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Pharmaceutical products (PPs) are considered as emerging micropollutans in
wastewaters, river and seawaters, and sediments. The biodegradation of PPs, such as
ciprofloxacin, amoxicillin, sulfamethoxazole, and tetracycline by enzymes in aqueous
solution was investigated. Laccase from Trametes versicolor was immobilized on silica
monoliths with hierarchical meso-/macropores. Different methods of enzyme
immobilization were experienced. The most efficient process was the enzyme covalent
bonding through glutaraldehyde coupling on amino-grafted silica monoliths. Silica
monoliths with different macropore and mesopore diameters were studied. The best
support was the monolith featuring the largest macropore diameter (20 µm) leading to the
highest permeability and the lowest pressure drop and the largest mesopore diameter
(20 nm) ensuring high enzyme accessibility. The optimized enzymatic reactor (150 mg) was
used for the degradation of a PP mixture (20 ppm each in 30ml) in a continuous recycling
configuration at a flow rate of 1 ml/min. The PP elimination efficiency after 24 h was as high
as 100% for amoxicillin, 60% for sulfamethoxazole, 55% for tetracycline, and 30% for
ciprofloxacin.

Keywords: silica monolith, laccase, water treatment, enzyme immobilization, pharmaceutic micropollutant, X-ray
micro-computed tomography

INTRODUCTION

Pharmaceutical products (PPs) are a group of hazardous contaminants found in wastewater in the
concentration range of (ng L−1–μg L−1) (Halling-Sørensen et al., 1998; Björlenius et al., 2018; Burns
et al., 2018). PPs can adversely impact both human health and aquatic life because of their
recalcitrant nature even at low concentrations (Carlsson et al., 2006). A large variety of PPs are
found in wastewater having different physicochemical properties; therefore, their removal from
wastewater is a big challenge and versatile treatment techniques need to be developed (Jones et al.,
2005; Bruce et al., 2010; de Jongh et al., 2012). Recently, advancement in wastewater treatment have
resulted in the development of new treatment technologies for PP removal such as membrane
separation, adsorption onto activated carbon, and advanced oxidation processes (AOPs)
(Grandclément et al., 2017; Rajapaksha et al., 2019; Rocha et al., 2020).
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Recently, oxidoreductase enzymes have been employed for the
degradation of many recalcitrant PPs in wastewater. Indeed,
oxidoreductase enzymes have shown catalyzing complex
chemical reactions with high efficiency and selectivity at mild
operational conditions. Different oxidoreductase enzymes such as
peroxidases, tyrosinase, and laccases have been studied for PP
degradation; however, laccases obtained from fungi (Shraddha
et al., 2011) are most commonly applied for PP degradation
(Singh Arora and Kumar Sharma, 2010; Demarche et al., 2012; de
Cazes et al., 2014a). The widespread application of laccase stems
from its low selectivity and ability to catalyze the oxidation
reactions of a range of substrates such as ortho- and para-
diphenols, methoxy-substituted phenols, aromatic amines,
phenolic acids, and several other compounds via a single-
electron oxidation mechanism (Pype et al., 2019).

Enzymes in free state exhibit high activity; however, it
becomes difficult to separate them from the reaction media
after the reaction; therefore, it becomes very challenging to
apply free enzymes in continuous processes (Gasser et al., 2014).
Moreover, free enzymes have shown poor stability in large-scale
implementation, making it difficult to justify their higher cost to
use (Iyer and Ananthanarayan, 2008). To overcome such
limitations, enzyme immobilization is mostly implemented in
view to improve the stability and the reusability of the
biocatalysts (Sheldon, 2007; Iyer and Ananthanarayan, 2008;
Cabana et al., 2009; Sheldon and van Pelt, 2013; de Cazes et al.,
2014b; Patel et al., 2014; Zhang et al., 2015; Zheng et al., 2016; Ji
et al., 2017).

Enzyme immobilization on solid supports can be carried out
through physical or chemical methods (Hartmann and Kostrov,
2013; Sheldon and van Pelt, 2013). Physical immobilization
includes adsorption, entrapment, or encapsulation, while
chemical immobilization includes covalent binding or cross-
linking (Brady and Jordaan, 2009; Fernandez-Fernandez et al.,
2013; Rodrigues et al., 2021). Physical adsorption is a relatively
simple method for enzyme immobilization, but enzymes are
generally leached after few cycles of reaction (Jesionowski
et al., 2014). Although chemical immobilization results in
partial deformations of the enzyme molecular shape, the bond
between the enzyme and the support allows to improve the
process reusability. Therefore, chemical immobilization,
specifically covalent binding, is of great interest for industrial
purposes (Arca-Ramos et al., 2016; Mohammadi et al., 2018;
Bebić et al., 2020; Sadeghzadeh et al., 2020; Zdarta et al., 2020;
Rodrigues et al., 2021).

During enzyme immobilization, the support material plays an
important role in the efficiency of the whole process (Rodrigues
et al., 2021). A variety of supports such as biosourced
carbonaceous materials (Naghdi et al., 2017), polysulfone
(Edwards et al., 2002), α-alumina membranes (de Cazes et al.,
2014b), polyamide (Silva et al., 2007), silica (Luckarift et al., 2004;
Galarneau et al., 2006; Zhu et al., 2007), and carbon nanotubes
(Tavares et al., 2015) have been studied for laccase
immobilization. Among these, membranes have shown a great
efficiency due to their compatibility with the existing water/
wastewater treatment facilities. However, the major, yet
unavoidable, challenge of using membranes for wastewater

treatment is membrane fouling and low enzymes loading due
to their very low surface area (<4 m2 g−1).

In order to improve enzyme loading, inorganic mesoporous
support materials with high surface area have been recently
studied for enzyme immobilization and in particular for water
treatment processes (Kumar and Cabana, 2016; Sadeghzadeh
et al., 2020; Zdarta et al., 2020; Guardado et al., 2021).
Inorganic mesoporous materials are characterized by pore
diameters ranging from 2 to 50 nm, and pore volumes and
surface areas up to 2–3 ml g−1 and 1,500 m2 g−1, respectively.
Furthermore, the multiplicity of the synthesis methods, such as
sol-gel, microwave, hydro- and solvothermal, precipitation in
polar and nonpolar media, as well as sonochemical approaches,
allows to obtain tailor-made mesoporous materials with desired
properties (Davis, 2002; Fajula et al., 2005; Nakanishi and Tanaka,
2007; Lu et al., 2020). Due to the above-mentioned features,
mesoporous materials still attract growing attention for
application in various fields of science and engineering,
including biomedicine, energy storage, separation, adsorption,
catalysis, and biocatalysis (Ji et al., 2016; Taghizadeh et al., 2020).

Among inorganic supports, mesoporous silica is one of the
most widely used for enzyme immobilization due to their
outstanding properties such as high thermal and chemical
resistance, highly porous structure, high surface area, and high
enzyme loading efficiency. Moreover, silica contains hydroxyl
groups, which facilitate their functionalization with
organosilanes, and further coupling with cross-linking agents
for covalent enzyme immobilization. Silica can be used in many
different forms such as sol-gel silica, fumed silica, colloidal silica
nanoparticles, and silica gels and have been extensively studied
for the immobilization of different types of enzymes, as
oxidoreductases, transferases, hydrolases, and isomerases (Yiu
and Wright, 2005; Zhou and Hartmann, 2012; Hartmann and
Kostrov, 2013; van den Biggelaar et al., 2017, 2019; Debecker,
2018). Although mesoporous silica has shown promising results
in terms of enzyme loading, stability of process, and degradation
of PPs, the major remaining challenge is to scale up the process
and the process efficiency (Luckarift et al., 2004; Zhu et al., 2007;
Cabana et al., 2009).

Chemistry in flow is a promising option for the
implementation of catalytic reactions enabling process
intensification and simplified workups. Efforts have been made
for the design of efficient microreactors. Macro-/mesoporous
monoliths (silica and titania) were used as supports for
catalytic functions (El Kadib et al., 2009; Linares et al., 2012)
and presented a much higher efficiency (4–10 times) in
comparison to packed-bed columns made of purely
mesoporous materials (xerogel) (Linares et al., 2012) or of
ground monoliths (El Kadib et al., 2009) due to a better
control of contact time and an efficient mixing of fluids. The
monoliths productivity was 30–400 times higher than that of
batch reactors.

For this research work, such silica monoliths with
hierarchical macro-/mesoporosity (Galarneau et al., 2016b)
have been synthesized as supports for enzyme
immobilization in order to intensify the process of PP
elimination. Enzymes were already successfully immobilized
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in such monoliths showing high efficiency in flow conditions for
synthesis, racemic resolution, or protein digestion (Szymańska
et al., 2013, 2016a, 2016b; Zielińska et al., 2017; Hou et al., 2019;
Strub et al., 2019; van der Helm et al., 2019; Baccour et al., 2020;
Kowalczykiewicz et al., 2022). Nevertheless, to our knowledge,
our research group is the first to study the immobilization of
laccases in monoliths with the objective of a large-scale
application like micropollutant degradation in wastewaters.
Monoliths with macroporosity are interesting supports for
large-scale applications because they can be crossed by a wide
range of convective flow with a minimum pressure drop.
Moreover, they present several advantages compared to
classical solid supports (powders, pellets etc.). On the one
hand, the fluid passes through the support, allowing an
instantaneous separation between the biocatalyst and the
fluid, and on the other hand a precise control of the flow
can be realized to avoid the formation of boundary layers
while controlling very precisely the contact time. In this study,
different enzyme immobilization methods for laccase were
compared. The biocatalytic activity of laccases immobilized in
silica monoliths was evaluated as a function of meso- and
macropore diameter. The best laccase-monolith bioreactor
was used for the elimination of a mixture of
pharmaceutical micropolluants found in waters in recycling
continuous flow.

EXPERIMENTAL SECTION

Materials
Polyethylene glycol (PEG) (99%, 20 and 100 kDa), tetraethyl
orthosilicate (TEOS) (99%), 3-aminopropyl-triethoxysilane
(APTES) (99%), powder of laccase from Trametes versicolor
(activity ≥0.5 U mg−1), tetracycline (TC) (≥98%),
ciprofloxacin, amoxicillin, sulfamethoxazole, glutaraldehyde
(25% v/v), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) (≥98%) were purchased from Sigma-Aldrich.
Glyoxal (39% v/v) and poly(ethylene glycol) diglycidyl ether
(PEGDGE) were purchased from TCI-Chemicals. The
transparent heat shrinkable gain in fluoroethylenepropylene
(FEP AWG ¼ 1.6) with diameters of 6.4 and 3.8 mm before
and after shrinkage, respectively, was purchased from Castello,
France.

Silica Monoliths Synthesis
Tetraethyl orthosilicate (20 g) was left at −19°C for 1 h. Water
(24.560 g) was put in a 100 mL Erlenmeyer flask and (2.313 g)
nitric acid (68%) was added. The mixture was stirred for 5 min at
room temperature. Polyethylene oxide (PEO) of 20 or 100 kDa
was added and stirred at room temperature until
homogenization. The mixture was left at −19°C for 15 min to
cool down the solution without freezing. The Erlenmeyer flask
was then placed in an ice bath and the solution was stirred. TEOS
coming from the freezer was directly added to the slurry and
stirred for 30 min at 500 rpm to get a homogeneousmixture and a
translucent solution. Final composition of the mixture in molar
ratio was as follows: 1 Si/0.60 < EO Unit <0.65/0.26 HNO3/

14.21 H2O. Polyvinyl chloride (PVC) tubes of 8 mm diameter and
10 cm length were closed on one side with a cap, sealed with
parafilm, and kept at −19°C in the freezer. The tubes are taken
from the freezer and filled with the mixture of the ice bath. The
tubes were then closed by caps and sealed with parafilm and left in
a 4 L water bath at 40°C for 3 days. During this time, the phase
separation and the sol-gel process took place to form the
macroporous network of the monoliths. Then, the monoliths
were removed from the molds and placed in a 1 L water bath at
room temperature and washed with water until reaching a
neutral pH.

In order to obtain silica monoliths without mesopores, the
monoliths were put in unsealed tubes and dried under specific
conditions: 60°C for 24 h, then 80°C for 72 h followed by 120°C for
24 h (de Sousa Lima and Mohallem, 2021). The resulting
monoliths were then calcined at 550°C for 8 h with a heating
rate of 2°C min−1 from 25 to 550°C under air to remove
remaining PEO.

To synthesize silica monoliths with mesopores, after the
washing step until a neutral pH, monoliths were immersed in
1 L of aqueous ammonia (NH4OH 0.1 M) in an autoclave and
left in an oven at 40°C or 100°C for 24 h. The resulting
monoliths were placed in a water bath and washed until a
neutral pH (3 times 1 L of water) and then put in EtOH bath
(500 ml) overnight for solvent exchange. The monoliths were
then dried at room temperature overnight and calcined at
550°C for 8 h with a heating rate of 2°C min−1 from 25 to 550°C
under air to remove the remaining PEO. Silica monoliths with
a MCM-41 like mesoporosity have been synthesized by
replacing the NH4OH basic treatment by a NaOH treatment
in the presence of cetyltrimethylammonium bromide (CTAB,
Aldrich) with the molar composition of 1 Si/0.60 CTAB/0.20
NaOH/400 H2O (Babin et al., 2007; Galarneau et al., 2016a).
The autoclave was left at 115°C for 6 days. The same procedure
of washing, drying, and calcination as above was applied. The
hierarchical meso-/macroporous silica monoliths with
different macropore (X μm) and mesopore (Y nm)
diameters were named thereafter Si-X-Y. Silica monoliths of
0.6 cm diameter and 10 cm length were obtained and were cut
at the desired lengths (0.5 cm) with a blade for further
applications.

Aminopropyl-Grafted Silica Monoliths
Silica monoliths (0.7 g) were activated at 250°C under low
vacuum nitrogen in order to eliminate adsorbed water and to
ensure the repeatability of the grafting process. After 6 h of
activation, the monoliths were immersed in 50 mL of absolute
ethanol containing 1 mL of APTES and left overnight at 80°C
under reflux. The resulting aminopropyl-grafted monoliths
(NH2-SiO2) were then washed 3 times (30 min each) with
50 mL of absolute ethanol and dried at 80°C overnight. In
order to optimize the amount of NH2 functions at the surface
of the silica monoliths, the volume of APTES was also varied to
get a calibration curve.

NH2-SiO2 monolith of 0.6 cm diameter and 0.5 cm length was
placed into two Inox tubes, which were put into the transparent
heat shrinkable gain in FEP, before heated in the oven at 180°C for
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2 h to ensure the cladding of the monolith to produce the
microreactor.

Immobilization of Laccase in the
Aminopropyl Grafted-Silica Monoliths
Three different methods of enzyme immobilization were
investigated with NH2-SiO2 monoliths: covalent bonding,
electrostatic interaction, and adsorption followed by cross-linking
[cross-linking of enzymes aggregates (CLEA) method] (Figure 1).
Prior to the immobilization, an enzymatic solution was prepared
with 5 g of enzymatic powder dispersed into 1 L of a citrate
phosphate buffer solution (pH 7, 0.1M). The solution was slowly
agitated for 24 h at 25°C to ensure a complete rehydration of the
enzymes. The activity of the enzymatic solution was measured by
ABTS test (see below) and adjusted if necessary to 5 ± 1 U mlsol

−1.

Covalent Bonding
For covalent bonding (Figure 1), two cross-linkers were used:
glutaraldehyde (GLU) and glyoxal, which is less toxic than GLU.
The protocol of immobilization was the same as previously
reported (Ahmad et al., 2021). A solution (0.5 ml) of 4% (v/v)

GLU or glyoxal prepared in a citrate phosphate buffer solution
(pH 7, 0.1 M) was put into contact with the cladded NH2-SiO2

monolith for 30 min. The monoliths were rinsed five times with
0.5 ml of the buffer solution to remove unreacted cross-linkers.
Then, monoliths were filled with 0.4 ml of the laccase solution
(5 ± 1 U mlsol

−1). Enzymatic solution was introduced at the
entrance of the tube-containing monolith allowing the
penetration by capillarity. Then, the tube is closed and turned
several times for 1 h. Afterwards, the monolith was rinsed with
the buffer solution. The excess of the enzyme solution and the
solutions resulting from the washings were collected to measure
their activity and therefore to determine the amount of
immobilized enzymes. After immobilization, enzymatic
monoliths were stored in the buffer solution at 4°C.

Electrostatic Interactions
For the electrostatic interactions (Figure 1), two pH were studied,
5.5 and 7, for two durations 90 and 300 min. The cladded
monolith was first impregnated with a buffer solution at pH 7
or pH 5.5. Then, 0.4 ml of enzyme solution at 5 ± 1 U mlsol

−1

prepared at pH 7 or 5.5 was passed through the tube containing
monolith and left for 90 min or 300 min for both pH. Finally, the
monolith was rinsed with the corresponding buffer solution.

FIGURE 1 | Schematic representation of the different methods of enzyme immobilization: (i) covalent binding, (ii) electrostatic interaction, and (iii) cross-linking of
enzymes aggregates (CLEA method). A: Glutaraldehyde, B: Glyoxal, C: Poly(Ethylene Glycol) Diglycidyl Ether.
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CLEA Immobilization
For the CLEA method (Figure 1), GLU or poly(ethylene glycol)
diglycidyl ether (PEGDGE) was used as cross-linker. Two
different procedures were used for the different cross-linkers.
For GLU, the enzymes were first adsorbed into the cladded
monoliths at pH 7 for 90 min using the same protocol as for
electrostatic interactions. Then, the monolith was rinsed with the
buffer solution and 0.5 mL of GLU (4% v/v) was passed through
the monolith and allowed to react for 30 min for GLU at room
temperature. For the PEGDGE cross-linker, PEGDGE (1.4% v/v)
was first introduced into the enzyme solution, which was then
passed through the monolith and allowed to react for 24 h at 4°C,
according to a previous protocol (Baccour et al., 2020). Finally,
the monoliths were rinsed with the buffer solution.

Laccase Activity Assay
The activity (Ainitial) of the free laccase was measured using 2,2′-
Azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS) as substrate.
One hundred microliters of the enzyme solution was added to
900 μL of a citrate phosphate buffer solution (pH 4, 0.1 M)
containing 1 mM ABTS. The absorbance change of ABTS
(transparent) into oxidized ABTS (blue) was measured every
minute by UV-Vis spectrophotometry at 420 nm. The activity
of the enzyme (in μmol min−1 mL−1 expressed as U mL−1) was
estimated by the Beer-Lambert law using the slope of the
absorbance vs. time and the extinction coefficient of ABTS, ε =
3600M cm−1. The width of the curve was 1 cm.

The activity of immobilized enzymes in the monoliths can be
determined by two ways, firstly by measuring the ABTS activity of
the immobilized laccase in active monoliths (Aobserved) (U
mgmonolith

−1). This activity was measured by adding 5 mg of
crushed monoliths to 25 mL of the ABTS solution (1 mM) in
a 100 mL flask at 25°C under air and agitation. As previously
mentioned, the activity was estimated by the change in the
absorbance of ABTS solution vs. time.

Secondly, activity can be determined by calculating the
amount of immobilized enzyme in the monoliths by the
difference of activity in between the initial solution used for
immobilization (Ainitial) and the activity on the remaining laccase
in solution (Aleft) after immobilization plus the activity of the
solutions used for the washings (Arinsing). The enzyme
immobilization yield (ρimmobilization) was calculated using the
following equations:

Aimmobilized � Ainitial − (Aleft +∑Arinsing) (1)
ρimmobilization �

Aimmobilized

Ainitial
× 100 (2)

The efficiency of the immobilization was estimated according
to Eq. 3:

Efficiency(%) � Aobserved

Aimmobilized
× 100 (3)

Pharmaceutical Micropollutant Removal
Pharmaceutical micropollutant degradation was carried out with
3 laccase-monolith reactors connected in series [0.6 cm diameter

and 0.5 cm length each with a biocatalytic (ABTS) activity of 5
U ± 0.5 U]. A mixture of four pharmaceutical molecules
(ciprofloxacin, amoxicillin, sulfamethoxazole, and tetracycline)
at 20 ppm each was prepared in osmosed water at pH 6 and put in
a reservoir. Oxygen was bubbled in the reservoir containing
30 mL of this mixture in order to saturate the solution with
oxygen. The solution was passed through the monoliths using a
recirculation flow mode. The flow was ensured by an HPLC
pump (Gibson model: 321, France) and was set at 1 mL min−1.
The temperature of the reservoir was set at 25°C. Aliquots of the
solution were taken within time from the reservoir and analyzed
by high-performance liquid chromatography coupled to triple
quadrupole mass spectrometry (HPLC–MS). The aliquots were
injected through a Macherey-Nagel C18 column (50 mm ×
2 mm) with a Waters e2695 Separations Module, and the
410 m/z fragment was detected with a Micromass Quattro
micro API device.

Permeability of Silica Monoliths
The permeability of NH2-SiO2 monoliths featuring different
macropore diameters was carried out by passing osmosed water
through the cladded monoliths at different flow rates. Silica
monoliths of 0.6 cm diameter and 0.5 cm length were
connected to a flow system consisting of an HPLC pump
and a pressure gauge. The flow rate was increased from 0.5
to 15 mL min−1. The backpressure exerted by the monoliths
was measured using the pressure gauge. The flow rate (Q) in
mL min−1 was expressed as Darcy rate (Q/A) in m h−1

considered as the fictive rate of the liquid through the total
section (A) of flow, as if there was no porous network. The
permeability (K) was calculated using Darcy’s equation (Eq. 4)
as follows:

K � Q

A

l

ΔP µ (4)

where K is the permeability coefficient (m2), Q is the flow rate (m3

s−1), A is the cross section of the monolith (m2), μ is the viscosity
of the fluid (μ = 1.002mPas at 20°C for water), l is the length of the
monolith, and ΔP is the difference of pressure at the outlet and
inlet of the monolith (Pa).

Characterization Techniques
The physicochemical properties of the monoliths were
characterized by nitrogen sorption at 77 K, TGA, 29Si and 13C
MAS NMR spectroscopy, mercury intrusion, scanning electron
microscopy (SEM), and x-ray micro-computed tomography
(micro-CT).

The adsorption/desorption isotherms of nitrogen at 77 K were
determined using a Micromeritics ASAP 2010 instrument. The
samples (50 mg) were outgassed for 6 h in vacuum at 0.5 Pa and
at 250 or 80°C for the native silica monoliths and the organo-
functionalized monoliths, respectively. The mesopore diameters
were calculated using the Broekhoff and De Boer (BdB) method,
shown as one of the more accurate methods for silica materials
(Galarneau et al., 1999). The specific surface areas of the
monoliths were measured by the BET equation using the
pressure range defined by the Rouquerol criteria (Rouquerol
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et al., 2003). Mercury porosimetry experiments were carried out
with a Micromeritics Autopore 9220 equipment by increasing the
pressure from 0.0013 to 400 MPa. The mercury intrusion was
performed with a monolith of 0.6 cm diameter and 1 cm length.
Prior to the measurement, the sample was outgassed at room
temperature for 10 min. The macropore diameters were
determined by the Washburn-Laplace equation and the
macro- and mesopore specific surface areas were calculated as
shown previously (Didi et al., 2019). For silica materials, the
mercury contact angle was set at 140° and the mercury surface
tension was set at 0.485 Nm−1. Monolith morphology was
studied using a Hitachi S-4800 I FEG-SEM Scanning Electron
Microscope at “Plateau Technique de l’IEM laboratoire du Pole
Chimie Balard Montpellier”. 3D imaging of the macroporous
network of the monoliths was performed by x-ray
microcomputed tomography (micro-CT) with a microXCT-
400 x-ray microscope (Zeiss). High-resolution scans were
acquired at 40 kV and 250 μA. A total of 3,001 projections
were collected through 360° sample rotation with an exposure
time of 20 s per projection. A ×40 magnification optical objective
was selected to achieve an isotropic voxel of 0.5 μm and a field-of-
view (FOV) of 0.5 × 0.5 × 0.5 µm3. Volume reconstruction was
performed with XMReconstructed-Parallel Beam-9.0.6445
software using a filtered back projection algorithm.

Avizo 8.0 software (Hillsboro, OR, United States) was used for
the visualization, processing, and analysis of the reconstructed
dataset. A simple thresholding step was first applied to isolate the
pore network from the monolith solid and provide two binary
volumes, showing the 3D organization of the (macro) pore
network and solid phase respectively. The threshold value was
determined at the intersection of the two main contributions of
the histogram.

The (macro)porosity was expressed as Vpore network/Vtotal (pore

network+solid). Tortuosity was calculated using the Avizo module
“centroid path tortuosity” on the “pore network” binary volume.
First, centroids of the pore network were calculated for each
orthoslice of the dataset along the x-, y-, or z-axis. Then,
tortuosity was calculated by dividing the path length through
the centroids by the straight length between the two ends of the
path. The solid phase skeleton thickness and the macro pore size
distribution were measured using the module “Auto Skeleton”
(Avizo XSkeleton Extension) applied on the two binary volumes
“solid phase” and “pore network” respectively. The Auto Skeleton
module extracts from binary volume the centerline of
interconnected regions (either the macro pore network or the
solid fraction in this case). The obtained object is a 3D skeleton
consisting of a set of segments connected through nodes. For each
point of each segment, the distance to the nearest boundary is
stored and averaged per segment. This average distance
corresponds to either the average macropore radius or average
half solid phase skeleton thickness.

The aminopropyl-grafted monoliths (NH2-SiO2) were
examined by 29Si MAS NMR, (1H)-29Si CP MAS NMR, and
(1H)-13C CP MAS NMR recorded with a 300-MHz Varian
VNMRS300 (magnet “wide bore” of 7.05 T) and a probe
Varian T3 MAS. Ten milligrams of ground monoliths was
used to fill 7.5-mm ZrO2 rotors and the samples were spinned

at 5 kHz. For 29Si MASNMR analysis, a π/6 pulse of 2 μs was used
with a recycling time of 60 s. For (1H)-29Si CP MAS NMR
analysis, a π/2 pulse of 6 μs and a contact time of 5 ms was
used with a recycling time of 5 s. TGA was performed using
Perkin Elmer STA 6000 in order to determine the amount of
amino groups grafted on the monoliths by using the difference of
weight loss between NH2-SiO2 monolith and native silica
monolith, which takes into account the dehydroxylation of the
monoliths. Tenmilligrams of sample was heated from 40 to 900°C
with a heating rate of 10°C/min under air flux. Elemental analysis
was performed in order to validate the amount of grafted amino
groups found by TGA. N, H, O, and C were analyzed using
Elementar vario Micro Cube.

The bioactivity of the free enzymes and the enzymes
immobilized on the silica monoliths was determined using
spectroscopy UV-Vis at 420 nm using ABTS as substrate. The
absorbance measurement was carried out using a
spectrophotometer Shimadzu UV-2401 PC.

RESULTS AND DISCUSSION

Synthesis, Functionalization, and
Characterization of Silica Monoliths
Control of Porosity
Silica monoliths of 0.6 cm diameter and 10 cm length exhibiting a
homogeneous network of macropores as shown by SEM pictures
(Figure 2) were synthesized by a combination of spinodal
decomposition and sol-gel process using polyethylene oxide
(PEO) of 20 and 100 kDa in acidic aqueous medium in the
presence of tetraethyl orthosilicate (TEOS). The amount of
EO/Si and the size of PEO were adapted to reach macropore
diameters of 5, 10, and 20 µm (Supplementary Figure S1,
Table 1).

The basic post-treatment (NH4OH) of the monoliths
transformed the silica oligomer network, issued from the
acidic treatment, in an aggregation of silica nanoparticles
into the skeleton (Figure 2). The size of the nanoparticles
increased with the temperature and the duration of the basic
treatment (Galarneau et al., 2016a). This induced a decrease in
specific surface area (from 700 to 100 m2/g) and an increase in
mesopore diameter (from 7 to 22 nm) for a temperature
increase from 40 to 140°C (Figure 3). Monoliths with a
mesopore diameter of 7, 10, and 20 nm were prepared with
basic treatment at 40°C for 8 and 24 h, and at 100°C for 24 h,
respectively (Supplementary Figure S2), leading to specific
surface areas of approximately 700, 500, and 300 m2/g,
respectively. Mercury porosimetry allowed to reveal the
homogeneous distribution of macropore and mesopore
diameters in the monoliths (Figure 4).

In order to obtain the effect of only the macropores in
biocatalysis, monoliths with smaller mesopore diameter than
the enzyme kinetic diameter (laccase kinetic diameter
~5–6 nm) were synthesized. A monolith with an MCM-41-like
mesoporosity featuring ordered mesopores of 3 nm diameter was
synthesized by replacing the NH4OH basic treatment by a
treatment in NaOH in the presence of surfactant CTAB at
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115°C for 6 days (J. Babin et al., 2007). The specific surface area
reached 830 m2/g as expected for an MCM-41 material (Table 2).
However, during this synthesis, a second larger mesoporosity of
approximately 15 nm diameter was noticed (Supplementary
Figure S3). In order to obtain monoliths without mesopores,
some monoliths were dried directly after the acidic step following
a particular drying process (de Sousa Lima and Mohallem, 2021).
The monolith featured a slightly lower diameter (0.5 mm instead
of 0.6 mm) due to a larger shrinkage during the drying and the
skeleton featured pores in the range of micropores to small
mesopores (<5 nm) (Supplementary Figure S3). The
macropore specific surface areas were calculated from Hg

porosimetry and were very low (<3 m2/g) (Supplementary
Figure S4, Table 2).

The densities of the monoliths were given directly by Hg
porosimetry software, but were also calculated using the porous
volumes and the density of amorphous silica (ρ = 2.2 g cm−3). The
monoliths with hierarchical meso-/macropores featured all
densities of approximately 0.2 g cm−3, whereas the monolith
obtained without basic treatment exhibited a higher density of
approximately 0.4 g cm−3. Similarly, the porosities of the
monoliths were calculated, and they exhibited a total porosity
close to 0.9 (except for the monolith without basic treatment
featuring a total porosity of 0.8) with a macroporosity of
approximately 0.6–0.7.

The monoliths were further analyzed by x-ray micro-
computed tomography (micro-CT) to assess the thickness of
the skeleton, the length of a cell, and the macroporosity and the
tortuosity of the macropores (Figure 5; Table 3). The 3D imaging
was performed for monoliths of 0.6 cm diameter and 0.5 cm
length. Pictures showed a homogeneous network of macropores
(Figure 5). The tortuosity was approximately 1.3 and equal in all
directions, supporting the homogeneity of the macropore
network in the three space directions (Table 3). The
monoliths were then decomposed into segments for both the

FIGURE 2 | Picture and SEM images of silica monolith Si-20-20.

TABLE 1 | Macropore diameter of silica monoliths Si-5-20, Si-10-20, and Si-20-
20 determined by SEM, Hg-porosimetry, and micro-CT.

Monolith synthesis Macropore diameter

PEO (kDa) EO/Si DSEM (μm) DHg-poro (μm) D micro-CT (μm)

20 0.60 4 4.01 ± 0.05a 3.2
100 0.65 10 10.6 ± 0.7a 9.3
100 0.63 20 21.2 ± 3a 12.4

aStandard deviation taken at 50% of mean macropore diameter distribution.

FIGURE 3 | (A) Nitrogen sorption isotherm at 77 K of silica monolith Si-20-20. (B) Evolution of mesopore diameter and specific surface area of silica monoliths as a
function of temperature of NH4OH post-treatment for 24 h.
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macropore network and for the solid phase network. The
distances from the middle of the segment to the edge of the
skeleton or to the edge of the macropores were measured
(Figure 5). More than 52,000 segments were analyzed to get
the distribution lengths of the macropore diameters and the
thickness of the skeleton (Figure 5; Table 3). Micro-CT 3D

image (stack of 1,000 2D orthoslices) is more representative than
SEM 2D pictures, which used a maximum of 10 measures for
macropore diameter and skeleton thickness (Supplementary
Figure S2).

Good correlations were obtained between SEM, micro-CT,
and Hg porosimetry (Table 1), except for the average macropore

FIGURE 4 | (A)Mercury porosimetry of silica monolith Si-20-20, (B)macropore size distribution, and (C)mesopore size distribution (pore diameter determined by
the Washburn-Laplace equation).

TABLE 2 | Textural characteristics of hierarchical meso-/macroporous silica monoliths Si-X-Y determined by nitrogen sorption at 77 K and by mercury porosimetry.

Si-X-Y Dmeso-Hg/N2
a (nm) Vmeso-Hg/N2

a (ml/g) SBET-N2 (m2/g) Vmacro-Hg (ml/g) Smacro-Hg (m2/g)

Si-20-20 16 0.87 369 3.41 0.67
Si-20-8 9 1.12 715 2.30 0.61
Si-5-20 15 0.94 361 2.25 2.43
Si-5-8 9 0.90 620 1.50 1.80
Si-20-(5<)b 4 0.35b 630 1.55 0.35
Si-20-(3,15)c 13 0.33 (15 nm) 830 3.00 0.56

4 0.19 (3 nm)

aFor large mesopores (D > 15 nm) by intrusion of Hg and for small mesopores (D < 15 nm) by N2 desorption isotherm and BdB method.
bMicro/mesopore volume: monolith without NH4OH post-treatment featuring pores in the range of micropores and small mesopores < 5 nm.
cMonolith with MCM-41 (3 nm)-like mesoporosity featuring a secondary mesoporosity at 15 nm mesopore diameter.
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diameter of the monolith Si-20-20 featuring 20 µm of macropore
diameter by SEM and Hg porosimetry and 12.4 µm by micro-CT.
At 50% of the macropore diameter distribution, the macropore
diameters were distributed from 6 to 20 µm by micro-CT
(Figure 5), and from 18 to 24 µm by Hg porosimetry
(Figure 4). This difference could be explained by two
assumptions: (1) micro-CT used a pore size distribution

expressed in numbers whereas Hg porosimetry used a
distribution in pore volumes, which overestimated the
contribution of the largest pores; (2) micro-CT tomography
modeled pores with equivalent cylinders, which underestimates
the maximum pore diameter.

The silica monoliths of 0.6 cm diameter with different macro-
and mesopore diameters were cut at the desired length (0.5 cm)
and grafted with amino functions to immobilize enzymes.

Functionalization of Silica Monoliths With Amino
Groups
The surfaces of the silica monoliths with different meso- and
macropore diameters and specific surface areas (Table 2) were
functionalized by amino groups by silanization with
aminopropyltriethoxy silane in ethanol at 80°C in batch. The
excess of grafting agent in solution was set at 10 NH2 per nm

2.
The amount of grafted amino groups was calculated by TGA
(Supplementary Figure S5) and confirmed by elemental analysis.
The amount of grafted species expressed in mmol g−1 increased
linearly with the increase of the specific surface area (Figure 6),

FIGURE 5 | (A) Example of a binary volume obtained by micro-CT and thresholding, showing the 3D distribution of the macropore network x-ray tomography
analysis of silica monolith Si-20-20. (1 vx = 0.5 µm). (B) Pore network skeleton obtained by applying the “Auto Skeleton” Avizo module. (C) Pore size distribution: number
of segments vs. mean radius of each segment between two nodes.

TABLE 3 | Textural characteristics of hierarchical meso-/macroporous silica
monoliths Si-X-Y determined by micro-CT: macropore diameter, solid phase
skeleton thickness, segment lengths of a cell between two nodes for the
macroporosity and the solid phase skeleton, macroporosity, and tortuosity.

Si-X-Y Si-20-20 Si-10-20 Si-5-20

Dmacro (μm) 12.4 9.3 3.2
LSegment-Macro (μm) 12.3 9.8 5.3
Dskeleton (μm) 7.1 5.8 2.3
LSegment-Skeleton (μm) 12.5 9.4 5.0
εmacro 0.65 0.62 0.57
τ(x); τ(y); τ(z) 1.26; 1.36; 1.28 1.31; 1.38; 1.26 1.29; 1.36; 1.46
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corresponding to a constant density of amino groups (1.1–1.5
NH2 per nm

2) at the surface of the monoliths. 29Si and 13C MAS
NMR confirmed the covalent grafting process with organosilanes
grafted by 2 and 3 Si-O-Si bonds in an equivalent proportion
[44% T2 (SiO)2(HO)-Si-R, 56% T3 (SiO)3-Si-R] (Figure 7;
Supplementary Figures S6, S7). Some remaining ethoxy
groups were noticed coming either from the pristine
organosilane or from the EtOH washings (Supplementary
Figure S7). After cladding the monoliths at 180°C the weight
loss of organics slightly decreased (Supplementary Figures S5),
probably due to the loss of these weakly attached ethoxy groups.

An optimization of the excess of grafting agent used in
solution was followed for the monolith Si-20-20. A similar
amount of grafted amino groups (1.5 NH2 per nm2,
0.83 mmol per g SiO2-NH2 monolith) was achieved for an
excess of only 3 NH2 per nm2 (Figure 7). This optimization
could reduce the cost of the process.

Permeability Tests
The amino-grafted silica monoliths (0.6 cm diameter, 0.5 cm
length) with three different macropore diameters (5, 10, and
20 µm) and the same mesopore diameter (20 nm) (Si-5-20, Si-
10-20, and Si-20-20) were cladded with a transparent FEP gain at
180°C. Water at 25°C was flowed through the monoliths with an
increasing flow rate from 1 to 20mlmin−1. The upstream pressure
increased linearly for three monoliths: from 0.005 to 0.3 bar for the
monoliths with 10 and 20 µm macropore diameter and reached
1 bar for the monolith featuring 5 µm macropore diameter. To
examine the results, the flow rate in mLmin−1 was expressed in
linear flow rate in m h−1 by dividing the flow rate by the section of
the monolith and the backpressure was expressed by unit of length
divided by the measured pressure by the length of the monolith
(Figure 8). The linear increase of the pressure drop as a function of
the lineic flow rate evidenced that the flow is laminar as it follows
the Darcy law (Eq. 4). Therefore, the permeability coefficients (K)
of the silica monoliths were calculated from the slope of the linear
relationship (Eq. 4) and were equal to 5.9 × 10−12, 3.25 × 10−12, and
0.39 × 10−12 m2 for the monoliths featuring 20, 10, and 5 µm
macropore diameters, respectively. The permeability coefficients
were proportional to the square of the macropore diameter
determined by micro-CT (Figure 6; Table 3):

K � D2
macro

27.4
(5)

FIGURE 6 | Amount of aminopropyl groups grafted on silica monoliths
as a function of their specific surface area.

FIGURE 7 | (A) Optimization of the excess of aminopropyl silane in solution to graft silica monoliths, (B) 29Si CP-MAS NMR of amino-grafted Si-20-20, and (C)
schematic representation of aminosilane grafted on the surface of the silica monoliths.
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This result was very close to the one predicted by Hagen-
Poiseuille law for a cylindrical tube:

K � D2

32
(6)

Even if the macropores of the monoliths were tortuous, they
almost acted as straight cylinders.

In porous media formed by packed particles, an empirical
relationship was proposed as a function of the porosity of the
media and the tortuosity of the pores (Eq. 7) assuming a
cylindrical shape of pores (Lake et al., 1989):

K � D2

32
ε

τ
(7)

However, for the monoliths, the resulting relationship gave a
different result:

K � D2εmacro

14.3 τZ
orK � D2εmacro

13.5 τm
(8)

where τz is the tortuosity along the z-axis and τm is the mean
tortuosity in the 3 directions.

It seemed that monoliths with similar macropore diameter as a
packed-bed featured permeability twice higher.

A relationship including a derivation of Eq. 7 adding an
empirical geometric factor c for pore diameter (Panda et al.,
1994) was proposed:

K � c
D2

32
ε

τ
(9)

In the case of the monoliths, this c parameter was 2.23 for the
tortuosity along the z-axis or 2.37 for the average tortuosity in the
three space directions.

Monoliths prepared by spinodal decomposition featured
excellent permeability, close to cylindrical straight macropores,

due to their outstanding network of homogeneous macropores
totally interconnected. For catalytic and adsorption processes, a
pressure drop of less than 1 bar cm−1 is required in industrial
processes. The monoliths with the highest permeability were
selected for the further biocatalytic processes under flow. It is
worth noticing that no change of permeability was observed after
enzyme immobilization. The permeability is mainly governed by
the flow in the macropores and is not influenced by the diffusion
inside the mesopores.

Immobilization of Laccases on Silica
Monoliths
Methods of Enzyme Immobilization
Reactors formed by silica monoliths (0.6 cm diameter, 0.5 cm
length, 50 mg) grafted with amino function (1.5 NH2 per nm

2)
and cladded with FEP gains at 180°C were used for laccase
immobilization following 3 methods: (1) covalent grafting by
coupling with GLU or glyoxal, (2) electrostatic interactions, and
(3) adsorption followed by reticulation into the mesopores with
cross-linkers as GLU or PEGDGE (CLEA method) (Figure 1).
For the comparison of the different methods of enzyme
immobilization, the monolith Si-20-20 was chosen.

The laccase immobilization by adsorption and electrostatic
interactions was the easiest method. The isoelectric point of
laccase was PI = 4 (Kołodziejczak-Radzimska et al., 2020). The
pKa of amino functions was approximately 10 (Gascon et al.,
2014). The lipase immobilization was therefore performed at pH
5 and 7 to remain in the domain of pH stability of the enzyme and
to get a negative charge on the enzyme and a positive charge on
the amino groups (Figure 1, Supplementary Figure S8). Two
durations of contact times were used: 90 and 300 min. The
biocatalytic activity of the immobilized enzyme was measured
on crushed monoliths with the ABTS test. The highest activity
(12 U g−1) was reached for an immobilization performed at pH 7
for 300 min (Supplementary Figure S8).

FIGURE 8 | (A) Pressure-drop as a function of flow rate for silica monoliths (triangle) Si-5-20, (circle) Si-10-20, and (square) Si-20-20. (B) Permeability K as a
function of the square of the average macropore diameter determined by X-ray tomography.
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The covalent grafting with glutaraldehyde (GLU) as cross-
linker was performed in two steps. First, a solution of GLU was
flowed through the amino-silica monolith at pH 7 and allowed to
react for 30 min. The white monolith turned into an orange color
characteristic of the reaction of the addition of the aldehyde
functions of GLU with the NH2 functions (Figure 1). Secondly,
the solution of enzyme was added at pH 7 and allowed to react for
60 min. The same procedure was performed with another less
toxic cross-linker, i.e., glyoxal. The biocatalytic activities of the
enzymes covalently bonded were 20 and 3 U g−1 for GLU and
glyoxal, respectively (Figure 9). GLU had a beneficial effect on the
enzyme activity, maybe by insuring a highest mobility of the
enzyme due to the longer linker (five carbons for GLU instead of
two for glyoxal).

The cross-linking of enzyme aggregates (CLEA method)
into the mesopores was performed by adding first the enzyme
solution at pH 7 for 90 min to immobilize the enzymes inside
the mesopores and then GLU to reticulate the enzymes
between them inside the mesopores (Figure 1). A similar
procedure was used with another reticulating agent
PEGDGE, which was introduced in the monolith at the
same time as the enzyme solution, as the reactivity of
PEGDGE is much slower than GLU (Baccour et al., 2020).
The PEGDGE linker was chosen as it was shown to be very
efficient to increase the stability and the activity of enzymes
such as dehydrogenases (Baccour et al., 2020). The biocatalytic
activities of the enzymes immobilized by CLEA methods were
9 and 2 U g−1 for GLU and PEGDGE, respectively (Figure 9).
GLU had again a beneficial effect on the laccase activity. One
may assume that the effect of the linker on activity is enzyme-
dependent.

The highest laccase activity was obtained using the covalent
bonding method with GLU as cross-linker with an activity of
20 U g−1. The lowest activity of the enzymes in the CLEA
procedures may be the result of the rigidification of the

laccases due to intramolecular cross-linking, which could
reduce enzyme activity by decreasing the mobility of the
catalytic site (Cabana et al., 2009). The covalent bonding
method was retained for further laccase immobilization into
the monoliths.

Influence of Silica Monoliths Pore Sizes on Enzyme
Activity
Silica monoliths with different macropore and mesopore
diameters (Table 2) and grafted with amino groups (Figure 6)
were used as supports for laccase immobilization by covalent
bonding with GLU as cross-linker (Figure 1). The macropore
diameter of the monoliths had no influence on enzyme activity
(Figure 10). However, the mesopore diameter was of prime
importance. Laccase featured a kinetic diameter of
approximately 6 nm (6.5 × 5.5 × 4.5 nm, MW 65 kDa), and
the highest laccase activity (~20 U g−1) was obtained for silica
monoliths featuring the largest mesopore diameter of 20 nm
(Figure 10). Without mesopores in the monolith, the enzyme
activity was very low (~1 U g−1) showing that the amount of
enzymes grafted in the macropores is low in comparison to the
amount of enzymes grafted in the mesopores. Thus, macropores
played a minor role in the activity of the bioreactor.

The enzyme immobilization yield in silica monoliths featuring
20 nm mesopore diameter was calculated by Eq. 2 and was 80 ±
5%. The immobilization efficiency calculated by Eq. 3 was
approximately 310%. Such an enhancement of the enzyme
activity for immobilized enzymes was also reported for
immobilized oxydoreductase (Boudrant et al., 2020). For
monoliths featuring smaller mesopores, the immobilization
yield was reduced. For example, for monoliths featuring
mesopores of 8 nm diameter, the immobilization yield was
approximately 55% ± 3%. Such a decrease in immobilization
yield suggested a problem of accessibility of the enzymes by steric
hindrance in very small mesopores. The immobilization

FIGURE 9 | Specific activity of laccase immobilized on Si-20-20 for the
different methods of immobilization (ABTS test). Error bars represent the
average of three experiments.

FIGURE 10 | Specific activity of laccase immobilized by covalent
coupling on monoliths Si-X-Y with different macro- and mesopore diameters
(ABTS test). Error bars represent the average of three experiments.
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efficiency was approximately 27%, suggesting also a problem of
accessibility of the substrates to the catalytic sites of immobilized
enzymes (Cabana et al., 2009). The enzyme should need space
and mobility to express their activity. The monoliths Si-20-20
were retained as supports for enzyme immobilization for the flow
biocatalytic process.

Stability on Storage of the Enzymes Immobilized in
Silica Monoliths
The monoliths Si-20-20 functionalized with laccase were stored
in the pH 7 buffer solution at 4°C. The activity of the immobilized
enzymes was maintained for 15 days and was 80% after 30 days
(Supplementary Figure S9). The free enzymes in buffer solution
maintained more than 90% of their activity after 30 days. The
small decrease of activity of the immobilized enzymes after
15 days of storage could be due to some hydrolysis of the Si-
O-Si bonds and the liberation of a few enzymes.

Elimination of Pharmaceutical
Micropollutants Found in Water in
Continuous Flow
To analyze the efficiency of the immobilized laccase into
monoliths for water treatment, different pharmaceutical
molecules were chosen for their different properties of
adsorption into materials and their different sensitivity
towards oxidation processes. An aqueous solution (30 mL)
containing 4 antibiotic molecules (ciprofloxacin, amoxicillin,
sulfamethoxazole, and tetracycline) (Figure 11) at 20 ppm (mg
L−1) each was prepared in osmosed water at pH 6 and put in a
reservoir. The reservoir was protected by an aluminum foil to
prevent the molecules of light exposure and limit the risks of self-

degradation. Oxygen was bubbled into the reservoir in order to
saturate the solution with oxygen. Pharmaceutical micropollutant
depletion was carried out with three laccase-monolith reactors
connected in series [0.6 cm diameter and 0.5 cm length with a
biocatalytic (ABTS) activity of 5 U ± 0.5 U each]. The mixture of
pharmaceutics was passed through the bioreactors at a flow rate
of 1 mL min−1 (Supplementary Figure S10).

The depletion of the pharmaceutical molecules in continuous
flow in a recycling mode was followed within time (Figure 11).
Amoxicillin was rapidly eliminated at 95% in the first 3 h and
totally eliminated after 24 h. Ciprofloxacin was eliminated at 40%
in the first 3 h and no further elimination was noticed within
time. Sulfamethoxazole was eliminated at 40% in the first 5 h and
then the degradation rate decreased progressively and 60% of
degradation was reached after 24 h. Tetracycline elimination was
the slowest process with 25% elimination in the first 5 h reaching
55% after 24 h. To sum up, after 24 h of reaction process, the
following remained in solution: 0 ppm of amoxicillin, 8 ppm of
sulfamethoxazole, 9 ppm of tetracycline, and 14 ppm of
ciprofloxacin.

The amount of pharmaceutics eliminated by adsorption or by
self-degradation was determined with blank tests
(Supplementary Figure S11). They were carried out after
having deactivated the immobilized enzymes with a treatment
of the reactor at 100°C for 10 min. The degradation of the
pharmaceutical molecules was also followed in batch with free
enzymes featuring the same initial biocatalytic activity of 0.5
U ml−1 (Supplementary Figure S11) to analyze the effect of the
continuous flow process on the degradation rate of
micropollutants.

Amoxicillin was demonstrated to be a sensitive molecule with
an easy self-degradation by hydrolysis leading to 10%–20%

FIGURE 11 | Removal of pharmaceutical molecules by biodegradation and/or adsorption with laccase immobilized on Si-20-20 in recirculation flow mode. Error
bars represent the average of three experiments.
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elimination after 24 h at pH 7 (Gozlan et al., 2013; Guardado
et al., 2019). The blank test and the test with free enzymes gave a
similar elimination of amoxicillin of 75% and 82%, respectively. It
was therefore difficult to distinguish the contributions of
enzymatic degradation, self-degradation, and adsorption on
the removal of this molecule by laccase-monoliths. However,
results with immobilized laccases have shown a higher level of
elimination, close to 100%, demonstrating an efficient biocatalytic
degradation of amoxicillin.

Unlike amoxicillin, ciprofloxacin is known to be a very stable
molecule and recalcitrant towards biocatalytic processes
(Guardado et al., 2019). Only 30% of ciprofloxacin was
removed with the laccase-monolith (Figure 11). A similar
result was obtained with the blank test with deactivated
laccase (Supplementary Figure S11), and no elimination was
observed with free laccase (Supplementary Figure S11). The
removal of this molecule was thus due to its adsorption in silica
monoliths.

In the case of tetracycline, 55% of elimination was noticed after
24 h with laccase immobilized on silica monoliths (Figure 11)
and only 10% were adsorbed on deactivated monoliths
(Supplementary Figure S11), demonstrating an efficient
biocatalytic degradation of tetracycline by the immobilized
laccases. The depletion level of tetracycline (55%) was similar
to the one obtained for a solution containing only tetracycline
without any other pharmaceutics (Ahmad et al., 2021). The
presence of other micropollutants did not alter the action of
the laccases towards tetracycline. However, the immobilized
laccases were less efficient than free laccases, giving a
degradation level for tetracycline as high as 95%
(Supplementary Figure S11).

Sulfamethoxazole was previously presented as recalcitrant to
the degradation by laccases with no elimination observed after
72 h of reaction at pH 7 (Guardado et al., 2019). However, in the
present case, sulfamethoxazole was eliminated at 20% with free
laccases (Supplementary Figure S11). This result was rather
surprising because previous studies have shown that this
molecule could only be partially degraded in the presence of
redox mediators (Guardado et al., 2019; Guardado et al., 2021).
Since no such compounds were added to our solution, it could be
assumed that one or more degradation products of the other
pharmaceutical molecules could act as redox mediators. As no
such effects were observed for sulfamethoxazole degradation in
the mixture of amoxicillin, sulfamethoxazole, ciprofloxacin, and
carbamazepine (Guardado et al., 2021), the redox mediator could
be a degradation product of tetracycline. The laccases
immobilized in silica monoliths led to an even higher
elimination of 60% of sulfamethoxazole. The blank test with
deactivated laccases showed an elimination of 20% attributed to
adsorption on silica monoliths. Therefore, laccases immobilized
on silica monoliths showed a highly efficient biocatalytic activity.
The covalent coupling of laccase on silica monolith enhanced the
activity of the mediator coming from tetracycline degradation
products.

The global depletion of pharmaceutics in water was 64% and
48% for immobilized and free laccases, respectively, showing the
high potential of immobilized laccase on silica monoliths for

water treatment under flow. The monoliths could be reused, as it
was shown previously that its biocatalytic activity was maintained
for at least five cycles for a solution containing only tetracycline
(Ahmad et al., 2021).

CONCLUSION

Silica monoliths synthesized by spinodal decomposition and
sol-gel process were prepared with different macropore and
mesopore diameters for laccase immobilization. Different
immobilization methods were compared, and the best
method for laccase was the covalent binding of the enzymes
on silica monoliths functionalized with amino groups through
glutaraldehyde coupling. The highest activity of the laccase was
found for the monoliths featuring the largest mesopore
diameter (20 nm), surely due to the highest accessibility and
mobility of the enzymes inside the mesopores, independently
of the macropore diameter. The permeability of the monoliths
was measured with water and the highest permeability was
obtained for the monoliths featuring the largest macropore
diameter (20 μm). Due to their high homogeneity of
interconnected macropores, the flow in monoliths behaves
almost as if the macropores were independent cylindrical
straight pores. The silica monoliths of 20 μm macropore
diameter and 20 nm mesopore diameter were revealed as the
best support for laccase immobilization. These bioreactors
were used to eliminate in continuous flow pharmaceuticals
molecules classically found in different kind of waters. Due to
the analytic techniques available in the laboratory, high
amount of each pharmaceutics (20 mg L−1) was used. The
solution was passed through the bioreactors in a recirculation
flow mode. After 24 h, amoxicillin was totally eliminated.
Ciprofloxacin was eliminated at 30% due essentially to
adsorption on the silica monolith. Tetracycline and
sulfamethoxazole were eliminated at 55% and 60% due to
mainly enzyme degradation with 10% and 20% of molecules
possibly adsorbed on the monoliths, respectively. The
immobilization of laccase on silica monoliths decreased the
activity of laccases towards tetracycline degradation, but
increased the biocatalytic activity of the laccases towards the
degradation of amoxicillin and sulfamethoxazole. The global
removal of pharmaceutics with immobilized laccases was 64%,
whereas for free laccases, it was 48%, showing the high potential of
these bioreactors. After 24 h, 20, 12, 9, and 8 mg L−1 of amoxicillin,
sulfamethoxazole, tetracycline, and ciprofloxacin, respectively,
were eliminated from the solution with immobilized laccases in
flow. In real contaminated waters, considering that the amount of
pharmaceutical molecules ismuch lower from ng L−1 to μg L−1, this
process could probably be used to totally eliminate efficiently these
micropollutants at this level of concentrations.
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