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Abstract: The increasing generation of agro-industrial and food waste poses a significant environmental challenge,
but also represents an opportunity to obtain high-value biocompounds, such as enzymes. In this context, this article
provides a review of the primary purification methods for enzymes derived from waste, with a focus on low-cost and
environmentally friendly techniques. Three key methodologies are addressed: precipitation, Three-Phase Partitioning
(TPP), and Aqueous Two-Phase Systems (ATPS). Precipitation stands out for its simplicity and cost-effectiveness, and
is often employed as an initial purification step. TPP combines extraction and purification into a single process and
can be optimized using green solvents. Meanwhile, ATPS enables efficient separation of biomolecules in liquid-liquid
systems composed of polymers or salts. The analyzed studies demonstrate that these techniques are promising for
recovering enzymes with high activity and yield from low-cost sources while minimizing environmental impact. The
review concludes that technological gaps still hinder large-scale application, highlighting the need for more efficient,
sustainable, and economically viable methods to valorize waste and advance the circular bioeconomy. Furthermore,
the techniques presented in this study highlight the potential for greater economic viability compared to traditional
chromatography methods. In addition, they can be scaled up to industrial levels while adhering to sustainability
guidelines.

Keywords: Agro-industrial, food waste, precipitation, Three-Phase Partitioning (TPP), Aqueous Two-Phase Systems
(ATPS)

1. Introduction

For many years, the use of natural resources, food, and energy has been guided by a model called the linear
economy. This model is based on the concept of “extract-produce-discard”. However, this economic model is no longer
viable, since the world population is expected to reach 9 billion people by 2050 [1]. Inadequate disposal practices
pose a significant challenge to achieving the United Nations Sustainable Development Goals (SDGs) and to ensuring
a cleaner environment for future generations [2]. With the increase in population, there is consequently an increase in
food production and in the amounts of agricultural waste. Therefore, a shift from a linear model to a circular model is
necessary. This is to preserve resources, manage waste, and ensure sustainable development for future generations [1].

The growing environmental and public health problems associated with food waste disposal are an increasingly
significant global challenge. In developed countries, food waste has reached unprecedented levels, with an estimated

Copyright ©2025 Helen Treichel, et al.

DOI: https://doi.org/10.37256/fse.7120268837

This is an open-access article distributed under a CC BY license
(Creative Commons Attribution 4.0 International License)
https://creativecommons.org/licenses/by/4.0/

Food Science and Engineering 12 | Helen Treichel, et al.


https://www.wiserpub.com/
https://ojs.wiserpub.com/index.php/FSE/

https://orcid.org/0000-0002-3810-3000

61% of all food produced not being consumed, contributing to significant environmental degradation [3]. Specifically,
approximately 2.5 billion tons of food are wasted every year [4]. When improperly managed, this waste decomposes in
landfills, leading to the emission of greenhouse gases, contamination of water supplies, and the proliferation of disease
vectors, posing serious health risks [5].

A key objective is to establish a system that minimizes food losses during production, where 30% of food waste
occurs. These residues can serve as raw materials for high-value-added products through eco-friendly processes. Such
waste materials are low-cost, homogeneous in composition, rich in carbohydrates, and abundantly available, making
them highly suitable for microbial conversion into bioactive compounds with significant technological and economic
value [6]. Recovering biocompounds from waste, such as proteins, enzymes, humic acids, lipids, and short-chain fatty
acids, presents a promising economic opportunity [7].

Enzymes catalyze essential biological processes and are safer than synthetic Chemicals [8]. They represent a high-
value product, with the industrial enzyme market projected to reach 11.2 billion by 2029, up from 7.9 billion in 2024, at
a Compound Annual Growth Rate (CAGR) of 7.2% [9].

Enzymes can be produced through the fermentation of various waste streams, including agricultural and food
waste. Numerous studies have demonstrated the successful application of these enzymes in hydrolyzing multiple organic
waste materials, including sugarcane bagasse, beet pulp, bread waste, and municipal solid organic waste [10, 11].

While commercial enzyme applications often use crude preparations, pharmaceutical and biomedical applications
require purified forms [12]. To fully understand the structure-function relationship of a protein, its characteristics
must be studied post-purification. Protein purification involves isolating specific proteins for detailed research on their
enzymatic, physiological, biochemical, and structural properties [13].

Conventional purification techniques include fractional precipitation, ion exchange, affinity chromatography,
and gel filtration [14]. However, most of these methods are costly, time-consuming, and involve multi-step protocols,
resulting in low yields and high operational expenses, rendering them impractical for large-scale applications [15, 16].
Moreover, these methods conflict with the goal of waste-derived enzyme production, as they fail to align with a “greener,”
environmentally friendly, and circular economy.

In this context, this study aims to review methods for purifying enzymes derived from waste materials. The
objective was to compile current knowledge and explore simpler, more cost-effective techniques for valorizing these
biocompounds, rather than high-cost chromatographic methods.

2. Discussion
2.1 Precipitation

Precipitation has been widely used in enzyme purification. This method utilizes the different solubilities of protein
molecules (enzymes) in various solvents to isolate and purify specific enzymes within a mixture [17]. Depending on
the solvent and/or salt used, it can be categorized into salt precipitation and organic solvent precipitation, as shown
in Figure 1. The latter process potentially denatures enzymes; therefore, the extraction should be performed at lower
temperatures.

Ammonium sulfate is the most widely used salt in this technique, as most proteins are precipitated at high
molarity, and it has a density that does not interfere with the sedimentation of a wide range of these biocompounds
[18]. Ammonium sulfate is a low-cost salt with high water solubility, acting as a chaotropic agent that increases water
entropy. It enhances hydrophobic interactions and reduces protein flexibility, thus making the protein’s tertiary structure
more stable and preventing separation [19].

This technique promotes a protein concentration effect while simultaneously purifying the protein. However,
precipitation has low separation capability due to its low specificity and is typically used as a first purification step [18,
20].

The advantages of precipitation compared to other methods lie in its relative simplicity, effectiveness, selectivity,
and ease of implementation. Precipitation studies have been conducted for the recovery of biorefinery products (mainly
bulk proteins, but also enzymes and humic acids) from a wide range of sources, particularly various types of waste,
whether urban or industrial. Isoelectric precipitation is one of the most commonly used methods, with ammonium
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sulfate being the agent that achieves the highest recovery yields [7].
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Figure 1. Enzyme purification by the precipitation method
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In this context, Table 1 presents recent studies on enzyme purification by precipitation from various waste sources
using ammonium sulfate and solvents. Enzymes such as cellulases, amylases, and proteases were obtained from the
composted residues of a type of mushroom through precipitation by the gradual addition of ice-cold acetone, resulting
in extracts with good activity, especially for cellulase [21]. Another study utilized tangerine peel and an organic solvent
to obtain xylanase, achieving a 31.34% recovery [22]. It is evident that precipitation yields low purification rates and
is generally regarded as a preliminary method for enzyme separation in most studies. Subsequently, enzymes undergo
more refined, yet more costly, purification methods.

Luo et al. [23] explain that, depending on the solvent, precipitation can be categorized mainly into two methods:
precipitation with saline solution and precipitation with organic solvent, as observed in the data presented in Table 1.
Most studies employ the first method, which presents higher purification efficiencies, as is the case with ammonium
sulfate. The data in Table 1 emphasize that ammonium sulfate is a prominent salt in this technique. Furthermore, other
types of salts can be used, such as magnesium sulfate, sodium sulfate, sodium chloride, and sodium phosphate [24].
Studies on the specific activity of trypsin in crude visceral extracts reported an initial activity of 0.06 U/mg. After
purification by precipitation with ammonium sulfate, the activity increased 3.7 times, reaching 0.22 U/mg [25].

The data presented in Table 1 demonstrate that precipitation is a method that does not yield high results, although
the data for protease (73.32%) and amylase (78.38%) are satisfactory. However, for specific enzymes such as amylase,
it afforded satisfactory yields, particularly when considering its extreme simplicity and low cost. The combination of
waste-derived enzymes and this type of purification method significantly contributes to waste minimization, aligning
with the principles of sustainability and the circular economy. The data in Table 1 suggest that the hydrolase class
exhibits high purification rates with ammonium sulfate salt. Furthermore, high activity is noted for the L-asparaginase
(106.66%) enzyme, a non-peptide bond hydrolase.
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Table 1. Examples of enzymes derived from waste purified by the precipitation method

Enzyme Biomass Salt/solvent Recovery (%) Purification fold ~ Reference
Protease Fish processing waste Ammonium sulphate 73.20 2.1 [26]
Amylase Rice bran Ammonium sulphate 78.38 1.84 [27]
Cellulase Hypogaca shells Ammonium sulphate 29.64 2.06 [28]
Xylanase Tangerine peel Cold acetone 31.34 1.97 [22]

Amylase, cellulase,

and protcase Oyster mushroom Cold acetone - - [21]
Pectinase Cherimoya and cherimoya pulp Cold acetone 66.60/24.20 - [29]

Li . Ammonium sulphate/
ipase Grape and cottonseed oil Acetone/Ethanol - 3.74/16.76/10.72 [30]
L-asparaginase Vegetable peels and agro waste ~ Ammonium sulphate (80%) 106.66 0.99 [31]

Proteases represent one of the most widely used enzyme groups globally in industry, with diverse applications
in the food, pharmaceutical, and biotechnological fields. This class of enzymes is typically extracted from living
organisms, such as microorganisms [32]. However, fish processing waste generates large quantities of residues that
could be raw materials for the extraction of this type of enzyme. Numerous byproducts result from the processing
of fish waste. Despite this, fishery byproducts are frequently used in low-value-added applications [33]. The studies
listed in this article demonstrate that enzymes, such as proteases, can be extracted from waste and purified through a
precipitation process. It becomes possible to achieve satisfactory purification rates using only salts without the need for
chromatography, a method that is commonly used and has a high associated cost.

The use of fish waste as a nutrient source is an economical approach. In addition, the enzymes obtained exhibit
high thermostability, a characteristic that warrants in-depth analysis for the application and sustainable production
of proteases [32, 34]. Future studies can focus on mass production, substrate specificity, and catalytic mechanisms to
optimize production and purification for industrial and environmental applications.

2.2 Three-Phase Partitioning (TPP)

TPP is a partial purification method that combines extraction, separation, and purification processes into a versatile
technology. Figure 2, as demonstrated in TPP, typically shows three phases formed by adding a certain amount of
inorganic salt (usually ammonium sulfate) and an organic solvent (generally tert-butanol) to the crude extract. Proteins,
including enzymes, accumulate in the intermediate phase. At the same time, low-molecular-weight pigments and lipids
separate into the upper phase. And polar compounds (e.g., sugars) remain in the lower phase [35-37].

Several principles are involved in TPP. Among these are saline precipitation, isoionic precipitation, cosolvent
precipitation, electrostatic forces, osmotic forces, cosmotropic precipitation, conformational compaction, and changes in
protein hydration, which are responsible for the formation of the protein precipitate at the interface [38, 39].

Although the TPP system presents many advantages over traditional extraction and separation technologies, several
aspects require further study and improvement. More “green” and efficient methods for extracting bioactive molecules
could be developed based on the traditional TPP system. Tert-butanol, for example, is widely used in TPP systems and
is a volatile, flammable, and environmentally harmful solvent. In this context, the exploration of “green” solvents as
alternatives to tert-butanol becomes essential. Furthermore, greater attention should be paid to the effect of the TPP
system on the bioactivity of the target molecules [40].

Deep Eutectic Solvents (DES) have been reported as a promising alternative to toxic solvents. They consist of two
or more components (a hydrogen bond acceptor and one or more hydrogen bond donors) that are intentionally prepared
through techniques such as heated stirring, grinding, or freeze-drying, among others [41]. Martins et al. [42] recently
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defined a deep eutectic solvent as “a mixture of two or more pure compounds for which the eutectic point temperature
is below that of an ideal liquid mixture, exhibiting significant negative deviations from ideality (AT2 > 0)”, where AT2
represents the temperature depression that is the difference between the ideal and real eutectic point.
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Figure 2. Schematic drawing of a three-phase partitioning system for purifying enzymes

These solvents offer several advantages over conventional solvents, including simple synthesis, environmental
friendliness, low or non-toxicity, and promising recyclability. Due to these properties, they represent potential
substitutes for traditional organic solvents in extraction and isolation procedures [43, 44]. The physicochemical
properties of deep eutectic solvents are one of the main reasons behind the growing interest of researchers in these
solvents. In addition to exhibiting low volatility, non-flammability, low vapor pressure, and low chemical and thermal
stability, deep eutectic solvents are chemically tunable, allowing them to be designed for specific applications, given the
wide variety of compounds that form them [43]. Deep eutectic solvents are currently among the most considered and
investigated solvents. Their highly interesting properties increase the possibility of replacing other conventional solvents
in numerous sectors, especially industrial ones.

In the TPP process, organic reagents can be used as replacements for tert-butanol. Among them, n-butanol stands
out, as it can provide higher yields since its chain structure and molecular size prevent penetration into the protein
structure, contributing to the stabilization of the triphasic system [45, 46].

Therefore, integrating TPP with deep eutectic solvents presents an interesting approach that is considered an
innovative and current method for isolating and purifying bioactive ingredients such as enzymes derived from waste
materials. Another alternative to tert-butanol, frequently reported in recent studies, is dimethyl carbonate. A green
solvent with low toxicity and a reduced risk of skin irritation [47]. Ethanol, ethyl acetate, isobutanol, and isopropyl can
also serve as substitutes, though the choice depends on the purification efficiency each solvent can provide. Studies
have demonstrated better results with dimethyl carbonate. For polysaccharide extraction, Zhang [46] showed that the
combination of lauric acid and terpineol represents an efficient and sustainable alternative to the use of t-butanol.

Additionally, many studies have explored the combined use of TPP with ultrasound or microwave irradiation
methods to enhance enzymatic purification yields. In hydrolase purification, the authors achieved 142.6 + 1.9% recovery
and a purification factor of 2.38 £+ 0.02, with the percentage recovery increasing up to 1.17 times when combining
microwave-assisted extraction with TPP [48].

Table 2 shows that the enzymes with the highest purification yields were bromelain (244.00%), protease (253.50%),
and collagenolytic protease (232.00%). The authors report that some properties of the TPP system may explain this
better yield. The higher the interfacial tension (resulting from the addition of more ammonium sulfate and tert-butanol),
the greater the relative amount of protein. However, a lower interfacial tension (10-0.1 mN-m™) provides a mild
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condition for protein precipitation, which may also contribute to the preservation of enzymatic activity [49]. Sarkar et al.
[50] demonstrated an inverse relationship between the amount of salt needed to precipitate a protein and its molecular
weight.

Comparing the data in Table 1 with those in Table 2 demonstrates that TPP achieves significantly higher
purification yields, often exceeding 100%. Furthermore, it facilitates handling at room temperature, thus preserving the
accessibility of active biomolecules and stabilizing the protein structure. Critical parameters, such as salt concentration,
the ratio of enzyme extract to solvent, and pH, are crucial for obtaining different yields. The specific type of enzyme to
be purified is also, naturally, a determining factor. Another point to note is that the TPP system still has limited studies
regarding the purification of enzymes obtained from waste. This is an area that deserves further investigation, given its
proven efficiency in purifying various commercial enzymes or those extracted from microorganisms.

Table 2. Examples of enzymes derived from wastes purified by the TPP method.

Enzyme Biomass Yield (%) Purification fold Reference
Protease Banana stem postharvest 127.3 4.2 [51]
Bromelain Pineapple crown waste 244.00 34 [52]
Polyphenol oxidase Waste potato peels 98.30 19.7 [53]
Peroxidase Zucchini heads 159.00 10.0 [54]
Laccase Hardwood of beech 73.00 24.0 [55]
Peroxidase Orange peels 93.96 18.2 [56]
Protease Papaya peels 253.50 15.8 [57]
Collagenolytic protease Intestinal viscera of peacock bass 232.00 5.0 [58]
Protease Fish wastes - 3.1 [35]
Lipase Residue from the hepatopancreas of white shrimp 87.41 3.5 [59]
Protease Olive residue 56.25 53 [60]
Protease Solanum dubium seeds 93.30 2.0 [61]

Although precipitation is a cost-effective and straightforward method, its application in industrial production yields
low product purity. In this context, it is pertinent to consider the significant contribution of the solvents used in this
method to environmental pollution. In the search for more environmentally sustainable techniques, TPP systems that use
deep eutectic solvents pave the way for a new generation of scalable green solvents.

The data in Table 2 demonstrate excellent purification results using the TPP method. Particularly for certain
enzymes of technological interest in the environmental field (peroxidase and protease), especially in the bioremediation
of emerging pollutants. Enzymatic bioremediation has been attracting growing interest in innovative processes known
as “eco-processes”. Offering a promising alternative to replace chemical catalysts with biological catalysts capable of
converting highly complex and environmentally hazardous molecules into smaller, non-toxic ones [62, 63].

Peroxidase enzymes are a pertinent example, as they serve as biocatalysts exploited for environmental purposes by
biotechnological industries. These protein structures participate in the oxidation/precipitation of hazardous contaminants,
rendering them biodegradable and enabling their conversion into value-added products for specific applications [64].

Hydrolases, such as protease (Table 2), can catalyze the initial step of ester bond hydrolysis, and this initial
regulatory metabolic reaction accelerates the degradation of pollutants. They can catalyze the first stage of ester bond
hydrolysis, a regulatory metabolic process that enhances the degradation of pesticides containing ester groups, such as
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organophosphates, pyrethroids, and carbamates [65].

Although some purification techniques have been developed in recent years, their large-scale applicability is still
limited. Most methods are expensive, time-consuming, and involve multiple steps, such as chromatography. Considering
that purification methods account for 60 to 80% of production costs [66], the demand for accessible and efficient
bioseparation methods, such as TPP, is becoming increasingly urgent. It is reported that 70% of the potential savings
compared to conventional chromatographic methods can be achieved using TPP [67].

A direct comparison between a chromatography process and TPP reveals a significant cost reduction when the
chromatography process is replaced with TPP. The method has a good reputation for increasing the activity of purified
enzymes. In addition to stabilizing this activity, it is also possible to immobilize such an enzyme simultaneously.
Immobilization results in an industrial biocatalyst with active and robust catalytic potential.

2.3 Aqueous Two-Phase System (ATPS)

ATPS are a type of liquid-liquid extraction that offers distinct advantages. It is a widely used technique for
separation and extraction, employed not only in the pharmaceutical and chemical industries but also in various other
fields, particularly in the handling of unstable substances [68, 69].

Beijerinck first described ATPS in the late 19th century. However, they were rediscovered and first applied in the
1950s by Albertsson to isolate and separate plant organelles and cellular fragments [70]. This method is an efficient and
economically viable approach for enzyme purification. Phase separation occurs when two mutually incompatible solutes
are mixed in water, resulting in two distinct aqueous phases with different compositions, depending on their relative
affinity for each phase [71-73].

The system consists of two compounds dissolved in an aqueous medium, which, at concentrations above a specific
threshold, undergo liquid-liquid demixing [74]. It is a highly versatile extraction system, as it can be formed using a
variety of different constituents [71, 75]. Implementing this method does not require expensive equipment or reagents
and is considered a promising approach due to its high yield, high selectivity, high degree of purification, and excellent
reproducibility [76]. ATPs are a suitable environment for biomolecules due to the high water content in both phases
(80-95%), and are widely used in the separation and purification processes of biological materials [77].

ATPS has been successfully applied to the purification of various enzymes, including lipase [78], peroxidase [79],
and amine dehydrogenase [80], achieving high yields and selectivities.

The most widely studied types of ATPS can be formed by mixing two hydrophilic polymers (polymer/polymer),
such as Polyethylene Glycol (PEG) and dextran; a polymer and a high-melting-point salt (polymer/salt), typically
dibasic salts or alcohol/salt systems. In polymer/polymer systems, molecular weight and relative hydrophobicity are
frequently manipulated to control phase separation and molecular partitioning [81, 82]. A PEG/dextran ATPS using
low molecular weight PEG exhibits a narrower biphasic region than systems with PEG at high molecular weight. A
lower hydration capacity at high molecular weight PEG creates more unfavorable interactions with hydrophilic dextran,
thereby expanding the biphasic region [83]. Souza et al. [79] demonstrated the superiority of ATPS, yielding clearer
extracts with higher specific activity and purification factors compared to conventional methods.

In polymer/salt ATPS, the Gibbs free energy of hydration of salts plays a crucial role in defining the biphasic region
within the ternary phase diagram. For instance, when using the same polymer, the biphasic region of an ATPS expands
with salts exhibiting more negative Gibbs free energy of hydration values (i.e., greater solvation capacity) and contracts
with salts showing more positive Gibbs free energy of hydration values [84]. This phenomenon, known as the salting-
out effect, is frequently discussed in studies of salt-based ATPS and their partitioning aptitudes. The partition coefficient
may also vary depending on the nature of the salts and the system’s net charge, which influences the distribution of salt
ions between the upper and lower phases [85]. The basis of ATPS separation is the selective distribution of components
between two phases. Factors such as the charge of the biomolecule or surface properties, such as hydrophobicity, are
crucial [77].

The typical visual representation of an ATPS is a phase diagram. Although the system is ternary, consisting of
two polymers (or salt and a polymer) and water, it is often simplified as a binary representation. Two phases will form
if the system contains polymers (or a polymer and a salt) at concentrations represented by a point above the binodal
curve [86]. The resulting phases differ in composition: the upper phase is predominantly polymer, while the lower phase
concentrates polymer (or salt) (Figure 3). Even with the construction of a phase diagram for potential ATPS systems,
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their thermodynamic stability is not easily predictable. Increasing polymer and salt concentrations leads to phase
separation and the formation of ATPS, resulting in partial dehydration of the solutions. This dehydration is only partial
because both phases remain water-rich [87].

Polymer-rich phase:
Enzymes + Impurities Agitation enzyme

— 5 Polymer-rich A ’

phase

— Salt-rich phase

Salt-rich phase:
impurities

‘Enzymes

Figure 3. Enzyme purification by ATPS

The partitioning of biomolecules and impurities within the system can be influenced by the choice of phase-
forming agent or through the addition of a displacing agent (e.g., neutral salts) [88, 89]. In numerous studies, sodium
chloride has been widely employed to drive target biomolecules into the preferred phase (separating impurities),
achieving biomolecule yields exceeding 95% [90]. ATPS represent a significant advancement in liquid-liquid extraction
techniques, demonstrating considerable promise for environmental protection [91]. Organic salts, such as citrates,
tartrates, oxalates, and acetates, are considered more environmentally friendly alternatives to inorganic salts due to their
lower environmental impact and reduced corrosion potential [92].

Alencar et al. [93] explain that when the enzyme predominates in the upper phase, the partition coefficient (K) is
greater than zero. One of the main variables affecting the partition coefficient is pH. It induces protein partitioning by
altering the charge of biomolecules or the proportion of charged molecules [94]. The higher the pH value, the greater
the influence on enzyme partitioning into the PEG phase. Furthermore, ATPS is influenced by several factors, including
the size and conformation of biomolecules, molecular charge, ionic properties, phase composition, electrical potential
between phases, polymer concentration, and polymer molecular size [95].

According to the data presented in Table 3, enzymes derived from microorganisms, such as fungi or yeasts, stand
out for providing high purification yields. According to Brigida et al. [96], organic materials such as peels, leaves,
and food waste are suitable sources for enzyme purification using ATPS, as they yield consistent values across the
studied variables. This is likely due to their homogeneous and well-defined biomass, unlike enzyme extraction from
microorganisms, which is influenced by numerous variables.

An analysis of the data in Table 3 reveals that ATPS is an efficient system for enzyme purification. The most
significant purification factors were for the enzymes protease (96.87%), lipase (94.65%), and xylose (97.30%). The
values of these incomes can be explained by depending on pH, as protein partitioning behavior is strongly influenced by
their positive or negative charges, which are determined by their isoelectric points. Typically, positively charged proteins
partition into the lower phase, while negatively charged proteins migrate to the upper phase [97, 98].
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Table 3. Examples of enzymes purified by the ATPS method

Enzyme Source Yield (%) Purification fold References
Lipase Tilapia viscera 64.45 6.30 [99]
Peroxidase Yacon potato peel 33.87 4.66 [79]
Lipase Pequi seed 86.39 4.48 [100]
Protease Estuary of Guanabara Bay/Rio de Janeiro 96.87 1.69 [101]
Xylose reductase Cashew apple waste hydrolysis 97.30 7.05 [102]
Cysteine protease Papaya peel 26.38 4.08 [103]
Lipase Porcine pancreas 94.65 4.36 [104]
Lipase Soil contaminated with residual oil 87.71 24.14 [105]

The data presented in Table 3 underscore that enzymes such as lipase yielded higher purification efficiencies.
Agricultural and industrial residues represent a highly sustainable and low-cost source for lipase extraction. Lipases are
versatile biocatalysts capable of mediating a wide range of reactions, including hydrolysis, aminolysis, esterification,
and alcoholysis [106]. Furthermore, studies have demonstrated the applicability of these enzymes in environmental
bioremediation. For instance, previous work has reported the degradation of the synthetic polyester polycaprolactone
by lipases [107]. Other investigations have demonstrated the bioremediation of slaughterhouse wastewater using lipases
[108].

Moreover, proteases, which also warrant emphasis based on the data in Table 3, have been successfully employed
for the bioremediation of proteinaceous waste and feathers [109, 110]. It has been previously demonstrated that alkaline
protease achieved 75% deproteinization of shrimp processing residues [111].

Peroxidases, which also exhibited satisfactory purification factors (Table 3), hold significant potential for
application in the bioremediation of various pollutants. As documented in previous studies, these enzymes are capable
of degrading volatile organic compounds (e.g., benzene, toluene, ethylbenzene, and xylene), phenolic and non-phenolic
substances, as well as polycyclic aromatic hydrocarbons [112-114].

Due to their environmental protection, continuous operation, and ease of amplification, ATPS have been frequently
used [115]. ATPS, composed of short-chain alcohols and salts, have attracted increasing attention due to their low
viscosity and high mass transfer efficiency, particularly for compositions that can form stable biphasic systems and
possess a wide phase formation window [116]. ATPS is proving to be an emerging purification technology. With
attractive properties such as time savings, simplicity, and easy scaling up, which make its application economically
viable [117].

Innovative techniques that integrate ATPS methods can achieve satisfactory results [93, 118, 119]. From this
perspective, they could be alternatives to conventional methods. Furthermore, they offer equal or greater productivity
compared to traditional methods. Techniques like ATPS are environmentally friendly, with lower consumption of
organic solvents and energy, thus aligning with global sustainability principles.

Recent studies have emphasized that techniques for potential recovery and reuse of phase-forming components
in ATPs are crucial for economic viability and sustainability [120]. Efficient recovery methods reduce waste and
operational costs, allowing the reuse of polymers, salts, and other agents [121]. Techniques such as ultrafiltration,
precipitation, and evaporation can be used with polymers like PEG. These are precipitated and redissolved, while
salts are recovered through crystallization [122-124]. Closed-loop systems and advanced methods, such as membrane
technologies and selective extraction, increase recovery efficiency and component integrity. This practice reduces
environmental impact and supports the large-scale industrial application of ATPS [87]. These principles align with the
principles of green chemistry and the Sustainable Development Goals (SDGs). This could be a promising method to
replace chromatography.
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According to Bekavac et al. [87], despite the advantages of ATPS, several challenges need to be addressed for its
widespread adoption in biomanufacturing industries, including understanding the maximum capacity of these systems,
addressing the limitations of predictive design, and comparing them with existing platforms in terms of economic and
environmental sustainability. Experimental design methodologies have been employed to optimize the purification
process conditions in ATPS; however, detailed models that predict the partitioning behavior of biomolecules remain
scarce. In this context, it becomes essential that studies be targeted.

3. Conclusions

This review study highlights the current lack of sophisticated and modern, yet low-cost, methods for enzymatic
purification. The lower-cost techniques examined in this review (precipitation, TPP, and ATPS) demonstrate that
affordable techniques remain limited despite significant technological advancements in enzymatic purification.

It is inconsistent to employ expensive methods for purifying enzymes derived from waste materials, where the
primary objectives are cost reduction and process sustainability, without achieving proper waste valorization. Although
separation systems have evolved, most still rely on basic separation techniques discovered many years ago. While these
techniques can be combined with other methodologies or with each other to enhance purity, yield, and selectivity, they
can also preserve enzyme integrity and even increase enzymatic activity during processing, thereby transforming waste
into valuable bioproducts.

The purified form of a biomolecule, such as an enzyme, allows for greater volumetric activity and prevents
undesirable side reactions caused by contaminating byproducts. Despite these benefits, TPP is primarily confined to
laboratories and still faces some challenges in being implemented in industrial applications.

Future research in this field should focus on optimizing performance through computational modeling, artificial
intelligence, and the development of novel materials. Emphasizing studies that enhance the efficiency of techniques
while adhering to sustainable principles is crucial for effective waste management and the development of high-
value enzymes for diverse industrial applications. Through this comprehensive review, which outlines the limitations
of current techniques and the need for novel methodologies, we aim to pave the way for scientific exploration and
innovation in low-cost enzymatic purification.
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