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Abstract. Carbonic anhydrase (CA) is a highly efficient biocatalyst for accelerating CO₂ hydration 

and has attracted significant interest for enzyme-assisted carbon mineralization and post-

combustion CO₂ capture. However, the practical deployment of CA is hindered by its limited 

stability and non-recyclability under industrially relevant conditions. In this study, CA was 

immobilized onto a hydrophobic poly(vinylidene fluoride) (PVDF) membrane via glutaraldehyde-

mediated covalent crosslinking to develop a robust enzymatic membrane platform for CO₂ 

mineralization applications. The immobilized enzyme showed greater enhanced thermal and pH 

stability than free CA, demonstrating improved resilience under conditions relevant to mineral 

carbonation processes. Enzymatic kinetics were systematically evaluated using p-nitrophenyl 

acetate as a model substrate, revealing a low apparent Michaelis constant (Km = 7.45 mmol L⁻¹) 

and a maximum reaction rate (Vm = 0.76 µmol min⁻¹), indicative of strong enzyme–substrate affinity 

within the membrane-confined microenvironment. Scanning electron microscopy confirmed 

homogeneous enzyme distribution and stable attachment within the PVDF pore structure. While 

employing a conventional immobilization strategy, this work provides quantitative insight into the 

stability–kinetics relationship of membrane-immobilized CA. It establishes a baseline membrane 

architecture for future development of advanced enzyme-assisted CO₂ mineralization and 

membrane contactor systems. 
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INTRODUCTION 

 

Carbonic anhydrase (CA: carbonate 

hydro-lyase, EC 4.2.1.1) is a zinc-containing 

enzyme that catalyzes the reversible 

hydration reaction of carbon dioxide (CO2), 

which transforms CO2 into bicarbonate ions 

in an aqueous solution. Instead of 

accelerating the hydration reaction of CO2, 

the process involves the formation of calcium 

carbonate (CaCO3) through a carbonation 

reaction catalyzed by CA (Penders-van Elk et 

al., 2012; Sahoo et al., 2013). The biological 

approach using the CA enzyme shows great 

potential for carbon capture (CC) due to its 

high specific selectivity, its operation without 

hazardous chemicals, and its environmentally 

friendly nature (Sahoo et al., 2012; Lv et al., 

2012; Fei et al., 2015). The application of free 

CA in the medium for catalyzing the 

reversible hydration of CO2 has some 

drawbacks. Most bottlenecks in free enzyme 

reactions stem from the costly downstream 

processing stage, rendering the enzyme 

inactive, unrecyclable, and difficult to handle 

(Wanjari et al., 2013; Uygun and Karagözler, 

2012). As reported by Min et al. (2016), there 

are restrictions on free CA that govern the 

amount of soluble CA present in the amine 

solvent for carbon absorption. Thus, to 

overcome this limitation, an enzyme 

immobilization approach has been 

introduced, which improves enzyme stability 

alongside enzyme modification, protein 

engineering, and medium engineering. The 

immobilized enzymes possess several 

advantages, including enhanced enzyme 

efficiency, improved enzyme recovery, and 

reduced product contamination from 

catalysis.  

There are quite significant studies 

comparing free and immobilized CA activity 

in the CO2 absorption. The introduction of 

immobilized CA onto support materials has 

significantly improved the biocatalytic 

stability of the enzymes during CC of CO2 

compared with free CA. Lv et al. (2015) and 

Jing et al. (2015) reported that immobilized 

CA retained 58.8% and 47.6% of its initial 

activity, respectively. In addition, immobilized 

enzymes can enhance specificity, selectivity, 

and thermal and operational stability. As 

reported by Zhang et al. (2013), the highest 

activity of free CA was observed at 40°C, 

whereas the immobilized CA showed the 

highest activity at 50°C. A similar finding was 

reported by Fei et al. (2015). The finding 

indicated that free CA showed optimal 

activity at 35ºC, whereas immobilized CA 

showed optimal activity at 40ºC. Additionally, 

the amount of enzyme required can be 

reduced, thereby prolonging its lifetime (Kim 

et al., 2016; Zucca and Sanjust, 2014; Brena et 

al., 2013). However, only a limited number of 

studies on suitable types of support materials 

for CA immobilization have been reported in 

the CC of CO2. Up until now, the best support 

for CA immobilization has not been reported 

because the process depends on substrate 

size, process format (batch vs flow), required 

stability, and also cost/scale. The 

characteristics of support materials are 

important for the good performance of 

immobilized enzymes, including inertness 

towards enzymes, biocompatibility, resistance 

to compression, low-cost accessibility, and 

high enzyme-binding capacity. Moreover, the 

excellent physical characteristics of the 

support, such as mechanical strength, are 

also major factors in determining the 

effectiveness of the immobilized process 

(Brena et al., 2013; Ashly, 2009).  In addition, 

the pore diameter and particle size of the 

matrix have determined the total surface area 

available for enzyme binding.  

Among different types of support, 
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porous materials are preferred over 

nonporous materials due to their high surface 

area for enzyme loading and immobilization 

(Brena et al., 2013). An effective enzyme 

immobilization onto porous materials is 

achieved when the pores do not leach 

enzymes and restrict the diffusivity of 

molecules within the pores. Among porous 

materials used for enzyme immobilization, 

Metal-Organic Frameworks (MOFs) and 

mesoporous silica have been widely studied. 

Both materials offer benefits in terms of 

reusability, enzyme loading, and enzyme 

stability. However, these materials have 

limitations in pore constraint and separation 

(Kuo et al., 2021; Wu et al., 2022). The porous 

membrane also has promising characteristics 

that show good performance towards 

enzyme immobilization. Membranes are 

advantageous for their mechanical properties 

and ease of separation (Zhang et al., 2022). 

According to Zhu et al. (2015), porous 

membranes possess intrinsic features, such as 

an open porous structure, which facilitates 

the accessibility of enzyme molecules during 

the immobilization process.  

Furthermore, a porous membrane could 

enhance the enzymatic activities of 

immobilized enzymes. The most widely used 

porous membranes for CO2 gas separation 

are poly-sulfone (PS), polyethersulfone (PES), 

polyvinylidene fluoride (PVDF), and polyimide 

(PI). However, PVDF membrane offers greater 

advantages than other hydrophobic 

membranes due to its excellent chemical and 

thermal stability, which is crucial for 

maintaining performance in CO₂-rich 

environments. This stability ensures that the 

membrane does not degrade or lose 

functionality over time. PVDF membranes 

also possess good mechanical strength, 

allowing them to maintain structural integrity 

during operation, which is essential for long-

term use in CO₂ capture applications (Sun et 

al., 2018). PVDF membranes can be easily 

modified with functional groups (e.g., via 

plasma treatment, silanization, or coating 

with poly(ionic liquid) or 

polyethylenimine/dopamine layers), enabling 

covalent or strong physical attachment of CA 

(Molina-Fernández et al, 2023). While these 

approaches can achieve high catalytic activity, 

they often involve complex fabrication routes 

and limited scalability.  

In contrast, comparatively fewer studies 

have systematically quantified the kinetic 

behavior and stability enhancement of CA 

immobilized directly within hydrophobic 

PVDF membranes using simple crosslinking 

chemistries. Moreover, each support presents 

unique trade-offs in enzyme loading, activity, 

and operational stability (Rasouli et al., 2022). 

The structure and size of support materials 

critically affect the mass transfer of the 

material to the catalytic area, as well as 

activity, stability, and reusability of the 

immobilized enzyme.  

The present work addresses this gap by 

providing a detailed kinetic–stability 

assessment of glutaraldehyde-crosslinked CA 

confined within PVDF pores, offering 

fundamental insights into enzyme–substrate 

interactions and stability trade-offs in 

membrane-based CO₂ mineralization 

systems. This baseline understanding is 

critical for the rational design of next-

generation enzyme-assisted gas-separation 

and carbon-capture membranes. 

 

METHODOLOGY 

 

Materials 

The support materials for the present 

study were commercial polyvinylidene 

fluoride (PVDF) flat sheet membranes (Merck 

Millipore). The Carbonic anhydrase enzyme, 
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with a molecular weight of 35 kDa per 

unit/mg protein (3.5 nm in size), was 

purchased from Sigma-Aldrich. At the same 

time, glutaraldehyde (GA), an intermolecular 

cross-linker, and Tris buffer were purchased 

from Sigma-Aldrich without further 

treatment or purification. Acetonitrile, p-

nitrophenyl acetate (p-NPA), and p-

nitrophenol (p-NP) were used in the enzyme 

activity assay, and enzyme stability was 

purchased from Sigma Aldrich. Bovine Serum 

Albumin (BSA) and Coomassie Reagent 

Bradford were purchased from Thermo 

Scientific. 

 

Immobilization of CA onto PDVF 

Membrane 

Enzyme immobilization onto support 

materials was conducted as described by 

Sahoo et al. (2013) with some modifications 

to the support materials. The CA enzyme was 

immobilized onto a PVDF membrane using 

GA as a crosslinker. Before immobilization, 

PVDF membranes were washed with ethanol 

for 1 minute, then twice with deionized water 

for 5 minutes each. Then, the PVDF 

membrane (3 cm in diameter) was soaked in 

a CA solution (0.3 mg/mL) containing 50 

mmol/L Tris buffer (pH 8.5). The solution was 

stirred at 100 rpm for about 1 hour at 25°C. 

After that, 5 mL of GA (1% v/w) was added, 

and the mixture was stirred continuously for 

an additional 1 hour. Then, the PVDF 

membrane was separated from the solution 

and washed three times using distilled water. 

The PVDF membrane-CA was then dried at 

room temperature and stored at 4ºC. The 

amount of CA immobilized in the PVDF 

membrane was calculated using the protein 

standard (BSA) calibration curve. 

 

Enzyme Kinetics 

The free and immobilized CA enzyme 

kinetics parameters were determined by 

using p-nitrophenyl acetate (p-NPA) as a 

substrate. The CA activity was measured by 

monitoring changes in p-NP concentration 

resulting from the hydrolysis of p-NPA at 

25°C. The unknown p-NP concentration was 

measured by absorbance at 400nm using a 

UV-Vis spectrophotometer. The 

concentration of the p-NPA substrate was 0.5, 

1.0, 1.5, 2.0, and 2.5 mmol/L. For the blank 

experiment, 1.3 ml of substrate solution (p-

NPA dissolved in acetonitrile) was added to 

11.7 ml of 50 mmol/L tris buffer (pH 7.5).  

Meanwhile, for a free enzymatic reaction, 

1.3 ml of enzyme solution at 1.67 µmol/L and 

1.3 ml of substrate solution were added to 

10.4 ml of tris buffer. Immobilized CA on the 

membrane with a concentration of 5.45 

µmol/L was conducted in 1.3 ml of substrate 

solution (p-NPA dissolved in acetonitrile) and 

11.7 ml tris buffer. The absorbance was 

measured at 400 nm every 15 minutes for 

about 2 hours, and all experiments were 

conducted in triplicate. The CA kinetic 

parameters were determined by plotting 

initial velocity against substrate 

concentration at different concentrations. 

The initial rates for each substrate 

concentration were determined from the 

slope of linear fits of product formation 

against time. The CA activity and kinetic 

parameters were evaluated using the 

Michaelis-Menten kinetic model to 

determine the Kcat value and the relationship 

between the kinetic parameters. This kinetic 

model explained the p-NPA reaction in the 

presence of CA enzyme, forming an 

immediate enzyme-substrate complex before 

p-NP formation.   

 

Stability Study of Immobilized CA onto 

PVDF Membrane 

The free and immobilized CA enzyme 
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stabilities were determined at different pH 

and temperature. The free and immobilized 

CA were incubated with the substrate p-

nitrophenyl acetate (p-NPA) at different 

buffer pH (6.0, 7.0, 8.0, 9.0, and 10.0) and 

different temperatures (30°C, 40°C, 50°C, 

60°C, and 70°C) for about 2 hours. The p-NP 

concentration was measured using the p-NP 

calibration curve. The formation of yellow 

color (p-NPA hydrolysis product) was 

monitored, and absorbance was recorded 

every 15 minutes at 400 nm using a UV-Vis 

spectrophotometer. One enzyme unit (U) is 

defined as the formation of 1 µmol p-NP per 

minute. The activity of the CA enzyme was 

calculated using Eqs. (1) and (2): 

 

Enzyme activity =  
concentration of p−NP product (mmol/L)

time (minute)
 

 … (1) 

 

Relative enzyme activity (%)= 

=  

activity at each condition (

mmol
L

min )

enzyme activity of optimum condition (

mmol
L

min )

 × 100 

 … (2) 

 

Surface Area, Pore Size Analysis and 

Morphology Analysis of the Immobilized 

CA Into PVDF Membrane 

Surface area and pore size of the PVDF 

membrane used in the study were analyzed 

using Brunauer-Emmett-Teller (BET) analysis 

with the model of Micromeritic 3flex, USA. 

The analysis was conducted using nitrogen 

gas for adsorption at 77 K with a ramp rate of 

10°C/min. While the morphology of the as-

received PVDF and immobilized PVDF with 

CA was analyzed using Field Emission 

Scanning Electron Microscopy (FESEM-EDX) 

with the model of Zeiss Gemini Supra 40VP, 

Germany. The samples were coated with gold 

to eliminate or reduce charging effects. EDX 

was used to determine the presence of zinc 

(Zn) on the support material and confirm the 

CA attachment. The analysis was conducted 

at 10 kV of voltage and magnifications of 

1000, 3000, and 9000. For the analysis 

preparation, the sample was first placed on 

the sample stub using carbon tape.  

 

RESULT AND DISCUSSION 

 

CA Attachment during Immobilization in 

PVDF Membrane 

Figure 1 presents SEM micrographs of (a) 

the bare PVDF membrane and (b) the PVDF 

membrane after Carbonic anhydrase (CA) 

immobilization via glutaraldehyde 

crosslinking. From the results, the bare PVDF 

membrane showed an uneven pore 

morphology with high porosity and structural 

porosity. The bare PVDF membrane exhibits a 

characteristic asymmetric, sponge-like 

porous morphology, with a highly 

interconnected pore network and relatively 

smooth pore walls. The pores appear 

irregular but well distributed, forming 

continuous transport pathways that are 

favorable for gas–liquid mass transfer. The 

apparent pore openings in the raw 

membrane are clearly defined, and the 

membrane surface displays low roughness, 

consistent with phase-inversion-derived 

PVDF membranes reported by Njaramba et 

al. (2024). The characteristics of the PVDF 

membranes used in this study are revealed in 

Table 1.  

PVDF membrane is classified as a 

macroporous material with a pore size of 

220nm and a BET surface area of 19.93 m2/g. 

Macroporous materials with pore diameters 

>50 nm are preferred as suitable support 

materials, as they allow enzyme molecules to 

enter without spatial restrictions (Bayne et al., 

2013).   
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(a) 

 

 

(b) 

Fig. 1: Surface morphology of (a) Bare of 

PVDF membrane and (b) Immobilized CA 

onto the PVDF membrane showing 

increased surface roughness and enzyme-

derived globular features within membrane 

pores after immobilization, with minimal 

pore blockage. 

 

Table 1. PVDF membrane characteristic 

Support 

materials 

Pore 

size 

BET 

surface 

area 

Classification 

PVDF 

membrane 

220 

nm 

19.93 

m2/g 

Macroporous 

 

Following CA immobilization, noticeable 

yet controlled morphological modifications 

are observed. The CA-immobilized PVDF 

membrane shows globular and nodular 

features attached to the pore walls and 

partially spanning pore openings. These 

features are attributed to immobilized CA 

molecules and localized enzyme clusters 

formed during glutaraldehyde crosslinking. 

Compared to the pristine membrane, the 

pore walls appear thicker and rougher, 

indicating successful enzyme attachment and 

surface coverage. Semi-quantitatively, the 

apparent pore size is reduced, suggesting 

pore narrowing rather than pore blockage, as 

the porous network remains continuous and 

interconnected. This partial pore constriction 

is typical of enzyme-functionalized 

membranes and indicates that 

immobilization primarily occurs on internal 

pore surfaces rather than forming a dense 

external layer. A similar result was reported by 

Schulze et al. (2017) in a study of the 

attachment of the pancreatin enzyme (~0.5 

nm) to the PES membrane (220 nm). The 

study indicated that enzymes immobilized on 

the PES membrane form a thin layer. The 

distribution of the CA was scattered into the 

pores of the PVDF membrane due to the size 

of the CA (±3.5 nm), which is smaller than the 

PVDF membrane pore size (200nm).  

The increased surface roughness and 

heterogeneous texture of the immobilized 

membrane further support the formation of 

an enzyme layer within the pores. 

Importantly, no evidence of complete pore 

collapse or extensive pore sealing is 

observed, implying that the immobilization 

strategy preserves membrane permeability 

while enabling high enzyme loading. The 

spatial localization of CA within the pore 

interior is particularly advantageous, as it 

maximizes enzyme–substrate contact area 

while maintaining accessible diffusion 

pathways for CO₂ and aqueous species (Villa 

et al., 2023). From a functional perspective, 
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such pore-confined immobilization creates a 

distinct microenvironment that can enhance 

local substrate concentration, stabilize 

enzyme conformation, and improve thermal 

and pH stability of the immobilized CA. 

Overall, the SEM analysis confirms that CA is 

successfully immobilized in a dispersed and 

stable manner within the PVDF membrane 

pores, achieving a favorable balance between 

catalytic accessibility and structural 

robustness required for enzyme-assisted CO₂ 

hydration and membrane-based carbon 

capture applications. 

 

Enzyme Kinetics 

The kinetic parameters obtained for 

Carbonic anhydrase immobilized on the PVDF 

membrane provide important insight into 

how immobilization alters enzyme behavior 

at the molecular and interfacial levels. The 

Michaelis-Menten Model was applied to 

determine the enzyme kinetics parameters 

(Km, Vm, and Kcat). The kinetic values for the 

free and immobilized CA were tabulated in 

Table 2. From the study, the Km, Vm, and Kcat 

for the immobilized CA onto the PVDF 

membrane were 7.45 mmol. L-1, 0.76 µmol. 

min-1 and 0.13 min-1 respectively. The findings 

indicate that the Km value for CA immobilized 

on the PVDF membrane was higher than that 

for the free enzyme. For Vm and Kcat, CA 

immobilized onto the PVDF membrane 

yielded lower values than those of the free 

enzyme. In enzymatic catalytic properties, the 

Km value (Michaelis constant) indicates the 

affinity of the enzyme-substrate complex, 

which is the degree to which a substance 

tends to combine with another. Among the 

Km values, free CA showed the lowest Km 

value, followed by immobilized CA at the 

values of 5.95 mmol/L and 7.45 mmol/L, 

respectively. The high Km value indicated 

weak binding of the enzyme-substrate 

complex.  

Meanwhile, the low Km value indicated 

strong binding between the enzyme and the 

substrate. A strong binding of the complex 

ensured a high rate of the enzyme-catalyzed 

reaction. Meanwhile, the Vm value defines the 

maximum rate of catalysis when the enzyme’s 

active site is filled with substrate, and the Kcat 

measures the number of enzymes that 

convert substrate into product per unit time. 

At a high value of Vm, the enzyme converts a 

high number of substrates into the product 

per unit at substrate saturation, and vice 

versa. For Kcat, a high value indicates a high 

turnover number of enzymes per unit time for 

product production. 

Compared to free CA, immobilization on 

the PVDF membrane results in a moderate 

increase in the Michaelis constant (Km 

increases from 5.95 to 7.45 mmol L⁻¹), 

indicating a slight reduction in apparent 

substrate affinity. However, this increase is 

relatively small and remains within the lower 

range reported for immobilized CA systems, 

suggesting that the active-site accessibility of 

CA is largely preserved after attachment to 

the PVDF membrane. The maximum reaction 

 

Table 2. Kinetics parameters values for free and immobilized CA 

 Km (mmol/L) Vm (µmol/min) Kcat (1/min) Reference  

Free CA 5.95 2.92 1.75 Current work 

Immobilized CA-PVDF membrane 7.45 0.76 0.13 Current work 

Immobilized CA-Polyurethane foam 9.6 Not reported Not reported Ozdemir, 2009 

Immobilized CA - Geopolymer microspheres 21.55 5.05 Not reported Chang et al., 2021 

Epoxy magnetic composite microspheres 27.61 20.14 Not reported Ai et al., 2019 
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rate (Vm) and turnover number (kcat) provide 

further insight into the impact of 

immobilization. While the Vm of CA–PVDF 

(0.76 µmol min⁻¹) is lower than that of free CA 

(2.92 µmolmin⁻¹), this reduction is expected 

for covalently immobilized enzymes due to 

conformational rigidification and reaction–

diffusion limitations within the membrane 

pores. This factor might be due to changes in 

the enzyme’s physical and chemical 

properties during immobilization, mass 

transfer limitations during immobilization, 

and the substrate’s accessibility to the 

enzyme. As reported by Sosa et al. (2021), 

diffusional limitations within the support 

matrix and restricted enzyme mobility can 

reduce effective enzyme–substrate 

interactions. In addition, immobilization via 

covalent bonding may induce conformational 

rearrangements of CA or partially mask the 

active site, thereby decreasing catalytic 

efficiency, as evidenced by reduced Vm and 

kcat values (Jing et al., 2015; Bayne et al., 2013; 

Suso et al., 2021). Steric hindrance imposed 

by the support surface and limited mass 

transport of substrate and product across the 

enzyme–support interface has also been 

shown to contribute to the apparent loss of 

activity, consistent with the kinetic trends 

observed herein (Wanjari et al., 2013; Prabu et 

al., 2011). 

In contrast, immobilization on 

polyurethane foam, geopolymer 

microspheres, and epoxy magnetic 

composite microspheres results in 

substantially higher Km values (9.6–27.61 

mmol L⁻¹), suggesting greater diffusional 

resistance and/or less favorable enzyme 

orientation on these supports. The low Km 

value was obtained from the immobilization 

of CA onto a PVDF membrane, in contrast to 

the results reported by Ai et al. (2019), Chang 

et al. (2021), and Ozdemir (2009).  The 

relatively low apparent Michaelis constant (Km 

= 7.45 mmol L⁻¹) indicates that the 

immobilized enzyme retains strong substrate 

affinity, suggesting that the active-site 

accessibility of CA is largely preserved after 

attachment to the membrane. This 

observation implies that glutaraldehyde 

crosslinking does not significantly distort the 

geometry of the catalytic Zn²⁺ center or 

obstruct the substrate channel, both of which 

are critical for CA activity. Instead, the 

membrane-confined environment may 

stabilize the enzyme–substrate complex by 

reducing conformational fluctuations and by 

localizing substrate enrichment within 

membrane pores, leading to an apparent 

enhancement in binding affinity relative to 

diffusion-unrestricted free enzyme systems. 

Overall, the PVDF membrane support 

offers a favorable balance between preserved 

substrate affinity, controlled catalytic 

turnover, and enhanced stability, 

distinguishing it from bulk particulate 

supports that prioritize high Vm at the 

expense of binding efficiency and mass-

transfer control. Importantly, the relatively 

low Km of CA immobilized on PVDF, combined 

with its membrane-based configuration, is 

particularly advantageous for enzyme-

assisted CO₂ hydration and carbon capture 

processes, where sustained activity under 

diffusion-limited conditions is more critical 

than achieving maximum instantaneous 

reaction rates. These results demonstrate that 

PVDF membranes provide a competitive and 

process-relevant immobilization platform, 

offering superior kinetic balance and 

integration potential compared to many 

conventional particulate supports reported in 

the literature. 
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Stability of CA Immobilized onto PVDF 

Membrane 

The pH and temperature stability were 

determined in the present study, and the data 

are revealed in Figure 2. The results showed 

that the CA enzyme was stable and 

performed optimally at alkaline conditions 

for both free and immobilized CA. In Figure 

2(a), enzyme activity increased significantly as 

pH increased from 6 to 9 for both free and 

immobilized CA. 

 

 

(a) 

 

 

(b) 

 

Fig. 2: Enzyme activity at different (a) Ph (b) 

temperature profiles of free and immobilized 

Carbonic anhydrase, showing enhanced 

stability but reduced peak activity upon 

immobilization. 

On the other hand, at pH 10, the activity 

of free CA had declined slightly, whereas the 

activity of immobilized CA had significantly 

increased. The immobilized CA had a stable 

structure and retained its activity at pH 10. 

While free CA was unstable at pH 10, its 

activity consequently decreased. From the 

results, the optimum pH for free and 

immobilized CA was 9 and 10, respectively. 

The optimum activity of immobilized CA was 

broadened to higher pH values and showed 

excellent activity in more alkaline solutions 

compared to free CA. The immobilized CA on 

the support material protected the enzyme in 

an alkaline environment. The result was 

supported by Zhang et al. (2013), who stated 

that the immobilized enzyme exhibited good 

adaptability at basic conditions. The pH 

stability of the immobilized CA was higher 

than that of the free CA, indicating greater 

stability of the immobilized enzyme in 

catalyzing the reaction. According to Fei et al. 

(2015), this is likely due to a conformational 

change in CA upon immobilization, leading to 

greater resistance in a higher alkaline 

medium than free CA. Prabhu et al. (2011) 

reported that CA was stable at higher pH and 

that the enzyme would denature at pH below 

6. The stability of immobilized CA in a higher-

alkaline solution was suitable for the 

formation of calcium carbonate (Ca-CO3), 

which occurred at higher pH.  

Enzyme temperature stability is one of 

the most crucial criteria for the development 

of enzymatic applications. This enzyme's 

thermal stability data was used to determine 

the optimal conditions for enzyme activity 

before denaturation. The CA enzyme activity 

at varying temperatures during the process is 

shown in Figure 2(b). The results indicated 

that the immobilized CA exhibited better 

thermal stability at higher temperatures than 

the free enzyme. The enzyme activity of free 
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CA increased from 30ºC to 40ºC and then 

decreased from 50ºC to 70ºC. On the other 

hand, the enzyme activity of immobilized CA 

on the membrane increased from 30ºC to 

60ºC and declined slightly at temperatures 

above 60ºC. From the thermal profile, the 

optimum temperature for the free CA was 

40ºC. The optimum temperature for 

immobilized CA on the membrane was 60ºC. 

The result indicated that the optimum 

enzyme activity was shifted towards higher 

temperatures after immobilization. 

Theoretically, an increase in temperature 

would affect the free enzyme structure 

because enzymes are proteins, and the heat 

would denature them without protection. 

Therefore, if the temperature is increased 

beyond the optimum, the enzyme’s size and 

shape are altered, rendering it unable to 

catalyze the reaction. The denaturation of the 

enzyme due to changes in temperature and 

pH can be illustrated in Figure 3. 

 

 

Fig. 3: Effect of elevated temperature or pH 

deviation on enzyme structure, showing 

disruption of stabilizing interactions and 

consequent changes in tertiary 

conformation 

 

According to Vinoba et al. (2012) and 

Wanjari et al. (2011), conformational changes 

and denaturation of the free enzyme 

structure might occur at higher temperatures, 

thereby affecting free enzyme activity. 

Meanwhile, for immobilized CA, the solid 

support acts as a barrier, protecting the 

enzyme from direct exposure to heat and 

providing a better catalytic environment. This 

finding was supported by Li et al. (2010), who 

reported that immobilized CA had broadened 

the optimal temperature range compared 

with free CA. Fei et al. (2015) and Wanjari et 

al. (2013) reported that the immobilized 

enzyme retained its structure at high 

temperatures and increased its stability 

against denaturation. The enhancement of 

enzyme stability was due to the cross-linking 

of CA with support materials, which protect 

immobilized CA and its active site from 

denaturation (Prabu et al., 2011; Vinoba et al., 

2012). Furthermore, intermolecular binding 

to support materials enabled the immobilized 

enzyme to maintain its structure more readily 

(Jing et al., 2015).  

The observed changes in catalytic activity 

and stability of Carbonic anhydrase 

immobilized on the PVDF membrane can be 

attributed to a combination of enzyme 

conformational effects, crosslinking-induced 

rigidification, and support–enzyme 

interactions within the membrane 

microenvironment. Covalent attachment via 

glutaraldehyde restricts the conformational 

mobility of CA, particularly in flexible surface 

loops surrounding the active site. This partial 

rigidification stabilizes the enzyme structure 

against thermal and pH-induced 

denaturation, consistent with the enhanced 

operational stability observed for the 

immobilized enzyme. The relatively low 

apparent Michaelis constant (Km = 7.45 mmol 

L⁻¹) suggests that substrate affinity is 

preserved or enhanced upon immobilization, 

likely due to favorable enzyme orientation 

and increased local substrate concentration 

within the confined membrane pores. In 

contrast, the moderate maximum reaction 

rate (Vm = 0.76 µmol min⁻¹) can be attributed 

to diffusional limitations and reduced 

molecular flexibility imposed by the 
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membrane matrix and crosslinking chemistry. 

Additionally, hydrophobic interactions 

between CA and the PVDF surface, together 

with pore confinement, contribute to enzyme 

retention and reduced leaching, further 

enhancing stability. These findings highlight 

the intrinsic trade-off between catalytic 

turnover and structural robustness in 

membrane-immobilized enzyme systems and 

underscore the importance of balancing 

immobilization chemistry and membrane 

microenvironment for effective enzyme-

assisted CO₂ hydration and carbon capture 

applications. 

 

CONCLUSION 

 

Carbonic anhydrase immobilized on a 

PVDF membrane via glutaraldehyde 

crosslinking exhibited a favorable balance 

between catalytic function and operational 

stability. While immobilization led to 

moderate reductions in apparent Vm and Kcat 

attributable to steric, orientational, and 

microenvironmental constraints within the 

membrane pores, the low Km indicates 

preserved substrate affinity. Importantly, the 

immobilized enzyme demonstrated markedly 

enhanced thermal and pH stability compared 

to free CA, confirming effective 

conformational stabilization and reduced 

leaching. Overall, the observed kinetic–

stability trade-off underscores the suitability 

of PVDF membranes as a robust platform for 

enzyme-assisted CO₂ hydration, providing 

sustained activity and process-relevance for 

membrane-based carbon capture 

applications. 
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Vm : maximum rate of catalytic 
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