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Abstract: In this article, the biocatalytic oxidation of ethanol into acetaldehyde was studied using a 

catalase entrapped within monolithic polyampholyte cryogel, p(APTAC-co-AMPS), derived from 

an anionic monomer, 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS), and a 

cationic monomer, (3-acrylamidopropyl) trimethylammonium chloride (APTAC) as catalyst. 

Macroporous polyampholyte cryogels containing various amounts of catalase were synthesized in 

situ under cryo-polymerization conditions at a molar ratio of monomers [APTAC]:[AMPS] = 75:25 

mol.% in the presence of 10 mol.% cross-linking agent, N,N-methylenebisacrylamide (MBAA). The 

conversion of ethanol into acetaldehyde in good-to-high yields was observed in flow-through and 

batch type reactors under optimal conditions: at T = 10-20 C, pH = 7.1, [C2H5OH]:[H2O2] = 50:50 

vol.%. According to SEM image the pore sizes of p(AMPS-co-APTAC) cryogel vary from 15 to 55 

μm. The catalytic activity of catalase entrapped within monolithic polyampholyte cryogel in the 

conversion of ethanol into acetaldehyde was evaluated through the determination of such kinetic 

parameters as Michaelis constant (Km), the maximum enzymatic rate (Vmax), activation energy (Ea), 

turnover number (TON) and turnover frequency (TOF). The catalase encapsulated within mono-

lithic polyampholyte cryogel exhibits a high conversion of ethanol into acetaldehyde. The ad-

vantages and disadvantages of flow-through and batch type reactors were highlighted. 

Keywords: macroporous cryogel; catalase; entrapment; oxidation of ethanol; hydrogen peroxide; 

molecular oxygen, air; flow-through reactor; batch type reactor 

 

1. Introduction 

 

Acetaldehyde can be synthesized by various methods including partial oxidation of 

ethanol or ethylene, hydration of acetylene and ethanol dehydrogenation [1]. The use of 

molecular oxygen and hydrogen peroxide as green, inexpensive, and readily available 

oxidants in combination with metal catalysts has practical advantages due to the favora-

ble economics associated with O2 and the formation of environmentally benign 

by-products (water and hydrogen peroxide) [2-4]. Noble metals such as platinum [5, 6], 

palladium [7], ruthenium [8], iridium [9], and gold [10, 11] anchored on the surface var-

ious supports has been demonstrated the high activity in partial oxidation of ethanol. 
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Nowadays biocatalytic oxidation offers practical solutions for the oxidation of al-

cohols. According to the classification of biocatalytic processes immobilized-enzyme ca-

talysis has been attracting attention from many industries and researchers, mainly be-

cause of their high selectivity, specificity and activity under environmental benign con-

ditions [12]. Entrapment methods can be used to immobilize isolated enzymes and ren-

der them more stable, and easier to separate and recycle [13].  

Keilin and Hartree [14] firstly showed that catalase was also capable of oxidizing a 

wide variety of compounds including ethanol in the presence of a hydrogen perox-

ide-generating system. Later the selective oxidation of primary alcohols to the aldehyde 

level with non-immobilized [15, 16] and with immobilized enzymes [17, 18] was suc-

cessfully realized. 

Last year the great attention is paid to macroporous cryogels that can be obtained by 

conventional radical copolymerization in cryoconditions [19]. On a microscopic level, 

moderately frozen molecular solutions can be represented as heterophase systems con-

taining the polycrystals of frozen solvent (for instance, water crystals) and some unfrozen 

fraction called “unfrozen liquid microphase”, where the monomers are concentrated. The 

reaction occurs inside of unfrozen regions due to extremely high local monomer concen-

tration while the crystals of frozen solvent play the role of porogens after defrosting. The 

pore size of cryogels can vary from several microns to several hundred microns. Due to 

porous structure, cryogels can retain up to 74% of water molecules in large pores, and 

such big pores, can be used as monolithic (stationary) or flow-through catalytic reactor.  

The achievements in the creating polymeric cryogels, mainly for needs of biotech-

nology and biomedicine have been described in reviews and book chapters [20-22]. For 

instance, the anionic and cationic cryogels were used for nanoparticles immobilization 

into superporous cryogels matrix for sodium borohydride decomposition [23-25]. Re-

cently, Demirci et al. [26, 27] studied the enzymatic activity of alpha-Glucosidase en-

trapped within various cryogels, including neutral, anionic, and cationic superporous 

cryogels, obtained in situ under polymerization conditions. Cryogels with tunable po-

rosity, pore sizes, and functionality for the entrapment of enzymes have been concluded 

to be effective tools in development of novel biotechnological processes [26-28].   

Reactions performed by immobilized enzymes can be made in reactors of different 

configurations. The most used enzymatic reactors are packed-bed and fluidized-bed re-

actors, which can be operated continuously. The types of reactors used for immobilized 

enzymes were summarized in [29]. Basically, the same principles as for other processes 

using heterogeneous catalysis are valid, resulting in well-known reactor configurations. 

The present work was inspired by our previous research reports on the aerobic ox-

idation of alcohols mediated by biocatalyst composed of catalase immobilized within 

polyampholyte cryogel p(APTAC-co-AMPS) [30]. The one-stage immobilization of metal 

nanoparticles into matrix of amphoteric cryogels was developed by our research group 

[31-33] and further was successfully used for selective hydrogenation of various sub-

strates in flow-through reactor. The traditional batch type laboratory reactor was widely 

used for the liquid-phase oxidative catalysis in reaction coupling of low-valent phos-

phorus compounds with alcohols, yellow phosphorus, and octene-1 [34-37]. 

The present manuscript deals with the study of the biocatalyst composed of catalase 

immobilized within polyampholyte cryogel in ethanol oxidation, because the previous 

article [30] was focused on the study of iso-propanol and n-butanol oxidation in 

flow-through catalytic reactor. The aim of this work is comparative study of the catalytic 

properties of catalase immobilized within monolithic polyampholyte cryogel in oxida-

tion of ethanol to acetaldehyde under mild conditions (ambient temperature, atmos-

pheric pressure) using the flow-through and batch catalytic reactors.  

2. Results and Discussion 

2.1. Preparation and characterization of biocatalyst 
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The monolithic p(APTAC-co-AMPS) cryogel containing various amounts of catalase 

were synthesized under cryoconditions (T = -12C) at an initial molar ratio of monomers 

[APTAC]:[AMPS] = 75:25 mol.% in the presence of 10 mol.% MBAA, ammonium per-

sulfate (APS), used as an initiator, and N,N,N’,N’-tetramethylethylenediamine (TEMED), 

as an accelerator (Figure 1) [30]. 

                                  

                                     

Figure 1. Synthetic protocol for the encapsulation of catalase within the monolithic 

p(APTAC-co-AMPS) cryogel matrix (75:25 mol.%), which bears the excess of positive charges. 

Stabilization of catalase in the matrix of p(AMPS-co-APTAC) cryogel occurs due to 

electrostatic attraction between the negatively charged protein and the excess of cationic 

groups [38]. As seen from the SEM images, the average pore size of p(AMPS-co-APTAC) 

cryogel sample with immobilized catalase varies from 15 to 55 μm (see Figure 2). Such 

large pores provide for the free flow of liquid substrate and oxidation agent under grav-

ity and at hydrostatic pressure. 

                                       

Figure 2. Catalase-immobilized macroporous cryogel matrix for oxidation of ethanol. Bar scale is 

100 (left) and 50 m (right) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 May 2023                   doi:10.20944/preprints202305.2271.v1

https://doi.org/10.20944/preprints202305.2271.v1


 4 of 16 
 

 

The activity of cryogel-immobilized catalase in the decomposition of hydrogen 

peroxide was evaluated previously [30]. The initial activities of catalase immobilized in 

cryogel samples (diameter, 10 mm and height, 10 mm) are 89.6, 200 and 221 UmL-1, 

which correspond to the amount of immobilized catalase of 1, 5 and 10 mg, or an immo-

bilization yield of 40.32%, 90.0%, and 99.45%. The best catalytic activity was exhibited by 

the catalase sample with an immobilization yield 99.45%, because it becomes inactivated 

only after the decomposition of 50 mL of hydrogen peroxide, and was thus selected for 

oxidation of ethanol. 

 

2.2. Сatalytic oxidation of ethanol using catalase immobilized within monolithic cryogel 

p(APTAC-co-AMPS) in flow-through catalytic reactor 

 

Figure 3 shows the results of chromatographic analysis of the products after the first 

pass of the mixture of ethanol and hydrogen peroxide through the flow-through catalytic 

reactor at 20 C. The optimal mixture of alcohol to hydrogen peroxide passed through the 

monolithic cryogel samples was found to be 1:1 by volume, because an excess of either 

ethanol or hydrogen peroxide produces low yields of the acetaldehyde. For this reason, 

all further experiments were carried out at a 1:1 volume ratio of substrate to oxidizing 

agent. The chromatographic peak 3 in chromatogram, which appear at t = 3.5 min cor-

responds to ethyl acetate. Peak 1 at t = 1.99 min belongs to acetaldehyde, whereas peak 2 

at t = 3.0 min matches ethanol itself (Figure 3). Oxidation of the mixture of etha-

nol-hydrogen peroxide was found to produce acetaldehyde at a yield of 91.8%. Succes-

sive oxidation of the ethanol/hydrogen peroxide mixture leads to decreasing yields of 

acetaldehyde up to 85.2% (2nd cycle) and 14.5% (3rd cycle). This loss in the effectiveness is 

probably connected with the shrinking of the amphoteric cryogel p(APTAC-co-AMPS) 

matrix in water-organic solvent mixture or leaching out of catalase. 
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Figure 3. Chromatogram of oxidized ethanol. Peak 1 belongs to acetylaldehyde, peak 2 belongs to 

ethanol. Peak 3 corresponds to solvent – ethyl acetate used for extraction.  

The influence of pH, temperature and volume ratios of the substrate to oxidizing 

agent on the conversion degree of ethanol was evaluated.  

The maximum conversion of ethanol using p(APTAC-co-AMPS) cryogel containing 

immobilized catalase is observed at a pH 6.9, which corresponds to the initial pH value of 

the ethanol-hydrogen peroxide mixture (Figure 4). This is close to a pH 6.4, where the 

maximal decomposition of hydrogen peroxide takes place when utilizing a 
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p(APTAC-co-AMPS) cryogel-immobilized catalase [30]. It was observed that the oxida-

tive activity of amphoteric cryogel-immobilized catalase is higher at low temperatures, 

but is lower at high temperatures as in the case of iso-propanol oxidation [30], which can 

probably be accounted for by the exothermic character of the oxidation of alcohols.  

It is noticeable that the maximum activity of gellan gel-immobilized catalase [39] 

have demonstrated at a pH 6.5. For hydrogen peroxide degradation the 

p(NIPAM-co-HEMA) hydrogel-immobilized catalase has the same optimum as the free 

enzyme (around pH 7.0) [40]. 
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Figure 4. pH-dependent conversion of ethanol using amphoteric cryogel-immobilized catalase at 

25 C. [catalase] = 10 mg. 

The optimal ratio of the ethanol-hydrogen peroxide mixture passed through the 

sample of monolithic cryogel with a flow rate of 6-7.5 mLmin-1 was equal to 50:50 vol.%. 

Under these conditions, the yield of acetaldehyde reached up to 89.5% (Figure 5).  
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Figure 5. Ethanol conversion versus EtOH-hydrogen peroxide volume ratio. 

The activity of cryogel-encapsulated catalase is higher at low temperature (Figure 

6). Probably at low temperature, the cryogel is preferentially in the swollen state and the 

pores are more accessible for substrate and peroxide [40]. Increasing of temperature can 

cause shrinking of cryogel matrix retarding the effective diffusion coefficient of substrate 

to surface area due to lower internal mass transfer resistance. Another reason may be the 

exothermic character of ethanol oxidation by hydrogen peroxide.                 
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Figure 6. Temperature-dependent activity of cryogel-entrapped catalase in ethanol oxidation. 

In the course of ethanol oxidation, the time-dependent consumption of ethanol and 

accumulation of acetaldehyde changes antibatically (Figure 7). The oxidation of ethanol 

can conditionally be divided into 3 stages. The first stage is up to 4 min where the process 

is slow (induction period). The second stage is lasted between 4-10 min where fast oxi-

dation of ethanol takes place. The third stage in the range of 15-35 min is related to sta-

tionary state where the conversion degree is gradually stabilized.    
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Figure 7. Dependence ethanol conversion (1) and yield of acetaldehyde (2) on time at 20 С. 

Oxidation of ethanol by hydrogen peroxide was performed by cryogels themselves 

without immobilized catalase (Table 1) and free catalase (Figure 8). In both cases the 

conversion is rather low and does not exceed 7.0±0.3 %. The conclusion is that the ani-

onic, cationic and amphoteric cryogels without immobilized catalase are not active in 

oxidation of ethanol. At the same time the pristine catalase without cryogel matrix is also 

inactive. 

Table 1. Oxidation of ethanol by anionic, cationic, and amphoteric monolithic macroporous cryo-

gels at 20 C, [H2O2] = 0.06 molL-1, [Catalase] = 10 mg, VEtOH = 5 mL, VH2O2 = 5 mL. 

Cryogels p(APTAC) p(AMPS) p(APTAC-co-AMPS) p(APTAC-co-AMPS) 
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Composition (mol. %) 100 100 50:50 25:75 

Ethanol conversion (%) 6.7 7.0 7.3 7.4 
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Figure 8. Oxidation of ethanol by pure catalase at 20 C. [H2O2] = 0.06 molL-1, [сatalase] = 10 mg, 

VEtOH = 5 mL, VH2O2 = 5 mL, stirring time 5 min. 

 

The reusability of cryogel-immobilized catalase was evaluated using the same cry-

ogel sample in 5 times successive oxidation reactions, with cryogel samples being rinsed 

out with distilled water before every use (Table 2). The conversion degree of ethanol to 

acetaldehyde sharply decreases over successive runs, and after the 5 times becomes ex-

tremely low (0.3%). For explanation of this phenomenon we make several assumptions. 

The first assumption is connected with shrinking of cryogel samples in the mixture of 

ethanol-hydrogen peroxide (reactant) or acetaldehyde-water (product) that can retard 

the accessibility of active centers with respect to substrate. Moreover, the presence of 

organic substances within cryogel matrix can deactivate or even poison the heme struc-

ture of catalase that is responsible for generation of active radicals. The leaching out of 

catalase due to destruction of cryogel samples should also be taken into account.   

Table 2. Reusability of cryogel-encapsulated catalase in oxidation of ethanol at 20 C. [catalase] = 10 

mg, [H2O2] = 0.06 molL-1, VEtOH = 5 mL, VH2O2 = 5 mL, pH = 7.1. 

Runs 1 2 3 4 5 

Throughput rate, 

mLmin-1 

5.0 5.0 3.0 2.0 2.0 

Contact time, min 2.0 4.0 9.0 20.0 25.0 

Conversion, % 91.8 85.2 14.5 0.7 0.3 

 

The kinetic parameters of ethanol oxidation were determined from the Michae-

lis-Menten plots in the concentrations range of ethanol 0.0343-0.0857 moles. The Lin-

eweaver-Burk plots were also constructed according to Eq. (1) [41].  

 

                                                            
1

𝑉0
=

1

𝑉𝑚𝑎𝑥
+

𝐾𝑚

𝑉𝑚𝑎𝑥

1

[𝑆]
                      (1) 

 

where V0 is the initial rate (μmolmin-1), [S] is the ethanol concentration (mM), Km is the 

Michaelis constant (mM), and Vmax is the maximum enzymatic rate (μmolmin-1).  
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The value of the coefficient of determination (R2 = 0.9811) indicates good regres-

sion, which can be used to explain 98.11% of the total variation in the response (Figure 9).  

 

Figure 9. Lineweaver-Burk plot of immobilized catalase. 

The value of the Michaelis constant for immobilized catalase was equal to Km = 4.0 

M. The maximum rate of the enzymatic process is Vmax = 510-2 molL-1min-1. The catalytic 

constant (or number of conversions) can be considered as the number of moles of product 

formed per unit time by one mole of pure enzyme saturated with the substrate and it was 

equal to k2 = 1.1106 min-1. It is known that the conversion number for catalase is 5106 

min-1 [29]. 

The activation energy (Еa, kJmol-1) was calculated from the slope of the straight 

line in Arrhenius coordinates lgk-1/T at temperature interval of 5-20 °C (Figure 10). 
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Figure 10. Arrhenius plot for calculating the activation energy Еact of catalase decomposition during 

H2O2 decomposition.  

The activation energy was equal to Еa = 7.31 kJmol-1 that is two times less than the 

value for the activation energy calculated for the decomposition of H2O2 (Ea = 14 kJmol-1) 

[41]. The change in the entropy of activation (S‡) in the temperature range of 5-20 °C lies 

in the limit of S‡
  = -250.0-(-246.01) Jmol-1grad-1). Negative values for ΔS‡ indicate that 

entropy decreases on forming the transition state, which often indicates an associative 

mechanism in which two reaction compounds form a single activated complex.  

The calculated values of turnover number (TON) and turnover frequency (TOF) in 

oxidation of ethanol are rather high (Figure 11, Table 3).  
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Figure 11. Dependence of TON and TOF from volume ratio EtOH-Н2О2. 

Table 3. Calculated values of TON and TOF.  

1.  [a] Reaction conditions: TON in mol of product/(mol Cat); [b] TOF in mol of product/(mol Catmin) 

 

2.3. Oxidation of ethanol by cryogel-immobilized enzyme – catalase in batch type catalytic reactor  

 

The oxidation of ethanol by catalase entrapped in a cryogel matrix of macroporous 

polyampholyte was studied in batch type reactor at 20 °C with hydrogen peroxide, mo-

lecular oxygen (100%) and air (Table 4).   

Table 4. Oxidation of ethanol by catalase, entrapped in a cryogel matrix, on a catalytic “duck” at 20 

°C with hydrogen peroxide, molecular oxygen and air [a]. 

Reaction time, 

min (volume of 

absorbed O2) 

Yield of acetaldehyde, % Mass of sample, mg 

Cryogel monolith Cryogel powder Cryogel-

monolith 

Cryogel-

powder 
H2O2 O2 Air H2O2 O2 Air 

30  97.0  -  -  95.2  -  -  98.8  86.0  

30 (13 mL)  -  97.7  -  -  -  -  95.2  -  

30 (11.8 mL)  -  -  -  -  96.7  -  -  95.6  

30  -  -  59.8  -  -  60.5  95.2  93.2  

5  96.7  -  -  -  -  -  89.6  -  
 [a] Reaction conditions: H2O2 = 0.06 mol .L-1, Vethanol = 5 mL, solvent = 5 mL, 20 oC, PO2 = 1 atm. 

 

Oxidation of ethanol was carried out in the kinetic mode with intensive shaking, 

which significantly reduced diffusion inhibition and improved heat and mass transfer. 

When ethanol was oxidized by molecular oxygen during 5-30 min the yield of acetalde-

hyde was equal to 97-98% regardless of the form of the used cryogel as a monolith or 

powder. The volume of oxygen absorbed during ethanol oxidation was equal to 11.8 mL 

in case of powdered cryogel with immobilized catalase and 13.0 mL in the case of mono-

[EtOH]:[H
2
O

2
], mL  1:9 2:8 3:7 4:6 5:5 6:4 7:3 8:2 9:1 

TON10-7 [a] 0  0.14 0.23 6.75 16.86 3.23 0.45 0.48 0.10 

TOF10-7 [b]  0  0.15 0.28 9.00 22.48 4.31 0.89 1.07  0.51 
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lithic cryogel (Table 4). The yield of acetaldehyde, according to GC analysis, was high for 

both powdered cryogel (96.7%) and monolithic cryogel (97.7%). However, the yield and 

conversion of ethanol decreased by 1.6 times when the experiments were performed in 

air. 

The reusability of cryogel-immobilized catalase was evaluated using the same cry-

ogel sample in 5 times successive oxidation reactions without rinsing out with distilled 

water before every use (Table 5). The conversion degree of ethanol to acetaldehyde in-

significantly decreases over successive five runs, and after the 5 runs becomes 57.3%.  

Table 5. Reusability of cryogel-encapsulated catalase in oxidation of ethanol at 25 C. [catalase] = 10 

mg, [H2O2] = 0.06 molL-1, VEtOH = 5 mL, VH2O2 = 5 mL, pH = 6.9. 

Runs 1 2 3 4 5 

Contact time, min 40.0 30.0 30.0 20.0 15.0 

Conversion, % 65.8 63.8 60.4 57.9 57.3 

 

The calculated TON and TOF values for oxidation of ethanol are given in Table 6.  

Table 6. Calculated values of TON and TOF.  

 

 

 

[

a

] [EtOH]:[H
2
O

2
], mL = 5:5; [b] TON in mol of product/(mol  Cat); [c] TOF in mol of product/(mol  

Catmin). 

 

The comparative analysis of advantages and disadvantages of flow-through and 

batch type reactors for oxidation of ethanol given in Table 7. 

Table 7. Comparison of oxidation processes using flow-through and batch type reactors. 

 

Type of reactor Advantages  Disadvantages 

Flow-through reactor - high acetaldehyde yield and 

high ethanol conversion, 

- high reaction rate, 

- short contact time, 

- possibility of conducting ex-

periments at low temperatures 

(5-15 oC), 

- high TON and TOF. 

- sharp drop in the product 

yield when repeated stabil-

ity tests were performed, 

- using only the liq-

uid-phase oxidizers such as 

hydrogen peroxide, impos-

sibility of oxidation with 

gaseous oxidizers as mo-

lecular oxygen and air. 

Oxidant Н2О2 О2 air 

TON10-7 [b] 18.3 17.9 18.2 18.4 18.2 11.3 11.4 

TOF10-7 [c]  0.6 0.6 3.7 0.6 0.6 0.4 0.4 
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Batch type reactor - high yield of acetaldehyde 

and high conversion of etha-

nol, 

- possibility to carry out oxida-

tion processes with different 

oxidizing agents both in the 

liquid state and with gases (O2, 

air), 

- possibility to measure the 

amount of oxygen absorbed 

and monitor the oxygen ab-

sorption rate, 

- reduction of diffusion inhibi-

tion by intensive shaking, 

- good stability of the biocata-

lyst. 

- accumulation of the reac-

tion product in the solution 

leading to inevitable cata-

lyst deactivation, 

- limited volume of reactor, 

- impossibility to conduct 

experiments at low tem-

peratures (5-15 C). 

 

2.4. Mechanistic aspects of ethanol oxidation 

 

Catalase is an antioxidant enzyme found in most aerobic organisms. It catalyzes the 

dismutation of H2O2 into water and oxygen. Most of these enzymes are homotetramers 

with a heme group on each subunit. In the catalase reaction, a two-electron transfer oc-

curs between two hydrogen peroxide molecules, one acting as an electron donor and the 

other as an electron acceptor. The reaction mechanism proceeds in two steps (Figure 12). 

In the first step, catalase is oxidized by a peroxide molecule to form an intermediate 

called compound I. Compound I is characterized by a ferroxyl group containing FeIV 

and a porphyrin cation radical. In this reaction, a water molecule is formed (reaction 1). 

In the second step of the reaction, compound I is reduced by another peroxide molecule, 

returning the catalase to its initial state and producing water and dioxygen (reaction 2), 

(Figure 12S) [42].                     

The use of oxidases has the advantage that the cheapest and environmentally most 

“friendly” oxidant such as molecular oxygen can be used. Alcohol oxidases [1.1.3.x] cat-

alyse a two- or four-electron transfer onto molecular oxygen, giving hydrogen peroxide 

(2 e-) or water (4 e-) as by-product, respectively (Figure 13S) [43].                          

A simplified mechanism of oxidation of alcohols by free catalase in the presence of 

pure oxygen and air oxygen instead of hydrogen peroxide follows a similar mechanism, 

which is shown in Figure 14S [44]. The use of molecular oxygen as a terminal electron 

acceptor is attractive from a thermodynamic driving force point of view, as well as from 

an ecological point of view, since only water is formed as a byproduct. 

According to the proposed simplified mechanism, the initial alcohol binds to the 

active center of the enzyme, namely, the iron(III) ion, and is oxidized by deprotona-

tion/hydride transfer to form hydrogen peroxide. Next, hydrogen peroxide H2O2 proto-

nates B: and converts it to BH [45]. Then there is coordination with the heme HOOƟ, 

Fe(III) iron, and its oxidation to the Fe(IV) state with a π-cationic porphyrin radical and a 

water molecule. Regeneration B: for the next cycle occurs after oxidation of Fe(III) to 

Fe(IV) and deprotonation BH. The porphyrin radical generates active hydroxyl radicals 

•OH, which attack hydrogen atoms and hydroxyl groups of alcohols, turning them into 

either ketones or aldehydes. 

3. Experimental Section 

3.1. Materials and Methods 
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Anionic and cationic monomers, including 2-acrylamido-2-methylpropanesulfonic 

acid sodium salt (AMPS, 98 wt.%) and(3-acrylamidopropyl)trimethylammonium chlo-

ride (APTAC, 75 wt.% in water), crosslinking agent N,N’-methylenbisacrylamide 

(MBAA, >99% purity), ammonium persulfate (APS, >99% purity), and 

N,N,N’,N’-tetramethylethylenediamine (TEMED, >99% purity) were purchased from 

Sigma-Aldrich Chemical Co. (Milwaukee, WI), and used without further purification. 

Catalase from bovine liver with catalytic activity of 2000 Uml-1 was also acquired from 

Sigma-Aldrich (USA). Potassium permanganate (KMnO4, >99% purity), hydrogen per-

oxide (H2O2, 0.07 M), H2SO4 (20 wt.%) and phosphate buffer with pH 7.0 were used for 

determination of the activity of catalase utilizing the permanganometric method. Finally, 

reagent grade ethanol of 99.5–99.9% purity (Sigma-Aldrich, USA) was distilled and used 

as substrate. 

Gas–liquid chromatographic analysis was carried out on a DANI Master GC (Italy). 

A gas chromatograph mass spectrometer Agilent 6890 N/5973 N (USA) was used for the 

identification of the products. Morphology of cryogels was observed utilizing a SEM 

JSM-6390 LV (JEOL, Japan). 

 

3.2. Synthesis of catalase-encapsulated monolithic p(APTAC-co-AMPS) cryogel 

 

Synthetic protocol of encapsulation of catalase within APTAC-co-AMPS cryogel 

matrix has been already published [30]. The cationic monomer APTAC (0.9 g, 3.27 mmol) 

and anionic monomer APMS (0.5 g, 1.09 mmol) were first dissolved in 8 mL of deionized 

water. Afterwards, 10 mg of catalase and 67.1 mg of MBAA (0.435 mmol) were added to 

the solution and stirred for 20 min. Following the addition of 10 mg of APS, the solution 

was stirred and then purged with argon over a period of 20 min. Further, 0.1 mL TEMED 

solution was added, and the mixture vigorously stirred for several minutes. Finally, the 

resulting solution was placed into a pre-cooled (-12оC) glass tube with a diameter of 10 

mm and height of 10 mm, and placed into cryostat for 24 h. The cryogel sample obtained, 

having the shape of the reaction vessel, was washed out using deionized water over a 

time of 72 h, then air dried at room temperature overnight, and finally placed in a vac-

uum oven set at room temperature in order to reach a constant mass. 

 

3.3. Determination of the enzymatic activity of catalase 

 

The enzymatic activity of catalase was determined by permanganatometric method 

that is proportional to the difference of the volumes of 0.025M KMnO4 solution used for 

titration of control (Vcontrol), e.g. without enzyme, and tested (Vtested) probes and calculated 

by the formula:  

 

                                                  [Catalase] = 4.17((Vcontrol – Vtested)n/ Vtested)                      (2) 

 

where n is dilution number of initial solution of catalase, 4.17 is conversion coefficient of 

catalase to arbitrary unit [46]. 

 

3.4. Calculation of the immobilization yield of catalase in cryogel samples 

 

The immobilization yield of catalase entrapped into cryogel samples with diameter 

10 mm and height 10 mm was determined by the procedure described in [47] and calcu-

lated according to formula:  

 

             Yield (%) = 100 (immobilised activity/starting activity)            (3) 
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3.5. Oxidation of ethanol in flow-through and batch type catalytic reactor 

3.5.1. Flow-through reactor 

 

Oxidation of ethanol was carried out on a flow-through catalytic reactor composed 

of a glass tube with an inner diameter of 10 mm and height of 40 mm, containing the 

monolithic cryogel sample (Figure 15S). The reactor was equipped with a thermostatic 

jacket to maintain a constant temperature. A dried cylindrical piece of cryogel with a 

diameter of 10 mm and height of 10 mm was placed inside of the reactor. Then, 2 mL of 

deionized water was passed through the cryogel sample. Due to quick swelling of the 

cryogel, a tight seal formed between the inner wall of the glass tube and swollen sample. 

Such simple construction allows the mixture of substrate (alcohol) and oxidizing agent 

(hydrogen peroxide) to flow freely under gravity through the cryogel pores, and creates 

enough contact between the catalase and reaction mixture. The concentration of hydro-

gen peroxide used in all experiments was equal to 0.06 molL-1. The mixture of alcohol 

and hydrogen peroxide in 10 mL (1:1 by volume) was passed through the catalytic reac-

tor containing cryogel-immobilized catalase, resulting in an immobilization yield of 

99.45%. The total volume of the solution poured into the reactor creates enough hydro-

static pressure of the liquid to flow out through the cryogel [48]. The collected product 

was extracted utilizing ethyl acetate/ or hexane, and then was analyzed using gas-liquid 

chromatography and gas chromatograph mass spectrometry.  

 

3.5.2. Batch type reactor 

Oxidation of ethanol in thermostated glass batch reactor with entire volume 150 mL 

was carried out (so called as catalytic “duck”) by hydrogen peroxide, molecular oxygen 

and air in anaerobic and aerobic conditions (Figure 16S). The kinetic reaction regime was 

reached by shaking the reactor with frequency of about 250–300 swingings/min. A dried 

cylindrical piece of cryogel with immobilized catalase as monolith with weight 89.6-98.8 

mg or powder with weight 86.0-93.2 mg was placed inside of the reactor. Then the hex-

ane (5 mL) was added. The 5 mL of ethanol was added to the reactor in this order and the 

resulting solution was thoroughly purged with argon/or oxygen/or air during 5 min. The 

mixture of ethanol and hydrogen peroxide was 10 mL (1:1 by volume). Then, the hy-

drogen peroxide (0.06 molL-1) was added into the reactor against a brisk argon/or oxy-

gen/or air current through the dropping funnel. The total time of the experiment was 5 

and 30 minutes. The product accumulation was monitored by checking their composition 

by GC analysis.   

4. Conclusions 

Thus, flow-through and batch type catalytic reactors in laboratory conditions are 

suitable for selective oxidation of ethanol into acetaldehyde in good-to-excellent yields 

under mild conditions using a biocatalytic system based on cryogel-entrapped catalase. 

The conversion of ethanol into acetaldehyde in flow-through catalytic reactor reaches up 

to 91.8%. The influence of temperature, pH and volume ratios of the substrate to oxidiz-

ing agent on the conversion degree of ethanol was evaluated. The following optimal 

conditions for ethanol oxidation with hydrogen peroxide were found: T = 10-20 C, pH = 

6.9-7.1, [C2H5OH]:[H2O2] = 50:50 vol.%. The catalytic activities of anionic, cationic and 

amphoteric cryogels without immobilized catalase and free catalase were extremely low 

and did not exceed 6-9%.  

The reusability of cryogel-immobilized catalase was evaluated in the course of 5 

successive ethanol oxidation. Sharp decrease of the catalytic activity of monolith cryo-

gel-immobilized catalase between 3-5 cycles was explained by shrinking of cryogel sam-

ples in the mixture of water-organic solvent, partly deactivation of the heme structure of 

catalase and leaching out of catalase from cryogel matrix. Kinetic parameters such as the 
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Michaelis constant (Km) and Vmax for the immobilized catalase on the p(APTAC-co-AMPS) 

monolith cryogel were determined by Lineweaver–Burk plots using ethanol as substrate. 

The activation energy of ethanol oxidation was ∼2 times lower than that of H2O2 de-

composition.  

The oxidation of ethanol by catalase entrapped in a cryogel matrix of macroporous 

polyampholyte was studied in batch type reactor with the help of hydrogen peroxide, 

molecular oxygen and air. The acetaldehyde yields irrespective to cryogel forms, mono-

lith or powder were in the range of  60-98%. In batch type reactor oxidation of ethanol 

by hydrogen peroxide and molecular oxygen yields up to  97-98% of acetaldehyde. The 

oxidation degree of ethanol by air is lower ( 60%). The reusability of cryogel-entrapped 

catalase in batch rector was evaluated. It was found that the conversion degree of ethanol 

to acetaldehyde insignificantly decreases over successive five runs, and after the fifth 

runs becomes 57.3%. TOF value for flow-through catalytic reactor was 6 times higher 

than that of batch laboratory reactor.  

Thus, the suggested methods might be useful for the oxidation of aliphatic alcohols 

into their corresponding carbonyl compounds. The advantages of enzyme-entrapped 

cryogel samples are minimal volume of catalyst, high surface to volume ratio, energy 

saving and “green chemistry” aspects, high selectivity and productivity. The major 

drawback of cryogel microreactors is weak mechanical properties. A serious problem 

represents the chemical destruction of cryogel matrix and leaching out of enzyme from 

the 3D-network that can cause contamination of final products.  

 
Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S12, Catalase mechanism of hydrogen peroxide dismutation to 

water and oxygen.; Figure S13, Removal of H2O2 from the reaction mixture employing catalase.; 

Figure S14, Simplified mechanism of ethanol oxidation by catalase-immobilized cryogel matrix in 

the presence of oxygen and air.; Figure S15, Schematic view of the cryogel-based flow-through 

catalytic reactor setup, with immobilized catalase for the catalytic oxidation of ethanol and hy-

drogen peroxide.; Figure S16, Schematic view of batch type catalytic reactor setup for the catalytic 

oxidation of ethanol by hydrogen peroxide, molecular oxygen and air. 1 – catalytic “duck”, 2 – 

valve for catalyst insertion, 3 – thermostated burette, 4 – thermostat, 5 – electric motor, 6 – shaker, 7 

– laboratory autotransformer, 8 – Berzelius laboratory gasholder. 
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