.
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Research has demonstrated that modifying PLA with nanomaterials such
as bentonite nano-clays, enhances its adsorption capacities by combining the
high surface area and porosity of nano-clays with the structural integrity and
environmental benefits of PLA [65, 155]. This synergetic effect increases pollu-
tant removal efficiency and addresses concerns related to nanomaterials’ environ-
mental stability and toxicity. These findings position modified PLA as a superior
and sustainable alternative to bentonite for diverse environmental applications.
For instance, a study on the tensile strength of pure PLA and PLA-bentonite
nanocomposite indicates that incorporating bentonite into PLA enhances its me-
chanical properties, suggesting improved structural integrity for environmental
applications [156]. Additionally, research on the adsorption properties of modi-
fied bentonite clay shows that while natural bentonite has a specific capacity for
adsorbing toxic metals, chemical modification can significantly enhance this ca-
pacity [157]. A study by Gopal et al. [158] highlights the enhancement achieved
when iron (Fe) and lead (Pb) are deposited onto bentonite clay, demonstrating
that the metals formed spherical particles with reduced aggregation. This modi-
fication significantly increased the specific surface area of the bentonite compos-
ite, resulting in a threefold increase in tetracycline removal efficiency compared
to Fe/Pb without bentonite. This finding underscores the limitations of natural
bentonite in its unmodified state, as it requires metal deposition to achieve such
substantial improvements in adsorption capacity.
As a naturally abundant and biodegradable polymer, cellulose has been widely

explored for its potential in environmental applications, particularly wastew-
ater treatment [159]. However, traditional isolation/extraction methods from
lignocellulosic biomass, which often involve harsh chemical treatment using
strong acids and strong bases (commonly, H2SO4, HCl, KOH, and NaOH),
are associated with the generation of toxic by-products and environmental con-
cerns [160]. The physical isolation method, while effective, requires significant en-
ergy input, posing challenges to sustainability and resulting in low-crystallinity
cellulose [161]. Studies have reported that both methods are the most efficient
for isolating cellulose from lignocellulosic biomass [162, 163], compared to other
methods. PLA, meanwhile, has advantages in terms of diverse raw material
availability, lower cost, and being more environmentally friendly during produc-
tion [7].
In its pure form, cellulose often exhibits low adsorption capacities, which

limits its effectiveness in various applications. However, modifying cellulose into
composite aerogels has significantly improved adsorption performance. For in-
stance, cellulose composite aerogels have achieved a maximum adsorption capac-
ity of 406.89 mg/g for MB dye [164]. Similarly, cellulose aerogels have also been
reported to exhibit a high adsorption capacity of 3429.23 mg/g for Congo red
dye [165], highlighting their potential for dye removal in wastewater treatment.
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The inherent hydrophilic nature of cellulose, which poses challenges in specific
applications, has been effectively addressed through hydrophobic modifications.
Tomkowiak et al. [166] demonstrated that cellulose could be hydrophobized
using silanization and alkyl ketene dimer (AKD) techniques, significantly en-
hancing its performance in oil-water separation. These modifications enable
treated cellulose sorbents to achieve remarkable oil sorption capacities, mak-
ing them highly effective for mitigating oil spills. By leveraging these hydropho-
bic treatments, cellulose-based materials can overcome their natural limitations
and offer tailored properties for specialized environmental applications. PLA of-
fers a promising alternative to cellulose for environmental applications. Unlike
cellulose, which is inherently hydrophilic and often requires extensive modifica-
tion to improve its water resistance or oil sorption properties, PLA inherently
exhibits these desirable characteristics. Its hydrophobic nature [167] makes PLA
particularly suited for applications such as oil-water separation and wastewater
treatment, where resistance to water absorption is critical. While cellulose mod-
ifications, such as silanization and alkyl ketene dimer (AKD) treatments, have
been explored to enhance its functionality, PLA eliminates the need for such
additional processing.
Additionally, combining cellulose with polylactic acid (PLA), a hydropho-

bic polymer, offers an innovative approach to creating composites with syner-
gistic properties. PLA can act as the matrix while cellulose serves as the filler, or
vice versa, resulting in materials with enhanced functionality. These cellulose-
PLA composites are expected to exhibit new and improved properties suitable
for various environmental applications, particularly wastewater treatment. This
strategic modification addresses the limitations of both pure cellulose and PLA,
aligning with the demand for sustainable and high-performance materials in
environmental remediation [168, 169].
Chitosan is a biodegradable cationic polysaccharide, highly effective in re-

moving various pollutants from wastewater due to the abundance of amino and
hydroxyl groups in its structure [170]. However, studies have reported that chi-
tosan suffers from low mechanical strength, lack of selectivity, low surface area,
and solubility issues in acidic media (pH sensitivity) without additional mod-
ification [171]. PLA has been used to address these limitations. PLA modified
with chitosan combines the advantages of both materials, resulting in adsor-
bents with high adsorption capacity and improved mechanical strength. For
instance, PLA/chitosan nanocomposites exhibit high efficiency in removing cad-
mium (Cd2+) [51].
Starch is recognized for its biodegradability and non-toxicity, making it suit-

able for environmental applications. Although a cost-effective and biodegradable
adsorbent, natural starch often exhibits slight water solubility, low thermal sta-
bility, rapid degradation in water, low surface area, lack of reaction functional
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groups, and limited adsorption capacity without modification [172]. Its adsorp-
tion capacity can be significantly enhanced through modification. For example,
Ren et al. [173] reported that functional modification of starch enhanced its ad-
sorption capacities nearly 10 times higher than natural starch-based adsorbent
(118.92 mg/g compared to 12.60 mg/g for modified starch and natural starch,
respectively). Although studies have also shown that starch-based adsorbents
are eco-friendly and low-cost for pollutant removal [174], challenges remain in
the isolation process, such as high energy input [175].
PLA can be transformed into composites with starch to enhance both ad-

sorption capacity and mechanical stability. Evidence shows that using PLA as
a composite matrix can address starch’s drawbacks, such as high water solu-
bility and low thermal stability. Moreover, modifications of PLA with fillers
such as starch and the addition of supplementary materials such as organoclay
are expected to provide more effective and sustainable solutions for wastewa-
ter treatment. This study indicates that modified PLA composites can compete
with, and in many cases even outperform, other conventional adsorbents, offer-
ing sustainable solutions for wastewater treatment.

5. Future perspectives on PLA composites
in wastewater treatment

PLA composites in wastewater treatment are emerging as a promising and
sustainable approach. However, several critical research areas must be addressed
to harness PLA’s potential in this field. This section highlights key future re-
search directions to guide innovative and impactful studies.

5.1. Advanced functionalization techniques

Current studies have demonstrated the benefits of modifying PLA through
chemical (acid/base), physical, and other methods. However, there remains
substantial potential for advancing these functionalization techniques. Future
research should explore innovative chemical grafting methods, plasma treat-
ments, and the incorporation of multifunctional nanomaterials. For example, in-
tegrating graphene-based materials or metal-organic frameworks (MOFs) could
provide synergistic effects, enhancing the adsorption of a wider range of con-
taminants.

5.2. Mechanistic studies and modelling

Understanding the adsorption mechanisms in PLA composites is crucial for
optimizing their performance. Future studies should focus on detailed mechanis-
tic analyses using advanced characterization techniques such as XPS, FTIR, and
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nuclear magnetic resonance (NMR) spectroscopy. Additionally, developing pre-
dictive models for adsorption kinetics and isotherms specific to PLA composites
will support the design of more efficient wastewater treatment systems.

5.3. Long-term stability and biodegradability

One of PLA’s primary advantages is its biodegradability. However, ensuring
its long-term stability under various environmental conditions remains a chal-
lenge. Future research should investigate the degradation behavior of PLA com-
posites under real-world wastewater treatment conditions, considering factors
such as temperature, pH, and microbial activity. Developing strategies to bal-
ance biodegradability with mechanical stability, such as surface coatings or the
incorporation of biodegradable stabilizers, will be crucial.

5.4. Scale-up and industrial applications

Moving from laboratory research to industrial-scale applications requires ad-
dressing the scalability of PLA composite production. Future studies should de-
velop cost-effective and scalable manufacturing processes including 3D printing
and extrusion techniques. Collaborations with industry partners could facilitate
testing PLA composites in pilot-scale wastewater treatment plants, providing
valuable insights into their practical performance and economic feasibility.

5.5. Integration with existing treatment systems

PLA composites have the potential to enhance existing wastewater treatment
technologies. For instance, by combining PLA-based adsorbents with AOPs, in-
cluding UV light-assisted or electrochemical AOPs, could create hybrid systems
with superior contaminant removal capabilities [187]. Future research should
explore the synergistic effects of such integrated systems and optimize their
operational parameters.

5.6. Environmental impact and lifecycle assessment

Assessing the environmental impact of PLA composites throughout their
lifecycle is essential to ensure sustainability. Future studies should conduct com-
prehensive lifecycle assessments (LCA) to evaluate the environmental footprint
associated with the production, use, and disposal of PLA composites. This ap-
proach includes analyzing energy consumption, greenhouse gas emissions, and
potential environmental risks linked to degradation products.
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6. Conclusions

PLA has emerged as a promising material for wastewater treatment due to
its biodegradability, renewability, and versatility. However, its natural adsorp-
tion capacity is limited, necessitating modifications to improve its effectiveness.
Various modification techniques, such as surface chemical changes, incorpora-
tion of nanomaterials, and electrospinning, have shown significant improvements
in the adsorption capacity of PLA for various contaminants. These modifi-
cations have enabled PLA to efficiently remove heavy metals, organic dyes,
and other pollutants, making it a viable option for sustainable wastewater
treatment.
Despite these promising results, several challenges remain, including optimiz-

ing these modification techniques, developing novel composite materials, and
assessing the long-term environmental impacts of modified PLA applications
in wastewater treatment. Future research should focus on reducing production
costs, enhancing adsorption capacity of PLA composites, and ensuring environ-
mental safety and sustainability. This review provided a comprehensive overview
of the current state of PLA in wastewater treatment, highlighting the need for
continued research and development to harness its full potential in advancing
environmental sustainability.
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Fernández O.S., Ávila-Orta C.A., Cadenas-Pliego G., Medelĺın-Banda D.I.,
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126. Tubić A., Lončarski M., Maletić S., Molnar Jazić J.,Watson M., Tričković J.,
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