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Abstract 
Biomimetic processes are potential solutions for post-combustion CCS. The 
processes are based on the adoption of the enzyme Carbonic Anhydrase (CA) for 
the enhancement of CO2 absorption rate into aqueous solutions. CA catalyzes the 
CO2 hydration reaction in living organisms and it is one of the most powerful 
enzymes (turnover up to 106 1/s). The research aim is the development of technical 
solutions able to mimic the natural highly efficient CO2 capture/release mechanism 
under operating conditions of post-combustion CCS processes. 
The present contribution reports recent results of a join research program active in 
Napoli among the Dipartimento di Ingegneria Chimica, dei Materiali e della 
Produzione Industriale of the Università degli Studi di Napoli Federico II and at 
the CNR Istituto di Ricerche sulla Combustione and Istituto di Biochimica delle 
Proteine. The main investigated topics related with the development of a 
biomimetic CCS process are: i) process design, ii) enzyme kinetics, iii) reactor 
design, and iv) biocatalyst development. The investigation on topic i) outlined the 
process schemes and proved the feasibility of closed-loop absorption process into 
alkaline solutions. The kinetic assessment of a recombinant thermostable CA - 
produced at the CNR-IBP - was made according to the methods adopted to 
characterize chemical absorption processes. 
Enzyme immobilization techniques are screened in order to select methods for the 
development of an industrial biocatalyst according to the guide lines provided by 
the selection and design of the reactor configuration. In particular, covalent 
immobilization techniques able to provide CA as biocatalytic-slurry are studied to 
perform CO2 absorption into gas-catalytic slurry reactor. 
 
Introduction 
The increase of carbon dioxide in the atmosphere is one of the most critical 
environmental concerns related with the adoption of fossil fuels as energy sources. 
As a consequence, development of systems aimed at Carbon Capture and Storage 



 
XXXVI Meeting of the Italian Section of the Combustion Institute 

(CCS) is mandatory in order to minimize CO2 emissions into the atmosphere. The 
report edited by the Intergovernmental Panel on Climate Change [1] described the 
state of the art of scientific and industrial research on CCS processes. The recent 
review by Wang [2] was focused on post-combustion capture processes based on 
CO2 absorption in liquid solvents: the absorption into aqueous alkanolamine 
solutions was considered the most advanced. The typical process flow-sheet 
includes the recover of CO2 from flue gases in an absorption unit fed with a lean 
solvent stream, and the subsequent regeneration of the CO2-enriched liquid in a 
desorption unit [3]. The reaction between alkanolamines and CO2 occurring nearby 
the gas-liquid interface enhances the absorption rate with respect to that obtained in 
physical absorption. Mostly random or structured packed columns are adopted for 
both absorption and desorption units. 
Recently, several studies proposed the use of Carbonic Anhydrases (CA) - a broad 
group of ubiquitous enzymes able to catalyze reversibly CO2 hydration - to speed 
up the absorption rate. In alkaline solutions, the reversible CO2 hydration reaction 
can be fastened with the adoption of CA. The selection of the CA form and of the 
operating conditions (pH, salt concentration, temperature) strongly affects the 
overall rate of reaction [4, 5]. Lacroix and Larachi [6] and Russo et al. [5] pointed 
out some critical issues. In particular, the selection of the proper reactor 
configuration and of the optimal biocatalyst form deserves major attention. Some 
guidelines can be drawn on the basis of the recent literature. The availability of a 
thermostable carbonic anhydrase is mandatory for the development of industrial 
processes [5]. The extent of the thermostability of the CA adopted influences the 
use of the enzyme as homogeneous biocatalyst in the liquid phase. This option is 
the most effective in terms of biocatalyst performances but it prevent the reuse of 
the biocatalyst during continuous CO2 absorption operations. The more common 
option to perform continuous operations in the presence of enzyme catalysis is the 
use of immobilized enzymes [5, 7, 8]. The main concern is the coupling of 
effective enhancement of the CO2 absorption rate and the easy retention of the 
immobilized biocatalyst within the reaction volume. Membrane based technique 
was the only developed up to pilot scale [9]. Iliuta and Larachi [10] developed a 
model to describe the performances of a honeycomb monolith unit that coupled the 
adoption of the immobilized CA (on the monolith wall) and the in situ removal of 
the bicarbonate ions by means of ion exchange resins. 
As regard the use of random packed columns, both Russo et al. [5] and Penders van 
Elke et al. [11] claimed that the performances of the mass transfer equipment 
cannot be further improved by the immobilized enzyme since it does not take part 
to the CO2 conversion occurring close to the gas-liquid interface. Experimental 
results [12] showed a small improvement of capture efficiency in the presence of 
CA immobilized on Rashig rings under pre-loading conditions, that is under 
operating condition (loading) far from the typical of large scale units. 
Notwithstanding this, research projects are active with the support of US 
Department of Energy to develop CA immobilization techniques aimed at the 
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coating of solids materials (e.g. granular solids or structured packing) with CA 
entrapped in a polymeric film (www.akermin.com). 
The use of slurry phase biocatalyst, deeply studied in the past (see ref. cited in [5]), 
has been recently proposed [5, 8, 11]. CA may be immobilized on fine particles 
whose diameter should ensure the occurrence of the enzyme CO2 conversion close 
to the gas liquid interface. 
The present work is part of a project aimed at the development of a biomimetic 
CCS process. Most of the issues related with this topic have been addressed so far. 
Firstly, a feasibility assessment was carried out based on the survey of the state of 
the art reported in the scientific literature and patents [5; 13]. In this framework, 
two main processes were selected as proper options for the biomimetic strategy: the 
conventional closed loop absorption/desorption process; the absorption in aqueous 
solutions followed by direct carbon storage as solid carbonates. 
The second task concerned the characterization of the kinetics of a novel 
thermostable CA (SspCA), produced at the CNR - Institute of Protein 
Biochemistry, under operating conditions as close as possible to those adopted for 
CO2 absorption. The high turnover number of CA forms (104 – 106 s-1) posed some 
constraints to the direct enzyme activity assessment (e.g. tritimetric assay must be 
performed at 0°C in order to limit CO2 conversion rate and the consequent pH 
decrease rate). For this reason, the kinetic assessment was performed through the 
measurement of absorption rate during pure CO2 absorption into batch stirred 
vessel at constant temperature and volume [4]. Results showed that the second-
order kinetic constant for the recombinant SspCA kcat/KM was 9.16·106L/(mol s) at 
25°C in carbonate/bicarbonate solution at pH 9.6. The long term stability of the 
enzyme was assessed at 40 and 70°C. It resulted more stable than the commercial 
bovine CA (half -life of SspCA was 53 days at 40°C and 8 day at 70°C). These 
results encouraged further research efforts to the development of an industrial 
biocatalyst based on SspCA.  
Current research is aimed at the selection of both proper immobilization technique 
and reactor configuration for the development of a technical solution for 
biomimetic carbon capture. The selection of the immobilization technique was 
carried out with the aim to fulfill the following constraints: to confine of enzyme in 
the absorption unit to perform continuous operations; to increase the enzyme 
stability at high temperature; to minimize the detrimental effect due to the adoption 
of a solid catalyst for the improvement of gas-liquid reaction rate. Preliminary 
results concerning immobilization of commercial (BCA) and recombinant CA 
(SspCA) through covalent technique on functionalized silica support are reported 
hereinafter. 
 
Materials and Methods 
The support for enzyme immobilization was silica particles supplied by Evonik 
Industries (SiO2 ≥ 97%, d50=120 µm). The solids were sieved in the range 90-150 
µm. Particle size distribution was assessed by laser scatter particle size analyzer 
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(Mastersizer 2000, Malvern Instruments). Sipernat 22LS (data from supplier SiO2 
≥ 97%, d50=9 µm) was also characterized as possible fine solids for future enzyme 
immobilization. Bovine CA was supplied by Sigma Aldrich® as lyophilized power 
extracted from bovine erythrocytes. All other chemicals were supplied by Sigma-
Aldrich® 
Immobilization procedure was performed according to Russo et al. [7] and is based 
on covalent immobilization of the enzyme on silanized support activated with 
glutaraldehyde. 
The reaction between the functionalized solids and the enzyme in solution was 
performed at both 4°C (over-night) and at 60°C (2h) in order to immobilize the 
thermophile SspCA in its most active form available. Two types of tests were 
performed: single-step immobilization with CA concentration ranging between 1 
and 4 g/L; multi-step immobilization. In the latter type of tests, solids were 
immersed in successive solutions at initial CA concentration set at 0.4, 1.2 and 2.4 
g/L.  
Total protein concentration and activity assays for free and immobilized CA were 
performed according to Russo et al. [8]. Immobilization yield was calculated as the 
ratio between the total amount of immobilized CA and the initial amount of CA 
dissolved in liquid phase. 
 
Results 
Bovine CA was immobilized on activated Sipernat 22 and the maximum loading 
was 70 mg enzyme/g dry solids. The effect of initial CA concentration on 
immobilization yield is reported in Fig.1. As expected, it increases up to about 70% 
and then decreases. The multi-step and the single-step procedures provided the 
same yields whenever the same initial amount of CA was used. The equivalence 
between the two procedures was not confirmed as regards the immobilized activity: 
the activity of the sample obtained with the multi-step procedure was slightly larger 
than that of the sample prepared through the single-step (increase of about 28%). 

 
Figure 1. Immobilization yield vs initial free CA concentration for both single-step 
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(▲) and multi-step () immobilizations. Continuous line: trend for single-step 
procedure. Dashed arrows: consecutive steps of the multi-step procedure. 

 
Particle size distribution was assessed for the solids prior and after the 
immobilization procedure. A moderate loss of fines due to washing steps 
performed during immobilization was observed (d50 increased from 134 to 
144 µm). Since finest particle should be adopted in order to develop a slurry 
biocatalytic phase, a washing pretreatment was performed on Sipernat 22LS in 
order to keep it particle size distribution as constant as possible during 
immobilization procedure. The washing pretreatment increased d50 from 8 to 
12 µm. 
The first attempt to immobilized SspCA was performed at 1.2g/L. the 
immobilization yield (49%) was lower than that obtained with BCA (70%). The 
specific activity resulted 252±8 IU/g solid for SspCA and 717±29 IU/g solid for 
BCA. The attempt to immobilize SspCA at high temperature was not as successful 
as that carried out at lower temperature. In particular both BCA and SspCA showed 
negligible activity after immobilization at 60°C. This result was expected for the 
case of the mesophile bovine CA. The possible explanation of the detrimental 
effect of temperature increase on immobilized activity of the thermophile SspCA 
may be the occurrence of bonding between the support and the enzyme active site 
that may be due to the CA active site configuration set at high temperature.  
 
Conclusion 
In the framework of a project aimed at the development of biomimetic CCS 
process, preliminary results concerning selection of an immobilization technique 
for the confinement of the biocatalyst carbonic anhydrase within the reaction unit 
have been reported. The SspCA was successfully immobilized on activated silica 
particles. Further investigation will regard: i) the optimization of the protocol with 
the use of inhibitor that may protect the enzyme active site during the 
immobilization; ii) the adoption of fine particles (d50~10 µm) as supports; iii) the 
study of support-free immobilization techniques based on the formation of non-
soluble cross-linked enzyme aggregates. The activity will be carried out in 
conjunction with the theoretical modeling of a three-phase absorption unit. 
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