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Abstract
There is growing concern about developing treatment technologies for the hazardous Polycyclic Aromatic Hydrocarbons 
(PAHs), because the rising levels of these compounds in the environment by human activities. The application of laccases has 
been evaluated as one of the most promising treatments. Thus, laccase immobilization on polyurethane foam (PUF)—low-cost 
material—was evaluated for bioremediation in batch mode of simulated groundwater using a combination of 16 polycyclic 
aromatic hydrocarbons as model pollutants. Conditions closer to a real contaminated site (non-optimal) were considered on 
our experimental design, leading to the formation of new degradation intermediaries, even more degraded than the usual 
ones. The bioremediation of PAH (mg L−1) using immobilized laccase on PUF reached 92.35% of removal for anthracene 
(Ant) and 97% for benzo(a)pyrene (BaP). After the treatment, the biodegradation products were identified as diisooctyl 
phthalate and tetradecane. The biodegradation mechanism was proposed, where PAHs oxidation processes and aromatic 
ring fission led to quinone and diethyl phthalate formation. Then, through the latter processes besides, polymerization and 
methylation, lead to the identified biodegradation product formation. The immobilized enzyme improvement in the removal 
yield of 8 of the other 14 PAHs tested in μg L−1, compared to the free counterpart. Laccase immobilized on PUF achieved 
final anthracene concentration of 0.95 mg L−1, up to 38 μg L−1 of chrysene (77% removal) and 98 μg L−1 of pyrene (32% 
removal), under the intervention limits of environmental protection policies. Thus, laccase immobilized on PUF for use in 
bioreactors can be considered a potential approach for PAHs bioremediation for an ex-situ treatment.

Keywords  Bioremediation · Immobilized laccase · Polyurethane foam · Enzymatic biodegradation · PAHs

Introduction

The contamination of groundwater, surface water, and drink-
ing water by Polycyclic Aromatic Hydrocarbons (PAHs) 
is one of significant concern worldwide because of high 

ecological risks and their potential carcinogens to humans 
[1–3]. Due to these effects, the U.S. Environmental Protec-
tion Agency (USEPA) has listed 16 PAHs as priority pol-
lutants [4]. In urban areas, processes that use fossil oil and 
fuels are the potentially polluting activities, such as gas 
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stations, steel making, or coking plants of petroleum drill-
ing and other activities [5]. It is common to observe in PAHs 
contaminated sites the occurrence of leaks, spills, floor, soil 
infiltration and release of contaminants, through infiltration 
and dispersion in the soil, down to lower layers of soil and 
groundwater [5–7]. Each country has its own protection and 
clean-up policy, which provides PAHs concentration limits, 
guiding the remediation management of contaminated sites 
(Table 1).

PAHs site remediation needs combined and integrated 
techniques to achieve the clean-up goals in soil and ground-
water. Treatments with PAHs contaminated soils samples 
in batch reactors have been studied as remediation pur-
poses, which in practical terms would need soil excavation 
[8–10]. Nevertheless, soil excavation had been carried out 
at a majority of PAH contaminated sites until the 1990s, 
and due to high cost has been replaced from others tech-
niques. For instance, the integrated technologies [5], PAHs 
are transferred from soils into the aqueous phase in ground-
water by surfactant flushing and soil washing, known as 
surfactant-enhanced remediation (SER) [7]. Once released 
into groundwater, PAHs can be degraded by some treatment 
technologies such as pump-and-treat system (ex-situ), in-
situ bioremediation, or in-situ chemical oxidation (ISCO) 
[11]. For PAHs removal from water, electrochemical and 
advanced oxidation processes were also studied [12, 13]; 
and phytoremediation in the field of sediment bioremedia-
tion [14].

The bioremediation by enzymes, as laccases for PAHs 
oxidation [6, 15, 16] is a current environmental trend. Lac-
cases are well-known for their ability to degrade organic 
compounds [17–21]. Laccases have also been reported to 
degrade PAHs [22–24] in the presence or absence of media-
tors, such as 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sul-
phonic acid) diammonium salt (ABTS) and 1-hidroxybenzo-
thyazole (HBT) [25–28]. There is no consensus on the use of 
mediators, or in the best mediators should be used. However, 
there is a lack in the literature that must be explored, evaluat-
ing PAHs degradation by laccases without high-cost media-
tor and in non-optimal pH experiment conditions.

The optimal pH range of laccases is among 4 and 5, 
which also is the condition where laccase has high stabil-
ity [25, 29]. However, the observed pH range in ground-
water detected in other studies usually is a more neutral 
range (pH 6 to 7) [30, 31]. Thus, the immobilization on 

solid materials is known as a promising technology [32] 
which could improve enzyme stability, specially related 
to pH; increase the reuse potential and also the lifetime; 
and reduce the required amount of enzyme [33]. Laccase 
immobilized on different supports has been developed for 
degradation of many organic compounds. The immobiliza-
tion in kaolinite led to improvement on the stability at tem-
perature, pH, inhibitors, and storage [34]. Immobilization on 
silica caused better pH and temperature stability, however 
degradation yields were slightly lower than those for free 
laccase [35, 36]. Polyacrylonitrile beads were used as sup-
port to immobilize laccase, showing complete degradation 
of nonylphenol and octylphenol [37]. One novel synthetic 
polymer, poly(glycidyl methacrylate), was developed as lac-
case support, and 90% of bisphenol A and 100% of Congo 
Red dye was removed in batch experiments [19]. These 
synthetic organic polymers used as support to immobilize 
laccase do have hydrophobic character, and high standard 
activities have been shown onto biodegradation of organic 
compounds.

Based on synthetic organic polymers’ described proper-
ties, commercial polyurethane foam (PUF) has been shown 
as efficient support of other enzymes. In the case of lipases, 
properties as stability in pH and temperature conditions were 
enhanced by PUF immobilization [38, 39]. Results showed 
high removal capability of nonylphenol polyethoxylates 
by laccase from T. versicolor immobilized on PUF, due to 
biodegradation and adsorption on the support [40]. In this 
sense, the use of PUF, a low-cost material, as support for 
laccase immobilization can be a potential to make efficient 
PAHs degradation under non-optimal conditions without 
expensive mediators.

It is also expected to make a current trend possible to field 
application, considering practical aspects and environmental 
protection policies. Despite the variation in each protection 
policy, some details caught our attention, as concentration 
range, in μg L−1 for groundwater (Table 1). Besides, most 
of the state of art studies of Table 2 have been worked in an 
aqueous medium, presence of mediator ABTS and optimal 
pH conditions (range between 4 and 5); they were also evalu-
ated in mg L−1 concentration scale. On real contaminated 
site remediation, high PAHs removal efficiency obtained in 
mg L−1 scale could not be sufficient to achieve safe con-
centration to protect human health and environment pro-
tection, since guide values are set to μg L−1 instead of mg 

Table 1   Concentration limits 
groundwater of some PAHs 
according international 
environmental protection 
policies

Medium Unit Anthracene Pyrene Chrysene Benzo(a)
pyrene

Protection Policy

Groundwater μg L−1 5 – 0.2 0.05 VROM, 2000
Groundwater μg L−1 900 – 41 0.7 CETESB, 2014
Groundwater μg L−1 1000 100 – 0.7 NZME, 1997
Groundwater μg L−1 10,000 – – 1.0 EPA, 2003
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L−1. In these cases, the contaminated site probably would 
need another complementary treatment to achieve clean-up 
remediation goals.

Thus, the aim of the present study was to evaluate bio-
degradation of 16 PAHs by T. versicolor laccase immobi-
lized on commercial polyurethane in a model solution and 
a groundwater sample. Different PAHs concentration scales 
were used in the laboratory in batch assays, without any 
oxidation mediator compound, in pH and temperature values 
close to the reality of a contaminated site. Anthracene and 
benzo(a)pyrene were used as model PAH for products of 
laccase-transformation identification.

Materials and Methods

Chemicals

Anthracene (Ant), benzo(a)pyrene (BaP), naphtalene (Nap), 
ABTS, Tween 80 and laccase from Trametes versicolor 
(activity of 0.5 U mg−1) (Sigma-Aldrich Brazil). Acetone, 
acetonitrile, dichloromethane and the other chemicals were 
purchased from (Merck Brazil). Polymeric methylene diphe-
nyl diisocyanate (pMDI—specflex NE 134) and commercial 
polyol were kindly donated by Dow Chemistry.

Laccase Immobilization on Commercial 
Polyurethane Foam

Laccase from T. versicolor was immobilized in-situ with 
commercial reagents of polyurethane foam (PUF) based on 
Daronch [41]. The amount of enzyme was investigated for 
enhanced performance and fixed in this work to 0.2 wt% 
(data not shown). 2 mg g−1 of powder laccase in Milli-Q 
was added to commercial polyol and mixed with the help 
of a glass stick. After that, methylene diphenyl diisocyanate 
was added and the expansion occurred after 60 s of mechani-
cal stirring (2,500 rpm), using 77 g of NCO per 100 g OH, 
according supplier instructions. The immobilized laccase 
was stored at 4 °C for further use.

Enzyme Activity, PAHs Determination and Statistical 
Analysis

The activities of the free and immobilized laccase were 
determined by enzymatic oxidation rate of ABTS to ABTS+ 
[20, 42]. For determination of the free laccase activity 
0.3 mL of a laccase solution (1 mg mL−1) and 0.3 mL of 
aqueous ABTS (5 mM) were added to 2.4 mL of phosphate-
citrate buffer (0.1 M, pH 3) in a quartz cuvette. A sample of 
0.3 mL of Milli-Q water was used instead as blank.

For determination of immobilized laccase activity, a piece 
of foam (about 5 × 5 × 5 mm in size and 15 mg in weight) 

was added into 0.4 mL of 5 mM ABTS solution and 3.6 mL 
phosphate-citrate buffer solution (pH 3). The reaction 
occurred incubated at 30 °C and 250 rpm for 5 min [41]. 
A change in absorbance at 420 nm was monitored using a 
UV/Vis spectrophotometer (HACH, DR5000) and the lac-
case activity (U L−1) was calculated using the molar extinc-
tion coefficient of ABTS (ε420 = 36,000 M−1 cm−1) using 
the Eq. 1:

where ΔA is the increment of absorbance per min when it is 
stable, V is the total reaction volume, d is the step length, v is 
the sample volume and t: reaction time. One unit of laccase 
activity (U L−1) was defined as the amount of enzyme able 
to oxidize 1μmoL of substrate per minute [43]. All analysis 
was carried out in triplicate.

The PAHs were analyzed by a standardized gas chroma-
tography/mass spectrometry procedure, using the recom-
mended method by the USEPA for detection and measure-
ments of organic pollutants in aquatic environments (USEPA 
method 8270). The analysis was carried out in Inova Labo-
ratório e Engenharia (Laboratory and Engineering), whose 
quality assurance and analytical competence were evalu-
ated by Supelco® quick turn proficiency test. The standard 
sample PE1173 from Sigma-Aldrich for PAHs was used on 
test, which is intended for water pollution/wastewater. A gas 
chromatography-mass spectrometer (Agilent 5975C, Agilent 
Inc., Palo Alto, USA) equipped with a HP-5MS (30 mm £ 
0.25 mm) was used. The oven temperature was programmed 
from 100 °C with a 2-min hold and a 10 °C min−1 incre-
ment to 300 °C with a 10-min hold [44]. Sample containing 
PAHs (1.5 mL) was extracted three times using 1.5 mL of 
dichloromethane into a test-tube under agitation in a vortex 
mixer. After this step, the extract was evaporated at room 
temperature and redissolved in 1.5 mL acetone, adapted 
from USEPA method 8270.

The obtained ions in FULL (SCAN) mode of MS scan 
analysis were compared according to the similarity (m/z) of 
the data available in the National Institute of Standards and 
Technology library (NIST, 2009). The match factor values 
were used for compound identification based on qualities of 
the mass spectra determined by the NIST Match and Reverse 
Match (R. Match) factor methods [45].

Statistical evaluations were performed by one-way analy-
sis of variance (ANOVA), and differences at a significant 
level p < 0.05 were considered.

Tests for PAHs Removal

The ability of immobilized laccase to remove anthracene, 
and benzo(a)pyrene in mg L−1 concentration range was 
investigated at three conditions; in buffer solution (pH 7), 

(1)
U

L
=

ΔAbs ⋅ V

� ⋅ d ⋅ v ⋅ t
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real groundwater sample (pH 6.82), and in the presence of 
a mixture of 14 PAH in μg L−1 concentration (PAHs mix-
ture condition, pH 7.1). The same conditions were evalu-
ated using free laccase, as shown in Fig. 1. Both PAHs in 
mg L−1 range were used as model PAH for biodegradation 
products of laccase-transformation identification and mecha-
nism assessment. The removal of anthracene, and benzo(a)
pyrene in mg L−1 and a mixture of 14 PAHs in μg L−1 were 
measured in PAH mixture condition. The behavior of laccase 
in front of different pH was investigated before and after 
the immobilization procedure using ABTS as substrate, and 
it was observed that the maximum activity values of the 
free laccase was at pH 3 and for immobilized enzyme was 
obtained at pH 4 (data not shown).

All conditions of batch removal experiments were per-
formed in triplicate at 25 ± 2 °C in 125 mL Erlenmeyer 
flasks, with 20 mL reactants during five days in an orbital 
shaker. Surfactant Tween 80 (1% v/v) and PAHs dissolved in 
acetone was added to make the final concentrations 12.48 mg 
L−1 of Ant and 5.00 mg L−1 of BaP [44]. While in free lac-
case tests 150 U L−1 were used, in immobilized laccase tests 
ten pieces (about 5 × 5x5 mm in size and 20 mg in weight 
each), making 7 U L−1, were used. Initial laccase activity in 
tests using immobilized enzymes was lower than free lac-
case due to limitations on maximum supportable amounts, 
as enzymes in the support and lower specific activity. Thus, 
most of the previous study conditions of the group [44] were 
maintained, including 150 U L−1 in free laccase tests, how-
ever, agitation was increased to 250 rpm in all conditions 
due to make easy immobilized enzymes treatability.

Buffer condition was carried out in citrate–phosphate 
buffer (pH 7) and PAHs mixed condition in Municipal 
Potable Water (pH 7.1) with a standard solution containing 
others 14 PAHs dissolved in acetone, to make the final con-
centrations (μg L−1): naphthalene (Nap) 1000, acenaphthene 
(Ace) 426, acenaphthylene (Acy) 72, fluorene (Flu) 84, 

phenanthrene (Phe) 1000, fluoranthrene (Fla) 162, pyrene 
(Pyr) 144, benzo(a)anthracene (BaA) 150, chrysene (Chr) 
165, benzo(b)fluoranthene (BbF) 131, benzo(k)fluoranthene 
(BkF) 60, dibenzo(a;h)anthracene (DaA) 88, benzo(g;h;i)
perylene (BgP) 72 and indeno(1,2,3-cd)pyrene (IcP) 202.

The other test condition contained an unpolluted ground-
water sample collected from an abandoned gas station area 
and stored at 4 °C until the use. The samples were initially 
passed through a vacuum filtration system (25 μm) to remove 
the sample’s suspended solids. The following physic-chemi-
cal properties were read in-situ by HI 9828HANNA multipa-
rameter probe (Hanna Instruments, Woonsocket, USA): 50 
ORP (oxidation–reduction potential), 197.7 μSm−1 (conduc-
tivity), 25.3 NTU (turbidity) 20.5 °C (temperature) and pH 
6.82. The observed properties in groundwater were similar 
to those detected in other studies [30, 31].

Tests for PAHs removal by free and immobilized lac-
case on PUF in 3 conditions (buffer pH 7, groundwater 
and PAHs mixture) were performed in triplicates for 120 h, 
with 1.5 mL of medium samples collected every 24 h for the 
GC–MS analysis.

Results and Discussion

Removal Capability of Ant and BaP in mg L−1

Although many studies suggest the importance of redox 
mediators in the oxidation of PAHs by laccases, this work 
pursues closer to field reality of groundwater conditions and 
avoid operating at high-cost conditions. Experiments were 
carried out in non-optimal conditions, without any mediator 
compound. Because of their higher capacity to be degraded 
by laccase, anthracene, and benzo(a)pyrene have been cho-
sen as models PAHs for carrying out the mg L−1 concentra-
tion range. The removal efficiencies of PAHs reacting by free 

Fig. 1   Schematic representation of experiments
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and immobilized laccase on PUF for 120 h, were determined 
at 24 h intervals in 3 experimental conditions: Buffer pH 7, 
PAHs mixture and Groundwater (Fig. 2).

Figure 2 shows a significant effect on both PAHs removal 
by immobilized laccase on PUF compared with free laccase. 
The results showed that BaP removal rate already reached 
the maximum after 24 h for all three conditions, and there 
were no significant differences after 48 h (p < 0.05). Maxi-
mal Ant removal by laccase on PUF was 81.6% in ground-
water condition and 92.4% for simulated PAHs condition 
(PAHs mixture). The highest removal rate reached 97.1% of 
Ant and 99.2% of BaP by laccase on PUF in condition Buffer 
pH 7, where the final 0.952 mg L−1 achieved Ant concen-
tration was lower than New Zealand guide values showed 
in Table 1 (1.000 mg L−1), and close to the Brazilian limit 
(900 mg L−1).

For all three conditions using free laccase, the remaining 
relative activity (120 h) was almost 77%, and the mediator 
compound’s dependency was evidenced by the effects of BaP 
degradation, which may have negatively influenced. No sig-
nificant elimination of BaP without ABTS has been related 
to other studies [25]. A positive percentage was detected 
after 96 h only in buffer pH 7 condition, where 16.55% of 
BaP removal by free enzyme was reached; but lower than 
obtained in our previous work, which was above 30% [44]. 
After 120 h in all three tested conditions, an average of 35% 
removal of Ant, without significant difference among then. 
Theses Ant removal percentages by free laccase were lower 
than those reported in other studies observed without media-
tors [35, 46]. However, the above-mentioned works operate 
at adjusted optimal pH conditions (range between 4 and 5) 
where laccase have high activity. Under neutral pH range 
between 6.8 and 7, as in this work, anthracene degradation 
by free laccase presents a different behavior, as the presence 
of several compounds in medium (groundwater sample and 
PAHs mixture condition) enhanced the removal, the pres-
ence of citrate and phosphate ions of buffer solution affected 
negatively Ant removal until 96 h.

The presence of other compounds in both other con-
ditions, PAHs mixture and groundwater, seems to also 
decrease both free and immobilized laccase activity. While 
47% of free laccase relative activity was observed in ground-
water condition, only 26% of remaining relative laccase 
activity were detected for laccase on PUF in groundwater 
and PAHs mixture; which was the same apply for free lac-
case in PAHs mixture. However, compared with Fig. 2, 
PAHs removal yields by free and immobilized laccase had 
slight relation to laccase activity, although significant, as 
observed by Wu et al. [28].

Furthermore, in the first 24 h, almost all benzo(a)pyr-
ene was removed by immobilized laccase at all conditions. 
In contrast, anthracene removal was 73.1% in buffer pH 7 
condition and approximately 50% in the other two, which 

could be associated with the ring number of the PAH. Some 
authors [47] also observed higher removal of 5 and 6 rings 
PAHs, more than 95%, in comparison to 3 rings PAHs, more 
than 80% for Ant using immobilized laccase, attributed to 
the support adsorption. The removal associated to adsorp-
tion will be investigated after biodegradation product identi-
fication as product identification of anthracene and benzo(a)
pyrene biodegradation.

Removal Capability of the 14 PAHs Mixture in μg L−1

The degradation of simulated PAHs which are listed as 
priority pollutants were also evaluated in condition PAHs 
mixture but μg L−1 range. The purpose here was to observe 
their influence on the transformation of benzo(a)pyrene and 
anthracene, which likely occurs due to competitiveness and 
inhibition of the enzyme metabolism [23, 48]. According 
to some authors listed in state of the art, laccase also has 
the capability to degrade other PAHs, besides Ant and BaP, 
and were included them in the medium in μg L−1 range to 
evaluate their removal.

Guidelines for assessing and managing the contaminated 
site of PAHs fixed limits in μg L−1 for groundwater contami-
nants. Usually, these limits are different according to each 
country and policy decisions regarding tolerable levels of 
risk for the derivation of groundwater acceptance criteria, as 
shown in Table 1. In this direction, it is applicable to work in 
μg L−1 range when the objective is to envision and associate 
the under developing process to applications in the remedia-
tion of contaminated PAHs sites.

In the present study, 7 of 14 PAHs tested were degraded, 
achieving more than 50%, by free laccase, mainly naphtha-
lene (100%) and phenanthrene (85.8%). As shown in Fig. 3, 
the results were positive, since 8 of 14 compounds had the 
removal percentage enhanced when immobilized laccase 
was used, when compared to free laccase. Removal of 53.6% 
of BaA by free laccase and 68.8% of BbF by laccase on PUF 
were consistent with other previous results, also operating 
without mediators using free laccase as well, but at pH 4.2 
[46]. Immobilized laccase removed 77.3% of chrysene up 
to 34 μg L−1, and 32.1% of pyrene up to 98 μg L−1, whose 
final concentration values are lower than acceptance criteria 
of Brazilian [49] and New Zealand [50] law, respectively.

Identification of Ant and BaP Biodegradation 
Products

The oxidation of PAHs by laccase has been reported, and the 
oxidation products were detected by gas chromatography-
mass spectrometry (GC–MS) analysis. Our results showed 
that Ant and BaP removal increased in experiments with 
laccase immobilized in PU foam compared to free laccase, in 
all three evaluated conditions. The condition of free laccase 
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Fig. 2    Removal of Ant and BaP by free and immobilized on PUF laccases in batch experiments, at reaction times 0, 24, 48, 72, 96, 120 h, in 
conditions Groundwater (a), Buffer pH 7 (b) and PAHs mixture (c)



2207Journal of Polymers and the Environment (2021) 29:2200–2213	

1 3

in pH 7 buffer solution in time 96 h was chosen to detect 
what compounds where formed by degradation of both 
PAHs. Chromatogram were indicated in Fig. 4, containing 
peaks of anthracene and benzo(a)pyrene biodegradation by 
free enzyme.

The biodegradation products observed after removing 
of anthracene and benzo(a)pyrene by free and immobilized 
laccase were evaluated by match quality test after GC–MS 
scan analysis. The mass spectra (m/z) of the formed prod-
ucts in the chromatograms were compared with the National 

Institute of Standards and Technology library data (NIST, 
2009). After this procedure, based on Koo et al. method 
[45], identified compounds with fair and poor match fac-
tors values were eliminated. Table 3 shows some parameters 
for 1,2 benzenedicarboxylic acid diisooctyl ester (diisooctyl 
phthalate) and tetradecane, which were identified as Ant and 
BaP biodegradation products, obtained after GC–MS scan 
analysis and match quality test.

However, other possible pathways have also been pro-
posed based on biodegradation products of PAHs by several 

Fig. 3   Removal of 14 PAHs 
in μg L−1 range by free and 
immobilized on PUF laccases in 
batch experiments, after 120 h, 
in condition PAHs mixture

Fig. 4   Gas chromatogram of 96 h of Ant and BaP oxidation in Buffer pH 7 condition (control sample), by free laccase

Table 3   Biodegradation products retention times (tR), fragmentation using GC–MS (SCAN mode), qualities of the m/z determined by the Match 
(NIST) and Reverse Match (R. Match) and respective abundance value peaks by free and immobilized laccase on PUF

Biodegradation products tR Fragmentation Quality of m/z Abundance value peak

min−1 Match R.Match Laccase Laccase on PUF

Diisooctyl phthalate 12.122 149, 167, 57 738 864 20,472 9,302
Tetradecane 4.541 57, 43, 71 836 921 85,525 719,079
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microorganisms and enzymes. Although these specifically 
studies were not found quinones, many of the biodegradation 
products identified here have previously been identified in 
other studies. Quin et al. [51] have proposed one pathway for 
biodegradation of BaP, where pyrene and phenanthrene were 
identified as biodegradation products, whose successive loss 
of aromatic ring from BaP to Phe happens similarly. On the 
basis of identified biodegradation products after GC–MS, 
the degradation pathway for anthracene and benzo(a)pyr-
ene was proposed. This possible pathway is represented in 
Fig. 5.

As shown in Fig. 5, the laccase oxidation of anthracene 
occurs in 9th and 10th carbons, resulting in anthraquinone 
(anthracene-9,10-dione) [27, 36, 52]. After the oxidation and 
ring fission of this biodegradation product, diethyl phthalate 
is formed, and subsequently, phthalate acid [53, 54]. The lac-
case degradation of benzo(a)pyrene results in the oxidation 
and ring fission, resulting in pyrene [51]. After that, the pyr-
ene is oxidized and the ring fission occurs, forming diethyl 
phthalate, a common biodegradation product of Ant and BaP 
degraded, probably due to the similarity on molecule struc-
ture and ionization potential of anthracene and benzo(a)pyr-
ene [25, 51]. The pyrene degradation can also be followed 
by the formation of benzene ethanol, that is also oxidized 
by laccase and may lead to ring fission, polymerization, and 
methylation, forming aliphatic compounds, pathway similar 
to benzo(a)anthracene’s biodegradation [55, 56]. Once lac-
case oxidation of compounds starts by forming a radical, a 
wide variety of compounds may be formed [57, 58].

Once the pathway was proposed, the abundance peaks of 
biodegradation products were considered (Table 3) in con-
dition buffer pH 7 by free laccase, where 16.55% of BaP 
was degraded; thus, to confirm of the occurrence of BaP 
(98.7%) biodegradation by immobilized laccase on PUF 

under the same condition. While abundances of approxi-
mately 719,079 of Tetradecane (III) and 9302 for diisooctyl 
phthalate were detected in samples treated with immobi-
lized laccase, for free laccase peaks of 85,525 and 20,472 
(Table 3), respectively, were detected for those compounds. 
This result is a positive indicator for the occurrence of BaP 
degradation by immobilized laccase, and also Ant, according 
to the purposed pathway. At this pH range between 6 and 
7, free laccase is known for having lower PAH’s oxidation 
yield, specifically for BaP [27, 47]. However, these factors 
were not have observed for BaP biodegradation through 
immobilized laccase, not even in the absence of mediators 
and presence of other substances (biodegradation products) 
that could compete or have priority of laccase metabolism.

Besides biodegradation another effect could also influ-
ence the BaP and Ant removal rates by laccase on PUF. Niu 
et al. [47] noted an improvement in PAHs removal when 
they used encapsulated laccase in loading spider type reac-
tor fabricated by poly(d,l-lactide-co-glycolide). Their results 
showed that higher rates were achieved by PAHs degrada-
tion combined with the adsorption onto the surface of the 
fibers. The same effect linked to adsorption influence was 
observed in the removal of nonylphenol polyethoxylates by 
immobilized laccase on PUF, in continuous flow circular 
bioreactor, due to the hydrophobic character of PUF [40]. 
In addition to biodegradation, this adsorption phenomenon 
probably influenced PAHs removal by immobilized laccase 
in our experiments but in a lighter way.

Feasible Perspectives on Bioremediation of PAH’s 
by Immobilized Laccase on PUF

The use of laccase for PAHs degradation has been studied 
in the presence of expensive mediators such as ABTS, on 

Fig. 5   Based on the identified biodegradation products through GC–MS analysis, the purpose mechanism of Ant and BaP degraded by laccase 
immobilized on PUF



2209Journal of Polymers and the Environment (2021) 29:2200–2213	

1 3

controled pH, and temperature conditions, for bioremedia-
tion purposes (Table 2). The significant challenge for make 
still study bioremediation processes able in the future for 
on-field application is to consider some issues associated 
with practical aspects, process cost and attendance to envi-
ronmental protection policies. Therefore, these are exactly 
the considerations and care adopted in this study that pro-
posed a potential bioremediation strategy of polycyclic 
aromatic hydrocarbons by immobilized laccase on PUF.

The protection and cleanup policies of PAHs contami-
nated sites sets concentration limits and intervention values 
in μg L−1 range for groundwater [49, 50, 59, 60]. These 
could be one essential issue that had not considered in most 
studies of PAHs degradation by laccase when evaluated in 
model solutions in mg L−1 range when the legal limits were 
disposed of in μg L−1 range for groundwater. Contextualiz-
ing our results with safe groundwater levels for human health 
protection and resource conservation, the final concentration 
of anthracene in mg L−1 range, chrysene and pyrene in μg 
L−1 range was detected lower than those listed in Table 1. 
Although it was obtained higher removal yields of BaP by 
laccase on PUF, the final concentration achieved was insuf-
ficient to reduce to values listed in protection and cleanup 
policies for groundwater. Thus, in this case another treat-
ment must be necessary to reduce until the legal limits of 
legislation.

For those cases in practical terms, the process must be 
divided into two treatment phases. In the first phase most 
PAHs are removed and in the second phase the residue is 
polished and removed until acceptable policy concentration. 
In bioremediation, it is common to use integrated technology 
with surfactant enhanced or chemical oxidation treatment to 
achieve the cleanup objectives [11, 61]. Soil excavation has 
been done at major PAH contaminated sites until the 1990s. 
However, soil flushing (in-situ) and surfactant enhanced 
technology has replaced this outdated technique in the soil 
PAHs contaminated sites. Once PAHs are transferred from 
soil to groundwater, treatment can happen in-situ or ex-
situ. Pump-and-treat is a known technique where the removal 
of PAHs from groundwater could occur in aqueous medium 
from the installation of pumping wells and external reactor 
for biotransformation (ex-situ).

The results of our study demonstrated that in the first 
24 h, almost all Ant and BaP (mg L−1) were removed by 
immobilized laccase in PUF from the medium in all three 
conditions. However, the adsorption onto the support’s 
surface, similarly observed in the laccase reverse micelles 
system [47] and immobilized on PUF [40], could also be 
occurred. Even though the hydrophobic character of the 
PUF surface could influence PAHs adsorption, that prob-
ably happened; higher peaks of identifying Ant and BaP 
metabolites also were good indicators that there had been 
much biodegradation.

So, if possibly adsorption into PUF could have more 
influence on PAH removal, one question could be made, 
could not be applied PUF directly without enzyme immobi-
lization? Although the adsorption kinetics and mechanisms 
were not objected to investigation in this work, those influ-
ences deserve to be briefly commented on and discussed, 
aiming for future studies and possibilities of application in 
remediation processes.

PUF is a useful adsorbent of chemicals present in oils 
and fuels, such as petroleum hydrocarbons and other organic 
compounds. Some PUF sponges have been developed using 
commercial materials for oil-spill remediation. According 
to the authors, PUF is an environmentally benign, low-cost, 
scalable design of efficient and reusable oil sorbents [62]. 
Other recent research observed 100% removal of two and 
three rings PAHs by PUF, include anthracene, however, only 
63,8% of chrysene (four rings) was removed [63]. Most actu-
ally study, which also worked with immobilized laccase in 
PUF, revealed that PUF alone is an excellent adsorbent of 
nonylphenol polyethoxylates [40].

Considering that PUF is widely used as an insulation and 
lining material for refrigerators, after the product’s lifetime 
the PUF waste turn is a problem related to waste manage-
ment because they are considered toxic waste due to toxic 
flame-retardant chemicals [64, 65]. That must have the cor-
rect destination by landfilling, recycling, or incineration 
[66]. On the other hand, commercially PUF has been related 
as an efficient adsorbent of PAHs and other petroleum hydro-
carbons, as reported in the literature. Considering that PUF 
waste use to be designated to industrial landfilling in under 
developing countries, these could be a potential waste mate-
rial for reuse application as adsorbent. Thus, PUF with more 
PAHs adsorbed onto the surface, a reuse application could 
be made, and nothing will change thinking about the waste 
destination to landfilling. Indeed, the adsorbent potential of 
PUF waste must be studied, if maybe it could be used in a 
first phase treatment for remediation purposes.

In this work, a new perspective based on pump-and-treat 
and biotransformation was brought, which could be applied 
in the second phase treatment, where the residue is polished 
and removed until acceptable policy concentration. After 
the analysis of GC–MS of buffer condition with free lac-
case, two Ant and BaP biodegradation products were iden-
tified, and the degradation mechanism was proposed. The 
abundance values of those biodegradation products were 
recorded and associated with the percentage of removal of 
the respective PAH by free laccase. In this sense, higher 
amount of identified biodegradation product of BaP (tetra-
decane) was formed by immobilized than free laccase, based 
on abundance peaks.

Based on our biodegradation products’ analysis by free 
and immobilized laccase in non-optimal pH range without 
expensive mediator ABTS (> $ 65 g−1 – Sigma-Aldrich) we 
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could verify that in batch experiments with vigorous agita-
tion, PAHs degradation was observed.. Ant, Chr and Pyr 
were achieved safe levels for groundwater protection in this 
work, in practical terms of contaminated area management, 
for those three PAHs specifically on remediation level, could 
be considered achieved the cleanup goal, the remediation 
may be stopped and could initiate the monitoring level until 
rehabilitee. The challenge for feasible this ex-situ bioreme-
diation process in the future on-field applications is to evalu-
ate if using commercial laccases (≈ $ 2 kg−1—Alibaba); the 
obtained results will be maintained. The expectation is that 
process cost can be reduced, eliminating high-cost media-
tors, chemicals, and enzymes, upon using low-cost support 
for enzyme immobilization. Indeed, the first step has been 
taken in this direction.

Conclusions

For any PAHs contaminated site cleanup, costs have played 
an essential role in selecting site remedial alternatives. How-
ever, PAHs treatment by laccase evaluated in controlled con-
ditions with high-cost reagents (ABTS and pure enzymes) 
are in the reverse path. Combination of bioprocess with 
commercial materials could reduce significantly remedia-
tion cost. However, efficiency must be tested and approved, 
before application in the field. Laccase immobilized on com-
mercial polyurethane foam was evaluated under non opti-
mal conditions without mediator to remove PAHs and its 
potential for practical bioremediation application. Shortly 
reviewing state of the art and environmental policies led 
us to realize that PAHs’ range concentration is an essential 
factor and must be considered. In comparison with free lac-
case, was achieved high removal of anthracene and benzo(a)
pyrene in mg L−1 range by immobilized laccase on PUF and 
a brief increase of others 8 PAHs removal in μg L−1 range. 
The prospective biodegradation mechanism was proposed 
based on the match quality analysis of formed diisooctyl 
phthalate and tetradecane. The comparison of the biodegra-
dation products abundance peaks with percentage Ant and 
Bap removal, allowed us to conclude that more degradation 
happened. In contrast to protection and cleanup policies, 
anthracene in mg L−1 range, chrysene and pyrene in μg L−1 
range were reduced in the medium under safe concentration, 
lower than the intervention values of protection policies. 
It was positive in the continuous development of a viable 
technique closer to field application so that a new approach 
ex-situ bioremediation was brought based on pump-and-
treat and biotransformation. The cost has already reduced, 
eliminating high-cost mediators and other chemicals for con-
trolled conditions, using low-cost support for enzyme immo-
bilization. Finally, this process’s last challenge is to evalu-
ate if using commercial laccases (E.g. ≈ $ 2 kg−1 laccase 

powder from Alibaba supplier); the obtained results will be 
maintained being able for field application.
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