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Abstract

Purpose of Review Phenolic wastewaters represent a serious health and environmental problem. The remediation of phenolic
wastewaters using oxidoreductase enzymes has emerged as an attractive environmentally friendly treatment method. However,
the loss of enzyme activity during the treatment remains a key limitation. Thus, the aim of this article is to review and assess the
recent progress in utilizing surface active additives (i.e., polymers, biopolymers, surfactants, and biosurfactants) for the reduction
of enzyme inhibition and, thus, the enhancement of enzymatic remediation of phenolic wastewaters.

Recent Findings The reported effect of polymeric and surfactant additives on the enzymatic remediation of phenolic pollutants is
mixed. Some studies reported significant enhancements while others demonstrated minimal or no gains. More seriously, it has
been reported that these fossil-based additives might lead to a higher toxicity of the treated wastewaters. Bio-based (biopolymers
and biosurfactants) additives might address this toxicity issue; however, the bio-based additives are not always as effective as the
fossil-based ones.

Summary Despite the beneficial effect, with some exceptions, of additives, the enhancement level varies widely, probably due to
the variations in the reaction environment. Thus, to draw meaningful and reliable conclusions on which additive(s) is more
promising, thorough studies under unified conditions are needed. Additionally, generation of secondary pollutions associated
with the fossil-based additives urges the replacement of such additives with bio-based ones. However, the effectiveness of the
bio-based additives is still not sufficiently documented, stressing the need for more in-depth studies.

Keywords Enzymatic wastewater treatment - Phenolic pollutants - Additives - Polymers - Surfactants - Biosurfactants

Introduction

Phenol and its derivatives are widely used in (produced
from) several chemical industries such as oil refining, pet-
rochemicals, textiles, plastic, and resin manufacturing. The
release of such pollutants to the environment might lead to
the contamination of soil, surface water, or/and groundwa-
ter [1, 2¢¢]. Such pollutants are hazardous to human health
since most phenolic pollutants are toxic [2¢e, 3—5]. For
example, it has been reported that the exposure to phenol
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could cause negative health effects such as muscle fatigue,
skin rashes, and diarrhea [3]. Furthermore, metabolic dis-
orders and abnormalities in human babies have been
linked to the exposure to bisphenol A (BPA), which is a
phenolic derivative [6, 7]. In addition to their toxicity,
some phenolic pollutants might be carcinogenic, mutagen-
ic, or teratogenic. For instance, Slaga et al. [8] reported
that isomeric phenols derived from 3,4-benzopyrene are
carcinogenic. Other scientists also reported that several
phenols originated from 3,4-benzopyrene are mutagenic
[9]. Additionally, phenol has been reported to cause seri-
ous teratogenic effects to the embryos of Bufo arenarum
[10]. Besides their impacts on human and animal health,
phenolic pollutants represent a serious environmental haz-
ard. For instance, the exposure of willow trees to waste-
water containing 1000 parts-per million (ppm) phenols
caused the death of these trees [11]. Moreover, phenol
was also reported to negatively alter the aquatic biota such
as algae and other microorganisms [12].
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Most phenolic pollutants are caused by discharging
phenol-containing wastewaters to land and water bodies.
The concentration of these pollutants in the discharged waste-
waters could range from 10 to more than 17,000 ppm, depend-
ing on the industrial discharge source [13—15]. Besides the
potentially high levels of phenolic pollutants in industrial
wastewaters, huge quantities of phenolic wastewaters are also
generated annually. It has been reported that approximately 10
million tons of phenols are yearly discharged from different
industrial sources to the environment [16].

Owing to the negative impacts of phenolic pollutants on
public health and the ecological system, the US
Environmental Protection Agency (EPA) has considered phe-
nols as priority contaminants [17]. The permissible level of
phenols in industrial wastewater effluents is set to 5 ppm when
these effluents are to be discharged into a public sewage sys-
tem and even lower (1 ppm) if these effluents are to be
discharged into inland water bodies [18]. Thus, phenolic
wastewaters have to be efficiently treated in order to reduce
phenol concentrations to the permissible levels before the
wastewater discharge. Additionally, if the treated wastewater
is to be deemed suitable for human consumption, it should
contain no more than 1 parts-per billion (ppb) phenols accord-
ing to EPA [19].

There are several traditional methods for treating phenolic
wastewaters including adsorption [20, 21], distillation [22,
23], and extraction [24, 25]. Moreover, membrane separation
[26, 27] and advanced oxidation processes [28—31] have
emerged in the past few decades as alternative techniques
for treating phenolic wastewaters. Additionally, phenolic
wastewater treatment using enzymes, which are biocatalysts
with several industrial applications [32-34], has been also
proposed as a possible feasible and environmentally friendly
alternative [35-37]. Nonetheless, enzyme deactivation during
the remediation process is a great obstacle for the large scale
applications of enzymatic remediation of phenolic wastewa-
ters. Such enzyme deactivation might result from the free rad-
ical attack on the enzyme molecules and/or via the formation
of inhibitory polymeric products [38—40]. The presence of
organic and/or inorganic contaminants in the enzymatically
treated phenolic wastewaters might also contribute to the en-
zyme inhibition [41].

Different hypotheses have been proposed to explain such
deactivations. For instance, it has been speculated that enzyme
molecules possibly interact irreversibly with the formed inter-
mediates (e.g., phenoxyl radicals). This interaction induces a
covalent bond between the enzyme and the oxidized radicals,
leading to a loss in the enzyme activity [42¢]. Another pro-
posed mechanism is the binding of the enzyme molecules to
the surface of charged microaggregates, which are formed
during the biocatalytic reaction. As a result, a stagnant layer
is formed around these microparticles [42¢], causing a poten-
tial reduction in the enzyme activity in addition to diffusional

limitations of phenolic substrates to the enzyme active site. In
an attempt to eliminate or reduce enzyme deactivation caused
by free radical attack and/or the formation of inhibitory poly-
meric products, researchers have utilized surface active
additives.

Thus, the aim of this article is to review the recent devel-
opments in utilizing polymeric additives for the enhancement
of phenolic pollutant removal from wastewaters. The effects
of different polymeric additives will be presented and
assessed. The impact of the molecular weight of PEG as the
key polymeric additive on the phenol removal will also be
evaluated. In addition to the effects of fossil-based polymeric
additives, natural polymeric (i.e., biopolymers) additives will
also be addressed. Furthermore, the effects of different chem-
ically synthesized surfactants on the enzymatic removal of
phenolic pollutants from wastewaters will also be reviewed.
Moreover, the utilization of biosurfactants, which are derived
from sustainable and environmentally friendly sources, for the
enhancement of enzymatic removal of phenols from wastewa-
ters will be presented and their performance will be compared
to that of chemical surfactants.

Polymeric Additives

Enzymatic remediation of phenolic wastewaters in the pres-
ence of polymeric additives has been reported in a number of
published studies (see Table 1). The most commonly used
polymeric additive is polyethylene glycol (PEG), mainly due
to its low cost [40] and effectiveness at low concentrations
[56]. It has been reported that the addition of PEG at a con-
centration of 4 g/L has reduced the required amount of horse-
radish peroxidase (HRP) by 200-fold [39, 57]. Phenol removal
enhancement in the presence of PEG (and other polymeric
additives) has been attributed to the association of PEG with
the polymeric products, preventing the enzyme molecules
from being removed from the reaction medium via adsorption
onto the polymeric products [4]. Another possible mechanism
is the prevention of free radicals formed during the biocatalyt-
ic reaction from accessing and, thus, blocking the enzyme
active site [4, 39, 49, 58]. Both mechanisms would result in
the presence of a higher level of active enzyme molecules in
the reaction medium, leading to a higher enzymatic degrada-
tion rate of phenolic pollutants. Since the formed free radicals
and/or the polymeric products might vary according to the
characteristics of the enzymatically treated phenol pollutant,
the level of enzyme protection and, thus the removal enhance-
ment, might depend on the type of the phenol pollutant being
treated. Additionally, the enzyme source has been also report-
ed to impact the extent and the rate of phenolic pollutant
removal [53, 54].

Diao et al. [59] have added PEG to peroxidases obtained
from different plant sources (i.e., Allium sativum, Ipomoea
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batatas, Raphanus sativus, and Sorghum bicolor). The re-
searchers reported that the addition of PEG has largely in-
creased the removal efficiency of various phenolic pollutants
(i.e., gallic acid, ferulic acid, 4-hydroxybenzoic acid, pyrogal-
lol, and 1,4-tyrosol) from wastewater samples, obtained from
a leather processing plant, by about 82% in the presence of
5 mM hydrogen peroxide (H,O,), which is an essential elec-
tron acceptor cofactor for effective degradation of phenolic
substrates by HRP. However, even low concentrations of
H,0, can lower the enzymatic reaction rate [60] while high
H,0, concentrations could render the peroxidase enzymes
totally inactive [60, 61]. Nonetheless, Diao et al. [59] did not
assess the effect of H,O, on the enzymatic activity in the
presence of PEG.

Yamada et al. [49] have also utilized PEG for the
enhancemnt of BPA removal from a wastewater sample in
the presence of 0.3 mM H,O,. The addition of PEG (0.1 g/
L) has facilitated the aggregation of the products formed dur-
ing the enzymatic reaction, resulting in the preservation of the
enzyme activity and thus the complete removal of BPA within
2 h of treatment. The addition of the same level of PEG (0.1 g/
L) to a reaction medium containing white radish peroxidase
(from Raphanus sativus) has enhanced the removal of «-
naphtholic from a synthetic wastewater sample by 2.7 folds
[51]. Additionally, phenol removal using a peroxidase enzyme
extracted from Brassica oleracea waste has been significantly
improved in the presence of PEG from 35% to over 90% [55].

The addition of PEG to laccase-catalyzed reaction media
has also resulted in a positive effect. For example, the amount
of laccase required to achieve over 95% removal of 2,4-di-
chlorophenol (2,4-DCP) reduced to half in the presence of
PEG [44]. Such a trend has been also reported in a recent study
where the addition of PEG to laccase, obtained from Trametes
versicolor, has reduced the required enzyme amount for the
removal of BPA and its derivatives by 50-fold [43]. Such a
huge reduction in the enzyme amount has been attributed to
the PEG-driven protection of the enzyme against the entrap-
ment of laccase molecules within the water-insoluble oligo-
mer precipitates [43]. In line with this assertion, Kim and
Nicell [46¢] proposed that water molecules bind to PEG,
leading to the formation of a relatively large hydrated
volume. PEG molecules have the ability to fold and, thus,
entrap more water molecules. The interaction of PEG with
water molecules leads to the formation of a globular PEG
structure, which is responsible for minimizing enzyme
deactivation [14].

The beneficial effect of PEG, however, is dependant on its
molecular weight. Kimura et al. [45] have observed that the
removal of BPA by laccase in the presence of PEG increased
with increasing the polymer molecular weight. Another study
has also reported that the extent of BPA removal by laccase
increased with increasing the molecular weight of PEG up to
10,000 g/mol, above which no further gain in BPA removal

@ Springer

was obtained [46°]. The extent of phenol removal has been
also enhanced with increasing the molecular weight of PEG
from 4000 to 10,000 [55]. Additionally, the level of peroxi-
dase protection, and thus the enzyme activity, in the presence
of PEG-10,000 was higher than in the presence of PEG-4000
[55]. Such enhancement of enzyme protection and phenol
removal by using higher molecular weight PEG might be
attributed to the more efficient formation of water-insoluble
oligomers upon the interaction of high molecular weight PEG
with the free radicals formed during the enzymatic degrada-
tion of phenolic pollutants [49].

Balancing the required amount of PEG with the gain ob-
tained from increasing its molecular weight, Kim and Nicell
[46°] postulated that the optimal PEG molecular weight for the
laccase-catalyzed removal of BPA is 3350 g/mol. Such an
optimal PEG molecular weight has been also reported for
the laccase-catalyzed removal of o-cresol, where less amount
of PEG-3350 was required relative to higher molecular
weights PEG in order to obtain the same level of o-cresol
removal at the same enzyme concentration [14]. Based on
these observations, it might be postulated that the dependance
of PEG effectiveness on its molecular weight is due to the
varied levels of PEG-product interactions, which are functions
of the nature of the formed products. Such varied levels of
PEG-product interactions could lead to different extents of
enzyme protection. However, further research work is still
required to elucidate, on a molecular level, the relationship
between PEG effectiveness and its molecular weight.

Contrarily to the reported enhancement of enzyme protec-
tion and phenol removal with increasing the PEG molecular
weight, there are some studies reporting the opposite trend.
For example, PEG-3350 was found to be superior to PEG-
6000 when these polymers were added to a wild-type perox-
idase extract and used for the removal of 2,4-DCP from waste-
water samples [54]. Similar observation was also reported by
Savic et al. [48] where PEG-300 was more effective than
PEG-3350 in terms of HRP stability improvement and phenol
removal enhancement. It must be noted that the experimental
conditions of the reported studies in the relevant literature vary
widely. Accordingly, the contradicting observations re-
garding the effects of PEG addition and its molecular
weight might be due to the influence of other variables
during the enzymatic degradation of phenolic pollutants.
This highlights the need for more in-depth studies, which
must be designed carefully in order to eliminate the con-
tributions of any other operational factors, while assessing
the effects of the polymer molecular weight.

Despite the above reported benefits of adding PEG to the
enzyme-catalyzed reaction media, there are some researchers
reporting minimal or even no gain from the addition of PEG,
irrespective of its molecular weight. For example, Kurnik
et al. [62] reported that PEG addition had no significant effect
on the removal of 2,4-DCP using a peroxidase enzyme
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produced from potato pulp. Similarly, the addition of varied
concentration (10-100 mg/L) of PEG to peroxidase-catalyzed
removal of 2,4-DCP from synthetic wastewater samples did
not provide any positive results [53]. The enzymatic remedi-
ations of phenol and some benzenediols from synthetic waste-
water samples using a fungal laccase in the presence and the
absence of 200 mg/L of PEG were not significantly different
[13]. Additionally, Steevensz et al. [47¢] studied the removal
of phenol from synthetic and refinery wastewater samples
using a fungal laccase obtained from 7rametes villosa and also
using SBP extracted from seed hulls. For both enzymes, the
addition of PEG was not effective in the remediation of phenol
from the refinery wastewater sample, while it showed a slight
reduction in the SBP amount in the case of the synthetic
wastewater sample [47¢]. It is obvious that enzymatic remedi-
ation is a complex process. Many factors related to the char-
acteristics of the utilized phenolic pollutant(s), the enzyme,
and the formed products might play significant roles. The
concentrations of the pollutant, the enzyme, and the polymeric
additives are also important parameters. Additionally, the re-
action environment (temperature, pH, the presence of organic/
inorganic components in the reaction medium) is likely to
impact the rate and the extent of phenol removal whether the
degradation is carried out in the presence or the absence of
polymeric additives. These factors are not unified in the above
studies, contributing to the contradicting conclusions on the
effect of PEG addition. Thus, it is recommended to minimize
variabilities between future studies if a consistent conclusion
on the effect of PEG (or any other additives) is to be drawn.

Besides studying the effect of PEG on the enzymatic reme-
diation of phenolic wastewaters, other polymeric additives
have been also investigated. For instance, Steevensz et al.
[14] studied the removal of cresols by laccase in the presence
of PEG, PVP, and PEI, and concluded that PVP and PEI were
less effective compared to PEG. Similar observation was re-
ported by Kim and Nicell [46¢] who found that PEG was more
effective than polyvinyl alcohol and Ficoll in the enhancement
of BPA removal and laccase protection. The superiority of
PEG might be intuitively correlated to its flexible, brush-like
structure; however, further studies are needed to provide more
insights into other, and probably more, influential factors.

In addition to the above commercially available polymers,
some researchers have prepared polymeric materials with spe-
cific characteristics and utilized them as additives for the en-
hancement of enzymatic remediation of phenolic wastewaters.
In this regard, polyallylamine-conjugated thermo-responsive
polymer (PNIPAAm-PAA) was synthesized and its effective-
ness in enhancing the enzyme-catalyzed removal of a number
of phenolic pollutants from synthetic wastewater samples was
investigated [50¢]. This polymer has enhanced the removal of
phenolic pollutants, despite that the remediation rate showed
dependency on the utilized enzyme. For instance, the rate of
phenolic pollutant removal from synthetic wastewater

samples using HRP in the presence of PNIPAAmM-PAA was
faster than that using tyrosinase. Owing to the faster removal
rate of the phenolic pollutants from synthetic wastewater sam-
ples using HRP-PNIPAAm-PAA system, it was utilized for
the treatment of real wastewater samples. Despite the com-
plexity of the studied real wastewater samples, almost com-
plete removal of phenolic pollutants was achieved using HRP-
PNIPAAM-PAA [50].

Although the addition of polymers, especially PEG, might
enhance the enzymatic remediation of phenolic wastewaters,
the added polymers might not be (easily) biodegradable, lead-
ing to a secondary pollution. Toxicity of the added polymers is
also a serious concern. For instance, it has been reported that
the treated wastewater samples became more toxic with the
addition of PEG [46¢]. Additionally, radioactivity analysis in-
dicated that the presence of PEG in a phenol-catalyzed reac-
tion medium increased the quantity of soluble products along
with the total organic carbon of the effluent [39], requiring a
further treatment before discharge. Such additional treatment
will add to the overall process cost and might overweigh the
benefit gained from the PEG enhancement of phenolic pollut-
ant removal. Another concern with the utilization of polymer-
ic additives is the negative environmental impact of polymer
manufacturing processes. Such processes are among the
sources of air and water pollutions. Furthermore, polymers
are derived from fossil sources, which are unsustainable and
their exploration, extraction, and processing cause serious pol-
lutions. Thus, research work on utilizing more environmental-
ly friendly additives for the enhancement of enzymatic reme-
diation of phenolic wastewaters is of immediate need.

Biopolymeric Additives

Owing to the reported toxicity of PEG and the unsustainable
routes of PEG (and other polymers) production, few re-
searchers have investigated the feasibility of replacing the
chemical-based with bio-based polymeric additives (see
Table 2). Among these researchers, Bratkovskaja et al. [42¢]
have studied the peroxidase-catalyzed removal of 1-naphthol,
2-naphthol, and 4-hydroxybiphenyl using two different
bioploymeric additives (bovine serum albumin (BSA) and
human serum albumin (HAS)) and compared the efficacy of
these biopolymers with those of chemically synthesized poly-
mers (PEG and PEI). The isoelectric points of the peroxidase
(obtained from Coprinus cinereus), BSA, HAS, and PEI are,
respectively, 3.5-3.8 [42¢], 4.7 [65, 66], 4.7 [67], and 10.6
[68]. Since the removal of the above phenolic pollutants were
carried out at pH 5.5 [42¢], the net charge on the enzyme,
BSA, and HAS is negative while PEI is positively charged.
Accordingly, the investigators proposed that the biopolymeric
additives (BSA and HAS) suppress peroxidase deactivation,
most likely, due to the binding of naphthoyl radicals (which
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are positively charged) to the biopolymeric additives instead
of the enzyme while in the case of PEI both the polymer and
naphthoyl radicals bind to the enzyme, rendering it less effec-
tive [42¢].

The addition of other biopolymers (i.e., 10.08 vol% dextran
and 0.41 vol% sodium alginate in 64 mM sodium acetate
buffer) has been also investigated and reported to be beneficial
[64]. These biopolymers have improved both the activity and
stability of HRP, leading to an enhanced phenol degradation
[64]. Carbohydrates (i.e., 18.25 vol% galactose and 0.35 vol%
guar gum in 20 mM sodium phosphate buffer) were also uti-
lized as additives for the HRP-catalyzed removal of phenol
from wastewater samples [63+¢]. The presence of these addi-
tives (individually) lowered the HRP dose required to achieve
the same phenol degradation extent. A positive synergy was
also observed, where the combination of guar gum and galac-
tose provided higher removal of phenol as a result of more
effective protection of the enzyme activity and stability in the
presence of such a combination [63¢¢]. Further studies on the
enzymatic remediation of different phenolic pollutants in the
presence of other biopolymers and their mixtures are urgently
needed in order to gain more insights into the effectiveness of
these environmentally friendly additives.

Unlike polymeric additives, no increase in toxicity of the
enzymatically treated phenolic wastewater in the presence of
biopolymeric additives has been reported yet in the published
literature. Contrarily, the enzymatic (using HRP) treatment of
a wastewater sample containing phenol in the presence of
chitosan biopolymer has resulted in a decrease in the toxicity
of the treated wastewater [69]. Other researchers [70] reported
a similar observation upon treating wastewater samples con-
taining phenol and chlorophenols using mushroom tyrosinase
in the presence of chitosan. Although the addition of chitosan
to the enzyme-catalyzed phenol removal resulted in a decrease
in the toxicity of the treated wastewaters, further studies are
required to confirm that this is also the case for other
biopolymers.

Chemical Surfactant Additives

Chemical surfactants have been also utilized for the enhance-
ment of enzyme-catalyzed removal of phenolic pollutants
from wastewater samples (see Table 3). The enhancement of
phenol removal in the presence of surfactants might stem from
the entrapment (encapsulation) of some phenolic molecules
within the surfactant micelle [1, 2¢¢]. Another possible mech-
anism is via the formation of surfactant-pollutant insoluble
complexes [58]. In the first mechanism, the concentration of
the added surfactant must be at or above the critical micelle
concentration (CMC) while in the second mechanism, mono-
meric surfactant concentrations might be sufficient. In addi-
tion to surfactant-pollutant interactions, surfactants might also

interact with the enzymatic reaction products/intermediates
and, thus, reduce the interaction of such components with
the enzyme molecules, leading to the suppression/
minimization of the enzyme deactivation. However, undesir-
able surfactant-enzyme interactions, leading to a partial or a
complete enzyme denaturing, might be encountered in some
cases, particularly for systems containing ionic surfactants
[47e, 58¢].

The interaction of the added surfactant with the phenolic
pollutants and/or their products is likely affected by the char-
acteristics of the surfactant molecules. Broadly, there are four
classes of surfactants (anionic, cationic, zwitterionic, and non-
ionic). One of the most widely used surfactant for enhancing
the enzyme-catalyzed removal of phenolic pollutants from
wastewaters is Triton X-100, which is nonionic. For instance,
Steevensz et al. [15] utilized Triton X-100 for the enhance-
ment of phenol remedation from synthetic and real wastewater
samples using SBP. The authors observed that the addition of
Triton X-100 (125 to 645 mg/L) has reduced the required
enzyme concentration for achieving more than 95% phenol
removal from synthetic wastewater samples by more than 10-
fold. The addition of Triton X-100 to real wastewater samples
has also resulted in a remarkable increase in the phenol re-
moval extent [15].

Ji et al. [38] have also utilized Triton X-100 for the
enhancment of BPA removal from synthetic wastewater sam-
ples using laccase (obtained from Trametes versicolor) and
reported an enhanced BPA degradation when the utilized
Triton X-100 concentration was close to its CMC. However,
above the CMC, the surfactant micelles entrapped some BPA
molecules, shielding them from the contact with the enzyme,
which has resulted in a lower BPA degradation. Despite the
lower extent of BPA degradation in the micellar surfactant
solutions, the enzyme stability was improved in both mono-
meric and micellar surfactant solutions [38]. In an effort to
elucidate the mechanism of the improved enzyme stability in
the presence of Triton X-100, Ji et al. [38] have conducted
fluoresence studies and concluded that the interaction between
the surfactant and the enzyme played a significant role in the
folding and, thus, the stabilization of laccase. The binding of
Triton X-100 molecules to laccase has contributed to the sup-
pression of the enzyme deactivation caused by the free radi-
cals and/or the polymeric reaction products [38]. In another
study, Zhang et al. [1] used Triton X-100 at concentrations
ranging from about 30 to 930 uM for the enhancement of
phenol removal from a synthetic wastewater sample contain-
ing 50 ppm phenol using laccase, and reported that the highest
phenol removal was obtained at 155 uM Triton X-100, which
is below the CMC (310 uM) of this surfactant. Similar to the
observation reported by Ji et al. [38], lower phenol removal
extent was observed by Zhang et al. [1] in the presence of
micellar Triton X-100 solutions. Such a decrease in the phenol
removal in the presence of micellar Triton X-100
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concentrations has been also attributed to the encapsulation of
a fraction of phenol in the surfactant micelles.

In addition to Triton X-100, other surfactants have been
also utilized for the enhancement of the enzymatic removal
of phenolic pollutants from wastewaters. One of these surfac-
tants is Dynol 604, which is acetylenic-based nonionic surfac-
tant. Although the addition of Dynol 604 did not increase the
initial degradation rate of phenolic pollutants (phenol, 1-naph-
thol, 2-naphthol, and 1-hydroxypyrene) by recombinant
Coprinus cinereus peroxidase, the ultimate degradation ex-
tents of these phenolic pollutants have significantly increased
[71]. For example, increasing the concentration of Dynol 604
from 1 to 10 ppm has doubled the extent of 1-naphthol remov-
al. Additionally, no enzyme inhibition was observed in the
presence of Dynol 604. Thus, the significant improvement
of 1-naphthol removal upon the addition of an appropriate
concentration of Dynol 604 might be correlated to the enzyme
protection effect imparted by the surfactant molecules. Such a
positive effect of Dynol 604 addition was also observed for
the enzymatic removal of 2-naphthol [71]. However, in order
to double the extent of 2-naphthol removal, Dynol 604 con-
centration has to be increased by 30-fold instead of 10-fold for
the case of 1-naphthol. Additionally, marginal enhancement of
1-hydroxypyrene removal was observed even with increasing
Dynol 604 from 20 to 70 ppm. The insignificant improvement
of 1-hydroxypyrene removal with increasing Dynol 604 by
almost 4-fold could, intuitively, be justified by the complexity
of this phenolic pollutant. However, the

presence of Dynol 604 did not provide any enhancement
for phenol removal regardless of the utilized concentration of
the surfactant. Such null improvement in phenol removal with
the addition of Dynol 604 suggests that the improved removal
of 1-naphthol and 2-naphthol in the presence of this surfactant
is not merely due to the protection of the enzyme against
inhibition but rather through other (and probably more com-
plex) mechanisms, which worth further investigations.

Another acetylenic-based nonionic surfactant that has been
also proposed to boost enzyme-catalyzed removal of phenolic
pollutants from wastewater is Surfynol 465. One of the pro-
posed benefits of adding this surfactant to the enzymatically
treated wastewater is the suppression of enzyme deactivation.
Such benefit has been reported by Ruta and Juozas [72¢] who
observed that when this surfactant was added (in a dose man-
ner) to the medium of peroxidase-catalyzed removal of 2-
naphthol, the enzyme inhibition was completely eliminated.
Such enzyme protection has improved the removal extent of
2-naphthol, which increased with increasing Surfynol 465
concentration. However, no further removal enhancement
was observed above the surfactant CMC [72¢].

Besides the above-mentioned nonionic surfactants, ionic
surfactants have been also studied with the aim of revealing
their potential for enhancing enzymatic removal of phenolic
pollutants from wastewaters. For example, Chhaya and Gupte

[73] studied the removal of BPA using laccase in the presence
of reversed micelles of bis(2-ethylhexyl) sulfosuccinate sodi-
um (AOT), which is an anionic surfactant, and reported a
complete degradation of BPA within 2 h [73]. The authors also
observed that the AOT reversed micellar solutions improved
the stability and activity of laccase due to the effective
shielding of the enzyme molecules by a water layer and a
surfactant shell. The solubility of the substrate and the enzyme
might also be improved in the reversed micellar solutions of
AOT, allowing easier access of BPA molecules to the enzyme
active site and, thus, the enhancement of BPA removal [73]. In
addition to AOT, the HRP-catalyzed removal of phenol in the
presence of another anionic surfactant, sodium
dodecylbenzenesulfonate (SDBS), has been also enhanced
[74]. For instance, adding 0.45 g of SDBS to the reaction
medium (~50 mL) has resulted in an extensive polymeriza-
tion of phenol (converted to phenylene and oxyphenylene),
with more than 94% phenol conversion within 0.5 h relative
to less than 5% in the absence of SDBS [74].

However, there are cases where the addition of ionic sur-
factants was not beneficial. For instance, the addition of sodi-
um dodecyl sulfonate (SDS), which is an anionic surfactant
with some similarities to SDBS, did not provide a significant
improvement of phenol removal by laccase [2¢¢]. Similar ob-
servation was also reported for the same system but with re-
placing the anionic surfactant (SDS) with the cationic surfac-
tant, hexadecyltrimethylammonium bromide (CTAB) [2¢¢].
These findings contradict those reported by Chhaya and
Gupte [73] and Zhang et al. [1]. It is expected that phenol
removal enhancment in the presence of a given surfactant is
dependent on the surfactant-enzyme, surfactant-products/pol-
lutants, and enzyme-products/pollutants interactions; these in-
teractions might significantly vary with the variations in the
reaction conditions (e.g., type of the phenolic pollutant, the
utilized enzyme, medium temperature and pH, presence of salt
ions or other additives/contaminants). Therefore, to draw a
clear and reliable conclusion on which surfactant(s) are more
effective, variations in the reaction conditions, in the presence
of surfactants, have to be minimized.

Biosurfactant Additives

Despite that the addition of synthetic surfactants proved useful
in some cases, these fossil-based materials are usually nonbio-
degradable and might be toxic to aquatic life [75-77]. It was
reported, for instance, that some chemical surfactants such as
Triton X-100 and SDS are harmful to aquatic organisms and
might pose long-term negative effects on marine creatures
[72+]. To tackle the secondary pollution problems associated
with the use of chemical surfactants, biosurfactants have been
proposed as alternatives. Biosurfactants are biodegradable
[78-80] and biocompatible [79, 81] and, thus, unlikely to pose
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environmental hazards. Additionally, biosurfactants are pro-
duced from sustainable sources and they are usually efficient
even at low concentrations when compared to most chemical
surfactants [78].

Biosurfactant molecules possess hydrophobic and hydro-
philic moieties, making them amphiphilic compounds. The
hydrophilic portion of the biosurfactant molecule can be alco-
hol, carboxylic acid, carbohydrate, cyclic peptide, phosphate,
or amino acid while the hydrophobic moiety is based on long-
chain or hydroxy fatty acids [82]. The presence of hydropho-
bic and hydrophilic moieties on every biosurfactant molecule
promotes its self-assembly at fluid-fluid interfaces [83—89].
Additionally, this amphiphilic character leads to the formation
of biosurfactant aggregates (i.e., micelles) in solutions when
the biosurfactant concentration is equivalent or above its
CMC. One of the appealing characteristics of biosurfactants
is their relatively lower CMC compared to synthetic surfac-
tants. The CMCs of biosurfactants are usually 1040 times
lower than those of common chemical surfactants [90]; lower
CMC might be associated with the requirement of relatively
less biosurfactant amount, which is an important economic
factor. Furthermore, these bio-based surface active agents are
usually effective even under extreme values of pH, tempera-
ture, and salinity [91-93], making them an attractive option as
additives for the enhancement of enzymatic remediation of
phenolic wastewaters.

Despite the attractiveness of biosurfactants, a limited num-
ber of studies have been published so far on their utilization
for the enhancement of phenolic wastewater remediation
using enzymes. One of these studies used rhamnolipid, which
is an anionic glycolipid biosurfacatnt, and reported that the
addition of this biosurfactant provided 60% enhancement of
2,4-DCP removal from wastewater samples using minced
horseradish from Armoracia rusticana [94]. Interestingly, un-
like chemical surfactants, micellar rhamnolipid concentration
did not reduce the extent of 2,4-DCP removal [94]. In support
of this observation, Liu et al. [2+¢] have reported more than 4-
fold enhancement of phenol removal from wastewater sam-
ples using laccase in the presence of rhamnolipid
biosurfactant. A higher concentration of the biosurfactant (3
times above the CMC) did not reduce the extent of phenol
removal but rather a slight improvement relative to the
premicellar solution was observed. Comparing this perfor-
mance with those of CTAB and SDS reveals the superiority
of the biosurfactant at both premicellar and micellar concen-
trations. These chemical surfactants were, indeed, detrimental
to phenol removal regardless of their concentrations. This is in
line with the statement presented by Otzen [95] that
biosurfactants are less aggressive towards enzymes and, thus,
they usually do not denature/destabilize the enzyme tertiary
structure.

However, Ruta and Juozas [72¢] reported a contradicting
observation, where premicellar concentrations of thamnolipid

@ Springer

enhanced the removal of 2-naphthol using a peroxidase en-
zyme obtained from Coprinus cinereus, while micellar solu-
tions resulted in a reduction in this phenolic pollutant remedi-
ation. Additionally, Ruta and Juozas [72¢] observed that the
rate of 2-naphthol removal in the presence of the biosurfactant
was always lower than that in the presence of the nonionic
chemical surfactant, Surfynol 465. It is unclear, however,
whether such contradiction stems from the characteristics of
the used biocatalyst/phenolic substrate or from other factors
(e.g., experimental conditions). Regardless of the reason be-
hind such contradiction, it is highly recommended to
eliminate/minimize the operational variabilities between con-
ducted studies in order to draw meaningful and reliable
conclusions.

Besides the positive effect of bisourfactant addition (partic-
ularly at premicellar concentrations) on the enzymatic reme-
diation of phenolic wastewaters, their positive effect on the
biological utilization of phenolic substrates has been also
demonstrated in some published studies. For example, Zhou
et al. [80] reported that the addition of saponin and
rhamnolipid to the fermentation medium of
P, simplicissimum has led to a higher microbial consumption
of phenol substrate and also to a higher activity of the laccase
produced from the fermentation process. In another study
[96], the addition of rhamnolipid to the growth medium of
P. chrysosporium has improved the activity of the produced
lignin peroxidase, CMCase and xylanase enzymes but
inhibited the activity of manganese peroxidase. Contrarily,
the addition of SDS has rendered these four enzymes almost
inactive. Liu et al. [97] also studied the effect of adding
rhanmolipid and Tween-80 to the fermentation medium of
Trichoderma viride on the production of Avicelase,
CMCase, and cellobiase enzymes. The researchers reported
that despite the positive effective of both surface active agents
on the activity of the produced enzymes, the biosurfactant was
more effective. Similar observation was also reported by
Jadhav et al. [98] who reported that the activities of lignin
peroxidase and veratryl alcohol oxidase enzymes produced
by Bacillus sp. VUS NCIM 5342 were improved when
rhamnolipid was added to the growth medium. Such observa-
tions encourage further in-depth studies to fill in the huge gap
with respect to the assessment of biosurfactants as potentially
effective additives that pose no environmental hazards for
enhancing the enzymatic treatment of phenolic wastewaters.

Conclusion

Polymeric additives, PEG in particular, have demonstrated a
significant enhancement of the enzymatic remediation of phe-
nolic wastewaters. However, a wide disagreement exists on
which molecular weight of PEG is optimal. Additionally,
some studies reported no benefit of adding PEG to the
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enzymatic reaction medium. Toxicity of the treated wastewa-
ter has increased in the presence of PEG, pinpointing to the
need for utilizing more environmentally friendly and less/
nontoxic additives such as biopolymers. Limited information,
however, is available in the published literature in this regard,
necessitating more research work on assessing the effective-
ness of biopolymeric additives. Another alternative is chemi-
cal surfactants, which have demonstrated a remarkable effec-
tiveness, even though not in all cases. However, as it is the
case with polymeric additives, huge variations in the gained
enhancement upon the addition of chemical surfactants have
been found. Toxicity of chemical surfactants and their unsus-
tainable and polluting routes of production are also of a great
concern. Biosurfactants might resolve these issues; however,
extensive work have to be carried out in order to get deep and
clear insights into their performance and also to optimize their
levels in the enzymatic reaction media.
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