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Abstract: Polyphenols and their intermediate metabolites are natural compounds that are spread 

worldwide. Polyphenols are antioxidant agents beneficial for human health, but exposure to some 

of these compounds can be harmful to humans and the environment. A number of industries pro-

duce and discharge polyphenols in water effluents. These emissions pose serious environmental 

issues, causing the pollution of surface or groundwater (which are used to provide drinking water) 

or harming wildlife in the receiving ecosystems. The treatment of high-polyphenol-content waters 

is mandatory for many industries. Nowadays, biotechnological approaches are gaining relevance 

for their low footprint, high efficiency, low cost, and versatility in pollutant removal. Biotreatments 

exploit the diversity of microbial metabolisms in relation to the different characteristics of the pol-

luted water, modifying the design and the operational conditions of the technologies. Microbial 

metabolic features have been used for full or partial polyphenol degradation since several decades 

ago. Nowadays, the comprehensive use of biotreatments combined with physical-chemical treat-

ments has enhanced the removal rates to provide safe and high-quality effluents. In this review, the 

evolution of the biotechnological processes for treating high-polyphenol-content water is described. 

A particular emphasis is given to providing a general concept, indicating which bioprocess might 

be adopted considering the water composition and the economic/environmental requirements. The 

use of effective technologies for environmental phenol removal could help in reducing/avoiding the 

detrimental effects of these chemicals. In addition, some of them could be employed for the recovery 

of beneficial ones. 

Keywords: polyphenols; biological treatment; bioreactors; water; aerobic granular sludge;  

conventional active ted sludge; biofilter; photobioreactor; membrane bioreactor;  
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1. Introduction 

Water is a renewable natural resource, but its inappropriate use has become a prob-

lem due to its excessive exploitation caused by the demographic explosion and industrial 

demands [1]. Environmental pollution is a problem, especially when industrial effluents 

are discharged into natural water bodies. Most wastes from industries containing organic 

and inorganic pollutants are easily drawn into wastewater. Many of these pollutants sup-

pose a risk to wildlife species, ecological niches, and ultimately to human health. 
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Phenol (C6H5OH) or phenic acid is an organic compound that consists of a phenyl 

group (-C6H5) bearing a single hydroxyl group (OH−) [1]. Polyphenols are an enormous 

group of secondary plant metabolites characterized by two or more phenolic rings in their 

chemical structure [2]. Polyphenols could be mainly classified as flavonoids and nonfla-

vonoids, or according to their complexity, as monomeric and polymeric compounds [3]. 

However, the principal polyphenolic compounds are grouped into phenolic acids, flavo-

noids, lignans, and stilbenes [4], characterized by complex chemical structures and the 

presence of diversified functional groups (Figure 1). For instance, flavonoids are essential 

bioactive compounds in various biological processes, including nitrogen fixation, photo-

synthesis, or energy transfer [5,6], while lignans have high pharmacological activities, 

such as antiviral, antitumoral, and antimicrobial properties [7,8]. Some phenolic com-

pounds have been described as “priority substances” in the field of water policy by the 

European Water Framework Directive, the Environmental Protection Agency of the 

United States, and the National Pollutant Release Inventory of Canada [9,10], with 11 out 

of 126 undesirable chemicals [11]. Phenolic compounds are among the most prevalent wa-

ter organic contaminants, showing toxicity even at low concentrations and affecting the 

taste and odor of the drinking water [1]. They are the main substances in the wastewater 

effluents of several industries, such as pharmaceutical, agricultural, petrochemical, pulp 

and paper, organic chemicals, and plastic manufacturing [12]. Furthermore, they may lead 

to water pollution via natural occurrences. In humans, short-term exposure to polyphenol 

concentrations in the range of 9–25 mg·L−1 can cause irritation to the skin and mucous 

membranes, while long-term exposure may cause lung problems, muscle weakness, trem-

ors, coma, metabolic diseases, and respiratory arrest at lethal doses [10,13]. Actually, it 

has been described that 50 mg·kg−1day−1 of bisphenol A is sufficient for human fatality [11]. 

 

Figure 1. Examples of principal polyphenolic compounds clustered in phenolic acids (gallic acid) 

[14], lignans (secoisolariciresinol) [3], stilbenes (resveratrol) [15], and hesperetin (flavanone) [3]. 
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On the other hand, there is enough evidence that polyphenols and the other bioactive 

compounds found in widely consumed products (e.g., tea, red wine, cocoa, fruits, fruit 

juices, and olive oil) have a potentially positive impact on the prevention of a wide range 

of degenerative and age-related diseases, such as carcinogenesis and tumor development 

at the cellular level [11,15,16]. For years, polyphenols have been associated with their an-

tioxidant activity, which has been widely verified in vitro. The antioxidant function of 

polyphenols is provided by their reducing properties, which allow them to act as free 

radical scavengers [17]. On the other hand, their activity in vivo depends on the bioavail-

ability, the structures of compounds, and the composition and metabolic features of the 

human gut microbiota. In addition to antioxidant capacity, polyphenols have potential 

healthy properties for humans as anti-inflammatory, antiallergic, antihypertensive, neu-

ropreventive, analgesic, antiviral, and antimicrobial agents [16,18,19]. These compounds 

are employed as effective antimicrobial agents in healthcare as an alternative to other 

treatments and in food preservation [20,21]. For example, the antibiotic activity of phe-

nolic compounds is due to the modification of the bacterial structure, the pathogenic traits, 

or the changes in metabolism. In particular, tannins and flavonoids are able to inactivate 

membrane adhesins, enzymes, and transport proteins [22]. 

Despite the toxic effect of polyphenols on the aquatic environment and wildlife, the 

benefits are principally related to their consumption which allows for the prevention of 

diseases in humans and food preservation. This makes it essential to know the right ap-

proach for selecting and extracting the polyphenol of interest from the various effluents. 

These waters will be later treated by biological technologies to remove the remaining pol-

lutants, giving the place a sustainable and circular economy, recovering the added-value 

compounds, and discharging high-quality waters into natural water bodies. 

2. Polluted Waters as Sources of Phenolic Compounds: The Challenge of their 

Profitability in the Circular Economy 

The presence of polyphenols in water could be due to natural or anthropogenic 

sources. The decomposition of vegetal material (fruits, vegetables, or resins) contributes 

to the phenolic concentration in natural waters due to their water solubility. In drinking 

waters, the pollution is mainly due to the lixiviation of residues, while in lakes and other 

water bodies, this occurs by in situ decay. However, the water quality is primely injured 

by the pressure exerted by the discharge of industrial wastewater. Polyphenols are pre-

sent in the effluents from several industrial activities, such as pharmaceuticals, plastics, 

paint, pulp and paper, agrofood manufacturing, petrochemical, and wood products [3]. 

In fact, their concentration reaches 3900 mg·L−1 in coking operations, 6800 mg·L−1 in coal 

processing, 1220 mg·L−1 in the petrochemical industry, 500 mg·L−1 in refineries, or 1000 

mg·L−1 in the agrofood industry (e.g., in olive washing waters) [23–25]. Table 1 shows 

some effluents containing polyphenols from some industries. 

Table 1. Phenol levels in industrial wastewaters [1,14,26–28]. 

Type of Industry 
Range of Total Phenol Concentration 

(mg·L−1) 

Rubber 3–10 

Leather 4–6 

Ferrous  5–9 

Pulp and paper  22 

Fiberglass 40–2564 

Petroleum-processing plant  40–185 

Wood Preserving  50–953 

Fabric  100–150  

Petrochemical 200–1200 

Coke ovens (without dephenolization) 300–3900 
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Olive washing  400–1120 

Agri-food (winery, oil) 400–10700 

Phenolic resins 1270–1345 

Coal conversion 1700–7000 

The presence of polyphenols in industrial wastewater effluents represents a major 

environmental problem related to the toxic effects on microorganisms, plants, and animals 

in the trophic chain [29]. However, the management of these harmful compounds could 

become a challenge for their valorization within a circular economy. Interesting sources 

of polyphenols are the wastes and byproducts from the agrifood production processes 

that could be employed in the food preservation, cosmetic, and pharmaceutical industries, 

supposing a new sustainable way to obtain the functional compounds could be found 

[17,30]. Therefore, the recovery of these substances from wastewater meets the two-fold 

objective: biodegradability improvement and byproduct valorization [31]. 

For example, the production of olive oil and wine is one of the most important eco-

nomic activities in Mediterranean countries. These activities generate large amounts of 

solid and liquid wastes containing high levels of polyphenols [24,32]. Therefore, their re-

covery from these wastes provides an opportunity to obtain valuable biomolecules with 

a concomitant reduction in environmental toxicity issues [29,32]. In olive mill wastewater 

(OMW), polyphenols are partitioned between the water and oil phases, but the major frac-

tion is retained in the wastewater due to the high solubility in water. Polyphenol extrac-

tion from OMW is very promising since these compounds are potent antioxidants. Among 

them, hydroxytyrosol and tyrosol are postulated as the most economically relevant phe-

nolic components in the cosmetics, food preservation, and pharmaceutical industries 

[29,33]. 

3. Recovery of Polyphenols from Wastewater 

Phenol recovery is necessary and useful but difficult, especially when unknown in-

teractions with other pollutants in wastewater may occur [34]. However, this procedure 

offers a great economic advantage and makes these wastewaters less hazardous and easier 

to treat using biological methods [33]. Therefore, extensive research efforts have been di-

rected toward the recovery of polyphenols from some agrofood industries (such as OMW 

or wineries) wastewaters [31,33]. 

The recovery of polyphenols is mostly performed by membrane processes, liquid–

liquid extraction, which is often assisted by surfactants, or solid phase extraction using 

diverse resins for their recovery [29]. For example, the use of membrane processes requires 

small areas, and the separation of specific compounds could also facilitate the subsequent 

biological wastewater treatment [31,35]. The diverse membrane characteristics (ultrafil-

tration, nanofiltration, and reverse osmosis) could allow for the retention of solutes on the 

membrane surface, resulting in material accumulation (biofouling) that interferes with the 

concentration polarization, reducing the membrane lifetime [31]. Another example is the 

solid-phase extraction procedure for the recovery of phenolic compounds using several 

resins. The results of these studies highlighted how the desorption process is difficult be-

cause the solvents have low selectivity for specific polyphenols, and polyphenol ioniza-

tion limits the removal performance [34]. 

Nowadays, much effort is put into the search for more efficient alternatives to extract 

the most interesting polyphenols for the cosmetic, pharmaceutical, and food industries. 

Currently, the adsorption process on suitable materials is postulated as an efficient 

method to recover specific polyphenols from aqueous solutions [36]. A large selection of 

synthetic polymeric adsorbents (such as polystyrene-divinylbenzene or divinylbenzene-

ethylvinylbenzene copolymers) is available for carrying out an optimal process [36]. The 

adsorption on resins is a common separation technology, as the relatively inexpensive 

resins are lasting and chemically stable. In addition, these technologies include liquid 
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extraction with a deep eutectic solvent, deionized water, or aqueous solutions of cyclodex-

trins using a semiautomatic extractor and multielement mixed micelle. The adsorption 

system is considered an economical, simple, and reversible method which avoids the use 

of toxic solvents. One of the most interesting and well-known materials used for adsorp-

tion is activated carbon [37,38]. The technique with activated carbon has been tested with 

several sorbents, including methylene blue and manganese oxide [39,40]. However, the 

latest research employed animal proteins as coating biopolymers, avoiding environmen-

tal problems [33]. 

4. Technologies to Remove Phenolic Compounds from Water Sources 

Considering the harmful effects of some polyphenols and their derivatives on human 

health and natural environments, the removal of these compounds from water and 

wastewater is a great challenge for human and environmental safety, and the search and 

recognition of effective tools for their treatment, degradation, and removal are worthwhile 

[2,11]. Accordingly, great efforts have been spent, using physical, chemical, and biological 

methods to develop and optimize techniques for finding a sustainable solution to this 

problem. Undoubtedly, physicochemical technologies are more expensive than biological 

ones, and sometimes they are not completely effective because undesirable compounds 

are often produced as intermediates [41]. 

Among the physical-chemical methods, conventional processes have been applied 

for phenolic compound removal, such as distillation, adsorption, solid-phase extraction, 

liquid–liquid extraction, and catalytic and wet air oxidation. Furthermore, the last decade 

has been characterized by the development of phenolic acid degradation technologies. 

Some of these technologies are based on advanced oxidation, membrane filtration, heter-

ogeneous photocatalysis, ozonization, enzymatic treatment, and the Fenton reaction [1,4]. 

However, these technologies have serious disadvantages, which are mainly related to 

their economical cost (e.g., the high energy consumption) and environmental unsustaina-

bility due to the production of secondary pollutants [42]. For these reasons, the search for 

biological alternatives for the treatment of effluents polluted with phenols is a challenge 

of great biotechnological interest. 

The biological technologies for degrading and removing phenolic compounds are 

considered to represent a promising alternative because their main advantage is phenol 

degradation into nontoxic products, or even mineralization, accompanied by lower ex-

ploitation expenses [23]. Hence, there is a vast demand to develop economical, green, and 

sustainable technologies, in particular for rural areas with low income and highly im-

pacted by agrofood industries [24] and/or in petrochemical, paper, and pharmaceutical 

factories [10,43]. 

It is very attention-grabbing to observe that the main development of biological tech-

nologies to remove phenolic compounds was based on aerobic conditions [43,44]. How-

ever, in recent years more attention has been paid to the development of anaerobic sys-

tems due to their tolerance to high organic loading rates (ORL), lower sludge excess pro-

duction, and the valorization of methane generation [45,46]. Moreover, one of the most 

relevant advantages of anaerobic processes is robustness and resilience against changes 

in the influent composition [47]. 

The biological treatment of wastewater with high polyphenol content could be seri-

ously compromised, especially when industrial discharges contain flavan-3-ols, flavonols, 

and tannins due to their wide spectrum of antimicrobial activities [48]. Although biologi-

cal treatments are described as affordable, efficient, and environmentally friendly pro-

cesses, the stability of the process could be compromised by the high load of phenolic 

compounds and their inherent toxicity [24]. Thus, it is crucial to develop technologies 

adapted to water composition and origin. In addition, it is important to allow for the ad-

aptation of the initial biomass (inoculum) because microbiota with high activity and ro-

bustness are essential for achieving the efficient removal of recalcitrant compounds, miti-

gating the effect of wastewater discharges into natural environments [49]. 



Molecules 2023, 28, 314 6 of 22 
 

 

5. Feasible Biological Technologies for the Removal of Phenolic Compounds from 

Waters 

The optimization of biological processes poses attractive alternatives to be imple-

mented, because they are usually eco-friendly and economical, minimizing the generation 

of subproducts while being generally easy to operate. The microorganisms used in bio-

logical technologies may promote the degradation of several organic and inorganic con-

taminants found in wastewater. The biodegradation could be mediated by extracellular 

or intracellular enzymes, and the pollutants could be removed by extracellular biosorp-

tion or active uptake and then incorporated and bioaccumulated [50–52]. Biological treat-

ment could encounter difficulties in removing recalcitrant products, but the removal of 

polyphenols from water using many technologies has been reported [53]. The most useful 

technologies for the degradation of phenolic compounds based on biological treatments 

are discussed hereafter (Figure 2). 

 

Figure 2. Diagram of biological water technologies for removing phenolic compounds from water: 

conventional activated sludge (A); aerobic granular sludge (B); photobioreactor (C); biofilter (D); 

membrane bioreactor (E); microbial fuel cell (F). 
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5.1. Conventional Activated Sludge 

Conventional activated sludge (CAS) is a biological technology that has been used 

for treating wastewater for more than 100 years [54]. In the ‘classical’ context, CAS is a 

process performed by a suspended microbial biomass under aerobic conditions; the cells 

in contact with polluted water oxidize the compounds within an aerated chamber, and 

the biomass-liquid phases are then separated into a second chamber that acts as a settler. 

The biomass of the activated sludge is composed of large flocs with filamentous microor-

ganisms [55]. 

The activated sludge-based technology is the most diffused wastewater treatment 

worldwide [56]; thus, it is essential to understand which effects (on the global process) are 

exerted by the presence of phenolic compounds on raw water (inlet) in order to comprise 

the feasibility of their application to high-polyphenol-content waters. Siripattanakul-

Ratpukdi et al. [57] investigated CAS system inhibition due to the high presence of phe-

nolic compounds using synthetic wastewater supplemented with phenol as the sole car-

bon source to simulate the contaminated wastewater. The results pointed out that the sys-

tem was able to completely remove the phenol in the case of low–moderate contamination 

(10 mg·L−1 phenol), whereas a low phenol removal ratio was observed in the highly con-

taminated scenario (100 mg·L−1) due to the inhibition caused by its recalcitrant nature. 

Moreover, the authors highlighted that phenol adsorption might also occur due to physi-

cal-chemical properties, such as the porous floc structure, which increases the surface area 

in contact with the wastewater and facilitates the adsorption process [58]. 

More recent studies reported the effective treatment of olive oil mill wastewater 

(OOMW) with a total phenol concentration of ~8730 mg·L−1 using CAS, but only after a 

dilution of up to 128 mg·L−1 of polyphenols, obtaining a chemical oxygen demand (COD) 

and polyphenols removal ratio of 90% and 92%, respectively [59]. However, it is worth 

noting that various local and or international regulations do not permit effluent dilution 

[60,61]. 

However, CAS showed several disadvantages in comparison to novel technologies, 

such as the production of excess sludge, the big surface needed, or the low biomass reten-

tion time [62,63]. 

In recent years, the CAS configuration has been improved to overcome the technol-

ogy’s weaknesses. For instance, integrated fixed-film activated sludge (IFAS) is one of the 

most promising recent CAS configurations for its advantages, such as longer solids reten-

tion time, nutrient removal, complete nitrification, and lower carbon footprint [64]. Ah-

med et al. [65] designed a kinetic model to evaluate the IFAS efficiency in petrochemical 

wastewater treatment and demonstrated that this technology is a viable bioprocess but is 

sensitive in non–steady states. Similarly, Lin et al. [66] carried out a phenol biodegradation 

experiment using a biofilm reactor, obtaining removal rates of 94–96% at different hydrau-

lic retention times (HRT); moreover, they corroborated the results with their own mathe-

matical model. 

5.2. Aerobic Granular Sludge 

Aerobic granular sludge (AGS) is a recent biological technology characterized by the 

immobilization of cells embedded in a tridimensional polymeric matrix with a spherical 

shape. AGS is usually operated in aerated cylindrical columns to promote the compact-

ness and density of the granules, allowing for high biomass retention and resistance 

against toxic compounds. In fact, toxic compounds do not affect the single cells because a 

gradient is generated from the external to the internal layers, permitting high resilience 

against recalcitrant pollutants [63]. Several researchers have focused on the treatment of 

phenol [67], p-nitrophenol [68], halogenated phenols [69,70], and phenolic acids [24]. The 

microbial consortia used in the process were able to degrade the toxic compounds by di-

verse metabolic pathways, although it has been demonstrated that a preliminary 
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adaptation of the granular sludge in the presence of phenols improves the removal per-

formance [68]. 

The successful application of AGS for degrading phenolic compounds has been ex-

tensively demonstrated during the last decade [24]. Firstly, Liu et al. [71] and Jiang et al. 

[72] cultivated granular biomasses in presence of phenols to establish their degradation 

rate and toxicity at different levels/concentrations. Liu et al. [71] concluded that, despite 

the damage that polyphenols could cause to the granular biomass, the polyphenol re-

moval activity of granular sludge was positively correlated with higher biomass concen-

tration (Mix Liquor Suspended Solids, MLSS). For the first time, Jiang et al. [72] demon-

strated the capability of aerobic granules to provide stable and efficient phenol biodegra-

dation, remarking that the granules represent an excellent immobilization strategy and 

biofilm functional structure, overcoming the inhibition effect of phenols on microbial 

growth and biodegradation activity. Undoubtedly, this research reported that the phenol 

concentration affects the selection of the phenol-degrading microorganisms within the 

granular biomass and directly impacts the robustness of the system and, consequently, 

the ability to achieve high performance. 

Later research described several operational conditions and designs to optimize the 

removal of phenolic compounds. For instance, one research revealed that p-nitrophenol 

could be successfully removed; even an increase in p-nitrophenol concentration led to an 

increase in the performance rate (operating with values up to 40.1 mg·L−1) [68]. Concomi-

tantly, the start-up and optimization of AGS technology for operation in continuous flows 

posed a challenge for overcoming the possible disadvantages that batch-flow operations 

can entail at the industrial level. Jemaat et al. [44] investigated the response of AGS in a 

continuous-flow treatment of industrial wastewater in sequentially alternating pollutant 

scenarios using p-nitrophenol, phenol, and 2-chlorophenol with a concentration of 15 

mg·L−1. Although these loads were lower than those used by Suja et al. (25–200 mg·L−1) 

[68] and Wang et al. (10–50 mg·L−1) [69], the difficulties involved in the continuous flow 

and the need to degrade o-cresol generated greater complications for the steady-state of 

granular biomasses. The results showed that AGS, in a continuous flow, was able to re-

move phenol and p-nitrophenol. During the first months of operation, the HPLC analysis 

did not detect p-nitrophenol in the effluent, but p-nitrocatechol (an intermediate of the 

aerobic degradation pathway) was found. Nonetheless, after this period, p-nitrophenol 

and p-nitrocatechol were below the detection limit of HPLC, and the nitrogen and o-cresol 

removals were almost complete. During the last stage, the system showed notable flaws, 

such as the serious damage to biomass conformation, a reduction in organic matter re-

moval, the detection of intermediate compounds, and the accumulation of 2-chlorophe-

nol. These issues suggested a need for further research to solve the inefficiency of AGS in 

continuous flow [44]. 

In addition, some authors tested a strategy based on the use of easily degradable car-

bon sources as co–substrates to hardly biodegradable polyphenols to ensure the stable 

biodegradation of these xenobiotics. Wang et al. used glucose as a co–substrate of 2,4-

dichlorophenol to promote granule formation, obtaining successful polyphenol removal 

and biomass stability for long-term operations [69]. Ho et al. [67] reported that, in the 

presence of co–substrates as an additional carbon source, phenols at concentrations up to 

3000 mg·L−1 were removed with minimal lag time, while at 5000 mg·L−1 phenol concentra-

tion, the granular biomass exhibits a longer lag time (20 h). In addition, this research 

demonstrated that granular sludge systems had weaker inhibition than CAS systems for 

treating phenol-rich wastewater. 

The improvement of AGS technology for treating phenolic compounds has greatly 

increased during the last decade, driven by a greater knowledge of how to promote the 

metabolic pathways of the microorganisms of interest. Muñoz-Palazon et al. [24] operated 

AGS in sequential batch reactors with a mix of phenolic acids at concentrations from 50 to 

300 mg·L−1, achieving excellent removal performance. Furthermore, the authors noted that 

higher concentrations (600–1000 mg·L−1) meant a strong detriment for the physical-
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chemical and polyphenolic removal rate (ranging from 30–60%). In this sense, despite the 

presence of the co–substrate as an alternative carbon source, it was observed that the pro-

liferation of filamentous microorganisms promoted the breakage and disintegration of 

granules, resulting in floc-biomass formation and the destabilization of the steady state. 

5.3. Photobioreactors 

Photobioreactor technology represents a potentially viable strategy for removing pol-

lutants from sewage, producing, at the same time, microalgal biomasses that are consid-

ered valuable products [73]. This process has demonstrated high photosynthetic efficiency 

and a low footprint, offering an environmentally sustainable alternative versus physical-

chemical technologies that produce chemical waste or sludge as byproducts [73,74]. This 

technology is based on the growth of microalgae in illuminated reactors, which could ef-

fectively transform the inorganic nutrients into organic compounds by means of photo-

synthesis [73]. Microalgae can be co–cultivated with bacteria to optimize phenolic com-

pound removal; microalgae produce the oxygen required by bacteria to mineralize the 

organic pollutants, and the carbon dioxide produced by bacteria is, in turn, used by the 

microalgae [75]. Therefore, the photosynthetically produced oxygen avoids the insuffla-

tion (in the reactor) of the air needed to support the bacterial metabolic processes [76]. 

Biofilm photobioreactors involve microalgae–bacteria consortia and show several ad-

vantages, such as high biomass concentration, high biodegradation ratios, and resistance 

against toxic compounds [76]. Likewise, the biofilm promotes mass transfer from the ex-

ternal to the internal layer, providing hypoxic niches for the growth of facultative or strict 

anaerobic microorganisms [77]. The photobioreactor design needs to be adapted to the 

composition of wastewater and the operational conditions. For instance, Muñoz et al. [75] 

tested different photobioreactor configurations in order to achieve maximum efficiency in 

polyphenol removal. The reactors were based on four designs: a flat plate and a tubular 

packed-bed photobioreactor with the algal-bacterial biofilm attached to a glass material; 

a flat plate and tubular photobioreactor with the biofilm attached to the bioreactor walls; 

an algal-turf reactor open pond with biofilm attached on the reactor base, and a column 

photobioreactor with suspended biomass. All of them operated under a continuous illu-

mination irradiance at 180µE·m−2s−1. Muñoz et al. [75] indicated that photobioreactors in-

volving biofilms presented two limitations that caused operational problems: photoinhi-

bition, by the high density of the photon flux density, and the potential risk of clogging 

due to the excess biomass. In addition, the bioreactors with a suspended biomass and 

biofilms achieved similar removal efficiencies, but the latter promoted better biomass set-

tleability than the suspended cultures. 

Maza-Márquez et al. [77] described the treatment of real olive-washing wastewater 

(OWW) using a photobioreactor designed as a semi–open system consisting of a mixing 

tank, a tubular photobioreactor (composed of five-column tubes), a recirculation tank, and 

a collector tank. In this study, the average light intensity was 450 ± 50 µE·m−2 at the outer 

layer, but the dark color of the OWW reduced the light transmission and may have inhib-

ited the growth of the microalgae. Even so, the concentration of the polyphenols was dras-

tically reduced (90.6%), revealing that the algae–bacteria consortium improves the metab-

olisms responsible for phenolic compound degradation, which was also corroborated by 

Chan et al. [76]. Moreover, the biological oxygen demand (BOD5) was completely re-

moved in all scenarios. Therefore, this research supported the fact that microalgae provide 

enough oxygen for the bacterial degradation of polyphenols. 

The previously described photobioreactor was implemented at full-scale [78], high-

lighting the success of the technology for removing COD and BOD5 from OWW. Further, 

the results of spectrophotometric analysis by Folin–Ciocalteu showed the almost complete 

removal of the phenolic compounds, which was related to the microalgae–bacteria con-

sortia composed of Rhodopseudomonas and Azotobacter bacteria and Sphaeropleales microal-

gae [78].  
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5.4. Biofilters 

Biofilter technology is one of the most important biological processes that is used for 

the removal of organic pollutants. In fact, biofilter technologies are widely employed for 

providing drinking water [79]. Biofilters are mostly characterized by the ability to separate 

the particulate matter and biomass from the aqueous phase, reducing the natural organic 

matter and several compounds. Biofilter performance allows for a reduction in the taste 

and odor of water, as well as removing the micropollutants involved in environmental 

concerns and human health [80]. Any type of support material that allows biomass immo-

bilization could be used in biofilters. Nowadays, several materials of both natural (rock, 

slugs, sand, anthracite, and granular activated carbon) and artificial (membranes and plas-

tics) origin are used as carriers [81–83]. However, the ‘classical’ biofilter technology is 

based on the use of filter sand of different particle diameters from a rapid-rate to a slow-

rate [84]. In addition, the biofilter process is very attractive because it significantly reduces 

the chlorine demand [79]. Usually, the proliferation of microbiota within an immobilized 

biofilm depends on the influent composition, inoculum origin, material support, and op-

erational conditions. The versatility of this technology makes it difficult to define a uni-

versal reactor design since an effective design requires deep initial knowledge and the 

characterization of all the parameters to be considered (inlet water characterization and 

the required quality). Current molecular biological techniques have allowed for the pro-

motion of microorganisms of interest to degrade target pollutants [79]. 

Although biofilter technology is not so widely used for the treatment of high-poly-

phenol-content waters, Huang et al. [49] have tested the treatment of wastewater with 

high content of a complex mixture of polyphenols (2,5-diethylphenol, trimethylphenol, 

ethylphenol, 2-(1-methylpropyl)-phenol, 2-ethyl-6-methylphenol, and 1-ethyl-4-methox-

yphenol). The composition of the influent water was even more complex due to the pres-

ence of other kinds of biorefractory compounds widely found in coking wastewater, 

which implied more difficulties for polyphenol removal by biological treatment. The re-

sults revealed that after anaerobic filtration treatment, the phenols were quite degraded, 

and the achieved removal rates were 92.31% for p-diphenol and 53% for 2,5-diethylphe-

nol. Additionally, the chromatography analyses showed that new compounds (such as 

dihydroxybenzene and cyclohexanone) were produced during the bioprocess, indicating 

the presence of intermediate molecules or simple compounds obtained from the full or 

partial degradation of the polyphenols. The different heights along the biofilter generated 

a gradient of pollutants, subproducts, and oxygen conditions that affected the microbial 

community structure responsible for the biotransformation and biodegradation processes 

[49,82]. 

5.5. Various Treatments Combined with Biofilters 

5.5.1. Conventional Activated Sludge Coupled with an Immobilized Biological Filter 

As mentioned before, CAS technology is the most implemented biological technol-

ogy for treating urban wastewater [85]. CAS includes an aeration chamber and a second-

ary clarifier; in the first chamber, the raw wastewater is mixed with the floc microorgan-

isms, where the aerobic niche promotes the fast degradation of organic matter. Then, the 

water is transported to the secondary clarifier, where the floc-forming bacteria and the 

particulate matter are settled in order to provide a clear effluent. However, CAS efficiency 

for the removal of suspended particulate matter in the secondary settler is quite limited; 

thus, the coupling of CAS with a subsequent biofilter could improve the retention of the 

suspended solids and the solid-water phase separation. Additionally, the water stream-

flow through the reactor allows for the removal of other substances due to the develop-

ment of different niches along the biofilm that is colonized by microbial communities with 

different metabolic competencies. The secretion of sticky and negatively charged extracel-

lular polymeric substances by the bacterial biofilm makes it more resistant to toxic com-

pounds; in addition, the biofilm promotes the mass transport and substrate conversion 
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from the external to internal layers [86,87]. Thus, the toxic effect of polyphenolic com-

pounds could be weakened along the depth/height of the immobilized biofilm, and the 

single cells are not directly affected, as they are embedded in a polysaccharide membrane 

that protects them. The implementation of conventional biological processes coupled with 

biofilter technology has been deeply studied for treating industrial wastewater with high-

volatile organic compound content, harmful gases, and numerous toxic compounds to 

avoid the severe contamination produced by these industries [88]. Some microorganisms 

that form the attached biomass were able to convert target pollutants into intermediate or 

final products with low or absent harmfulness. 

Tong et al. [89] described a pilot-scale CAS process coupled with an immobilized 

aerated biofilter designed for treating wastewater characterized by a large number of re-

calcitrant compounds that are generated during the oil extraction process. The carrier em-

ployed for the biofiltration process was the polycin urepan, which was designed with mi-

cro- and macropores to immobilize a wide spectrum of microorganisms of several sizes. 

The treatment train consisted of a CAS system followed by a settling tank; then, the water 

streamflow was passed through an immobilized biological aerated filter (I-BAF). The com-

position of the oil wastewater was very complex due to the low organic substrate concen-

tration, the high presence of refractory organic compounds, and a low C:N:P ratio (which 

was 100:6:0.007, whereas it should be close to 100:5:1 to achieve good performance). Phe-

nolic compounds were the most prominent group (with 15 kinds/species), accounting for 

ca. 31.5% of the load influent. The results revealed that CAS technology was able to re-

move all phenolic compounds without the need to pass through an I-BAF. The bacteria 

consortia identified in the activated sludge were more diverse than those on the biofilm 

of the I-BAF. Tong et al. [89] highlighted the role of Pseudomonas sp., Planococcus sp., and 

Bacillus spp. in phenolic compound removal; their role in polyphenol degradation in var-

ious natural and engineering environments has been studied in-depth [90–92]. 

5.5.2. Expanded Granular Sludge Bed Coupled with Biofilter 

Expanded granular sludge bed (EGSB) technology is considered to represent the 

third generation of anaerobic reactor technologies. This process is characterized by the 

expansion of granular sludge and the promotion of the mass transfer between pollutants 

and microbiota by the high recirculation rate and a high height/diameter ratio (≥20) [93]. 

Some authors combined the EGSB with biofilters for the treatment of recalcitrant com-

pounds because the fixed biofilm promotes syntrophic mechanisms and resists and de-

grades polyphenols and their intermediates of degradation [93,94]. Several strategies for 

an EGSB coupled with biofilters have been tested. For instance, Wang et al. [93] imple-

mented an aerobic biofiltration system to minimize the surface needed for the implemen-

tation of the treatment, but the exploitation cost increased due to the requirement of air 

insufflation. Rintala and Puhakka [95] reported the effectiveness of the EGSB coupled with 

an aerobic biofilter for chlorophenols degradation, demonstrating that the molecules are 

anaerobically attacked and dechlorinated, allowing for their mineralization in the subse-

quent aerobic biotreatment step. However, Collins et al. [94] highlighted the economical 

disadvantages related to this system (operations carried out under aerobic and mesophilic 

conditions). Therefore, these authors operated the EGSB combined with an anaerobic bio-

filter (ABF) at lower temperatures (15 °C). This system had a long start-up period, but 

once the steady–state was achieved, no trichlorophenols or 2,4 dichlorophenols were 

found in the effluent, evidencing the successful dehalogenation and a split reductive di-

chlorination pathway. In the subsequent scenarios, Collins et al. [94] added a higher pol-

yphenol concentration to the influent, and they observed a similar trend. The HPLC re-

sults revealed the absence of the phenols and the presence of unidentified compounds 

possibly correlated with 4-hydroxybenzoic acid or other intermediate degradation prod-

ucts [96]. 
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5.5.3. Membrane Bioreactor Technology 

Membrane bioreactor (MBR) technology combines the activated sludge process with 

a membrane to separate the solid-liquid phases, avoiding the need for a secondary settler 

[97]. The configuration of the MBR has been developed and optimized in order to increase 

performance and removal efficiency. Depending on the required quality of the effluent, 

the employed membrane can be of nanofiltration, microfiltration, or ultrafiltration [98]. In 

the ‘classical’ MBR design, the configuration can generally have a submerged or side-

stream membrane using external recirculation. Currently, novel changes have been im-

plemented in the classical MBR designs to adhere to more restrictive legislation [99–101]. 

There are several ways to remove the phenolic compounds contained in wastewater by 

diverse membrane bioreactor configurations [11], including the moving-bed bioreactor 

(MBBR) [100,102], the anaerobic–anoxic–oxic (A2O) membrane reactor [25], the two-phase 

partitioning membrane bioreactor [101], or the few novel designs with photocatalysis, us-

ing material coupled to the MBBR [103]. 

During the last two decades, the interest aroused by membrane technologies led to 

the development of many novel configurations optimized for obtaining maximum poly-

phenol removal yields. Hosseini et al. [102] used the MBBR for treating phenolic com-

pounds at concentrations in the range 200–800 mg·L−1, with HRT from 8 to 24 h. The results 

suggested that, regardless of the HRT, the ratio of phenolic COD:total COD should be 

close to 0.6 to achieve successful removal. The authors emphasized that MBBR technology 

was able to remove 480 mg·L−1 phenol COD in short cycles (8–12 h), and the biomass ex-

hibited low sensitivity against toxic load [102]. On the contrary, the A2O MBR system used 

to treat coal gasification wastewater had strong and negative effects caused by changes in 

HRT. The water inlet had high phenolic (1000 to 1600 mg·L−1) and COD (2000 to 4200 

mg·L−1) concentrations. The real origin of the wastewater made the composition highly 

variable, with poor biodegradability due to the presence of refractory compounds [25]. 

Even so, the technology was able to remove almost all COD and ammonium (97% and 

92%, respectively), as well as the total phenolic compounds (from the initial concentration 

of 776 to 2.32 mg·L−1). The authors described that the refractory compounds were con-

verted into biodegradable substances in the anaerobic chamber and, subsequently, micro-

bial activity notably reduced the compound toxicity in the anoxic and oxic chambers. In 

this case, if it was mandatory to meet a requirement for nitrogen discharges into water 

bodies; A2O MBR could be an optimal option for such implementations. 

More recent advances have been achieved by combining the membrane bioreactors 

with other technologies. Mancuso et al. [103] coupled a TiO2-based-photocatalyst that was 

doped with Fe and/or Cr with an MBBR. They emphasized the difficulties arising from 

OMWW treatment using only MBR technology due to the short membrane lifetimes, bio-

fouling clogging, and high operational costs [99,104]. Therefore, they proposed a prelimi-

nary photocatalysis treatment driven by solar UV in presence of a TiO2 semiconductor 

and metal elements to save energy and solve the limitations given by the energy required 

for the operation. The results highlighted high polyphenol removal efficiency (close to 

97%), as well as a notable increase in the biodegradability of these compounds in the pres-

ence of H2O2 and the consequent improvement in the capability of treating larger 

wastewater flows. 

Most of the industries related to chemical and agrifood factories produce effluents 

with high levels of salinity (representing 5% of the total industrial wastewater produc-

tion), which directly affects biological processes due to osmotic pressure damaging the 

cells. Few studies have investigated the impact of salinity fluctuations on various aerobic 

processes in membrane technologies [105]. Muñoz Sierra et al. [46,106] particularized the 

lack of knowledge about the anaerobic MBR treatment of wastewaters with high polyphe-

nols content and variable salinity. The research demonstrated an efficiency of 86–98% in 

terms of total phenolic compound removal in the presence of 18–37 gNa+.L−1. At these sa-

linity concentrations, the biomass showed robustness and resilience against adverse con-

ditions, but at higher concentrations, methanogenic activity and cell membrane integrity 
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were compromised. Besides, an extractive membrane bioreactor (EMB) was implemented 

to treat landfill leachate effluent with a high phenolic concentration (150–200 mg·L−1 [107]. 

The technology was able to reduce the phenolic fraction by ~98%; in addition, the HPLC 

analysis corroborated the absence of polyphenols and intermediate metabolites [107]. 

5.6. Microbial Bio-electrochemical Technology 

Microbial bio-electrochemical technology (MET) is a growing biotechnological tool 

that combines electrochemistry, material science, and microbiology with the aim of gen-

erating energy [108]. 

The most used configuration of MET is the microbial fuel cell (MFC) technology 

based on converting the chemical energy of microbial metabolism into electricity during 

water treatment [109]. The process consists of an anode chamber and a cathode chamber 

separated by a proton exchange membrane or a salt bridge [110]. In the anode, microor-

ganisms oxidize the substrates and produce electrons and protons. The protons are con-

ducted to the cathode through the exchange membrane, and the electrons are transported 

to the external circuit [110]. The membrane prevents the transfer of bacteria from the an-

ode to the cathode and limits oxygen diffusion in the opposite direction [111]. Although 

the MFC is the most well-known design in METs, currently, the optimization and devel-

opment of METs, combining catalytic redox activity with different abiotic electrochemical 

parameters and physic conditions, is in continuous expansion [112,113]. The versatility of 

the designs and the operational conditions, the consumption of several biodegradable 

substrates, and the production of energy make this technology one of the greenest for 

water treatment [114]. 

Friman et al. [115] implemented a bio-electrochemical cell technology to degrade 

phenols, operating similarly to MFCs, but with a constant external voltage applied be-

tween the electrodes. The phenol removal rate was ~80%, and the authors observed that 

it was not proportional to the time of contact between the pollutants and biomass, but 

higher biomass concentration was supposed to increase phenol removal efficiency. 

Hedbavna et al. [116] described how phenolic compounds found in the groundwater 

(caused by refinery industry lixiviate) could serve as electron donors for voltage produc-

tion, while the microorganisms found in the anode could be electron acceptors. The MFC 

systems were tested using phenolic compounds and acetate as electron donors, with 

closed and open circuits, and the results were similar for both the MFCs, with a polyphe-

nolic reduction > 86% (from 1440 to >200 µM). During the initial phase, 4-hydroxy-3-

methylbenzoic acid and 4-hydroxybezoic acid (two metabolites of phenols) were detected 

at high concentrations in the anode chamber (108 µM and 104 µM, respectively). How-

ever, after stabilization, the values began to gradually decrease, indicating an increment 

in intermediate metabolite degradation. 

The phenols were able to relatively inhibit electricity production (35–65%), but the 

robustness of the technology demonstrated high degradation rates for phenolic com-

pounds such as 4- hydroxibezoic, syring, and vanillic acids, and their intermediate metab-

olites (despite the inherent toxicity of polyphenols) [117]. Li et al. [117] reported that the 

absence of additional electron donors improved the removal efficiency of phenolic com-

pounds, as the microbiota was driven to use them as carbon sources. The research demon-

strated that the removal of the phenolic compounds was driven by the degradation pro-

cess rather than the adsorption process and that the microorganisms used intermediate 

metabolites for energy production and voltage generation instead of the parent phenolic 

compounds [117]. Li et al. [117] established that the fermentative process was not inhibited 

by high concentrations of phenolic acids; in addition, the main biotransformation of sy-

ringic acids gave rise to 3,4-dihydroxy-5-methoxybenzoic acid, which was subsequently 

converted into gallic acid and pyrogallic acid [118]. 
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6. Microorganisms and Their Products Involved in Phenolic Biodegradation 

Microorganisms are responsible for the suitable performance of all biological tech-

nologies described previously. A high number of microorganisms are able to degrade pol-

yphenols in aquatic environments, including bacteria, fungi, and protozoa. Efficient bio-

degradation could be carried out by a single species [119,120] or microbial consortia 

[24,77]. During the design of a bioprocess, the selection of microorganisms or microbial 

consortia according to the nature of the water and the target pollutants is essential. The 

ability to achieve high performance will depend on the contaminant nature and the met-

abolic possibilities of the biomass in the bioreactor [91]. However, some drawbacks are 

found in urban or industrial wastewater, given the complexity of the matrices. Therefore, 

the microbial consortia employed as inoculum are generally selected by the technology 

configuration and influent composition since some microorganisms have competitive ad-

vantages in consuming, digesting, or degrading compounds under different abiotic and 

biotic parameters. 

Given that phenol is widespread, some microorganisms have developed metabolic 

pathways for using it as carbon and/or energy source in several environments [1]. Un-

doubtedly, some microbial groups are more resistant to phenolic compounds. The micro-

organisms that are able to degrade polyphenols have been recognized in both the Bacteria 

and Eukarya domains. Among the best-known microorganisms that can successfully carry 

out phenol biodegradation, there are bacteria such as Bacillus, Pseudomonas, Flavobacte-

rium, and Alcaligenes, as well as fungal representatives, such as Trichosporon, Aspergillus, 

Trametes, and the yeast Candida tropicalis [24,121]. 

Aerobic bacteria transform phenol into nontoxic intermediate compounds that enter 

into the tricarboxylic acid cycle through ortho- or meta-pathways of degradation (Figure 

3) [12]. In both pathways, phenol is firstly converted into catechol by the monohydroxyla-

tion of the C6 ring at the ο-position, which is catalyzed by phenol hydroxylase [91]. Phenol 

hydroxylase catalyzes the attachment of a hydroxyl group at the ortho-position of the ar-

omatic ring, and then phenol is converted into catechol. This reaction is carried out by 

NADP-dependent flavin mono-oxygenase enzyme [12]. All mono-oxygenases include one 

atom of molecular oxygen in the corresponding substrate, while the other oxygen atom is 

reduced to H2O by a hydrogen donor, which is different for each enzyme. In addition to 

the hydroxylation of phenol, which is the preferred substrate of the phenol hydroxylase, 

this enzyme can catalyze the hydroxylation of hydroxyl-, amino-, halogen-, or methyl-

substituted phenols [12]. Chlorophenol and (choloromethyl) phenol hydroxylases are em-

ployed to convert the substrates into chlorinated catechols or chloromethylcatechols, 

which play a key role in ortho- or meta-pathways. Phenol hydroxylase also catalyzes the 

conversion of alkylphenols into alkylcatechols. The aromatic ring of catechol is further 

opened by catechol 1,2-dioxygenase, leading to the formation of succinyl-CoA and acetyl 

CoA, or by catechol 2,3-dioxygenase, leading to the formation of pyruvate and acetalde-

hyde. Moreover, long-chain alkylphenols, nitrophenols, chloronitrophenols, and bi-

sphenols require specific peripheral degradation pathways [91]. The bacterial degradation 

of nitrophenols can start with mono-oxygenation (a mono-oxygenase catalyzes the nitro 

groups elimination as a nitrite ion by adding an oxygen atom), the reduction of the nitro 

group (a nitroreductase catalyzes the nitrogen group reduction into amino groups or hy-

droxylamine), reductive dehalogenation from halonitrophenol compounds (a reductive 

dehalogenase removes the halogen atom, following the oxidative removal of the nitro 

group), and dioxygenation (insertion of two hydroxyl groups with the removal of the ni-

tro group as nitrite ion) [122–124]. 
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Figure 3. Aerobic phenol biodegradation pathways. (1) phenol monooxygenase, (2) catechol 1,2-

dioxygenase, (3) muconate lactonizing enzyme, (4) muconolactone isomerase, (5) oxoadipate enol-

lactone hydrolase, (6) oxoadipate succinyl-CoA transferase, (7) catechol 2,3-dioxygenase, (8) hy-

droxymuconic semialdehyde hydrolase, (9) 2-oxopent-4-enoic acid hydrolase, (10) 4-hydroxy-2-ox-

ovalerate aldolase [125]. 

Some nitrophenol-degrading bacteria have been isolated by utilizing media enriched 

in mononitrophenols, halonitrophenols, or polynitrophenols. Among the isolated strains 

were Arthrobacter nitrophenolicus sp. [126], Burkholderia sp. RKJ [127], Pseudomonas sp. [122], 

Rhodotorula glutinis [128], Sphingomonas sp. [122], and Paraburkholderia [129]. 

In Mediterranean countries, OWW has been widely studied due to its recalcitrant 

nature that is related to high polyphenol content. For example, Maza-Marquez et al. [26] 

demonstrated that the phenolic pollutants found in an OWW storage basin could be 

treated using specific bacterial taxa, such as Firmicutes and Clostridiales. Muñoz-Palazon 

et al. [24] observed that the microbial communities in AGS reactors treating high polyphe-

nol concentrations were dominated by Lampropedia, Acinetobacter, Arenimonas, Pseudomo-

nas, and Corynebacterium. 

Eukarya microorganisms are widespread in environmental and engineering niches 

and play an essential role in the bioremediation field. Many studies have focused on phe-

nolic compound degradation by fungi due to their ability to use organic pollutants as sub-

strates for their growth. Some Ascomycota members have been isolated in systems de-

signed for the treatment of OMWW with polyphenols as the sole carbon source, including 

Aspergillus niger, Penicillium sp., Fusarium sp., and Alternaria sp. [59]. The Basidiomycota 

phylum is the major fungal group that has members able to degrade toxic compounds due 

to their rich production of tyrosinases, laccases, and peroxidases [130]. Tyrosinases oxi-

date both monophenols and 1,2-diphenols (catechols) to quinones; laccases of a low-mo-

lecular-weight use 1,4-diphenols as substrate, which acts as monophenols and polyphe-

nols; peroxidases are oxidoreductases that catalyze peroxide reduction and the concomi-

tant oxidation of various substrates, including phenols [131,132]. These fungal enzymes 

are widely employed in industrial processes due to their role in improving organoleptic 

properties. For this reason, some authors highlighted the need for improved knowledge 

about the employment of wild-type and bioengineered fungi to obtain these enzymes of 

industrial interest [130,133]. 

In addition to bacteria and fungi, microalgae have also been recognized for their high 

capability to resist toxic compounds due to their extraordinary ability to produce extra-

cellular laccases that allow for the biodegrading and transforming of aromatic compounds 

[134,135]. Microalgae can biotransform, mineralize, and remove compounds under pho-

totrophic or mixotrophic conditions. Some phylotypes, such as Chlorella sp., can remove 

polyphenols under light or dark conditions [136,137]; moreover, it has been reported that 

Scenedesmus quadricauda and Ankistrodesmus braunii biotransform polyphenols in simpler 

compounds [138]. 
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The immense diversity of the metabolic pathways and resistance of prokaryotic and 

eukaryotic microorganisms allows for the development of various strategies for biotech-

nological tools in order to provide a high-quality water effluent. However, further com-

bined efforts among chemical, engineering, and microbiological areas have to be made to 

obtain higher yields via the microorganisms dwelling in engineering systems. 

7. Conclusions 

The biological treatment field has made immeasurable efforts to improve the feasi-

bility and efficiency of the best available techniques for treating contaminated waters with 

high polyphenol content. From a classical engineering perspective, water treatment has 

always been more effective using physical-chemical technologies than biological ap-

proaches. However, this review provides a comprehensive reading on the success of com-

bining biological, chemical, and engineering aspects to achieve polyphenol removal in 

water bodies. The main cause of inefficiency in biological water treatment lies in the lack 

of knowledge about (a) the characteristics of the influent, (b) the selection of the best fit 

technology, and (c) the optimum operational parameters to promote the biochemical pro-

cesses. This review emphasizes the important role of microorganisms in these biotechno-

logical processes, discarding the concept of reactors as ‘black boxes’, which exclusively 

evaluate the mass balance. Biotechnological approaches operated in a precise direction 

might improve the quality of the treated water in an economically and environmentally 

sustainable context. 

The most decisive parameters for selecting the optimum biological technology for 

degrading pollutants and amending contaminated water are reported hereafter: 

(a) The concentration and nature of the polyphenols (variability of composition); 

(b) The presence of other toxic and recalcitrant compounds in the raw water matrix; 

(c) The carbon, nitrogen, and phosphorous concentration; 

(d) The water quality requirements for the treated water; 

(e) Logistics: the operational and economic possibilities for its implementation. 

Author Contributions: All authors contributed significantly to the paper review. Conceptualiza-

tion, data acquisition, resources, and writing of the original draft were carried out by B.M.-P., S.G., 

A.R.-M. and M.F.; review, and editing were carried out by B.M.-P., S.G., A.R.-M., M.P., M.B. and 

M.F. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: Barbara Muñoz-Palazon is supported by a grant from the University of Gra-

nada, the Ministerio de Universidades (Spain’s Government), and the European Union-NextGener-

ationEU funds. Aurora Rosa-Masegosa is supported by grants from the Ministerio de Universidades 

and Ministerio de Educacion y Formacion Profesional (Spain’s Government). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Mohd, A. Presence of Phenol in Wastewater Effluent and Its Removal: An Overview. Int. J. Environ. Anal. Chem. 2022, 102, 1362–

1384. https://doi.org/10.1080/03067319.2020.1738412. 

2. Peeters, K.; Višnjevec, A.M.; Esakkimuthu, E.S.; Schwarzkopf, M.; Tavzes, Č. The Valorisation of Olive Mill Wastewater from 

Slovenian Istria by Fe3 O4 Particles to Recover Polyphenolic Compounds for the Chemical Specialties Sector. Molecules 2021, 

26, 6946. https://doi.org/10.3390/molecules26226946. 

3. de la Rosa, L.A.; Moreno-Escamilla, J.O.; Rodrigo-García, J.; Alvarez-Parrilla, E. Phenolic Compounds; Elsevier Inc.: Amsterdam, 

The Netherlands, 2018; ISBN 9780128132784. 



Molecules 2023, 28, 314 17 of 22 
 

 

4. Cladis, D.P.; Weaver, C.M.; Ferruzzi, M.G. (Poly)Phenol Toxicity in Vivo Following Oral Administration: A Targeted Narrative 

Review of (Poly)Phenols from Green Tea, Grape, and Anthocyanin-Rich Extracts. Phytother. Res. 2022, 36, 323–335. 

https://doi.org/10.1002/ptr.7323. 

5. Bernini, R.; Pasqualetti, M.; Provenzano, G.; Tempesta, S. Ecofriendly Synthesis of Halogenated Flavonoids and Evaluation of 

Their Antifungal Activity. New J. Chem. 2015, 39, 2980–2987. https://doi.org/10.1039/c5nj00258c. 

6. Bernini, R.; Mincione, E.; Provenzano, G.; Fabrizi, G.; Tempesta, S.; Pasqualetti, M. Obtaining New Flavanones Exhibiting An-

tifungal Activities by Methyltrioxorhenium-Catalyzed Epoxidation-Methanolysis of Flavones. Tetrahedron 2008, 64, 7561–7566. 

https://doi.org/10.1016/j.tet.2008.05.101. 

7. Durazzo, A.; Lucarini, M.; Camilli, E.; Marconi, S.; Gabrielli, P.; Lisciani, S.; Gambelli, L.; Aguzzi, A.; Novellino, E.; Santini, A.; 

et al. Dietary Lignans: Definition, Description and Research Trends in Databases Development. Molecules 2018, 23, 3251. 

https://doi.org/10.3390/molecules23123251. 

8. Andargie, M.; Vinas, M.; Rathgeb, A.; Möller, E.; Karlovsky, P. Lignans of Sesame (Sesamum Indicum l.): A Comprehensive 

Review. Molecules 2021, 26, 883. https://doi.org/10.3390/molecules26040883. 

9. Singh, A.; Kumar, V.; Srivastana, J. Assessment of Bioremediation Ofoil and Phenol Contents in Refinery Waste Water via Bac-

terial Con-Sortium. J. Pet. Environ. Biotechnol. 2013, 4, 1–4. 

10. Villegas, L.G.C.; Mashhadi, N.; Chen, M.; Mukherjee, D.; Taylor, K.E.; Biswas, N. A Short Review of Techniques for Phenol 

Removal from Wastewater. Curr. Pollut. Rep. 2016, 2, 157–167. https://doi.org/10.1007/s40726-016-0035-3. 

11. Raza, W.; Lee, J.; Raza, N.; Luo, Y.; Kim, K.H.; Yang, J. Removal of Phenolic Compounds from Industrial Waste Water Based on 

Membrane-Based Technologies. J. Ind. Eng. Chem. 2019, 71, 1–18. https://doi.org/10.1016/j.jiec.2018.11.024. 

12. Krastanov, A.; Alexieva, Z.; Yemendzhiev, H. Microbial Degradation of Phenol and Phenolic Derivatives. Eng. Life Sci. 2013, 13, 

76–87. https://doi.org/10.1002/elsc.201100227. 

13. Gasmi, A.; Mujawdiya, P.K.; Noor, S.; Lysiuk, R.; Darmohray, R.; Piscopo, S.; Lenchyk, L.; Antonyak, H.; Dehtiarova, K.; Sha-

naida, M.; et al. Polyphenols in Metabolic Diseases. Molecules 2022, 27, 6280. 

14. Cañadas, R.; González-Miquel, M.; González, E.J.; Díaz, I.; Rodríguez, M. Hydrophobic Eutectic Solvents for Extraction of Nat-

ural Phenolic Antioxidants from Winery Wastewater. Sep. Purif. Technol. 2021, 254, 117590. https://doi.org/10.1016/j.sep-

pur.2020.117590. 

15. Froldi, G.; Ragazzi, E. Selected Plant-Derived Polyphenols as Potential Therapeutic Agents for Peripheral Artery Disease : Mo-

lecular Mechanisms. Molecules 2022, 27, 7110. 

16. Santos-Buelga, C. Polyphenols and Human Beings: From Epidemiology to Molecular Targets. Molecules 2021, 26, 4218. 

https://doi.org/10.3390/molecules26144218. 

17. Zillich, O.V.; Schweiggert-Weisz, U.; Eisner, P.; Kerscher, M. Polyphenols as Active Ingredients for Cosmetic Products. Int. J. 

Cosmet. Sci. 2015, 37, 455–464. https://doi.org/10.1111/ics.12218. 

18. Sahiner, M.; Sanem Yilmaz, A.; Gungor, B.; Ayoubi, Y.; Sahiner, N. Therapeutic and Nutraceutical Effects of Polyphenolics from 

Natural Sources. Molecules 2022, 27, 6225. 

19. Gorrasi, S.; Pasqualetti, M.; Muñoz-palazon, B.; Novello, G.; Mazzucato, A.; Campiglia, E.; Fenice, M. Comparison of the Peel-

Associated Epiphytic Bacteria of Anthocyanin-Rich “Sun Black” and Wild-Type Tomatoes under Organic and Conventional 

Farming. Microorganisms 2022, 10, 2240. 

20. Manso, T.; Lores, M.; de Miguel, T. Antimicrobial Activity of Polyphenols and Natural Polyphenolic Extracts on Clinical Iso-

lates. Antibiotics 2022, 11, 46. https://doi.org/10.3390/antibiotics11010046. 

21. Gutiérrez-Del-Río, I.; López-Ibáñez, S.; Magadán-Corpas, P.; Fernández-Calleja, L.; Pérez-Valero, Á.; Tuñón-Granda, M.; Mi-

guélez, E.M.; Villar, C.J.; Lombó, F. Terpenoids and Polyphenols as Natural Antioxidant Agents in Food Preservation. 

Antioxidants 2021, 10, 1264. https://doi.org/10.3390/antiox10081264. 

22. Laganà, P.; Anastasi, G.; Marano, F.; Piccione, S.; Singla, R.K.; Dubey, A.K.; Delia, S.; Coniglio, M.A.; Facciolà, A.; di Pietro, A.; 

et al. Phenolic Substances in Foods: Health Effects as Anti-Inflammatory and Antimicrobial Agents. J. AOAC Int. 2019, 102, 

1378–1387. https://doi.org/10.5740/jaoacint.19-0131. 

23. Mohammadi, S.; Kargari, A.; Sanaeepur, H.; Abbassian, K.; Najafi, A.; Mofarrah, E. Phenol Removal from Industrial 

Wastewaters: A Short Review. Desalination Water Treat 2015, 53, 2215–2234. https://doi.org/10.1080/19443994.2014.883327. 

24. Muñoz-Palazon, B.; Rodriguez-Sanchez, A.; Hurtado-Martinez, M.; de Castro, I.M.; Juarez-Jimenez, B.; Gonzalez-Martinez, A.; 

Gonzalez-Lopez, J. Performance and Microbial Community Structure of an Aerobic Granular Sludge System at Different Phe-

nolic Acid Concentrations. J. Hazard. Mater. 2019, 376, 58–67. https://doi.org/10.1016/j.jhazmat.2019.05.015. 

25. Wang, Z.; Xu, X.; Gong, Z.; Yang, F. Removal of COD, Phenols and Ammonium from Lurgi Coal Gasification Wastewater Using 

A2O-MBR System. J. Hazard. Mater. 2012, 235–236, 78–84. https://doi.org/10.1016/j.jhazmat.2012.07.012. 

26. Maza-Márquez, P.; Martínez-Toledo, M.V.; González-López, J.; Rodelas, B.; Juárez-Jiménez, B.; Fenice, M. Biodegradation of 

Olive Washing Wastewater Pollutants by Highly Efficient Phenol-Degrading Strains Selected from Adapted Bacterial Commu-

nity. Int. Biodeterior. Biodegrad. 2013, 82, 192–198. https://doi.org/10.1016/j.ibiod.2013.03.025. 

27. Cifuentes-Cabezas, M.; Carbonell-Alcaina, C.; Vincent-Vela, M.C.; Mendoza-Roca, J.A.; Álvarez-Blanco, S. Comparison of Dif-

ferent Ultrafiltration Membranes as First Step for the Recovery of Phenolic Compounds from Olive-Oil Washing Wastewater. 

Process Saf. Environ. Prot. 2021, 149, 724–734. https://doi.org/10.1016/j.psep.2021.03.035. 

28. Tundis, R.; Conidi, C.; Loizzo, M.R.; Sicari, V.; Romeo, R.; Cassano, A. Concentration of Bioactive Phenolic Compounds in Olive 

Mill Wastewater by Direct Contact Membrane Distillation. Molecules 2021, 26, 1808. https://doi.org/10.3390/molecules26061808. 



Molecules 2023, 28, 314 18 of 22 
 

 

29. Bertin, L.; Ferri, F.; Scoma, A.; Marchetti, L.; Fava, F. Recovery of High Added Value Natural Polyphenols from Actual Olive 

Mill Wastewater through Solid Phase Extraction. Chem. Eng. J. 2011, 171, 1287–1293. https://doi.org/10.1016/j.cej.2011.05.056. 

30. Nabavi, S.F.; di Lorenzo, A.; Izadi, M.; Sobarzo-Sánchez, E.; Daglia, M.; Nabavi, S.M. Antibacterial Effects of Cinnamon: From 

Farm to Food, Cosmetic and Pharmaceutical Industries. Nutrients 2015, 7, 7729–7748. https://doi.org/10.3390/nu7095359. 

31. Giacobbo, A.; Bernardes, A.M.; Rosa, M.J.F.; de Pinho, M.N. Concentration Polarization in Ultrafiltration/Nanofiltration for the 

Recovery of Polyphenols from Winery Wastewaters. Membranes 2018, 8, 46. https://doi.org/10.3390/membranes8030046. 

32. Tapia-Quirós, P.; Montenegro-Landívar, M.F.; Reig, M.; Vecino, X.; Cortina, J.L.; Saurina, J.; Granados, M. Recovery of Polyphe-

nols from Agri-Food By-Products: The Olive Oil and Winery Industries Cases. Foods 2022, 11, 362. 

https://doi.org/10.3390/foods11030362. 

33. Yangui, A.; Abderrabba, M. Towards a High Yield Recovery of Polyphenols from Olive Mill Wastewater on Activated Carbon 

Coated with Milk Proteins: Experimental Design and Antioxidant Activity. Food Chem. 2018, 262, 102–109. 

https://doi.org/10.1016/j.foodchem.2018.04.091. 

34. Cui, P.; Chen, B.; Yang, S.; Qian, Y. Optimal Design of an Efficient Polyphenols Extraction Process for High Concentrated Phe-

nols Wastewater. J. Clean. Prod. 2017, 165, 1395–1406. https://doi.org/10.1016/j.jclepro.2017.07.180. 

35. Mudimu, O.A.; Peters, M.; Brauner, F.; Braun, G. Overview of Membrane Processes for the Recovery of Polyphenols from Olive 

Mill Wastewater Olive Mill Wastewater. Am. J. Environ. Sci. 2012, 8, 195–201. https://doi.org/10.3844/ajessp.2012.195.201. 

36. Hellwig, V.; Gasser, J. Polyphenols from Waste Streams of Food Industry: Valorisation of Blanch Water from Marzipan Produc-

tion. Phytochem. Rev. 2020, 19, 1539–1546. https://doi.org/10.1007/s11101-020-09663-y. 

37. Thue, P.S.; Adebayo, M.A.; Lima, E.C.; Sieliechi, J.M.; Machado, F.M.; Dotto, G.L.; Vaghetti, J.C.P.; Dias, S.L.P. Preparation, 

Characterization and Application of Microwave-Assisted Activated Carbons from Wood Chips for Removal of Phenol from 

Aqueous Solution. J. Mol. Liq. 2016, 223, 1067–1080. https://doi.org/10.1016/j.molliq.2016.09.032. 

38. Kumar, A.; Jena, H.M. Removal of Methylene Blue and Phenol onto Prepared Activated Carbon from Fox Nutshell by Chemical 

Activation in Batch and Fixed-Bed Column. J. Clean. Prod. 2016, 137, 1246–1259. https://doi.org/10.1016/j.jclepro.2016.07.177. 

39. Zhang, X.; Cheng, L.; Wu, X.; Tang, Y.; Wu, Y. Activated Carbon Coated Palygorskite as Adsorbent by Activation and Its Ad-

sorption for Methylene Blue. J. Environ. Sci. 2015, 33, 97–105. https://doi.org/10.1016/j.jes.2015.01.014. 

40. Lee, M.E.; Park, J.H.; Chung, J.W.; Lee, C.Y.; Kang, S. Removal of Pb and Cu Ions from Aqueous Solution by Mn3O4-Coated 

Activated Carbon. J. Ind. Eng. Chem. 2015, 21, 470–475. https://doi.org/10.1016/j.jiec.2014.03.006. 

41. Hasan, M.; Hakim, A.; Iqbal, A.; Bhuiyan, F.R.; Begum, M.K.; Sharmin, S.; Abir, R.A. Computational Study and Homology 

Modeling of Phenol Hydroxylase: Key Enzyme for Phenol Degradation. Int. J. Comput. Bioinform. Silico Model. 2015, 4, 691–698. 

42. Xiao, J.; Xie, Y.; Han, Q.; Cao, H.; Wang, Y.; Nawaz, F.; Duan, F. Superoxide Radical-Mediated Photocatalytic Oxidation of 

Phenolic Compounds over Ag+/TiO2: Influence of Electron Donating and Withdrawing Substituents. J. Hazard. Mater. 2016, 304, 

126–133. https://doi.org/10.1016/j.jhazmat.2015.10.052. 

43. Vashi, H.; Iorhemen, O.T.; Tay, J.H. Aerobic Granulation: A Recent Development on the Biological Treatment of Pulp and Paper 

Wastewater. Environ. Technol. Innov. 2018, 9, 265–274. https://doi.org/10.1016/j.eti.2017.12.006. 

44. Jemaat, Z.; Suárez-Ojeda, M.E.; Pérez, J.; Carrera, J. Sequentially Alternating Pollutant Scenarios of Phenolic Compounds in a 

Continuous Aerobic Granular Sludge Reactor Performing Simultaneous Partial Nitritation and O-Cresol Biodegradation. Bio-

resour. Technol. 2014, 161, 354–361. https://doi.org/10.1016/j.biortech.2014.03.071. 

45. Shi, X.; Leong, K.Y.; Ng, H.Y. Anaerobic Treatment of Pharmaceutical Wastewater: A Critical Review. Bioresour. Technol. 2017, 

245, 1238–1244. https://doi.org/10.1016/j.biortech.2017.08.150. 

46. Muñoz Sierra, J.D.; Oosterkamp, M.J.; Wang, W.; Spanjers, H.; van Lier, J.B. Comparative Performance of Upflow Anaerobic 

Sludge Blanket Reactor and Anaerobic Membrane Bioreactor Treating Phenolic Wastewater: Overcoming High Salinity. Chem. 

Eng. J. 2019, 366, 480–490. https://doi.org/10.1016/j.cej.2019.02.097. 

47. Muñoz Sierra, J.D.; Oosterkamp, M.J.; Wang, W.; Spanjers, H.; van Lier, J.B. Impact of Long-Term Salinity Exposure in Anaero-

bic Membrane Bioreactors Treating Phenolic Wastewater: Performance Robustness and Endured Microbial Community. Water 

Res. 2018, 141, 172–184. https://doi.org/10.1016/j.watres.2018.05.006. 

48. Daglia, M. Polyphenols as Antimicrobial Agents. Curr. Opin. Biotechnol. 2012, 23, 174–181. https://doi.org/10.1016/j.cop-

bio.2011.08.007. 

49. Huang, Y.; Hou, X.; Liu, S.; Ni, J. Correspondence Analysis of Bio-Refractory Compounds Degradation and Microbiological 

Community Distribution in Anaerobic Filter for Coking Wastewater Treatment. Chem. Eng. J. 2016, 304, 864–872. 

https://doi.org/10.1016/j.cej.2016.05.142. 

50. More, T.T.; Yadav, J.S.S.; Yan, S.; Tyagi, R.D.; Surampalli, R.Y. Extracellular Polymeric Substances of Bacteria and Their Potential 

Environmental Applications. J. Environ. Manag. 2014, 144, 1–25. https://doi.org/10.1016/j.jenvman.2014.05.010. 

51. Vashi, H.; Iorhemen, O.T.; Tay, J.H. Extensive Studies on the Treatment of Pulp Mill Wastewater Using Aerobic Granular Sludge 

(AGS) Technology. Chem. Eng. J. 2019, 359, 1175–1194. https://doi.org/10.1016/j.cej.2018.11.060. 

52. Gupta, S.; Nayak, A.; Roy, C.; Yadav, A.K. An Algal Assisted Constructed Wetland-Microbial Fuel Cell Integrated with Sand 

Filter for Efficient Wastewater Treatment and Electricity Production. Chemosphere 2021, 263, 128132. 

https://doi.org/10.1016/j.chemosphere.2020.128132. 

53. Rengaraj, S.; Moon, S.H.; Sivabalan, R.; Arabindoo, B.; Murugesan, V. Agricultural Solid Waste for the Removal of Organics: 

Adsorption of Phenol from Water and Wastewater by Palm Seed Coat Activated Carbon. Waste Manag. 2002, 22, 543–548. 

https://doi.org/10.1016/S0956-053X(01)00016-2. 



Molecules 2023, 28, 314 19 of 22 
 

 

54. Edward, A.; William, T.L. Experiments on the Oxidation of Sewage without the Aid of Filters. J. Soc. Chem. Ind. 1914, 33, 523–

539. 

55. Koivuranta, E.; Stoor, T.; Hattuniemi, J.; Niinimäki, J. On-Line Optical Monitoring of Activated Sludge Floc Morphology. J. 

Water Process. Eng. 2015, 5, 28–34. https://doi.org/10.1016/j.jwpe.2014.12.009. 

56. Abdel Wahaab, R.; Mahmoud, M.; van Lier, J.B. Toward Achieving Sustainable Management of Municipal Wastewater Sludge 

in Egypt: The Current Status and Future Prospective. Renew. Sustain. Energy Rev. 2020, 127, 109880. 

https://doi.org/10.1016/j.rser.2020.109880. 

57. Siripattanakul-Ratpukdi, S. Phenolic Based Pharmaceutical Contaminated Wastewater Treatment Kinetics by Activated Sludge 

Process. J. Clean Energy Technol. 2014, 2, 150–153, https://doi.org/10.7763/jocet.2014.v2.111. 

58. Mandal, A.; Das, S.K. Phenol Adsorption from Wastewater Using Clarified Sludge from Basic Oxygen Furnace. J. Environ. Chem. 

Eng. 2019, 7, 103259. https://doi.org/10.1016/j.jece.2019.103259. 

59. Elmansour, T.E.; Mandi, L.; Ahmali, A.; Elghadraoui, A.; Aziz, F.; Hejjaj, A.; Del Bubba, M.; Ouazzani, N. Effect of Polyphenols 

on Activated Sludge Biomass during the Treatment of Highly Diluted Olive Mill Wastewaters: Biomass Dynamics and Purify-

ing Performances. Water Sci. Technol. 2020, 82, 1416–1429. https://doi.org/10.2166/wst.2020.423. 

60. Schellenberg, T.; Subramanian, V.; Ganeshan, G.; Tompkins, D.; Pradeep, R. Wastewater Discharge Standards in the Evolving 

Context of Urban Sustainability–The Case of India. Front. Environ. Sci. 2020, 8, 30. https://doi.org/10.3389/fenvs.2020.00030. 

61. Regional Environmental Center Section 5 Water Protection Legislation. In Handbook on the Implementation of EC Environmental 

Legislation; Publication office: European Commission, 2008; pp. 613–733. 

62. Fang, F.; Qiao, L.L.; Ni, B.J.; Cao, J.S.; Yu, H.Q. Quantitative Evaluation on the Characteristics of Activated Sludge Granules and 

Flocs Using a Fuzzy Entropy-Based Approach. Sci. Rep. 2017, 7, srep42910. https://doi.org/10.1038/srep42910. 

63. Rosa-Masegosa, A.; Muñoz-Palazon, B.; Gonzalez-Martinez, A.; Fenice, M.; Gorrasi, S.; Gonzalez-Lopez, J. New Advances in 

Aerobic Granular Sludge Technology Using Continuous Flow Reactors: Engineering and Microbiological Aspects. Water 2021, 

13, 1792. https://doi.org/10.3390/w13131792. 

64. Waqas, S.; Bilad, M.R.; Man, Z.; Wibisono, Y.; Jaafar, J.; Indra Mahlia, T.M.; Khan, A.L.; Aslam, M. Recent Progress in Integrated 

Fixed-Film Activated Sludge Process for Wastewater Treatment: A Review. J. Environ. Manag. 2020, 268, 110718. 

https://doi.org/10.1016/j.jenvman.2020.110718. 

65. Ahmed, M.E.; Abusam, A.; Mydlarczyk, A. Kinetic Modeling of GAC-IFAS Chemostat for Petrochemical Wastewater Treat-

ment. J. Water Resour. Hydraul. Eng. 2017, 6, 27–33. https://doi.org/10.5963/jwrhe0602002. 

66. Lin, Y.H.; Hsien, T.Y. Kinetics of Biodegradation of Phenolic Wastewater in a Biofilm Reactor. Water Sci. Technol. 2009, 59, 1703–

1711. https://doi.org/10.2166/wst.2009.203. 

67. Ho, K.L.; Chen, Y.Y.; Lin, B.; Lee, D.J. Degrading High-Strength Phenol Using Aerobic Granular Sludge. Appl. Microbiol. Biotech-

nol. 2010, 85, 2009–2015. https://doi.org/10.1007/s00253-009-2321-0. 

68. Suja, E.; Nancharaiah, Y.V.; Venugopalan, V.P. P-Nitrophenol Biodegradation by Aerobic Microbial Granules. Appl. Biochem. 

Biotechnol. 2012, 167, 1569–1577. https://doi.org/10.1007/s12010-012-9594-y. 

69. Wang, S.G.; Liu, X.W.; Zhang, H.Y.; Gong, W.X.; Sun, X.F.; Gao, B.Y. Aerobic Granulation for 2,4-Dichlorophenol Biodegrada-

tion in a Sequencing Batch Reactor. Chemosphere 2007, 69, 769–775. https://doi.org/10.1016/j.chemosphere.2007.05.026. 

70. Duque, A.F.; Bessa, V.S.; Carvalho, M.F.; de Kreuk, M.K.; van Loosdrecht, M.C.M.; Castro, P.M.L. 2-Fluorophenol Degradation 

by Aerobic Granular Sludge in a Sequencing Batch Reactor. Water Res. 2011, 45, 6745–6752. https://doi.org/10.1016/j.wa-

tres.2011.10.033. 

71. Liu, Y.; Woon, K.H.; Yang, S.F.; Tay, J.H. Influence of Phenol on Cultures of Acetate-Fed Aerobic Granular Sludge. Lett. Appl. 

Microbiol. 2002, 35, 162–165. https://doi.org/10.1046/j.1472-765X.2002.01154.x. 

72. Jiang, H.L.; Tay, J.H.; Tay, S.T.L. Aggregation of Immobilized Activated Sludge Cells into Aerobically Grown Microbial Gran-

ules for the Aerobic Biodegradation of Phenol. Lett. Appl. Microbiol. 2002, 35, 439–445. https://doi.org/10.1046/j.1472-

765X.2002.01217.x. 

73. Gao, F.; Li, C.; Yang, Z.H.; Zeng, G.M.; Feng, L.J.; Liu, J.-Z.; Liu, M.; Cai, H.W. Continuous Microalgae Cultivation in Aquacul-

ture Wastewater by a Membrane Photobioreactor for Biomass Production and Nutrients Removal. Ecol. Eng. 2016, 92, 55–61. 

https://doi.org/10.1016/j.ecoleng.2016.03.046. 

74. Luo, Y.; Le-Clech, P.; Henderson, R.K. Simultaneous Microalgae Cultivation and Wastewater Treatment in Submerged Mem-

brane Photobioreactors: A Review. Algal. Res. 2017, 24, 425–437. https://doi.org/10.1016/j.algal.2016.10.026. 

75. Muñoz, R.; Köllner, C.; Guieysse, B. Biofilm Photobioreactors for the Treatment of Industrial Wastewaters. J. Hazard. Mater. 

2009, 161, 29–34. https://doi.org/10.1016/j.jhazmat.2008.03.018. 

76. Chan, S.S.; Khoo, K.S.; Chew, K.W.; Ling, T.C.; Show, P.L. Recent Advances Biodegradation and Biosorption of Organic Com-

pounds from Wastewater: Microalgae-Bacteria Consortium—A Review. Bioresour. Technol. 2022, 344, 126159. 

https://doi.org/10.1016/j.biortech.2021.126159. 

77. Maza-Márquez, P.; González-Martínez, A.; Martínez-Toledo, M.V.; Fenice, M.; Lasserrot, A.; González-López, J. Biotreatment 

of Industrial Olive Washing Water by Synergetic Association of Microalgal-Bacterial Consortia in a Photobioreactor. Environ. 

Sci. Pollut. Res. 2017, 24, 527–538. https://doi.org/10.1007/s11356-016-7753-3. 

78. Maza-Márquez, P.; González-Martínez, A.; Rodelas, B.; González-López, J. Full-Scale Photobioreactor for Biotreatment of Olive 

Washing Water: Structure and Diversity of the Microalgae-Bacteria Consortium. Bioresour. Technol. 2017, 238, 389–398. 

https://doi.org/10.1016/j.biortech.2017.04.048. 



Molecules 2023, 28, 314 20 of 22 
 

 

79. Kirisits, M.J.; Emelko, M.B.; Pinto, A.J. Applying Biotechnology for Drinking Water Biofiltration: Advancing Science and Prac-

tice. Curr. Opin. Biotechnol. 2019, 57, 197–204. https://doi.org/10.1016/j.copbio.2019.05.009. 

80. Lewandowski, Z.; Boltz, J.P. Biofilms in Water and Wastewater Treatment. Treatise Water Sci. 2011, 4, 529–570. 

https://doi.org/10.1016/B978-0-444-53199-5.00095-6. 

81. González-Martínez, A.; Muñoz-Palazon, B.; Kruglova, A.; Vilpanen, M.; Kuokkanen, A.; Mikola, A.; Heinonen, M. Performance 

and Microbial Community Structure of a Full-Scale ANITATMMox Bioreactor for Treating Reject Water Located in Finland. 

Chemosphere 2021, 271, 129526. https://doi.org/10.1016/j.chemosphere.2020.129526. 

82. Garcia-Ruiz, M.J.; Muñoz-Palazon, B.; Gonzalez-Lopez, J.; Osorio, F. Performance and Microbial Community Structure of an 

Anammox Biofilter Treating Real Wastewater from a Sludge Return. J. Environ. Chem. Eng. 2021, 9, 105211. 

https://doi.org/10.1016/j.jece.2021.105211. 

83. Hellal, M.S.; Abou-Elela, S.I.; Aly, O.H. Potential of Using Nonwoven Polyester Fabric (NWPF) as a Packing Media in Multistage 

Passively Aerated Biological Filter for Municipal Wastewater Treatment. Water Environ. J. 2020, 34, 247–258. 

https://doi.org/10.1111/wej.12458. 

84. Zhu, I.X.; Getting, T.; Bruce, D. Review of Biologically Active Filters in Drinking Water Applications. J. Am. Water Work. Assoc. 

2010, 102, 67–77. https://doi.org/10.1002/j.1551-8833.2010.tb11364.x. 

85. Orhon, D.; Sözen, S. Reshaping the Activated Sludge Process: Has the Time Come or Passed? J. Chem. Technol. Biotechnol. 2020, 

95, 1632–1639. https://doi.org/10.1002/jctb.6290. 

86. Mohapatra, R.K.; Behera, S.S.; Patra, J.K.; Thatoi, H.; Parhi, P.K. Potential Application of Bacterial Biofilm for Bioremediation of Toxic 

Heavy Metals and Dye-Contaminated Environments; Elsevier: Amsterdam, The Netherlands, 2019; ISBN 9780444642790. 

87. Muffler, K.; Ulber, R. Productive Biofilms; Springer Cham, Switzerland, 2014; Volume 146, ISBN 978-3-319-09694-0. 

88. Hou, J.; Yu, C.; Meng, F.; He, X.; Wang, Y.; Chen, W.; Li, M. Succession of the Microbial Community during the Process of 

Mechanical and Biological Pretreatment Coupled with a Bio-Filter for Removal of VOCs Derived from Domestic Waste: A Field 

Study. RSC Adv. 2021, 11, 39924–39933. https://doi.org/10.1039/d1ra05962a. 

89. Tong, K.; Zhang, Y.; Liu, G.; Ye, Z.; Chu, P.K. Treatment of Heavy Oil Wastewater by a Conventional Activated Sludge Process 

Coupled with an Immobilized Biological Filter. Int. Biodeterior. Biodegrad. 2013, 84, 65–71. 

https://doi.org/10.1016/j.ibiod.2013.06.002. 

90. Hasan, S.A.; Jabeen, S. Degradation Kinetics and Pathway of Phenol by Pseudomonas and Bacillus Species. Biotechnol. Biotechnol. 

Equip. 2015, 29, 45–53. https://doi.org/10.1080/13102818.2014.991638. 

91. Prasad, R.; Aranda, E. Approaches in Bioremediation: The New Era of Environmental Microbiology and Nanobiotechnology; Springer 

Cham, Switzerland, 2018; ISBN 978-3-030-02368-3. 

92. Wang, J.; Wang, X.; Yu, Z.; Huang, S.; Yao, D.; Xiao, J.; Chen, W.; Wang, Z.; Zan, F. Using Algae Bacteria Consortia to Effectively 

Treat Coking Wastewater: Performance, Microbial Community, and Mechanism. J. Clean. Prod. 2022, 334, 130269. 

https://doi.org/10.1016/j.jclepro.2021.130269. 

93. Wang, Y.; Yan, G.; Wang, Q.; Chen, C.; Li, M.; Guo, S. Refining Wastewater Treatment Using EGSB-BAF System. Desalination 

Water Treat 2015, 53, 2808–2815. https://doi.org/10.1080/19443994.2014.931523. 

94. Collins, G.; Foy, C.; McHugh, S.; O’Flaherty, V. Anaerobic Treatment of 2,4,6-Trichlorophenol in an Expanded Granular Sludge 

Bed-Anaerobic Filter (EGSB-AF) Bioreactor at 15 °C. FEMS Microbiol. Ecol. 2005, 53, 167–178. https://doi.org/10.1016/j.fem-

sec.2004.10.008. 

95. Rintala, J.A.; Puhakka, J.A. Anaerobic Treatment in Pulp- and Paper-Mill Waste Management: A Review. Bioresour. Technol. 

1994, 47, 1–18. https://doi.org/10.1016/0960-8524(94)90022-1. 

96. Song, J.; Zhao, Q.; Guo, J.; Yan, N.; Chen, H.; Sheng, F.; Lin, Y.; An, D. The Microbial Community Responsible for Dechlorination 

and Benzene Ring Opening during Anaerobic Degradation of 2,4,6-trichlorophenol. Sci. Total Environ. 2019, 651, 1368–1376. 

https://doi.org/10.1016/j.scitotenv.2018.09.300. 

97. Melin, T.; Jefferson, B.; Bixio, D.; Thoeye, C.; De Wilde, W.; De Koning, J.; van der Graaf, J.; Wintgens, T. Membrane Bioreactor 

Technology for Wastewater Treatment and Reuse. Desalination 2006, 187, 271–282. https://doi.org/10.1016/j.desal.2005.04.086. 

98. Koyuncu, I.; Sengur, R.; Turken, T.; Guclu, S.; Pasaoglu, M.E. Advances in Water Treatment by Microfiltration, Ultrafiltration, and 

Nanofiltration; Woodhead Publishing: Oxford, UK, 2015; Volume 2019, ISBN 9781782421269. 

99. Rodriguez-Sanchez, A.; Leyva-Diaz, J.C.; Muñoz-Palazon, B.; Rivadeneyra, M.A.; Hurtado-Martinez, M.; Martin-Ramos, D.; 

Gonzalez-Martinez, A.; Poyatos, J.M.; Gonzalez-Lopez, J. Biofouling Formation and Bacterial Community Structure in Hybrid 

Moving Bed Biofilm Reactor-Membrane Bioreactors: Influence of Salinity Concentration. Water 2018, 10, 1133. 

https://doi.org/10.3390/w10091133. 

100. Liu, C.; Olivares, C.I.; Pinto, A.J.; Lauderdale, C.V.; Brown, J.; Selbes, M.; Karanfil, T. The Control of Disinfection Byproducts 

and Their Precursors in Biologically Active Filtration Processes. Water Res. 2017, 124, 630–653. https://doi.org/10.1016/j.wa-

tres.2017.07.080. 

101. Praveen, P.; Loh, K.C. Phenolic Wastewater Treatment through Extractive Recovery Coupled with Biodegradation in a Two-

Phase Partitioning Membrane Bioreactor. Chemosphere 2015, 141, 176–182. https://doi.org/10.1016/j.chemosphere.2015.07.022. 

102. Hosseini, S.H.; Borghei, S.M. The Treatment of Phenolic Wastewater Using a Moving Bed Bio-Reactor. Process. Biochem. 2005, 

40, 1027–1031. https://doi.org/10.1016/j.procbio.2004.05.002. 



Molecules 2023, 28, 314 21 of 22 
 

 

103. Mancuso, A.; Morante, N.; De Carluccio, M.; Sacco, O.; Rizzo, L.; Fontana, M.; Esposito, S.; Vaiano, V.; Sannino, D. Solar Driven 

Photocatalysis Using Iron and Chromium Doped TiO2 Coupled to Moving Bed Biofilm Process for Olive Mill Wastewater 

Treatment. Chem. Eng. J. 2022, 450, 138107. https://doi.org/10.1016/j.cej.2022.138107. 

104. Rodríguez-Calvo, A.; Gonzalez-Lopez, J.; Ruiz, L.M.; Gómez-Nieto, M.Á.; Muñoz-Palazon, B. Effect of Ultrasonic Frequency on 

the Bacterial Community Structure during Biofouling Formation in Microfiltration Membrane Bioreactors for Wastewater Treat-

ment. Int. Biodeterior. Biodegrad. 2020, 155, 105102. https://doi.org/10.1016/j.ibiod.2020.105102. 

105. Rodriguez-Sanchez, A.; Leyva-Diaz, J.C.; Muñoz-Palazon, B.; Gonzalez-Lopez, J.; Poyatos, J.M. Effect of Variable Salinity 

Wastewater on Performance and Kinetics of Membrane-Based Bioreactors. J. Chem. Technol. Biotechnol. 2019, 94, 3236–3250. 

https://doi.org/10.1002/jctb.6134. 

106. Muñoz Sierra, J.D.; Oosterkamp, M.J.; Spanjers, H.; van Lier, J.B. Effects of Large Salinity Fluctuations on an Anaerobic Mem-

brane Bioreactor Treating Phenolic Wastewater. Chem. Eng. J. 2021, 417, 129263. https://doi.org/10.1016/j.cej.2021.129263. 

107. Mosca Angelucci, D.; Donati, E.; Tomei, M.C. Extractive Membrane Bioreactor to Detoxify Industrial/Hazardous Landfill Leach-

ate and Facilitate Resource Recovery. Sci. Total Environ. 2022, 806, 150892. https://doi.org/10.1016/j.scitotenv.2021.150892. 

108. Hassan, R.Y.A.; Febbraio, F.; Andreescu, S. Microbial Electrochemical Systems: Principles, Construction and Biosensing Appli-

cations. Sensors 2021, 21, 1279. https://doi.org/10.3390/s21041279. 

109. Rahimnejad, M.; Adhami, A.; Darvari, S.; Zirepour, A.; Oh, S.E. Microbial Fuel Cell as New Technol Ogy for Bioelectricity 

Generation: A Review. Alex. Eng. J. 2015, 54, 745–756. https://doi.org/10.1016/j.aej.2015.03.031. 

110. Ghasemi, M.; Wan Daud, W.R.; Ismail, M.; Rahimnejad, M.; Ismail, A.F.; Leong, J.X.; Miskan, M.; Ben Liew, K. Effect of Pre-

Treatment and Biofouling of Proton Exchange Membrane on Microbial Fuel Cell Performance. Int. J. Hydrog. Energy 2013, 38, 

5480–5484. https://doi.org/10.1016/j.ijhydene.2012.09.148. 

111. Ditzig, J.; Liu, H.; Logan, B.E. Production of Hydrogen from Domestic Wastewater Using a Bioelectrochemically Assisted Mi-

crobial Reactor (BEAMR). Int. J. Hydrog. Energy 2007, 32, 2296–2304. https://doi.org/10.1016/j.ijhydene.2007.02.035. 

112. Santoro, C.; Arbizzani, C.; Erable, B.; Ieropoulos, I. Microbial Fuel Cells: From Fundamentals to Applications. A Review. J. Power 

Sources 2017, 356, 225–244. https://doi.org/10.1016/j.jpowsour.2017.03.109. 

113. Wang, X.; Aulenta, F.; Puig, S.; Esteve-Núñez, A.; He, Y.; Mu, Y.; Rabaey, K. Microbial Electrochemistry for Bioremediation. 

Environ. Sci. Ecotechnology 2020, 1, 100013. https://doi.org/10.1016/j.ese.2020.100013. 

114. Maddalwar, S.; Kumar Nayak, K.; Kumar, M.; Singh, L. Plant Microbial Fuel Cell: Opportunities, Challenges, and Prospects. 

Bioresour. Technol. 2021, 341, 125772. https://doi.org/10.1016/j.biortech.2021.125772. 

115. Friman, H.; Schechter, A.; Nitzan, Y.; Cahan, R. Phenol Degradation in Bio-Electrochemical Cells. Int. Biodeterior. Biodegrad. 2013, 

84, 155–160. https://doi.org/10.1016/j.ibiod.2012.04.019. 

116. Hedbavna, P.; Rolfe, S.A.; Huang, W.E.; Thornton, S.F. Biodegradation of Phenolic Compounds and Their Metabolites in Con-

taminated Groundwater Using Microbial Fuel Cells. Bioresour. Technol. 2016, 200, 426–434. 

https://doi.org/10.1016/j.biortech.2015.09.092. 

117. Li, B.; Liu, X.N.; Tang, C.; Zhou, J.; Wu, X.Y.; Xie, X.X.; Wei, P.; Jia, H.H.; Yong, X.Y. Degradation of Phenolic Compounds with 

Simultaneous Bioelectricity Generation in Microbial Fuel Cells: Influence of the Dynamic Shift in Anode Microbial Community. 

Bioresour. Technol. 2019, 291, 121862. https://doi.org/10.1016/j.biortech.2019.121862. 

118. Zeng, X.; Collins, M.A.; Borole, A.P.; Pavlostathis, S.G. The Extent of Fermentative Transformation of Phenolic Compounds in 

the Bioanode Controls Exoelectrogenic Activity in a Microbial Electrolysis Cell. Water Res. 2017, 109, 299–309. 

https://doi.org/10.1016/j.watres.2016.11.057. 

119. Juárez-Jiménez, B.; Manzanera, M.; Rodelas, B.; Martínez-Toledo, M.V.; Gonzalez-López, J.; Crognale, S.; Pesciaroli, C.; Fenice, 

M. Metabolic characterization of a strain (BM90) of Delftia tsuruhatensis showing highly diversified capacity to degrade low 

molecular weight phenols. Biodegradation 2010, 21, 475–489. https://doi.org /10.1007/s10532-009-9317-4. 

120. Juarez Jimenez, B.; Reboleiro Rivas, P.; Gonzalez Lopez, J.; Pesciaroli, C.; Barghini, P.; Fenice, M. Immobilization of Delftia 

Tsuruhatensis in Macro-Porous Cellulose and Biodegradation of Phenolic Compounds in Repeated Batch Process. J. Biotechnol. 

2012, 157, 148–153. https://doi.org/10.1016/j.jbiotec.2011.09.026. 

121. Satish, K.; Neeraj; Viraj, K.M.; Santosh, K.K. Biodegradation of Phenol by Free and Immobilized Candida Tropicalis NPD1401. 

Afr. J. Biotechnol. 2018, 17, 57–64. https://doi.org/10.5897/ajb2017.15906. 

122. Arora, P.K.; Srivastava, A.; Singh, V.P. Bacterial Degradation of Nitrophenols and Their Derivatives. J. Hazard. Mater. 2014, 266, 

42–59. https://doi.org/10.1016/j.jhazmat.2013.12.011. 

123. Arora, P.K.; Srivastava, A.; Garg, S.K.; Singh, V.P. Recent Advances in Degradation of Chloronitrophenols. Bioresour. Technol. 

2018, 250, 902–909. https://doi.org/10.1016/j.biortech.2017.12.007. 

124. Arora, P.K.; Sasikala, C.; Ramana, C.V. Degradation of Chlorinated Nitroaromatic Compounds. Appl. Microbiol. Biotechnol. 2012, 

93, 2265–2277. https://doi.org/10.1007/s00253-012-3927-1. 

125. Singh, T.; Bhatiya, A.K.; Mishra, P.K.; Srivastava, N. An effective approach for the degradation of phenolic waste. In Abatement 

of Environmental Pollutants; Singh, P., Kumar, A., Borthaku, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 203–243. 

https://doi.org/10.1016/B978-0-12-818095-2.00011-4. 

126. Arora, P.K.; Jain, R.K. Arthrobacter Nitrophenolicus Sp. Nov. a New 2-Chloro-4-Nitrophenol Degrading Bacterium Isolated 

from Contaminated Soil. 3 Biotech 2013, 3, 29–32. https://doi.org/10.1007/s13205-012-0066-4. 

127. Arora, P.K.; Jain, R.K. Metabolism of 2-Chloro-4-Nitrophenol in a Gram Negative Bacterium, Burkholderia Sp. RKJ 800. PLoS 

ONE 2012, 7, e38676. https://doi.org/10.1371/journal.pone.0038676. 



Molecules 2023, 28, 314 22 of 22 
 

 

128. Dulak, K.; Sordon, S.; Matera, A.; Kozak, B.; Huszcza, E.; Popłoński, J. Novel Flavonoid C-8 Hydroxylase from Rhodotorula 

Glutinis: Identification, Characterization and Substrate Scope. Microb. Cell Fact. 2022, 21, 175. https://doi.org/10.1186/s12934-

022-01899-x. 

129. Wilhelm, R.C.; Cyle, K.T.; Martinez, C.E.; Karasz, D.C.; Newman, J.D.; Buckley, D.H. Paraburkholderia Solitsugae Sp. Nov. and 

Paraburkholderia Elongata Sp. Nov., Phenolic Acid-Degrading Bacteria Isolated from Forest Soil and Emended Description of 

Paraburkholderia Madseniana. Int. J. Syst. Evol. Microbiol. 2020, 70, 5093–5105. https://doi.org/10.1099/ijsem.0.004387. 

130. Martínková, L.; Kotik, M.; Marková, E.; Homolka, L. Biodegradation of Phenolic Compounds by Basidiomycota and Its Phenol 

Oxidases: A Review. Chemosphere 2016, 149, 373–382. https://doi.org/10.1016/j.chemosphere.2016.01.022. 

131. Baldrian, P. Fungal Laccases-Occurrence and Properties. FEMS Microbiol. Rev. 2006, 30, 215–242. https://doi.org/10.1111/j.1574-

4976.2005.00010.x. 

132. Ikehata, K.; Buchanan, I.D.; Smith, D.W. Recent Developments in the Production of Extracellular Fungal Peroxidases and Lac-

cases for Waste Treatment. J. Environ. Eng. Sci. 2004, 3, 1–19. 

133. Shukla, A.C. Applied Mycology Entrepreneurship with Fungi; Springer Cham, Switzerland, 2022; ISBN 9783030906481. 

134. Otto, B.; Schlosser, D. First Laccase in Green Algae: Purification and Characterization of an Extracellular Phenol Oxidase from 

Tetracystis Aeria. Planta 2014, 240, 1225–1236. https://doi.org/10.1007/s00425-014-2144-9. 

135. Lindner, A.V.; Pleissner, D. Utilization of Phenolic Compounds by Microalgae. Algal. Res. 2019, 42, 101602. 

https://doi.org/10.1016/j.algal.2019.101602. 

136. Wang, L.; Xue, C.; Wang, L.; Zhao, Q.; Wei, W.; Sun, Y. Strain Improvement of Chlorella Sp. for Phenol Biodegradation by 

Adaptive Laboratory Evolution. Bioresour. Technol. 2016, 205, 264–268. https://doi.org/10.1016/j.biortech.2016.01.022. 

137. Di Caprio, F.; Scarponi, P.; Altimari, P.; Iaquaniello, G.; Pagnanelli, F. The Influence of Phenols Extracted from Olive Mill 

Wastewater on the Heterotrophic and Mixotrophic Growth of Scenedesmus sp. J. Chem. Technol. Biotechnol. 2018, 93, 3619–3626. 

https://doi.org/10.1002/jctb.5743. 

138. Pinto, G.; Pollio, A.; Previtera, L.; Stanzione, M.; Temussi, F. Removal of Low Molecular Weight Phenols from Olive Oil Mill 

Wastewater Using Microalgae. Biotechnol. Lett. 2003, 25, 1657–1659. https://doi.org/10.1023/A:1025667429222. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


