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46.18 ± 0.20%. In the simultaneous process of adsorp-
tion and biodegradation of dyes, Lac-PMag presented 
two-fold the removal efficiency of PMag at the highest 
initial concentration of the dyes. Lac-PMag removed 
52.72 ± 1.23 and 57.47 ± 2.38  mg   g−1 of Acid Blue 
277 and Acid Black 172, respectively, both at an initial 
concentration of 300  mg  L−1. Hence, the synthesized 
PMag was more effective in removing the dyes at the 
lowest initial concentrations in solution and Lac-PMag 
demonstrated efficiency in a simultaneous process of 
adsorption and biodegradation in higher concentrations 
of the dyes. Our results highlight the synergistic effect 
of adsorption and enzymatic degradation on dyes 
removal by Lac-PMag, which makes the technology 
even more efficient, ecofriendly, and economical.
Highlights  
• PMag functionalization and silanization process 
improve particles adsorption.
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Abstract Iron oxide magnetic particles (PMag) 
synthesized by microwave heating and irradiation 
were evaluated individually and loaded with laccases 
produced by the white-rot fungi Trametes villosa for 
removal of Acid Blue 277 and Acid Black 172 dyes. 
PMag were tested for the adsorption capacity and lac-
case enzymes were successfully immobilized on the 
surface of PMag, previously functionalized by APTES 
((3-aminopropyl) triethoxysilane) and glutaraldehyde 
(Lac-PMag), for simultaneous adsorption and biodeg-
radation of the dyes. PMag removed approximately 
99.00% of Acid Blue 277 and 98.00% of Acid Black 
172 from aqueous solutions at an initial dye concentra-
tion of 10 mg  L−1. The immobilization yield of laccase 
enzymes was 99.85 ± 0.18%, and recovered activity was
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• Laccase activity of Lac-PMag is stored for 
8 months.
• Magnetic particles are easily recovered from the 
solution using a magnetic field.
• The simultaneous adsorption and biodegradation 
improve dye removal efficiency.

Keywords Wastewater treatment · Acid dyes · 
Enzymatic immobilization · Bioremediation

1 Introduction

Effluents from industries in the textile sector currently 
represent a severe environmental problem. These 
industries are an essential part of the world economy 
and are responsible for high water consumption, with 
20% of industrial water pollution resulting from this 
sector (Wong et al., 2019).

The main characteristic of these effluents is the 
coloring, resulting from the addition of dyes in the 
production process, which do not have complete 
fixation in the fiber, and thus are released into the 
industrial effluent (Khatri et  al., 2015). Addition-
ally, textile effluents have other characteristics such 
as high chemical oxygen demand (COD) and high 
biochemical oxygen demand (BOD), presence of 
salts and metals, toxicity, and, in some cases, muta-
genicity, making them harmful not only to the envi-
ronment as well as to humans (Chhabra et al., 2015; 
Yaseen & Scholz, 2019).

Dyes are complex organic molecules that are dif-
ficult to break down. Due to the intense coloring, 
the presence of these dyes in water bodies prevents 
the penetration of light, which results in the reduc-
tion of photosynthetic activity, inhibiting the growth 
of aquatic biota (Zhang et al., 2019).

To solve this problem, different physical–chemi-
cal methods are commonly used in the treatment of 
effluents containing dyes. However, these technolo-
gies are not always sufficient for the complete dis-
coloration of the effluent. They also have essential 
disadvantages, such as high operating costs and 
increased energy demand (Chowdhury et al., 2011).

In this context, alternative technologies that are 
efficient and cost-effective from an economic and 
environmental point of view are desirable. The 
combination of physical–chemical and biological 

methods has been suggested as an essential alterna-
tive for developing sustainable treatment processes 
(Chhabra et al., 2015).

Biological processes using microorganisms or 
enzymes are alternatives with great potential. The 
laccase enzymes are polyphenoloxidases used in 
several enzymatic oxidative reactions to degrade 
various phenolic and non-phenolic compounds 
(Baldrian, 2006). These enzymes have been stud-
ied in several biotechnological applications. In the 
food industry, they can eliminate unwanted phe-
nolic compounds in the processing of juices, wines, 
and beers. In the paper industry, they bleach paper. 
Furthermore, they degrade highly recalcitrant envi-
ronmental pollutants and synthetic dyes (Cardoso 
et al., 2018; Morozova et al., 2007).

For industrial applications, the high cost of 
enzymes, the difficulty in separating them from 
the final product, and thermal and solvent inacti-
vation often hinder their application. One of the 
main alternatives to make the process attractive 
is the immobilization of enzymes on an inert sup-
port. This process promotes an easy separation after 
the reaction, provides greater operational stability 
to the enzyme catalyst, and allows its reuse (Cao, 
2005; Kopp et al., 2015).

Among the different supports used, magnetic par-
ticles are gaining prominence for presenting ideal 
characteristics for enzyme immobilization. These 
supports are attractive due to their strong magnetic 
properties, which facilitate separation under action 
of a magnetic field (Mohammed et al., 2017).

On the other hand, magnetic particles have the 
characteristic of being an essential class of ideal 
adsorbents. These particles receive wide attention 
due to their low cost, effortless control, non-toxic-
ity, and, mainly, the magnetic response capacity that 
facilitates their recycling and reuse (H. Zhang et al., 
2019).

In this context, the development of new mate-
rials and technologies for the treatment of efflu-
ents becomes essential. The simultaneous adsorp-
tion and biodegradation of textile dyes by laccase 
enzymes immobilized on magnetic supports with 
adsorbent characteristics are still poorly reported. 
Most studies only describe the biodegradation car-
ried out by enzymes. Therefore, studies evaluat-
ing this simultaneous process of treating effluent 
containing dyes are still in an evolutionary phase. 
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Thus, the present work aims to evaluate the removal 
of Acid Blue 277 and Acid Black 172 dyes from 
aqueous solutions by adsorption using magnetic 
iron oxide particles in comparison to a simultane-
ous process of adsorption and biodegradation after 
immobilization of laccase enzymes on the magnetic 
particles. The laccases used were produced from the 
fungus Trametes villosa and agro-industrial residue. 
Furthermore, kinetic studies were also carried out 
in order to elucidate the interaction between the dye 
and the particle.

2  Materials and Methods

2.1  Materials

The iron (II) sulfate heptahydrate  (FeSO4.7H2O) 
(purity ≥ 99%) used to prepare  Fe3O4 magnetic par-
ticles, (3-aminopropyl) triethoxysilane (APTES) 
(purity ≥ 99%) used to laccase immobilization, and 
2,2′-azino-bis (3-ethylbenzothiazolin -6- sulfonic 
acid) (ABTS) (purity ≥ 98%) used to activity assay 
of laccase were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). The other reagents and solvents 
used are all analytical grade. A textile industry 
located in Curitiba, PR, Brazil, kindly provided the 
samples of textile dyes.

2.2  Microorganism, Culture Conditions, and Enzyme 
Extraction

Trametes villosa was obtained from the Culture Col-
lection of the Biotechnology Laboratory at the Fed-
eral University of Technology—Paraná, Curitiba, PR, 
Brazil. The fungus was cultured on potato dextrose 
agar (PDA) medium Petri dishes at 28 °C for 7 days.

The enzymatic extract was produced by semisolid 
cultivation in triplicate. The cultivation consisted of 
a semisolid fermentation containing the inoculum 
on 50  mL of culture medium. The inoculum was 
three plugs of fungal mycelium, measuring 10  mm 
in diameter. The semisolid culture medium was pre-
pared to contain: 50 mL of glucose solution 10 g  L−1; 
 KH2PO4  3  g   L−1; 0.50% peptone; agro-industrial 
waste as a carbon source (rice husk 1%; Bordô grape 
bagasse 0.50%; 2 g sugarcane bagasse) and metal ions 

as inducers (2 mL of  MnSO4,  CuSO4,  FeSO4,  ZnSO4 
and MgSO at 25 mmol  L−1) (Riedi 2019).

The culture medium was autoclaved for the fungus 
inoculation and was incubated at 28  °C for 7  days. 
After the incubation period, the medium was filtered 
(paper Framex, 11 cm in diameter) and centrifuged at 
8000 rpm and 10 °C. The supernatant was used as the 
enzymatic extract.

2.3  Preparation of Magnetic Particles

The magnetic particles of iron oxide (PMag) were 
produced using 1  g of  FeSO4.7H2O, dissolved in 
100 mL of distilled water. A sodium hydroxide solu-
tion (NaOH, 1 mol  L−1) was added slowly, with con-
tinuous stirring, until the pH reached a value range of 
10 to 12. During this process, iron precipitates were 
formed, the volume was adjusted to 200  mL with 
distilled water and heated in a domestic microwave 
(Panassonic, NN5658BH-Manaus, AM, Brazil) at 
maximum power (1100  W) for 10  min (Pospiskova 
et al., 2013). The suspension of magnetic iron oxide 
particles formed was carefully washed with distilled 
water to neutralize the pH, using a magnetic field 
(magnet) to separate the supernatant particles. Subse-
quently, the particles were dried in an oven at 50 °C 
and scraped and crushed.

2.4  Laccase Immobilization

For the immobilization of laccases in PMag, the 
particles surface was functionalized with func-
tional groups that facilitate the connection between 
the enzymes and the support. For that, we used the 
methodology adapted from Wang et  al. (2018), 
where 25  mg of PMag were dispersed in a solu-
tion containing 5  mL of absolute ethyl alcohol PA, 
0.1  mL of APTES, 0.5  mL of distilled water and 
were kept under stirring in a shaker incubator (Solab 
SL 222-Piracicaba, SP, Brazil) for 12  h, 28  °C, and 
180 rpm.

After silanization with APTES, the PMag was 
added in a glutaraldehyde solution (6.0%) and 
remained under stirring for 3 h at 28 °C and 180 rpm. 
Using a magnet, three washes were carried out with 
distilled water to remove excess glutaraldehyde (Q. 
Wang et  al., 2018). After this process, functional-
ized magnetic particles (PMag-func) were obtained. 
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For enzymatic immobilization, PMag-func (25  mg) 
was added to a solution (10  mL) containing laccase 
enzymes, under different conditions (0.1, 0.3, and 
1.0 U  mL−1) diluted in 50 mmol  L−1 sodium acetate 
buffer pH 5, under stirring at 180 rpm and 28 °C for 
3 h. Finally, the enzymes immobilized on the PMag-
func (Lac-PMag) were magnetically separated from 
the supernatant and washed three times with the 
respective buffer to determine its enzymatic activity. 
The enzyme activity of the supernatant was also cho-
sen to assess the amount of non-immobilized laccase.

2.5  Activity Assay of Laccase

Laccase activity was measured using a UV–vis-
ible spectrophotometer (UV-M51 BEL Engineering 
S.R.L—Monza, MB, Italy) at a fixed wavelength 
of 420  nm by monitoring the oxidation of ABTS. 
The methodology used was adapted from Hou et  al. 
(2004), where 100 µL of the sample was added to a 
test tube with 1.7  mL of 50  mmol  L−1 sodium ace-
tate buffer pH 5 and 200 µL of a 10 mmol  L−1 ABTS 
solution, remaining in a water bath for 5 min at 40 °C. 
Activity measures were performed in duplicate, and a 
unit of enzyme activity (U) was defined as the amount 
of enzyme required to oxidize 1  μmol of the ABTS 
substrate per minute.

2.6  Evaluation of Parameters of Immobilization

To describe the efficiency of enzymatic immobiliza-
tion, the parameters immobilization yield (IY) (Eq. 1) 
and recovered activity (AR) (Eq. 2) were used:

where Ai = activity of the enzyme provided for 
immobilization (U); Af = activity of the enzyme in 
the supernatant (U); Ar = activity of the immobilized 
enzymes (U  g−1); and At = total activity provided for 
immobilization (U  g−1).

(1)IY(%) =

(

A
i
− A

f

A
i

)

× 100

(2)AR(%) =

(

A
r

A
t

)

× 100

2.7  Stability of Free and Immobilized Laccase

The effect of pH on the activity of free and immo-
bilized enzymes was determined using the ABTS 
assay at different pH values (3–7). The buffers used 
were 50  mmol  L−1 sodium tartrate pH 3, 50  mmol 
 L−1 sodium acetate pH 4–5, and 50 mmol  L−1 sodium 
phosphate pH 6–7. To evaluate the operational sta-
bility of the immobilized enzymes, five consecu-
tive active cycles of ABTS oxidation reaction were 
evaluated. After each reaction, the immobilized lac-
cases were separated using a magnet and washed 
three times with 50 mmol  L−1 sodium acetate buffer 
pH 5 before being reused. To determine storage sta-
bility, free and immobilized enzymes were stored 
in 50 mmol  L−1 acetate buffer pH 5 in a refrigerator 
(-4  °C) for 30  days and 8  months. For all stability 
tests, the calculation of relative activity was used.

2.8  Characterization

The morphology and size of the particles were char-
acterized by transmission electron microscope (TEM, 
Jeol, JEM 1200EX-II, Tokyo, Japan) and scanning 
electron microscope with coupled energy-dispersive 
X-ray spectrometry (SEM/EDS, Tescan, Vega3 LMU, 
Brno, Czech Republic). Mid-infrared spectra (MIR-
ATR) were recorded within a wavenumber range 
from 4000 to 650  cm−1 on a MIR-ATR spectrometer 
(Varian, 640-IR Santa Clara, California) by the atten-
uated total reflection (ATR) method.

2.9  Removal of Textile Dyes

2.9.1  Adsorption of Dyes by Magnetic Particles

(a) Effect of pH and Temperature
The tests were performed containing 10  mL of 
the dye solution and 25 mg of PMag, incubated at 
180  rpm. Initially, different initial pH conditions 
(3, 4, 5, 6, and 7) were evaluated at a fixed tem-
perature of 30 °C, dye concentration of 50 mg  L−1, 
and a reaction time of 4  h. The pH was adjusted 
using 0.1  mol  L−1 hydrochloric acid solution 
(HCl) and 0.1 mol  L−1 sodium hydroxide solution 
(NaOH). The initial conditions defined for the tests 
were adapted from Semião et al. (2020). All tests 
were performed in triplicate and with dye controls 

512   Page 4 of 18



Water Air Soil Pollut (2021) 232: 512

1 3

without the presence of PMag. The temperature 
effect was evaluated by varying the temperature 
(25, 35, 45, and 55 °C) of the adsorption process. 
For this purpose, the same initial conditions were 
used at the pH that obtained the best color removal 
results for each dye. The supernatant concentration 
of residual dyes was analyzed using a UV–visible 
spectrophotometer (UV-M51 BEL Engineering 
SRL-Monza, MB, Italy) at wavelengths 612 and 
576  nm for Acid Blue 277 and Acid Black 172, 
respectively. To calculate the dye concentration 
present in the supernatant, calibration curves were 
performed with concentrations ranging between 10 
and 200 mg  L−1.
(b) Adsorption Kinetics
For adsorption tests, 25 mg of PMag were added 
in 10  mL of dye solution at pH 3 and a concen-
tration of 50  mg  L−1. The flasks were incubated 
at 180 rpm and temperature of 30 °C. In reaction 
times 0, 5, 30, 60, 90, 120, 150, 180, 210, 240, 
270, and 300  min, using a magnet to separate, 
analyses of the concentration of residual dye in 
the supernatant were performed in a UV–vis-
ible spectrophotometer, as described in “Sec-
tion 2.9.1.a.” The experimental tests were carried 
out in triplicate. The results obtained were adjusted 
to the pseudo-first and pseudo-second-order mod-
els, Elovich and intraparticle diffusion, aiming to 
demonstrate which model the data fit and, conse-
quently, to evaluate which model best describes 
the process that occurred. The equations for the 
respective models are shown in Table  1 (Supple-
mentary Information).
(c) Adsorption Isotherms.
After the equilibrium time was determined, stud-
ies of the adsorption isotherms were carried out 
from the kinetics data. Therefore, 25 mg of PMag 
were added in 10 mL of different dye solution con-
centrations (10, 25, 50, 75, 100, and 150 mg  L−1) 
and incubated in a shaker at 180 rpm, 30 °C, until 
they reached equilibrium time. The concentration 
of residual dye in the supernatant was analyzed as 
described in “Section  2.9.1.a.” The experimental 
data obtained were adjusted to the Langmuir, Fre-
undlich, Sips, and Temkin isotherm models. The 
equations of the respective models are also shown 
in Table 1 (Supplementary Information).

2.9.2  Simultaneous Adsorption and Biodegradation 
of Dyes by Laccases Immobilized on Magnetic 
Particles

The adsorption and simultaneous biodegradation 
tests were performed in a 50  mL Erlenmeyer, con-
taining 10  mL of the dye solution and 25  mg of 
Lac-PMag (0.3 U  mL−1 of laccase in 25 mg of par-
ticles) at 180  rpm in an incubator shaker. To assess 
the possible interferences of the enzymatic immobi-
lization process in the removal of the dyes, all tests 
were also performed with PMag (magnetic particles), 
with PMag-func (magnetic particles after the process 
of functionalization with APTES, glutaraldehyde, 
and without the addition of enzymes), and with free 
enzymes (laccase enzyme extract) (0.3 U  mL−1).

(a) Effect of pH and Temperature
The tests that evaluate the effect of pH and temper-
ature on the simultaneous adsorption and biodeg-
radation process were carried out for the different 
conditions described above, using the methodol-
ogy described for PMag in “Section 2.9.1.a.”
(b) Effect of Reaction Time
The effect of time on removing dyes by adsorption 
and biodegradation were evaluated under the con-
ditions described initially, at pH 3 and concentra-
tion of dyes of 50 mg   L−1. The flasks were incu-
bated in a shaker at 180 rpm and 30 °C. The flasks 
were removed at times 5, 30, 60, 90, 120, 150, 180, 
210, 240, 270, and 300 min and then, using a mag-
net, analyses of the concentration of residual dyes 
in the supernatant were carried out in a spectro-
photometer, according to “Section 2.9.1.a.” Exper-
imental tests were performed in triplicate.
(c) Effect of Initial Concentration of Dyes
After the equilibrium time was determined, based 
on data from the study of the effect of reaction time 
on removing dyes, studies were carried out evalu-
ating the interference of the initial concentration 
of dyes. The tests were carried out under the con-
ditions described initially, assessing the different 
concentrations of dyes (5, 10, 25, 50, 75, 100, 125, 
150, 200, and 300  mg   L−1), and the pH adjusted 
to 3. The flasks were incubated in a shaker at 
180 rpm and 30 °C until they reached equilibrium 
time. With the aid of a magnet, the particles were 
separated from the supernatant analyzed to assess 
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the concentration of residual dye, in a UV–visible 
spectrophotometer, according to “Section 2.9.1.a.”

2.9.3  Statistical Analysis

The data obtained was expressed as mean ± standard 
deviation, and statistical analyses were performed 
using Origin ™ 8.5/2010 software. Tukey test was 
used to determine the significant differences in the 
sample means in a 95% confidence interval (p ≤ 0.05). 
The experimental data fitting to non-linear models 
was carried out using the Origin ™ 8.5/200 software, 
at he determination coefficient (R2) and chi-squared, 
SSR were used to define the best fit.

3  Results and Discussion

3.1  Production of Trametes villosa Laccase on 
Semisolid-State Fermentation

The laccase enzymes of Trametes villosa were pro-
duced under a semisolid-state fermentation, using an 
enriched culture medium previously studied by our 
group. Medium-induced laccase production with high 
enzymatic activity (17,000 U  L−1) was used. This 
enriched medium, containing agro-industrial residues 
as carbon source and metal ions as inducers, provides 
nutrients similar to the natural growth medium of 
basidiomycetes, enabling the production of laccases 
with high enzymatic activity.

In addition to supplying the lignocellulosic sub-
strates necessary for fungal fermentation and conse-
quent induction of laccase enzyme production, the 
process adds value to these residues. This use mini-
mizes the environmental impact caused by the dis-
posal of residues in nature. Thus, this process uses 
a low-added value product to produce another with 
high-added value (laccase enzymes) (Akpinar & 
Ozturk, 2017; Alexandrino et al., 2007).

The use of trace elements in the culture medium 
to produce fungal laccases is also reported in the lit-
erature to increase enzyme activity. Knezevic et  al. 
(2014) used the trace elements  Mn2+,  Cu2+,  Zn2+, 
and  Fe2+ to produce laccase enzymes from the fun-
gus Trametes gibbosa. The authors report that at ideal 
concentrations, these elements stimulated an increase 
in laccase enzymatic activity. The authors also 

indicate that the positive impact on enzyme activity 
using some  Mn2+ concentrations can be explained by 
the induction of gene transcription, which was also 
reported by Piscitelli et al. (2011).

3.2  Synthesis of Magnetic Particles and Laccase 
Immobilization

The color change of Fe solution after adjusting the pH 
to the range of 11–12 characterized Fe’ precipitation 
to form particles. After the microwave heat treatment, 
washing, and drying processes, the particles acquired 
magnetic properties, confirmed by the attraction 
using an applied magnetic field (magnet).

Bruce et al. (2004) report that iron oxides vary in 
color, and this can be used as an aid in their identifi-
cation and purity in some cases. Thus, according to 
the black color, the magnetic particles (PMag) syn-
thesized in this study were predominantly magnetite.

These characteristics of iron oxide particles, 
mainly the easy separation due to magnetic proper-
ties, make magnetic carriers suitable candidates for 
applications in the bioprocess industry, such as enzy-
matic immobilization (Kopp et al., 2015; Mohammed 
et al., 2017).

Before the immobilization of laccase enzymes, 
PMag was modified using APTES to add amino 
groups to the particle surface, a process called 
silanization. Silanization is a reaction of organosi-
lane compounds with the surface of PMag. The gen-
eral formula for silanes is Y  (CH2)nSi(OR)3, Y being 
an organofunctional group (–CH =  CH2, –Cl, –NH2 
or –N = C = O), and OR an alkoxy group (–OCH3 or 
–OC2H5). The (OR)3 groups form a covalent bond 
between the silane molecules and the hydroxyls pre-
sent on the surface of PMag, where these groups 
hydrolyze to form silanols groups (Si–OH) (Albu-
querque et al., 2017).

APTES provided amino groups that reacted with 
the glutaraldehyde aldehydes (crosslinking agent 
added later) on the other side of the chemical bond. 
This connection formed a Schiff base with the 
groups from chemical amination and thus obtained 
PMag-func. A terminal aldehyde group was pro-
vided after these bonds, where laccase enzymes 
were attached (Wang et al., 2018), forming the Lac-
PMag. This entire process is represented in Fig. 1.

PMag showed efficiency to immobilize laccase 
enzymes with better immobilization yield (IY) for 
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the lowest initial enzyme conditions, 99.84 ± 0.18% 
when used 0.3 U  mL−1 of laccase and 99.55 ± 0.20% 
when used 0.1 U  mL−1 (Table  1). The increase of 
initial enzyme concentration on immobilization 
reduced the immobilization yield. This is probably 
due to the saturation of PMag binding sites. Some 
laccase molecules found free active sites to bind, 
and those that did not bind to the support remained 
in the supernatant. A similar condition has been 
reported in previous studies (Wu et al., 2019).

Although the IY presents statistically equal values 
for the two lowest initial laccase conditions, the con-
dition of 0.3 U  mL−1 was defined to assess the fol-
lowing immobilization tests. This condition was cho-
sen by using a more significant amount of enzyme per 

gram of support without wasting laccase enzymes in 
the supernatant.

The recovered activity (AR) of immobilized 
enzymes was higher at the lowest initial enzyme 
concentrations. In several studies, the enzymatic 
immobilization process shows low laccase recov-
ery. However, it generally presents improvements in 
operational stability and against denaturing agents 
(Fernández-Fernández et al., 2013).

The covalent bond, used in the laccase enzyme 
immobilization process to form Lac-PMag, gener-
ates strong bonds between the enzyme and the sup-
port, allowing easy manipulation and reuse without 
enzyme leaching (Moreira et  al., 2017). However, 
this type of bond can present a modification of lac-
case structure, mainly at the immobilized enzyme 
active site, contributing to the low activity recovered 
(Fernández-Fernández et al., 2013).

Fortes et  al. (2017) reports that the increase in 
activity recovered with the decrease in enzyme 
concentration indicates support saturation due to 
the excess of the enzyme in solution. Wang et  al. 
(2013) and Jiang et  al. (2009) who performed lac-
case immobilization studies on mesoporous silica 
nanoparticles and magnetic nanoparticles, respec-
tively, also reported a decrease in activity recovered 
with an increase in the initial enzyme concentration. 
The authors describe that a barrier to limiting mass 

Fig. 1  Scheme of immobi-
lization of laccase enzymes 
on magnetic particles of 
iron oxide. PMag, magnetic 
particles; PMag-func, func-
tionalized magnetic par-
ticles; Lac-PMag, laccase 
immobilized on magnetic 
particles

Table 1  Immobilization yield and activity recovered of lac-
case enzymes for three initial conditions evaluated

IY, immobilization yield; AR, activity recovered. Different let-
ters in the same column represent a significant difference at 
95% (p < 0.05, Tukey’s test).

Initial conditions (U 
 mL−1)

IY (%) AR (%)

0.1 99.55a ± 0.20 46.18a ± 0.77
0.3 99.84a ± 0.18 36.24b ± 0.21
1.0 81.01b ± 1.97 18.73c ± 0.11
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transfer may occur due to saturation, which leads to 
interactions between one protein and another and 
inhibits the flexibility of protein conformation.

The effect of pH on the activity of free and immo-
bilized enzymes is shown in Fig. 2a. The optimal pH 
was 3 for both evaluated forms. Free and immobilized 
laccases showed a high reduction in enzymatic activ-
ity when the pH increased. The relative activity of the 
immobilized enzyme was lower than that of the free 
enzyme.

The decrease in relative activity may occur 
due to modifications in the enzyme structure dur-
ing the immobilization process. At high pH values, 
enzymes can be denatured because the protein struc-
ture depends on the ionization of the amino acid side 
chains. Denaturation is a change in the dimensional 
form that can cause the loss of protein function. 
At extreme pH values, the net charge of proteins is 
altered, which causes an electrostatic repulsion and, 
consequently, hydrogen bonds break (Nelson, D. L., 
Cuchillo Foix, C. M., Lehninger, A. L., & Cox, M. 
M. 2005).

The operational stability of immobilized enzymes 
was evaluated through 5 consecutive operating 
cycles (Fig. 2b). The first cycle showed lower enzy-
matic activity due to the reaction that occurs with the 

chosen support for immobilization. PMag has adsorp-
tion capacity and, therefore, in the first cycle, the 
ABTS reaction product was adsorbed by the particles, 
resulting in less substrate degradation by immobi-
lized enzymes. From the second operating cycle, the 
PMag-binding sites were saturated. Thus, the ABTS 
reaction product was not adsorbed, being released to 
the reaction medium, allowing the colorimetric read-
ing to measure enzyme activity.

A gradual decline in the enzymatic activity of 
immobilized laccases was observed from the third 
cycle until the next two operating cycles. In the fifth 
cycle, the immobilized enzyme retained 41.00% of 
its initial activity. This decrease has already been 
observed in other studies and can be attributed to 
enzymes gradual denaturation. In this case, the immo-
bilized enzymes desorption is discarded because 
the bonds between enzyme and support are covalent 
bonds, which characterizes substantial and irrevers-
ible bonds (Fortes et al., 2017).

Compared with other works, the Lac-PMag pre-
sented reasonable operational stability. Ladole et  al. 
(2020) reported that laccase immobilized on peroxi-
dase mimicking magnetic metal organic frameworks 
(MMOFs) can retain 89.00% of their initial activity 
after 10 cycles of reuse. In the study by Z. Li et  al. 

Fig. 2  Effect of pH on 
enzymatic activity of free 
and immobilized laccase 
(a), operational stability of 
immobilized laccase (b), 
and storage stability of free 
and immobilized laccase 
at − 4 °C (c). Different 
letters in the same graph 
represent a significant dif-
ference at 95% (p < 0.05, 
Tukey’s test)
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(2020), laccases immobilized on  Fe3O4@C-Cu2+ 
nanoparticles maintained 61.00% of their enzyme 
activity after 10 consecutive reuses. Other studies 
have also reported high stability after several operat-
ing cycles. The difference in the results reported in 
the literature can be related to the support and meth-
ods used in enzymatic immobilization, as well as the 
operational parameters used to carry out the different 
cycles.

For industrial applications, it is crucial that the 
immobilized laccase maintains high enzymatic activ-
ity for several operational cycles and, at the same 
time, that the process is easy to reuse (Wong et  al., 
2019). Thus, due to the practical reuse of the immo-
bilized enzyme through the application of an external 
magnetic field and the possibility of using it during 
several cycles, this study demonstrates the high appli-
cation potential of Lac-PMag.

Stability and enzyme activity are naturally reduced 
throughout storage. In this study, free and immobi-
lized laccase stability were evaluated, stored at − 4 °C 
for 30  days (Fig.  2c). The immobilized enzyme 
retained 94.28 ± 0.01% of its initial activity, while the 
free enzyme had 87.46 ± 0.01% of its initial activity 
after 30 days of storage. Thus, the immobilization did 
not reduce the stability of laccase enzymes. In the test 
performed with the immobilized enzyme stored for 
8 months, high catalytic activity was maintained, with 
91.00 ± 0.02% of the initial activity at the end of the 
test.

Chhabra et  al. (2015) immobilized laccase 
enzymes in poly vinyl alcohol (PVA) based beads 
and obtained 80.00% activity of the laccase enzymes 
maintained after 4 months of storage. In the study by 
D. Zhang et al. (2017), laccases immobilized in  Fe3O4 
nanoparticles maintained 89.00% of the enzymatic 
activity after 40 days stored in a buffer. In this study, 
immobilized laccases also demonstrated advantages 
over free enzymes, which maintained 48.00% of the 
original activity.

Storage stability is a significant parameter for 
enzymatic biocatalysts applied in biotechnologi-
cal processes (Fortes et  al., 2017). According to the 
results obtained, Lac-PMag showed high storage sta-
bility, further elucidating their potential to degrade 
different compounds. In addition, the high storage 
stability of Lac-PMag could reduce costs for indus-
trial applications.

3.3  Characterization of Magnetic Particles and 
Products Obtained After Laccase Immobilization

The morphology of PMag was evaluated using 
TEM. Figure  3a–b shows that the particles had het-
erogeneous nanometric and micrometric sizes and are 
agglomerated due to their magnetic properties. Thus, 
due to the state of aggregation and the heterogeneity 
in particle size, it is difficult to accurately measure the 
average size of PMag, so it was defined that a mixture 
of nanoparticles and microparticles was obtained.

SEM analysis (Fig.  3c–f) was used further to 
characterize the surface topography of the PMag 
and PMag-func. Comparing Fig.  3e and 3f, changes 
were observed in the surface of PMag after the treat-
ment used for laccase immobilization. The function-
alization process with glutaraldehyde and APTES 
modified the surface of the particles into a smoother 
surface.

Several methods are used to coat micro and nano-
particles to protect the iron oxide nuclei from corro-
sion and prevent particle agglomeration. Generally, 
chemical treatment or particle modification with pol-
ymers is carried out for the manufacture of magnetic 
materials (Zia et al., 2016). Studies report the conver-
sion of particles surface with the addition of differ-
ent types of functional groups, using reagents such 
as carboxylatopylar [5] arene (H. Zhang et al., 2019), 
2-bromoisobutyryl bromide, and 3-aminopropyltri-
ethoxysilane (Yang et al., 2019), N [3 (trimethoxysi-
lyl) propyl] ethylenediamine (Sahoo et al., 2019), poly 
glycidyl methacrylate (Guo et al., 2019), and APTES 
(Cui et  al., 2018). This is a considerable method to 
improve magnetic particle performance and extend 
their applications, both for enzymatic immobilization 
and to increase the adsorption of different compounds 
(H. Zhang et al., 2019).

EDS microanalysis provided qualitative analyses 
of chemical elements distributed on the particles sur-
face (Table 2-Supplementary Information). The char-
acterization by EDS confirmed the presence of iron 
(56.10%), oxygen (25.40%), carbon (17.40%), silicon 
(0.80%), manganese (0.20%), and sulfur (0.10%) in 
PMag, indicating that the production of  Fe3O4 parti-
cles was successful. The presence of these elements 
was also confirmed in the Lac-PMag sample, except 
for manganese. These results indicated that the  Fe3O4 
structure was not affected or oxidized by the immo-
bilization reactions. When comparing the PMag 
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elements with the elements found in the Lac-PMag, 
the presence of chlorine (0.20%) and phosphorus 
(0.20%) was detected in the Lac-PMag sample. These 
elements result from the process and reagents used 
to immobilize the laccase enzymes in the magnetic 
particles.

MIR-ATR spectroscopy of PMag, PMag-func, and 
Lac-PMag (Fig. 4) was used to confirm the presence 

of the amino-terminal group in the particles after the 
functionalization process. Broadband is observed in 
the 3600–3000   cm−1 range in the PMag spectrum, 
which can be attributed to the stretching of a hydroxyl 
group (O–H) (Mate & Mishra, 2020). Also, the band 
at 1643  cm−1 is attributed to OH bending (Nalbandian 
et al., 2015). The bands at 2902 and 2836  cm−1 indi-
cate the stretching vibrations of symmetrical and 

Fig. 3  TEM images of 
magnetic particles (PMag) 
with magnifications of 
8000 × (a) and 40,000 × (b); 
SEM images of PMag with 
magnifications of 500 × (c); 
functionalized magnetic 
particles (PMag-func) with 
magnifications of 500x (d); 
PMag with magnifications 
of 5000 × (e), and PMag-
func with magnifications of 
5000 × (f)
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asymmetric elongation of C–H existing in  CH2 and 
 CH3 (Jiang et  al., 2009). The band 1330   cm−1 is 
assigned to the C\N framework, the bands 892 and 
1108   cm−1 represent the Si–O bond (Jiang et  al., 
2009).

After the functionalization process (PMag-func) 
and the immobilization of laccase enzymes (Lac-
PMag), the bands described above were modi-
fied, decreasing their intensity. A band emerged at 
1587  cm−1 that corresponds to the N–H vibration pre-
sent in  NH2 (Fortes et al., 2017; Kashefi et al., 2019). 
Therefore, it can be inferred that the binding of amino 
groups on particles’ surface to form PMag-func and 
Lac-PMag is confirmed.

3.4  Adsorption Experiment

3.4.1  Effect of Initial pH and Temperature

In adsorption, the pH of dye solution significantly 
influences the reaction due to its interference in 
the adsorbent surface properties and the ionization 
and dissociation of the dye molecules. The effect 
of pH on the adsorption of dyes by PMag is illus-
trated in Fig.  1a (Supplementary Information). For 
Acid Blue 277 dye, the removal efficiency decreases 
from 85.20 ± 1.70% to 4.70 ± 2.65% when the pH 
of the solution increased from 3 to 5. At pH 6 and 
7, the dye was not removed from the solution. For 

Acid Black 172 dye, at pH 3, the discoloration was 
94.80 ± 2.25%, gradually decreasing to 46.00 ± 1.86% 
at pH 7. The lower adsorption rate of dyes in alka-
line medium occurs due to competition of the excess 
of OH ions with the anionic dye molecules for the 
adsorption sites (Wang et al., 2015).

The effect of temperature on the adsorption of dyes 
was evaluated for temperatures 25, 35, 45, and 55 °C 
(Fig. 1b-Supplementary Information). The adsorption 
of Acid Blue 277 by PMag showed better results at 
lower temperatures 25 and 35 °C, with 75.40 ± 1.03% 
and 78.00 ± 0.84% removal efficiency. For Acid Black 
172 dye, there were no significant changes in dye 
removal for the different temperatures, ranging from 
93.40 ± 0.50% at 25  °C to 96.00 ± 0.67% at 55  °C. 
To continue the tests, we chose to use 30 °C for both 
dyes. This temperature is the average temperature of 
25 and 35  °C, which showed less variation for both 
dyes; moreover, it is an initial temperature used in the 
adsorption processes (Semião et al., 2020).

3.4.2  Adsorption Kinetics

The adsorption kinetics of Acid Blue 277 and Acid 
Black 172 dyes by PMag was investigated using 
25  mg of adsorbent in 10  ml of dye solution at an 
initial concentration of 50  mg  L−1. The adsorption 
capacity of both dyes increased rapidly until they 
reached the kinetic equilibrium time in 120  min of 
reaction. At this time, the removal efficiency for used 
conditions was 17.21 ± 0.06  mg   g−1 (76.51 ± 0.26%) 
and 20.37 ± 0.11  mg   g−1 (94.42 ± 0.50%) for Acid 
Blue 277 and Acid Black 172 dyes, respectively. 
The rapid adsorption at the beginning of the adsorp-
tion process is attributed to large functional groups 
present on the surface of the particles (Zheng et  al., 
2019a, 2019b).

Compared to some dye adsorbents reported in lit-
erature, such as magnetic chitosan microparticles (P. 
Wang et  al., 2015; C. Zheng et  al., 2019a, 2019b), 
nanocomposite (Y. Li et  al., 2019), magnetic micro-
particles (Long et  al., 2017), and polymer nanopar-
ticles (Mohammadikish & Jahanshiri, 2020), PMag 
can achieve the kinetic equilibrium of adsorption in 
a similar or relatively shorter time. Thus, this adsor-
bent material has great potential for application in the 
treatment of effluents to remove dyes.

The adsorption kinetics was described using 
pseudo-first-order, pseudo-second-order, Elovich, and 

Fig. 4  MIR-ATR spectroscopy of magnetic particles (PMag), 
functionalized magnetic particles (PMag-func), and laccase 
immobilized on magnetic particles (Lac-PMag)
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intraparticle diffusion. The relevant kinetic parame-
ters and graphs are shown in Table 3 (Supplementary 
Information) and Fig. 2a-b (Supplementary Informa-
tion), respectively.

The pseudo-second-order model presented coeffi-
cients of determination (R2) values close to 1, indicat-
ing that this model can correlate the adsorption kinet-
ics data of both dyes. Using the intraparticle diffusion 
model, the adsorption data did not present a good fit, 
which means that the intraparticle diffusion was not 
the rate control step. The pseudo-second-order model 
describes that the rate-limiting phase can be charac-
terized by chemical sorption involving valence forces 
through the sharing or exchange of electrons between 
the adsorbent material (PMag) and the adsorbate 
(dyes) (Wang et al., 2015).

In the study by Zhang et  al. (2019), the kinet-
ics was also described by the pseudo-second-order 
model. Furthermore, the authors also obtained a 
faster adsorption rate than other magnetic adsor-
bents, 90.00% of the adsorption occurred within the 
first 5  min, identifying the adsorbent as a material 
with ultra-fast adsorption performance. In the present 
study, PMag removed more than 80.00% of the two 
dyes during the first 30  min, demonstrating that the 
adsorption capacity of PMag is also quite fast.

3.4.3  Adsorption Isotherms

To investigate the PMag adsorption performance for 
the two dyes, the adsorption equilibrium isothermal 
models using different initial dye concentrations were 
evaluated at 30  °C. These models describe the rela-
tionship between equilibrium adsorption capacity and 
equilibrium concentration.

The removal efficiency was higher at lower con-
centrations of dyes, which occurs due to the satura-
tion of binding sites of PMag with the increase in 
the concentration of dye in the solution. At the ini-
tial concentration (10  mg  L−1), the removal effi-
ciency for Acid Blue 277 dye was 4.73 ± 0.12 mg  g−1 
(99.0 ± 2.41%) and for Acid Black 172 dye it was 
4.77 ± 0.05 mg  g−1 (98.0 ± 1.06%). The data obtained 
(Fig. 2c-d-Supplementary Information) was analyzed 
using Freundlich, Langmuir, Sips, and Temkin iso-
thermal models.

As shown in Table  4 (Supplementary Informa-
tion), the Sips model presented the highest determi-
nation coefficients (R2) to remove both dyes. This 

model offers a combination of Langmuir and Freun-
dlich models, considering that at low concentrations 
of adsorbate, the adsorption behavior is described 
in the Freundlich model. In high concentrations of 
adsorbate, the adsorption occurs in the monolayer, 
which Langmuir isotherm describes. According to 
the Sips model, the maximum adsorption capac-
ity was 20.142  mg   g−1 for Acid Blue 277 dye and 
36.702 mg  g−1 for Acid Black 172 dye.

Studies report magnetic particles associated with 
other materials or pretreatment with greater dye 
adsorption capacities in literature. The maximum 
adsorption capacity for Food Yellow 3 and Acid Yel-
low 23 dyes using magnetic chitosan microparticles 
was 357.140  mg   g−1 and 116.128  mg   g−1, respec-
tively (C. Zheng et al., 2019a, b). For  Fe3O4 magnetic 
nanoparticles adsorbent modified with carboxylatopy-
lar [5], the maximum adsorption capacity for Meth-
ylene Blue dye was 136.29  mg   g−1 and for Crystal 
Violet dye was 140.26 mg  g−1 (H. Zhang et al., 2019). 
However, the adsorbent evaluated in this study has a 
simple and easy-to-apply methodology compared to 
other magnetic adsorbents, presenting this advantage 
to be used in dye removal.

Adsorbent materials with reduced size are effi-
cient in adsorption processes due to the large sur-
face area, which provides a large surface area/vol-
ume ratio when compared to adsorbent materials on 
a macro scale. Consequently, smaller particles will 
have more active sites available, favoring the capac-
ity for adsorption of dyes (Do Nascimento et  al., 
2014). Therefore, the PMag used in this study showed 
efficiency in the adsorption of acid dyes with more 
than 95.00% removal efficiency of dyes in their ideal 
conditions.

3.5  Simultaneous Adsorption and Biodegradation 
Experiment

3.5.1  Effect of Initial pH and Temperature

The effect of pH and temperature on the removal of 
dyes was evaluated to define the best conditions for 
simultaneous adsorption and biodegradation. In tests 
with Acid Blue 277, Lac-PMag and PMag-func 
showed low variation in removal efficiency for the pH 
conditions evaluated (Table  5-Supplementary Infor-
mation). PMag only removed the dyes at pH 3, and 
free laccase showed a reduction of 15.00 and 21.00% 
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at pH 6 and 7, respectively. The efficiency of Acid 
Black 172 removal by Lac-PMag, PMag, and PMag-
func was higher at pH 3. The free laccase was more 
efficient at pH 4 and 5. Thus, pH 3 presented the best 
removal results for both dyes in the adsorption and 
biodegradation tests, so it was decided to carry out 
the following tests under this initial pH condition.

The removal tests of Acid Blue 277 and Acid 
Black 172 dyes, carried out at different tempera-
tures (Table  5- Supplementary Information), 
showed little difference for all conditions evaluated. 
Therefore, according to adsorption tests carried 
out previously, 30  °C was defined as the reaction 
temperature.

The effects of pH and temperature on the adsorp-
tion and biodegradation of dyes showed greater 
removal using PMag-func and Lac-PMa compared 
to PMag and free laccase. This factor indicates that 
the functionalization of particles with APTES and 
glutaraldehyde improved the dye removal process, 
as PMag-func and Lac-PMag were functionalized. 
Silanization with APTES inserts amino groups 
on the surface of the particle, and glutaraldehyde 
forms a “crosslink,” improving the binding of the 
dye molecules in the magnetic particles (Costa 
et al., 2019). The literature points out that modify-
ing the surface of magnetic particles on a nano- or 
micro-scale increases the particle-binding sites, 
which substantially favors the adsorption process of 
different compounds (H. Zhang et al., 2019).

3.5.2  Effect of Reaction Time

The effect of reaction time for removing dyes 
by simultaneous adsorption and biodegradation 
was evaluated to find an equilibrium time, where 

the removal of dyes reaches maximum capacity 
(Fig. 5).

For both dyes, the removal efficiency was higher 
when using PMag-func and Lac-PMag; in addi-
tion, the removal was more evident for the Acid 
Blue 277 dye. Dye removal was rapid in the first 
stage of the reaction, as shown in the slope of graph 
curves, and then gradually became linear. The equi-
librium time for all evaluated conditions was deter-
mined to be 120 min. At this time, Acid Blue 277 
dye was completely removed by PMag-func and 
Lac-PMag, while PMag and free laccase removed 
45.49 ± 0.64% and 62.70 ± 6.61%, respectively. For 
the Acid Black 172 dye, the removal in 120  min 
was 88.58 ± 0.21, 75.25 ± 2.12, 40.95 ± 3.69, and 
94.09 ± 1.35% for Lac-PMag, PMag, free laccase, 
and PMag-func, respectively.

Chhabra et al. (2015) obtained 70.00% decolori-
zation of a synthetic effluent containing the Acid 
Violet 17 dye in 120  h, using laccase enzymes 
immobilized in PVA in a packed bed column. Com-
pared with this result, the 120  min (2  h) obtained 
in this work as equilibrium time is significantly 
shorter, which facilitates the color removal pro-
cess and reduces process costs, optimizing time and 
using less energy.

In PMag-func, removal occurred by adsorption 
of dyes and was better than adsorption by PMag, 
due to its functionalization process. The laccase 
enzymes immobilized on the particles (Lac-PMag) 
did not show significant differences in dye removal 
compared to PMag-func. Thus, it is inferred that the 
adsorption process was limiting for the removal of 
dyes under the conditions evaluated, with an initial 
dye concentration of 50 mg  L−1.

Fig. 5  Effect of reaction 
time on the adsorption and 
biodegradation of the dyes 
Acid Blue 277 (a) and Acid 
Black 172 (b). Lac-PMag, 
laccase immobilized on 
magnetic particles; PMag, 
magnetic particles; PMag-
func, magnetic particles 
functionalized
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3.5.3  Effect of Initial Concentration of Dyes

The efficiency of adsorption and biodegradation 
simultaneous process was evaluated at different ini-
tial concentrations of dyes (Fig. 6). Using Lac-PMag, 
removal efficiency for Acid Blue 277 dye was 95.00% 
in 120 min at initial concentrations of 5, 10, 25, 50, 
and 75 mg  L−1. From a concentration of 100 mg  L−1, 
the removal of the dye gradually decreased until it 
reached 48.10 ± 1.12% at the initial concentration of 
300 mg  L−1.

For PMag-func the removal of Acid Blue 277 was 
similar. However, the removal in terms of the amount 
of dye removed per gram of particles used showed 
significant differences. At the highest initial dye con-
centrations, Lac-PMag demonstrated a greater abil-
ity to remove dyes per gram of Lac-PMag used. At 
concentrations of 200 and 300  mg  L−1, Lac-PMag 
removed 44.60 ± 0.17 and 52.72 ± 1.23  mg   g−1 of 
dye, respectively. PMag-func removed 38.71 ± 0.14 
and 4.94 ± 0.83 mg  g−1 for these same concentrations. 
When compared to PMag and free laccase, removal 
of Acid Blue 277 by Lac-PMag was also greater.

For Acid Black 172 dye, at lower concentra-
tions, dye removal was more significant with the 

use of PMag. At the highest dye concentrations, 
Lac-PMag removed 46.24 ± 1.74, 52.03 ± 0.09, and 
57.47 ± 2.38  mg   g−1 for concentrations of 150, 200, 
and 300  mg  L−1, respectively. The removal rates 
using PMag-func for these dye concentrations were 
31.56 ± 0.12, 25.01 ± 0.77, and 21.32 ± 1.91 mg  g−1.

According to the results obtained, it is evident that 
adsorption is the most efficient step in removing both 
dyes. PMag-func has high dye adsorption potential, 
mainly due to these particles surface functionaliza-
tion. However, when using Lac-PMag, it is inferred 
that by saturating the binding sites for dye adsorption, 
biodegradation of the remaining part of this dye pre-
sent in the solution occurs. At this stage of the pro-
cess, the action of laccase enzymes immobilized on 
the particles occurred, resulting in the simultaneous 
process of adsorption and biodegradation (Fig. 3-Sup-
plementary Information). Another possible mecha-
nism that may occur is the biodegradation by laccase 
enzymes of molecules adsorbed on the particles. 
In this case, the adsorption favors the access of the 
enzymes to these dye molecules, facilitating the con-
tact of the dyes with the active site of the enzymes, 
so that biodegradation occurs. In future studies, this 
mechanism can be observed to better elucidate how 

Fig. 6  Effect of the 
initial concentration on the 
adsorption and biodegrada-
tion of the dyes Acid Blue 
277 (a–b) and Acid Black 
172 (c–d). Lac-PMag, 
laccase immobilized on 
magnetic particles; PMag, 
magnetic particles; PMag-
func, magnetic particles 
functionalized
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the biodegradation process occurs, as well as what the 
products of this biodegradation are.

The authors Fan et al. (2017) evaluated adsorption 
and biodegradation of dye using the bacteria Pseu-
domonas putida linked to nanoparticles of  Fe3O4. The 
evaluated dye concentration decreased rapidly at first, 
indicating that adsorption by  Fe3O4 nanoparticles 
played a fundamental role, and those dye molecules 
were adsorbed from the solution. Subsequently, after 
an adsorption balance, dye biodegraded by the micro-
organism, complementing the dye removal process.

Simultaneous adsorption and biodegradation of 
dyes by laccases immobilized on support can pro-
mote dye molecules interaction with the active sites 
of laccases (Nguyen et al., 2016). Other studies have 
reported the immobilization of enzymes on supports 
with adsorption capacity. The authors emphasize that 
using these immobilized enzymes leads to more con-
sistent performance for removing contaminants due to 
the combined adsorption and biodegradation (Nguyen 
et al., 2016; Xu et al., 2013).

Most studies that evaluated laccases for biodegra-
dation of dyes used initial dye concentrations of up 
to 100 mg  L−1 (Chen et al., 2017; Daâssi et al., 2014; 
Dai et  al., 2016; Glam & Glam, 2016; Liu et  al., 
2016; Rong et  al., 2017; Sathishkumar et  al., 2014; 
Zheng et al., 2016). Therefore, the use of Lac-PMag 
to remove textile dyes, Acid Blue 277 and Acid Black 
172, is significant when used in high concentrations 
(> 100  mg   L−1) of dye, demonstrating the poten-
tial of Lac-PMag in adsorption and simultaneous 
biodegradation.

Antecka et  al. (2018) evaluated the simultane-
ous process of adsorption and biodegradation of 
dyes using laccases immobilized on  TiO2-ZrO2 and 
 TiO2-ZrO2-SiO2 oxide systems. Under the ideal process 
conditions, the authors obtained 100%, 91%, and 77% 
removal of Alizarin Red S (ARS), Remazol Brilliant 
Blue R (RBBR), and Reactive Black 5 (RB5) dyes, 
respectively, with an initial dye concentration of 5 mg 
 L−1. Comparing it with our study, we obtained similar 
removal results with much higher initial dye concen-
trations, demonstrating that Lac-PMag showed good 
results even at high dye concentrations.

Other studies reporting immobilized laccases as a 
material capable of adsorption and biodegradation of 
contaminants also obtained their best results at lower 
concentrations of contaminants. The results by D. 
Wang et al. (2021) showed the immobilized laccase on 

core–shell magnetic metal organic framework micro-
spheres can remove 100% of octylphenol polyethoxy-
late (OPEO) and 98.16% of nonylphenol polyethoxylate 
(NPEO) in 200  min, with an initial concentration of 
25 mg  L−1. Wu et al. (2019) showed 87.00% removal of 
2,4-dichlorophenol by immobilized laccase on amino-
functionalized magnetic metal organic framework, 
using an initial concentration of 10  mg  L−1. Despite 
these studies evaluating the removal of other types of 
contaminants, the comparison highlights that our study 
presents originality in evaluating and presenting good 
results in the adsorption and biodegradation in high ini-
tial concentrations of dyes.

Thus, at low dye concentrations, the degradation 
effect was relatively weak and the adsorption step 
was responsible for dye removal. For the highest con-
centrations, such as 300  mg  L−1, the simultaneous 
adsorption and biodegradation process proved to be 
efficient. Another essential factor in this study is the 
ability of free laccase to biodegrade dyes. Biodegra-
dation with free laccases when compared to dye bio-
degradation by Lac-PMag showed lower efficiency. 
However, although the efficiency was lower, the lac-
case enzymes used in this study are of low cost, as 
they are obtained in a non-commercial way and use 
agro-industrial residues in their production. The low 
cost, combined with the dye removal efficiency pre-
sented by Lac-PMag, presents a potential alternative 
for the treatment of textile effluents.

4  Conclusions

We studied the adsorption of textile dyes by magnetic 
particles and immobilization of laccase enzymes in 
these magnetic particles to evaluate the simultaneous 
process of adsorption and biodegradation. The PMag 
efficiently removed the dyes from the aqueous solu-
tions in an equilibrium time of 120 min and pH 3.0. 
The immobilization yield of laccase enzymes was 
99.84% after functionalization of the magnetic parti-
cles with APTES and glutaraldehyde. The immobi-
lized enzymes showed operational and storage stabil-
ity, with 41.29% of the initial enzymatic activity in 
the fifth cycle of reuse and 91.00% of the initial enzy-
matic activity after 8 months of storage. The removal 
of dyes by combined adsorption and biodegradation, 
using Lac-PMag, showed promising results when 
used in higher concentrations of the dyes. The results 
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indicate a removal capacity of 52.72 and 57.47  mg 
 L−1 for Acid Blue 277 and Acid Black 172, respec-
tively, at dye initial concentration of 300  mg  L−1. 
We concluded that Lac-PMag is an excellent alter-
native for the biotreatment of dyes present in aquatic 
environments.
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