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Abstract 

Silica monoliths with uniform macro-/mesoporous structures (20 µm and 20 nm macro- and 

mesopores diameters, respectively), high porosity (83%) and high surface area (370 m
2
 g

-1
) were 

prepared. The monoliths were grafted with amino groups (0.9 mmol NH2 g
-1

) and used to 

immobilize laccase from Trametes versicolor by covalent grafting with glutaraldehyde (GLU) 

(1.0 mmol GLU g
-1

) leading to an ABTS activity of 20 U g
-1

. Immobilization yield was 80%, 

based on the difference of initial and final activity of enzymatic solution used for immobilization. 

Enzymatic monoliths were used for the degradation of tetracycline (TC) in aqueous solution (20 

mg L
-1

) in continuous flow with recycling configuration. TC degradation efficiency was found to 

be 40-50 % after 5 h of reaction at pH 7. Enzymatic monoliths were used during 75 hours of 

sequential operation without losing activity. A Steady-state computational fluid dynamics (CFD) 

model based on Michaelis Menten reaction kinetics, allowed computing TC degradation 

efficiency.  

Keywords: enzymatic flow through reactor, monolith, laccase, antibiotic degradation, modeling, 

water treatment. 
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1. Introduction  

 

Antibiotics are commonly used in human and animal medicine for controlling and treatment of 

infectious diseases. A considerable amount of antibiotics is not metabolized in human or animal 

body and is thus discharged in wastewater and ends up in rivers, lakes and landfills. Antibiotics 

are refractory micropollutants, their concentration in treated wastewaters depends on their origin 

(domestic, hospitals or industrial), it is ranged from 10 ng L
-1

 to 10 µg L
-1 

[1]. Antibiotics, like 

tetracycline (TC) and oxytetracycline (OTC), are anti-microbial agents recalcitrant in nature; they 

are currently found in wastewaters and natural water bodies [2]. It has been found that TC and 

OTC increase the ecotoxicity and anti-microbial resistance [3], thus their presence in water can 

cause threat to human health.  

Many pharmaceuticals present in wastewaters are not completely removed by conventional 

treatment plants [4, 5] and hence alternate removal techniques needs to be developed for the 

complete and efficient removal of these products. Biodegradation of antibiotics is recently been 

explored using oxidoreductases enzymes as a bio-catalyst [5].  

Laccases are able to catalyze the oxidation of various aromatic compounds (particularly 

phenols) with the concomitant reduction of oxygen to water  Their active site consists of 4 copper 

atoms, one responsible for the oxidation of phenolic groups and a cluster of 3 copper atoms 

responsible for the activation of oxygen. However, the mechanism of action of laccases, and in 

particular the role of the metal center, remains poorly known but many authors agree with the fact 

that it is a radical mechanism [6-9] (Figure 1). Laccase (EC 1.10.3.2) from Trametes versicolor, 

is an oxidoreductase enzyme which had been extensively studied for the biodegradation of 

antibiotics and found very promising due to its ability to oxidize large variety of these 

pharmaceuticals. 

Nevertheless, generally enzymatic processes present some drawbacks like inactivation, lack 

of stability and reusability of enzymes, which can make the process uneconomical and unfeasible 

to be implemented on “large scale”.  

 Immobilization of enzymes improves the reusability and sustainability of enzymatic 

process [7] and allows bioreactors operating in continuous mode. Immobilization may improve 
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many enzymes properties like activity, stability, selectivity, specificity, inhibition [8-11]. 

Different Immobilization techniques have been used with different support materials [12], they 

include adsorption [13], encapsulation [14-16], covalent grafting [17], and adsorption followed 

by crosslinking [18]. The best method for biomolecules immobilization is not universal and will 

depend on the biomolecule itself. For laccases it was shown that a covalent grafting via a cross-

linking agent such as glutaraldehyde is very efficient. Immobilization support materials like 

ceramic mono or multichannel membranes [19, 20], nano-fibrous membranes [21], metal nano-

particles [22], carbon nanotubes [23] and mesoporous materials [24], magnetic cross-linked 

enzyme aggregates (M-CLEAs) [25] have successfully demonstrated the immobilization of 

laccase for the degradation of antibiotics. However, many of these materials present a limited 

surface area available for grafting; this is especially the case of membranes. Indeed, enzyme 

immobilization yields and reactivity are relatively low [26, 27].  

 

 

Figure. 1 General reaction mechanism of laccases. 

 

Silica monoliths prepared by a combination of spinodal decomposition and sol-gel process 

have a homogeneous structure of macropores interconnected with mesopores in the skeleton. 

Macropores diameters are adjustable between 1 to 30 μm and mesopores diameters are adjustable 

between 8 to 20 nm leading to surface areas of 700 to 300 m
2 

g
-1

 and a total porosity around 85% 

[28]. These monoliths are able to allow large water flows to transfer through their structure with 

low pressure drop due to their homogeneous network of large communicating macropores. 

Enzymatic monoliths are interesting candidates to be applied in continuous flow through plug 

reactors. In this operating mode, the flow is forced to pass exclusively through the monolith 

porosity where the biocatalyst is immobilized and the contact between the reactants and the 

enzyme occurs during the mass transfer process. This configuration results in better control of the 
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reaction through the “micro-reactor concept”, where the distance between the biocatalyst and the 

substrate is considerably reduced, which increases the probability of reaction [29]. Moreover, 

monoliths have been successfully applied as a support material in chromatography [30], catalysis 

[31, 32] and for enzyme immobilization [33]. All these studies concluded that these structures are 

very promising as a solid support to immobilize catalysts due to their highly interconnected and 

homogeneous porous structure with large surface area available for grafting. Therefore, the aim 

of this research study was to immobilize laccase on silica monoliths to further explore the 

applicability of enzymatic monoliths for the degradation of TC, an antibiotic chosen as a model 

substrate. In this research work, silica monoliths were prepared with uniform macropores of 20 

μm and mesopores of 20 nm diameters, and grafted with a commercial laccase from Trametes 

versicolor (kinetic diameter 6 nm, with four cupper atoms as metallic active center and an 

isoelectric point around 4.5).  Covalent binding through glutaraldehyde was chosen as 

immobilization method since it has been successfully used to grafted laccase on ceramic 

membranes [19, 20]. Enzymatic monoliths were then used as a plug flow reactor operating in 

recycling-mode for TC degradation. Finally, a model was built by coupling the hydrodynamics 

with the experimental reaction kinetics using computational fluid dynamics (CFD) in order to 

optimize and simulate the process of degradation.  

 

2. Materials and methods 

Polyethylene glycol (PEG) (99%, 100 kDa), tetraethoxysilane (TEOS) (99%), (3-aminopropyl) 

triethoxysilane (APTES) (99%), commercial powder of laccase from Trametes versicolor 

(activity ≥0.5 U mg
−1

), tetracycline (TC) (≥98.0%), glutaraldehyde (25% v/v) and 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) (≥98.0%,) were purchased from Sigma-

Aldrich.  

2.1 Silica monoliths synthesis, functionalization and characterization. 

Silica monoliths with hierarchical porosity (macro-/mesoporosity) were prepared by a controlled 

sol-gel process with TEOS and PEG according to a method previously reported [28]. The surface 

area of silica monolith before enzyme immobilization was 336 m
2
 g

-1
. Prior to enzyme 

immobilization, the monoliths were pre-activated by grafting amino groups. For this purpose, 

they were firstly dried at 250°C under vacuum for 4 h and then immersed in a solution of APTES 
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in ethanol (in order to have an excess of 10 amino groups per nm
2
). The activation was carried 

out under reflux (80 °C) overnight. The reactors were built by cladding the monoliths inside 

Teflon™ heat shrinkable gains at 180 °C for 2 h to be finally connected to stainless-steel tubing. 

This tubular plug-flow reactor configuration allowed the liquid feed penetrating the internal 

porosity of activated monoliths without preferential ways. 

 The monoliths were named as “preactivated monoliths” before enzyme grafting and “laccase-

activated” or “enzymatic monoliths” after enzyme immobilization, for instance see section 2.3. 

Monoliths were characterized structurally by scanning electron microscopy (SEM) (Hitachi S-

4800 I FEG-SEM).  Porosity was determined by mercury porosimetry (Micrometrics Autopore 

9220) and nitrogen adsorption at 77 K (Micromeritics Tristar 3020). Before nitrogen adsorption 

measurements, monoliths were outgazed for 12h at 250°C and 80°C for raw and grafted silica 

monoliths respectively. The quantitative determination of the number of amine functions on the 

surface of the silica monolith was determined by TGA analysis (PerkinElmer STA 6000) using a 

high resolution program (from 40 to 900 °C) under air with a ramp of 10°C per minute. The 

number of grafted functions was determined by the loss of weight of the material from 200°C to 

900°C and taking in account the dehydroxylation of the surface of the monolith. 

 

2.2 Permeability tests  

Permeability tests were carried out both before and after immobilization of enzymes by filtrating 

osmosed water through the monoliths. Monoliths of 0.6 cm diameter and 0.5 cm length were 

connected to a flow system consisting of a HPLC pump and a pressure gauge as shown in Figure 

1. The flow rates were varied from 1 mL min
-1

 to 5 mL min
-1

. The back pressure exerted by 

monoliths was measured thanks to a pressure gauge and then permeability (k) was calculated by 

Darcy equation as follows:  

𝑘 =
𝑄

𝐴

𝑙

∆𝑃
𝜇                                                                                                                                     (1)  

With k Permeability coefficient (m
2
), Q the flow rate (m

3
s

-1
), A the cross section of the monolith 

(m
2
),  μ the viscosity of the fluid  (μ = 1.002 mPas at 20 °C for water), l the length of the 

monolith (m) and ΔP the difference of pressure at the outlet and inlet of the monolith (Pa).       



 6 

 

2.3 Laccase immobilization 

Covalent immobilization of enzymes through glutaraldehyde binding is a widely used 

immobilization method that prevents enzyme leakage. Moreover, previous works confirmed that 

this method can be successfully used to grafted this commercial laccase on ceramic membranes 

[19,20]. Laccase immobilization was carried out by putting into contact the preactivated 

monoliths within a glutaraldehyde solution 4 % (v/v) prepared in a citrate phosphate buffer 

solution (pH 7, 0.1 M). For this purpose cladded monoliths were filled with 0.5 mL of 

glutaraldehyde solution and allowed to react for 30 minutes. Monoliths were then rinsed 5 times 

with 0.5 mL of the same buffer solution in order to remove unreacted glutaraldehyde. During the 

reaction between glutaraldehyde and APTES the white or pale yellow monoliths turn deep orange 

within minutes. This change in colour indicates that the reaction has occurred and has been 

explained by George et al [34] as the result of the formation of an aldimine (Schiff linkage 

(=CHN=), between the free amino groups of APTES and glutaraldehyde.  

Finally, monoliths were filled a volume of laccase solution (5±1 U mLsol
-1

) prepared in a 

citrate phosphate buffer (pH 7, 0.1 M). For this purpose the enzymatic solution was introduced at 

the entrance of the tube containing the monolith, allowing the penetration into the monolith 

porosity by capillarity. The tube was closed and turned several times during 1 hour, and then 

rinsed with the buffer solution. After immobilization, enzymatic monoliths were stored in the 

same buffer solution at 4°C. It is worth noting that grafted monoliths were stable under washings 

and tests, thus it can be assumed that enzymes were covalently immobilized. 

The schematics of covalent bonding through the monolith and APTES and formation of aldimine 

are illustrated in Figure 2.  

 

Figure 2. Schematic of enzyme covalent bonding through APTES loaded monoliths 
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2.4 Activity measurement 

Activity (U mL
-1

) of free laccase was measured using 2,2′-Azinobis-(3-ethylbenzthiazoline-6-

sulphonate) (ABTS) as substrate. 100 µL of diluted enzyme solution was added to 900 µL of 1 

mM ABTS solution prepared in a citrate phosphate buffer solution (pH 4, 0.1 M), absorbance 

change was followed for 1 minute by spectrophotometry at 420 nm (ɛ = 3600 M
-1

cm
-1

), activity 

(U mL
-1

) was then estimated by slope of absorbance vs time.  

The measurement of the enzymatic activity of immobilized laccase was carried out with 

crushed laccase-activated monoliths; 5 mg of the active powder were added to 25 mL of ABTS 

solution (1 mM) prepared in the same citrate phosphate buffer mentioned above in a 100 mL 

flask at 25°C, under air and agitation. The activity (U mgmonolith
-1

) was estimated as explained 

above by the change in absorbance of the ABTS solution.   

The enzyme immobilization yield was calculated considering the activity of the enzyme stock 

solution used for immobilization before and after activation process taking into account the 

activity of rising solutions as expressed in Equation 2 and 3.  

𝐴𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑 = 𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − (𝐴𝑙𝑒𝑓𝑡 + ∑𝐴𝑟𝑖𝑛𝑠𝑖𝑛𝑔)                                                                            (2) 

𝜌𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝐴𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑

𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
× 100                   (3) 

 

2.5 Determination of reaction kinetics parameters for free and immobilized laccase 

Apparent reaction kinetic parameters for free and immobilized laccase (with crushed monoliths) 

were determined using ABTS and TC as substrates. For this purpose an equivalent amount of 

0.01U of enzyme (liquid solution of enzyme or crushed laccase-activated monolith) were added 

to 25 mL of ABTS solution (20 - 100 µM in citrate phosphate buffer solution, pH 4). In the case 

of experiments with TC the amount of free (5.0 U) and immobilized enzyme (3.0 U) were added 

to 10 mL of TC solution (2 - 20 ppm in osmosed water, pH 6). Runs for both substrates were 

carried out in stirred Erlenmeyer flasks under air atmosphere. Linear regression was applied on 

the obtained data and then apparent reaction kinetic parameters (Vmax and KM) were determined 

by Lineweaver-Burke plot according to equation 4:   
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1

𝑉
=

𝐾𝑀

𝑉𝑚𝑎𝑥

1

[𝑆]
+

1

𝑉𝑚𝑎𝑥
                                                                                                                         (4) 

Here V is the rate of substrate consumption (µmols
-1

); Vmax is the maximum rate of substrate 

consumption (µmols
-1

) and KM is the Michaelis-Menten constant (µmol) and S the substrate 

concentration (µmol). 

2.6 Tetracycline degradation tests  

TC degradation tests were carried out with three laccase-activated monoliths connected in series 

(0.6 cm diameter and 0.5 cm length, each, equivalent to a total of 15.0 U ± 1.5 U of enzymatic 

activity). The recirculation of the flow was ensured by a HPLC pump (Gibson model: 321, 

France) as shown in Figure 3. A pressure sensor was connected at inlet of monoliths to measure 

back pressure. TC solution (20 ppm) prepared in osmosed water pH 6, at 25°C was flowed 

through the enzymatic monoliths in continuous recycle-mode. The flow rate was kept at 1 mL 

min
-1

. Samples were taken from the reservoir and analyzed by high-performance liquid 

chromatography coupled to triple-quadrupole mass spectrometry (HPLC–MS). Samples were 

injected through a Macherey-Nagel C18 column (50 mm x 2 mm) with a Waters e2695 

Separations Module, and the 410 m/z fragment was detected with a Micromass Quattro micro 

API device.  

2.7 Storage and operational stability of laccase-activated monoliths 

The stability of enzymatic monoliths under storage conditions (citrate phosphate buffer (pH 7) at 

4 °C was determined by measuring the residual activity over a 30-day period. For this purpose 

several enzymatic monoliths (10) were prepared under the same conditions, then they were stored 

and every 5 days samples were taken and their activity measured according to the protocol 

explained in section 2.4. The stability of laccase-activated monoliths under continuous operation 

was also studied for TC degradation. For this purpose TC (20 ppm) degradation tests were carried 

out following a sequential procedure: after 8 hours of reaction the pilot was emptied, rinsed with 

osmosed water and kept at room temperature overnight, then a new fresh TC solution was 

introduced and the run start again. The cycles were repeated for a total duration of 75 hours. 
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Figure 3. Schematic draw of pilot for TC degradation with recycling. 

 

3. Modeling and Simulation  

To setup the “steady-state model” a homogenous porous structure was considered, keeping in 

view a global porosity and permeability through all monolith volume. A Steady state modeling 

was based on the coupling of mass balances, hydrodynamics inside the monoliths’ porosity and 

enzymatic kinetics [35]. Permeability and reaction kinetics parameters (KM and Vmax) used in 

modeling were measured experimentally as discussed in section 2.5. From the results of steady-

state modeling, TC concentration evolution along the length of reactor was computed. Dynamic 

model was setup by taking mass transfer balance on the feed tank considering monolith as a plug-

flow reactor.  The concentration field (C) for TC was calculated from the mass balance and 

reaction rate taking into account the TC depletion. As far as the reaction extend was based on the 

reactant consumption for the modeling, the classical mass balance equation coupling diffusion, 

convective flow and reaction kinetics was be employed:  
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𝛻(−𝐷𝑖𝛻𝑐𝑖) + 𝑢𝛻𝑐𝑖 = 𝑅𝑖                                                                                                            (5)   

Eq. 5 is the basic mass transport equation which couples the reaction rate with the flow within the 

monolith geometry, it is applied to simulate the concentration gradient (𝛻𝑐𝑖) along the length of 

the monolith geometry. It includes TC diffusion coefficient (Di), velocity within porous domain 

(u), and enzymatic reaction rate (Ri). Velocity was calculated within geometry by applying 

Brinkman equation (Eq. 6) which is used to describe flowing fluids though porous materials 

under laminar conditions [36–38].  Indeed the Re value calculated for the flow conditions in this 

study (i.e. 2)  was less than 10 allowing the use of Brinkman equation. 

 

𝛻 [−𝑃𝐼 + 𝜇
1

𝑝
(𝛻𝑢 + (𝛻𝑢)𝑇) −

2

3
𝜇

1

𝑝
(𝛻. 𝑢)𝐼] − (𝜇𝑘−1 + 𝛽𝐹|𝑢| +

𝑄𝑚

𝑝
2 ) 𝑢 + 𝐹 = 0                  (6)  

where p is the global porosity of the domain; k (m
2
) is the permeability of the domain; u (m s

-1
) is 

the Darcy’s velocity (the ratio of flow rate to monolith cross section) and µ (mPa s) the viscosity 

of the solution.   

Similarly reaction rate (Eq.7) was estimated by introducing Michaelis-Menten equation applied 

to the TC degradation in the model. 

𝑅𝑖 =
𝑉𝑚𝑎𝑥𝐶𝑖

𝐾𝑀+𝐶𝑖
                                                                                                                                   (7) 

where Ci is TC concentration.  

The main assumptions taken for the model are: 

 

- Isothermal operation. 

- Global and homogeneous porosity through all monolith volume.  

- Enzymatic activity and permeate flow rate are constant. 

- Physical properties of reaction media (viscosity, density) are constant under different operating 

conditions. 

 

Equations (5) to (7) were coupled and solved simultaneously with COMSOL Multiphysics
® 

software (version 5.3). Physics controlled fluid dynamic fine size mesh was used. Maximum and 
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minimum element size was 0.06 and 0.32 mm. Further decreasing the element size had no effect 

on output TC concentration.   

Dynamic modeling was then performed by applying mass transport balance in the reservoir and 

closed loop as explained by Younas et al. [39]. For this purpose Matlab
®
 (version 18) was 

implemented to update the output results obtained from Comsol Multiphysics
®
. In order to couple 

the both software, live-link application was used.  

Mass transport modeling in the reservoir 

As far as the TC concentration in the tank decreased gradually the dynamic variation of TC 

concentration with time was calculated by applying a transient differential equation around the 

tank:  

𝑉
𝑑𝐶𝑇𝐶

𝑑𝑡
= 𝑄(𝐶𝑖𝑛

𝑛+1 − 𝐶𝑜𝑢𝑡
𝑛+1)                                                                                                     (8) 

 

4. Results and discussion 

 

4.1 Structural characterization of monoliths  

Nitrogen adsorption/desorption isotherms at 77 K and mercury porosimetry measurements shown 

that monoliths present a very high porous structure with a total porosity of ε = 0.83 (Vmacro = 3.0 

mL g
-1

, Vmeso = 0.8 mL g
-1

), a low density of 0.20 g cm
-3

 and mesopores with a mean diameter of 

18 nm developing a large surface area of 336 m
2 

g
-1

. The macroporous surface determined by 

mercury porosimetry is around 1 m
2
 g

-1
. After the activation, amino-functionalized monoliths 

contain 0.8 mmol NH2 gmonolith
-1

 corresponding to a grafting of 1.5 NH2 per nm
2
 with 72% of 

tridentate silanes (28% of bidentate). After laccase immobilization by covalent grafting through 

glutaraldehyde bounds important textural changes occur with a decrease of the specific surface 

area (164 m
2 

g
-1

), Vmeso (0.5 mL g
-1

) and mesopores diameter (15 nm). Figure 4 shows a SEM 

picture of the structure of a raw silica monolith (4a) and laccase-grafted monolith (3b). From 

Figure 4a we can notice the interconnected macropores network of approximately 20 μm of 

average diameter and a skeleton thickness of around 6 μm. The aspect of grafted monolith 

presents a slight difference respect to the raw one, only the softness of the surface seems to be 
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enhanced indicating the possibility of the formation of a thin film of immobilized enzyme on the 

surface. This effect is more marked in Figures 4c and 4d which show corresponding 

magnifications of Figure 4a and 4b respectively.  

 

 

Figure 4. SEM of monoliths showing the macroporous structure. a) Raw monolith, b) Laccase-grafted monolith, c) 

and d) are respectively magnification figures a) and b). 

Many hypotheses can be done to explain this behavior; on one hand laccase grafting was 

occurring more extensively in the mesoporosity, on the other hand a very thin layer of the 

immobilized enzyme  was perhaps covering the internal surface of the surface of the solid (as is 

observed in Figures 4b and 4d above).  The very thin coating does not significantly affect the 

macroporosity but it can partially cover mesopores’ mouth. Moreover, the decrease of the 

specific surface, mesopores volume and diameter discussed above are also indications that both 

hypotheses are possible.   

 

4.2 Permeability coefficient 
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When water flow rate varied from 1 to 4.5 mL min
-1

 through a cladded monolith, the upstream 

pressure increased linearly from 10 to 40 mbar. These measured values of upstream pressure are 

very low and confirm that monoliths present interesting structure with very high porosity and 

communicating macropores. Permeability coefficient (k) of raw silica monoliths calculated from 

Equation1 was equal to 5.9 10
-12

 m
2
. Other authors has reported the same order of magnitude of 

permeability (11 10
-12 

m
2
) [40] but with monoliths with pore size of 30 – 50 µm. After enzyme 

immobilization, no change was observed for the value of permeability coefficient; enzyme 

grafting does not affect the mass transfer. 

 

4.3 Activity and immobilization yield 

The activity of a single monolith (6 mm diameter and 5 mm length, mass of 50 mg) was 

determined using crushed monoliths as explained in section 2.4. The mean activity of enzymatic 

monoliths was of 5.0 ± 0.5 U.  The immobilization yield of enzymes is an important factor for 

process efficiency and cost. Immobilization yield measured was equal to 80 ± 5%. This relatively 

high immobilization yield is certainly reached because the small volume of enzymatic solution 

employed together with the high specific surface with a high number of reactive sites (amino 

groups coupled with glutaraldehyde). The immobilization probably also favored by the structure 

of monoliths of extremely interconnected macroporous and mesoporous networks and the thin 

skeleton (6 µm), which reduces the diffusion path lengths facilitating the access to the numerous 

reactive sites.  It is important to notice that grafted monoliths were stable under washings and 

after successive reactivity tests, thus it can be assumed that enzymes were covalently 

immobilized. 

These initial results conclude a successful immobilization of laccase on silica monoliths and 

demonstrated very high immobilization yield.  

 

4.4 Determination of apparent reaction kinetic parameters 

Apparent kinetic parameters KM and Vmax for both free and immobilized enzymes (crushed 

monoliths) were determined with two different substrates ABTS and TC by the method discussed 

above in section 2.5. Measured values are shown in Table 1. It can be observed that after 
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immobilization the apparent KM value decreased by 1.6 and 4 times for ABTS and TC, 

respectively. This result is surprising because generally structural conformation and diffusion 

limitations occur after immobilization.  However, a similar trend has already been reported for 

laccase immobilized on membranes [19, 20] and lipase on mesoporous SiO2 microparticles [41]. 

Vmax value depends on the concentration of the enzymatic solution (for free enzymes) or the 

amount of immobilized enzymes on a support. In this work the kinetic experiments with ABTS 

were carried out in order to have in both cases, the same amount of enzymes in terms of activity 

towards ABTS (i.e. 0.25 U). It was observed that Vmax value was higher for immobilized enzymes 

indicating a better reactivity of immobilized biocatalyst. As in the case of KM, this result is in 

good agreement with previous results reported by De Cazes et al (2014) [19, 20]. For TC, since 

activity used for free and immobilized was not same (0.3 U mL
-1

) and (0.15 U mL
-1

), 

respectively, it was not possible to compare the Vmax.   

 

Table 1. Apparent reaction kinetic parameters for the oxidation of ABTS and tetracycline (TC) with free and 

immobilized laccase. 

substrate State of Enzymes Vmax (µmol min
-1

) ±10% KM (µmol L
-1

) ±10% 

ABTS   Free  1.3 10
-2

 85 

Immobilized 6.4 10
-2

 50 

TC 

 

Free  7.0 10
-4

 80 

Immobilized 2.0 10
-4

 20 

 

 

4.5 Tetracycline degradation tests 

TC (20 ppm) degradation results are displayed in Figure 5. Control experiments (blank tests) 

were carried out to study the effect of TC self-degradation or adsorption on the evolution of TC 

concentration.  For these tests, enzymatic monoliths were first thermally deactivated by heating in 

oven at 100°C for 2 hours. The results of control experiments show that less than 2% of initial 

TC was removed. The evolution of TC concentration with enzymatic monoliths shows that 
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laccase-activated monoliths were able to degrade 40% of initial TC in first 5 hours and then the 

degradation rate decreases dramatically. From this point the TC concentration decreases slowly 

up to 50% at 26 hours of reaction. Many hypotheses can be done to explain this behavior; they 

include the decrease of substrate concentration, if the kinetics obeys to a Michaelis-Menten 

equation. However, the diminution of the oxygen content, or even the formation of inhibiting by-

products can also be considered.  

 

 

Figure 5. Degradation of TC.  C/C0: variation of the TC concentration respect to the initial TC concentration (20 

ppm). 

 

Some authors [29, 30] have noticed that the velocity of oxidation of substrates by laccases can 

decrease very rapidly during the first hours of reaction because the oxygen concentration 

depletion near catalytic sites. Indeed, the conversion can be improved by stirring on air 

atmosphere or reach 100% by using pure oxygen [30]. In the case of experiments carried out in 

the monolithic system in continuous configuration no stirring under air or oxygen was done. In 

addition, the concentration of enzyme was relatively high (15.0 U for 30 mL of 20 ppm of TC 
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solution) and even if the calculated total initial amount of oxygen (7.7 10
-7

 mol) was 5.5 times the 

initial amount of TC (1.4 10
-7

 mol) it is possible that the oxygen depletion near the catalytic sites 

caused the observed decrease of the degradation rate. This effect was already demonstrated in the 

literature [29, 30]. Moreover, TC degradation results in many different by-products that can also 

be oxidized by laccases [42, 43] (sometimes, first oxidation products are more reactive that the 

initial substrate). Indeed, the oxygen necessary for the degradation of TC can also be consumed 

by these side reactions. This point is certainly critical for the conversion reached with enzymatic 

reaction within the porosity of the monoliths. Additional experiments were carried out under the 

same conditions (volume and concentration of solution, amount of activated monoliths) of the 

continuous configuration but with crushed activated monoliths in a stirred batch reactor with air 

bubbling. The results showed a total TC depletion in 6 hours. Indeed, the hypothesis of inhibition 

by products formation can be omitted.  

4.6 Storage and operational stability of laccase-activated monoliths 

Storage and operational stability of immobilized laccase is an important step for its practical 

applicability and plays a key role in process cost. Storage stability was studied for 30 days as 

explained in section 2.7. The results obtained demonstrated that there was no loss of enzymatic 

activity during the first 5 days of storage at 4°C. Then during the other 25 days of storage the 

activity decreased slowly reaching approximately 85% of the initial one. Similarly, the activity of 

free enzymes was studied under same storage conditions and for same time period as 

immobilized enzyme. The results demonstrated that there was no noticeable change in the 

activity of free enzymes even after 30 days of storage at 4ºC.  

The operational stability of enzymatic monoliths was studied during 75 hours with the cyclical 

procedure described in section 2.7; the results are displayed in Figure 4.  We can observe that the 

evolution of TC concentration is very similar for all of the cycles. As it was discussed in section 

4.5, TC concentration decreases very rapidly during the first minutes of operation and then the 

degradation rate slowdown. When the solution is changed with a fresh one containing the initial 

TC and oxygen concentration the same pattern of TC depletion is obtained. Indeed we can 

conclude that the enzyme immobilized in monoliths is stable during at least 75 hours of 

operation. The slowdown of the reaction rate could be avoided by using air or oxygen bubbling in 
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the reservoir.  

 

Figure 6: Operational stability of monoliths for 75 hours of sequential operation. 

4.7 Simulation  

As explained in section 3, the steady state model (Eq.5-7) was coupled with the dynamic mass 

(Eq.8) transfer applied on feed tank, using the outlet results from monolith and running a closed 

loop in Matlab®. Results of the dynamic mass balance simulation in the reservoir tank allowed 

calculating the degradation rates of substrate. The evolution of residual TC concentration is 

shown in Figure 5a. The results of the model simulate relatively well the experimental evolution 

of TC concentration in the tank during the first 5 hours, period in which we can consider that 

Michaelis-Menten kinetics is valid because we don’t have deficiency of oxygen to carry out the 

degradation. Steady-state model was solved in COMSOL Multiphysics
®
 considering the three 

monoliths in series as a single plug flow reactor. The output concentration for single pass 

(residence time for single pass 45-50 seconds) was calculated from surface integration at the 

outlet of monolith. Results are shown in Figure 5b. It can be seen that TC concentration decreases 

along the reactor’s length, but the conversion is relatively low at each passage (0.02 µmol L
-1

). 
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Figure 7. a) Evolution of TC concentration inside the reservoir. Comparison of experimental and modeling base 

results from a dynamic simulation,  experimental results,        simulation.    b) Steady state CFD simulation results 

showing TC concentration change along the length of the reactor for a single pass. 

 

5 Conclusions 

Silica monoliths with a homogenous mesoporous/macroporous structure featuring, high specific 

surface area and porosity were successfully prepared. These monoliths were preactivated with 

APTES and glutaraldehyde in order to covalently immobilize laccase from Trametes versicolor. 

From reaction kinetic parameters Vmax and KM values, it was concluded that after immobilization 

laccase was more active without losing affinity to substrate. Enzymatic monoliths were 

successfully implemented at laboratory scale for the degradation of tetracycline as model 

micropollutant in a continuous plug flow mode with recycling. System of three monoliths, 

connected in series was able to degrade 40-50% of TC in 20 ppm solutions in 5 hours.  The 

immobilized laccase on silica monoliths exhibited high stability during storage as well as good 

operational stability during 75 hours of sequential operation both factors are interesting for their 

applicability at large scale.  

Modelling and simulation of the TC concentration evolution for the plug flow reactor coupling 

the hydrodynamics and kinetics was in good agreement with experimental results for the first 5 

hours of reaction. However, at longer times of reaction it was observed experimentally that the 

degradation rate slowdown, this behavior may be the result of a high enzymatic activity which 

causes a rapid lack of oxygen, co-substrate essential for the oxidation reaction. Indeed, the actual 
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configuration of the plug flow reactor doesn’t allow a continuous aeration or feed of oxygen. In a 

future; the design and scale up the pilot unit will have to consider an aeration system in the 

reservoir or in between the monoliths and a continuous process without recycling. Moreover 

further experiments will be conducted in order to identify the parameters of a new kinetics 

considering tetracycline and oxygen concentration.  
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Notations and symbols 

Symbol  Defintion 

A Cross-sectional area (m
2
) 

Aimmobilized Activity  immobilized (U g
-1

)  

Ainitial  Activity of enzymatic solution before  immobilization (U ) 

Aleft Activity of enzymatic solution after immobilization (U) 

Arinsing  Activity of the rinsing solution (U) 

Cin
n+1

 Inlet concentration for n+1 loop (µmol L
-1

) 

Cout
n+1

 outlet concentration for n+1 loop (µmol L
-1

) 

CTC Tetracycline (TC) concentration (µmol L
-1

) 

Di Diffusion coefficient (m
2 

s
-1

) 

F Volume Force (Nm
-3

) 
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I Identity vector  

k Permeability coefficient (m
2
) 

KM Michaelis constant (µmol L
-1

) 

l Length of the monolith (m) 

P Pressure (Pa)  

Q Flow rate (mL min
-1

) 

Qm Mass source term (kg m
-3

s
-1

) 

Ri Reaction rate (µmol m
-3 

s
-1

) 

[S] Substrate concentration (µmol L
-1

) 

u Darcy velocity (m s
-1

) 

V Reaction rate (µmolmin
-1

) 

Vmax Maximum reaction rate (µmolmin
-1

) 

µ Fluid viscosity (mPa.s) 

ρimmobilization Immobilization yield 

∇ ci Concentration gradient  (µmol L
-1 

m
-1

) 

p Porosity  

βF Forchheimier coefficient (kg m
-4

) 

∑ Summation  
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