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ABSTRACT: There is a growing concern that the increasing
concentration of CO, in the atmosphere contributes to a potential
negative impact on global climate change. To deal with this
problem, developing a set of innovative, practical technologies is
essential. In the present study, maximizing the CO, utilization and
precipitation as CaCOj; was evaluated. In this manner, bovine
carbonic anhydrase (BCA) was embedded into the microporous
zeolite imidazolate framework, ZIF-8, via physical absorption and
encapsulation. Running as crystal seeds, these nanocomposites
(enzyme-embedded MOFs) were in situ grown on the cross-linked
electrospun polyvinyl alcohol (CPVA). The prepared composites
displayed much higher stability against denaturants, high temper-
atures, and acidic media than free BCA, and BCA immobilized into
or on ZIF-8. During 37 days of storage period study, BCA@ZIF-8/CPVA and BCA/ZIF-8/CPVA maintained more than 99 and
75% of their initial activity, respectively. The composition of BCA@ZIF-8 and BCA/ZIF-8 with CPVA improved stability for
consecutive usage in recovery reactions, recycling easiness, and greater control over the catalytic process. The amounts of calcium
carbonate obtained by one mg each of fresh BCA@ZIF-8/CPVA and BCA/ZIF-8/CPVA were 55.45 and 49.15 mg, respectively.
The precipitated calcium carbonate by BCA@ZIF-8/CPVA reached 64.8% of the initial run, while this amount was 43.6% for BCA/
ZIF-8/CPVA after eight cycles. These results indicated that the BCA@ZIF-8/CPVA and BCA/ZIF-8/CPVA fibers could be
efficiently applied to CO, sequestration.

BCA@ZIF-8/CPVA

1. INTRODUCTION

The climate change and CO, pollution threaten public health
globally."”” With the carbon cycle’s excess emission, several
strategies, including capture and storage or converting CO,
into fuels and chemicals, have been proposed to solve the

inhibition of products. Despite these excellent properties, the
current applications of the immobilized enzymes with these
materials are still limited due to low loading efficiency,
inflexible pore sizes, and so on. Therefore, it is a great necessity
to explore novel immobilization matrices. During the last few

environmental problem.” As far as CO, transformation is
concerned, the main methods, which can be used to deal with
this issue, are chemical, physical, and enzymatic reactions.
Enzymatic reactions are considered a promising approach
because they are environmentally friendly.”> However, a
significant limitation of free enzymes is that their instability
restricts their potential for widespread industrial applications.’
Immobilization technology is a desirable method used for
enhancing the industrialization of enzymes as biocatalysts as
well as improving their catalytic properties such as stability,
activity, and tolerance to denaturants.””” In this sense, two
crucial points need to be considered: selecting a suitable
support and the immobilization method."

Currently, the commonly used supports for enzyme
immobilization are natural polymers, carbon nanotubes,
graphene oxide, and so on.'' ™"’ These materials can effectively
improve the activity and stability of enzymes and reduce the

© 2023 The Authors. Published by
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decades, the development of porous nanomaterials has made
remarkable achievements.'*"® In particular, metal—organic
frameworks (MOFs) and covalent organic frameworks, as
novel porous framework materials, have been widely used in
various fields.'® Compared with other supports for enzyme
immobilization, these materials have better biocompatibility,
tuneability, and crystallinity. MOFs are a kind of porous crystal
organic—inorganic hybrid materials formed by metal nodes and

L1 17
organic ligands.
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The second decisive factor in enzyme performance is the
selected immobilization method, which affects enzyme activity
and reusability. Physical adsorption is one of the simple and
common methods of immobilization in which hydrogen
bonding forces, van der Waals forces, or hydrophobic
interactions play roles in enzyme adsorption on the support.®
The strengths of this method are simplicity, cost-effectiveness,
and independency of the chemical reaction. Since the
adsorption process is reversible and based on weak forces,
the possibility of enzyme detachment from the support is
high.'® In the encapsulation method, the enzyme species are
entrapped in the support network without attachment. In this
method, the integration of MOF synthesis and enzyme
addition occurs in one pot rather than the injection of
enzymes into a pre-synthesized structure, called de novo
encapsulation. A favorable 3D microenvironment for enzymes
is provided that prevents enzymes from denaturation and
deactivation. In addition, the enzyme leaching is neégligible due
to the framework of MOFs surrounding enzymes. ® It is worth
emphasizing that this strategy usually needs to be implemented
under mild conditions (e.g, aqueous solution and room
temperature) to prevent enzymes from denaturation, which
overcome the restrictions of water stability issue caused by
most MOFs prepared in organic solvents. Zeolitic imidazolate
framework-8 (ZIF-8) is the most commonly used skeleton due
to its mild synthesis conditions and almost negligible toxicity."”

Carbonic anhydrase (CA, EC 4.2.1.1) is considered a zinc
metalloenzyme that has been widely accepted for its reversible
catalysis of the sequestration of CO, to bicarbonate, which
occurs at a slow pace in the absence of a catalyst.”” The lack of
reusability and sensitivity in harsh conditions restricts the
performance of free enzymes for CO, capture in the industrial
processes.”’ In recent years, CA has been immobilized
successfully on/into various support materials, such as
nanoparticles, nanofibers, hollow nanofibers, biopolymers,
membranes, and microspheres.”**~>°

ZIF-8 has mainly been taken into practice as immobilization
support because of its high thermal and chemical stability, vital
permanent porosity, and ability to grow under mild conditions,
which are crucial for the preservation of the enzyme.”” Up to
now, CA has been immobilized either by de novo
encapsulation™ or adsorption.””*° Recently, the bovine CA
(BCA) has been successfully immobilized into the crystalline
hybrid framework of ZIF-8 in our research group via the de
novo approach.”® This biocatalyst displayed superior CO,
capture capacity compared to the free BCA. Despite being
demonstrated to have an adsorption capacity for CO,, the
recyclability and mechanical strength of ZIF-8 still need to be
improved for industrial applications. Moreover, ZIF-8 can be
easily destroyed under acidic conditions, which limits its
practical applications. To overcome this drawback, Cui et al
applied a silica layer around the enzyme/ZIF-8 particles to
provide a shield to protect the enzyme from chemical
degradation.’” Furthermore, enzymes@ZIF-8 composites
have been protected with nanocoating and mesoporous silica
shells.***

Over the last few years, biopolymers have been considered
an alternative membrane material for immobilizing en-
zymes.”*° So far, many polymer—MOF composites have
been reported in various forms, such as binders or films; >~
however, fibrous substrates are the best candidates for MOF
particles. The hierarchical porous structure of MOF—polymer
fibers combines the preponderances of both sets of materials.

The three-dimensional network of fibers can prevent
aggregation and improve the dispersion of MOF particles,
consequently improving the regeneration and control of the
composites. The electrospinning technique is a highly versatile
and simple method used to consistently produce polymeric
nano-/microfibers with desirable properties.' Among various
types of biopolymers, poly(vinyl alcohol) has captured so
much attention because of its distinct properties, such as high
thermal, chemical, and mechanical stability. Due to the
solubility of poly(vinyl alcohol) in water media, it was cross-
linked after electrospinning via the glutaraldehyde treatment to
be hydrophobic during the enzyme immobilization in aqueous
media.”

In the present study, BCA molecules were embedded into
ZIF-8 via physical adsorption and encapsulation. Running as
crystal seeds, these nanocomposites (enzyme-embedded
MOFs) were in situ grown on the electrospun polyvinyl
alcohol fibers. Anchoring of enzyme-embedded MOFs on the
surface of the electrospun polyvinyl alcohol fibers increases the
enzyme’s stability, prevents its leaching, and guides the
scientists to use fibrous composites with simple separation
and excellent reusability.”’ Notably, the biocatalytic compo-
sites showed an excellent CO, capture capacity compared to
the conventional BCA@ZIF-8 and free BCA.

2. MATERIALS AND METHODS

2.1. Materials. Materials used in this research study such as
BCA (lyophilized powder), 2-methylimidazole (2-mim, 98%),
zinc perchlorate hexahydrate [Zn(ClO,),-6H,0], triethyl-
amine (TEA), 2-amino-2-(hydroxymethyl)-1,3-propanediol
(Tris base), p-nitrophenol, p-nitrophenyl acetate (p-NPA),
anhydrous calcium chloride (CaCl,), and protein assay
reagents (specifically used for producing the Bradford reagent)
were all purchased from Aldrich and used without purification,
PVA (M,, ~ 72000, hydrolysis degree 99.8%) was purchased
from AppliChem, and the rest of the reagents were purchased
from Merck or Fluka as ACS reagent-grade chemicals. All
solutions were prepared with deionized (DI) water.

2.2. Characterization. X-ray diffraction (XRD) patterns of
the samples were recorded on a Bruker D8-Advance
diffractometer using a Cu Ka anode (4 = 1.7890 A) in the
range 0.5 to 70°. Fourier transform infrared (FT-IR)
spectroscopy was recorded in the range of 4000—400 cm™
on a JASCO FT-IR 6300 spectrometer. Field emission
scanning electron microscopy (FE-SEM) images and dis-
persive energy analysis of X-ray were performed on a MIRA3
instrument from TESCAN, and thermogravimetric analyses
(TGA) were performed on a PerkinElmer STA 6000 thermal
analyzer. The surface properties of nanocomposites were
calculated by adsorption—desorption of N, gas at 77 K using a
BELSORP mini II instrument after pretreatment. The UV—vis
spectra were recorded on a JASCO V-570 spectrophotometer.
Preparation of the fibers was performed using an electro-
spinning instrument made by Fanavaran Nano Meghyas Co.,
Iran. The synthesis procedure of electrospinning solutions,
electrospun fibers, and cross-linked PVA are presented in the
Supporting Information.

2.3. Preparation of Cross-Linked PVA. Glutaraldehyde
(GA) in acetone solution was used as the crosslinking agent
according to a formerly reported method by Kim et al.** In this
procedure, the synthesized electrospun PVA was mixed with
GA (0.03 M) and HCI (0.01 M) in an acetone solution and
kept for 24 h without stirring. The cross-linked nanofibers were
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Scheme 1. Preparation of BCA@ZIF-8/CPVA and BCA/ZIF-8/CPVA Composites

2n(CI0,),6H,0
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polyvinyl alcohol (CPVA)

e

Deprotonated 2-MIM + BCA

g

BCA@ZIF-8/CPVA

2n(CI0,),6H,0

BCA/ZIF-8/CPVA

washed with acetone and sequentially with DI water to remove
traces of the GA and HCI. They were soaked in DI water until
used.

2.4. Preparation of BCA@ZIF-8/CPVA. In a typical
experiment, cross-linked PVA was immersed in a mixture
containing S mL of 2-methylimidazole (0.16 mg mL™
deprotonated with 0.3 mL TEA) and BCA solution (10 mg
mL™" in 50 mM Tris buffer, pH 8.0) for 5 min. Then it was
immersed in an aqueous solution of ZnClO,H,0 (126.6 mg
mL™") for § min, taken out, followed by washing with Tris
buffer and DI water. This cycle was repeated several times to
achieve the maximum loading of BCA@ZIF-8 on the CPVA.
The resulting cross-linked BCA@ZIF-8/CPVA composite was
washed with Tris buffer and DI water, followed by drying at 25
°C. The amount of BCA in the enzyme solution before and
after immobilization was determined using the Bradford
method (Figure S1, Supporting Information).** As a control,
the ZIF-8/CPVA composite was synthesized in the absence of
the BCA enzyme with the same method.

2.5. Preparation of BCA/ZIF-8/CPVA. In order to
synthesize the BCA/ZIF-8/CPVA composite, two solutions
were prepared: solution A, 2-methylimidazole (1.08 g) in DI
water (4.5 mL), and solution B, ZnClO,-6H,0 (0.1383 g) in
DI water (4 mL). Cross-linked PVA was immersed in solution
A for S min and washed with Tris buffer and DI water
consequently. Then it was immersed in solution B for 5 min,
taken out, and washed again. This cycle was repeated several
times, and the resulting ZIF-8/CPVA composite was immersed
in a BCA solution (2 mg in 50 mM Tris buffer, pH 8.0) for 24
h, washed with Tris buffer and DI water, and dried at 25 °C.
The amount of BCA in the enzyme solution before and after
immobilization was determined using the Bradford method.

Scheme 1 illustrates the preparation procedure of BCA@
ZIF-8/CPVA via encapsulation and BCA/ZIF-8/CPVA via
physical adsorption.

2.6. Encapsulation and Activity Detection. The enzyme
activity of the free and immobilized BCA, which was enhanced
by p-NPA hydrolysis at room temperature, was measured by
monitoring the increase in the absorption band at 405 nm. The
assay mixture consisted of 2.7 mL of Tris buffer (50 mM, pH
8.0), 0.3 mL of substrate solution (0.5, 1, 1.5, 2, 2.5 mM p-
NPA dissolved in acetonitrile), and 3 mg of immobilized BCA;
the latter being mixed in a 3 mL cuvette using a micropipette.
The enzyme activity was measured with a UV-—vis
spectrophotometer. Blank experiments were also conducted
in the absence of the catalyst to estimate the self-dissociation of

p-NPA in each assay solution. The activity of free enzyme was
equaled to 1 in this study, and the relative activity of
composites was calculated using it.

2.7. Effect of pH. To investigate the optimum pH value,
the prepared composites were incubated in Tris buffer solution
(50 mM) in the pH range of 6—10 at RT. After 1 h, the
residual activities of the free and encapsulated enzyme were
determined as described above.

2.8. Thermal Stability. The thermal stability of the
prepared composites was determined by incubating them into
50 mM Tris buffer at pH = 8 in the temperature range of 30—
70 °C for 1 h. Afterward, the relative activities were calculated
as mentioned above.

2.9. Storage Stability. The immobilized enzyme was
stored for 37 days at room temperature to determine whether
the immobilization provided a suitable environment for its
storage stability in Tris buffer (50 mM, pH 8.0).

2.10. Activity Recovery. In order to investigate the
reusability of the immobilized BCA, the performance of the
synthesized composites was evaluated by p-NPA hydrolysis. In
this way, after each run, the composite was separated and
washed thoroughly with Tris buffer and reused for the next
run. The enzyme activity of the immobilized BCA was
measured as described in the Encapsulation and Activity
Detection section.

2.11. CO, Sequestration in CaCOj3. Generally, hydration
of CO, and its subsequent sequestration as CaCO; in the
presence of free and immobilized BCA were performed as
follows: initially, CO, gas was introduced into 20 mL of DI
water at a constant flow rate for 30 min. Then, 2 mg of free
BCA was added to a 10 mL Tris buffer solution (pH = 8.0) at
the fixed optimum temperature of 25 °C. The enzyme-
containing solution was added to the CO, solution, and the
mixture was continuously stirred for about 30 min. The
hydrated CO, solution was filtered, and subsequently, 0.9 g
CaCl,-2H,0 was added to the filtrate. The resulting CaCOj;
was filtered and weighed after drying. Finally, the above
procedure was applied to the equivalent amount of enzyme in
composites.

2.12. Recovery and Reuse of the Biocatalyst. The
reusability of the prepared composite was evaluated in
sequential CO, sequestration. In this manner, after accom-
plishing each cycle, the prepared biocatalyst was withdrawn,
washed with Tris buffer, and immersed in a fresh reaction
mixture to carry out the next cycle.
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3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the Bio-
catalyst. It is widely known that CA is considered the fastest
enzyme for catalyzing the conversion of one million CO,
molecules to bicarbonate per second.* In this spot, we
introduced the BCA enzyme molecules in the ZIF-8.
Regarding the combination of enzyme and ZIF-8, the enzyme
activity was significantly improved after immobilization in ZIF-
8. To enhance the separation performance for large-scale
industrial processes, a strategy was taken to fabricate the
biocatalytic composites of BCA@ZIF-8. Particularly, the BCA
was embedded in the insight pore aperture of ZIF-8 with good
biocompatibility. In this situation, a protective shell was
formed by ZIF-8 around the immobilized BCA. The mixtures
of cross-linked polyvinyl alcohol (CPVA) fibers and BCA were
added into the precursor of the ZIF-8 solution. BCA@ZIF-8
seeds were prepared, and the CPVA fibers provide a setting for
the homogeneous dispersion of them. In the second part of
this work, CPVA fibers were immersed into the precursor of
ZIF-8 solution, and then the BCA enzyme was added through
physical absorption. To characterize these materials, a series of
tests were conducted. As shown in Figure 1, the powder XRD

MBCA/ZIF—B/CPVA ®

Recovered-BCA@ZIF-8/CPVA (e)

BCA@ZIF-8/CPVA (d)

BCA/ZIF-8/CPVA (c)

BCA@ZIF-8 (b)

ZIF-8 (a)
AAANA NN AN A

A

5 10 15 20 25 30 35 40 45
20

Figure 1. XRD patterns of ZIF-8 (a), BCA@ZIF-8 (b), BCA/ZIF-8/
CPVA (c), BCA@ZIF-8/CPVA composite (d), recovered BCA/ZIF-
8/CPVA (e), and recovered BCA@ZIF-8/CPVA (f).

pattern of ZIF-8 and the prepared composites match well with
the literature. CPVA nanofiber is an amorphous polymer. The
additional peaks in the synthesized composites agreed well
with the patterns of the pure ZIF-8 (Figure 1),** clearly
indicating that the incorporation of the enzyme did not affect
the crystal structure of ZIF-8.

The FT-IR spectra of samples are shown in Figure 2. In the
reflectance FT-IR spectra of cross-linked PVA nanofibers, the
most influential band between 3040 and 3673 cm™" belongs to
the O—H functional groups, and the band appeared at 1700
cm™' belongs to the acetate groups (Figure 2a). The
vibrational bands in the range of 600—1500 cm™" correspond
to the characteristic stretching and bending modes of the
imidazole ring (Figure 2b).*” Also, the band at 1580 cm™" is
ascribed to the stretching mode of C=N in 2-mim, whereas
the bands at 2927 and 3131 cm™' can be related to the
stretching mode of C—H of the aromatic ring and the aliphatic
chain of 2-mim, respectively.

Also, the band at 420 cm™! represents the Zn—N stretching,
which corresponds to the bonding between the Zn>" cations

ER Vel MW

()

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm™)

Figure 2. FT-IR spectra of CPVA fibers (a), BCA@ZIF-8 (b), BCA@
ZIF-8/CPVA (c), BCA/ZIF-8/CPVA composite (d), recovered
BCA@ZIF-8/CPVA (e), and recovered BCA/ZIF-8/CPVA (f).

and 2-mim to form imidazolate.*® As shown in Figure 2¢,d, all
previous bands are well maintained in the biocatalyst spectrum.
Additionally, the existence of the band at 1648 cm™!
corresponding to double bonds and C=O stretching modes
of the enzyme verified the presence of the protein in the
composites.”” Moreover, the free BCA spectrum exhibited
stretching bands at 1500—1550 cm™ corresponding to amide
IT bonds and NH stretching vibration, which was visible in the
biocatalyst spectrum, confirming the presence of the BCA
within the composites.

The UV—vis spectra of the synthesized fibers provide
another indication of the presence of BCA in the fibers. As
seen in Figure 3, in addition to the absorption bands

1.4 -
] BCA —7IF8
1.2 ] ——BCA/ZIF-8/CPVA ——ZIF-8/CPVA
b ——BCA@ZIF-8/CPVA
1]
0.8 ]
- ]
= ]
0.6 ]
0.4
0.2 ]
o -
200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 3. UV—vis spectra of BCA, ZIF-8, ZIF-8/CPVA, BCA/ZIF-8/
CPVA, and BCA@ZIF-8/CPVA composites.

corresponding to the ZIF-8 and CPVA, an extra absorption
band around 286 and 293 nm was attributed to the BCA
embedded on or into the framework.*° It should be noted that
an adsorption band at 223 nm in ZIF-8 spectra attributed to
the 7 — 7* and n — 7* transitions of 2-methylimidazole that
due to interaction with enzyme shift to 211 and 217 nm in
BCA@ZIF-8/CPVA and BCA/ZIE-8/CPVA, respectively.

To examine the surface morphology of the synthesized
composites, the samples were characterized using FE-SEM
(Figure 4). It can be retrieved from Figure 4 that cubic ZIF-8
nanoparticles are clearly visible on the CPVA surface (Figure
4a,c,e), and the morphology of ZIF-8 did not affect during
immobilization of the enzyme and fabrication of the CPVA
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Figure 4. FE-SEM images of ZIF-8/CPVA (a,c,e), BCA/ZIF-8/
CPVA (b,d), and BCA@ZIF-8/CPVA (f) composites.

surface (Figure 4b,d,f). In the case of the BCA/ZIF-8/CPVA
composite, the ZIF-8 structure looks like fried chicken due to
immersion in BCA solution for 24 h (Figure 4b,d).

The effective surfaces and porosity of the ZIF-8 and the
biocatalysts were determined using N, physisorption measure-
ments at 77 K (Figures S and S2). The results summarized in
Table 1 indicate a noticeable decrease in Brunauer—Emmett—

180
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—=—BCA@ZIF-8/CPVA
140 @ /
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Figure 5. N, adsorption isotherms of ZIF-8/CPVA, BCA/ZIF-8/
CPVA, and BCA@ZIF-8/CPVA composites at 77 K.

Table 1. BET Results of the ZIF-8 and Obtained
Composites

SgET total pore volume total pore
samples (m*g™) (cm® gt) diameter (nm)
ZIF-8/CPVA 290 0.24 33
BCA@ZIF-8/CPVA 15 0.1 6.1
BCA/ZIF-8/CPVA 105 0.1 3.7

Teller (BET) surface area of ZIF-8/CPVA (parent ZIF-8
embedded on CPVA) after encapsulation of BCA from 290 to
15 m* g~ for BCA@ZIF-8/CPVA. This is in total agreement
with the occupation of the pores of the parent framework by
enzyme groups. Furthermore, the average pore diameter of
ZIF-8 increased from 3.3 to 6.1 nm after encapsulation in the
BCA@ZIF-8/CPVA composite, indicating an increase in the
pore size associated with the diameter of the encapsulated
enzyme. In addition, in the case of enzyme surface adsorption
for BCA/ZIF-8/CPVA, the surface area of 105 m* g~' was
observed, and there is no meaningful change in the average
pore diameter for this composite.

The TGA and DTG curves provide some data on the
thermal stability of BCA/ZIF-8/CPVA and BCA@ZIF-8/
CPVA (Figures 6 and S3). As it is shown in Figure 6, an initial

100 +
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70 —— BCA@ZIF-8/CPVA
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Figure 6. TGA curves of ZIF-8/CPVA, BCA/ZIE-8/CPVA, and
BCA@ZIF-8/CPVA composites at 77 K.

weight loss was indicated via the TGA curve of both
composites related to the removal of guest water molecules
and residual imidazole and unreacted glutaraldehyde in the
pores (about 10%), followed by the subsequent weight loss in
the range of 200—380 °C attributed to the loss of the ZIF-8
framework and thermal decomposition of C—C bonds of PVA.
The third peak at 380—530 °C is due to the decomposition of
the main chains of PVA. In the case of BCA/ZIF-8/CPVA and
BCA@ZIF-8/CPVA, the BCA enzyme loss occurs at the last
two steps. Through comparing the TGA curves of BCA/ZIF-
8/CPVA and BCA@ZIF-8/CPVA in steps 2 and 3, it can be
retrieved that the weight loss of BCA@ZIF-8/CPVA and
BCA/ZIF-8/CPVA is more significant than that of ZIF-8/
CPVA, which proves the claim about the presence of BCA in
the framework. "'

3.2. Biocatalyst Activity Evaluation. By considering the
deactivation of the enzyme under reaction conditions, the
catalytic activity of the prepared composites was first
investigated as a function of pH, temperature, reusability,
and storage. In this manner, the hydrolysis of p-NPA was
followed spectrophotometrically by observing the formation of
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Table 2. Kinetic Parameters, Relative Activity

samples loaded enzyme (ug/mg of support)® K,, (mM) K., /K, M s relative activity
BCA 8.92 399.80 1.00
BCA@ZIF-8/CPVA 69 S5.14 499.75 1.25
BCA/ZIF-8/CPVA 63 7.25 443.78 1.11
“By Bradford method.
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Figure 7. (a) Effect of pH, (b) temperature, (c) storage stability, and (d) reusability of the biocatalysts [error bars are mean =+ standard deviation

(n=3)].

the p-nitrophenolate (p-NP) and acetic acid. Due to the
similarity between esterase and CO, hydration reactions, the
esterase activity of CA was measured to evaluate enzyme
activity. This inexpensive method provides quick results that
accurately detect changes in enzyme activity, environmental
factors, and stability. By assessing the enzyme’s catalytic
process, we were able to study its potential for CO,
sequestration. The optimum condition of pH = 8 at room
temperature was selected based on the CO, hydration reaction
equilibration. The obtained results were explained in detail in
the following parts.

3.3. Kinetic Parameters. The kinetic parameters for the
hydrolysis of p-NPA were estimated using the Michaelis—
Menten and Lineweaver—Burk equations shown in eqs 2 and
3.

Based on the Michaelis—Menten kinetic model, a primary
interaction between the substrate (S) and enzyme (E) leads to
the formation of an enzyme—substrate (ES) complex
intermediate. In the next step, while the product (P) forms,
the enzyme regenerates in the reaction media (eq 1).

E+S<ES—>E+P (1)

Both free and immobilized enzyme activities were
determined at room temperature in S0 mM Tris buffer at
pH 8.0. The graphs were plotted using different substrate
concentrations and their corresponding reaction rates. The
reciprocal of substrate concentration (1/S) was plotted against
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the reciprocal of reaction rate (1/V) according to the following
equations

_ KulSIE]
K, + (5] @)
1_1 &1

where V is the rate of p-NP formation, V,,,, is the maximum
rate, K, is the catalytic rate constant, [E,] is the enzyme
concentration, [S] is the substrate concentration, K, is the
substrate concentration when the rate is equal to V,,,/2, which
also shows the affinity of the enzyme for the substrate, and
K. /K, is the kinetic constant that represents the enzyme’s
overall ability to convert the substrate to the product. The K,
and K_/K, values for free BCA and composites are
summarized in Table 2. The kinetic parameters K were
found to be 8.92, 7.25, and 5.14 mM, and K_,/K,, values were
399.80, 443.78, and 499.75 M™' s™' for BCA, BCA/ZIF-8/
CPVA, and BCA@ZIF-8/CPVA, respectively, indicating that
both composites performed better than the free enzyme for the
p-NPA hydrolysis. The low K, means that the enzyme requires
a lower substrate concentration to achieve V. and usually
suggests that the enzyme may have a higher affinity with the
substrate. The value of K is sometimes equated with the
dissociation constant of the enzyme—substrate complex, ES
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Figure 8. (a) Comparison of conversion of CO, to CaCOj, by free and immobilized BAC, (b) recyclability of the biocatalysts [error bars are mean
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(the larger the K, the weaker the binding). In addition, the
higher K,./K,, value for BCA@ZIF-8/CPVA may be due to
the higher loading of BCA into this composite relative to the
loading on BCA/ZIF-8/CPVA.

3.4. Effect of pH. As shown in Figure 7a, the effect of pH
on the relative activity of both BCA/ZIF-8/CPVA and BCA@
ZIF-8/CPVA was evaluated in the pH range of 6.0—10. The
relative activity of the free and immobilized BCA showed a
significant difference within this pH range. Furthermore, it is
worth mentioning that the encapsulated BCA displayed a
higher tolerance in the acidic regions compared to BCA/ZIF-
8/CPVA and the free enzyme. Overall, it can be concluded
that the encapsulation method seemed to result in enzyme
tolerance enhancement in harsh conditions.

3.5. Thermal Stability. Being considered a critical point
for industrial purposes, the thermal stability of the biocatalyst
plays a pivotal role in the conformational transitions of the
enzyme at high temperatures, which can result in a loss of
catalytic activity. Consequently, the thermal stability of the
biocatalyst could be improved via the immobilization of the
enzyme into suitable carriers. Therefore, the relative activity of
the free and immobilized BCA was investigated as a function of
temperature in the range of 25 to 65 °C (Figure 7b). It is
worth mentioning that the immobilized BCA performed better
in all the evaluated temperatures (up to 65 °C) compared to its
free counterpart, which refers to an improvement in stability.

Additionally, the BCA@ZIF-8/CPVA composite demon-
strated a higher activity than the BCA/ZIF-8/CPVA
composite. For instance, at 55 °C, the BCA@ZIF-8/CPVA
and BCA/ZIF-8/CPVA composites were 50 and 35% more
active than the free enzyme, respectively. The obtained results
confirmed that encapsulating the BCA enzyme into MOFs
could prevent its conformation transition at high temperatures
and increase its thermal stability.

3.6. Storage Stability. Having permanent stability is
crucial for nanocomposites in practical applications. In this
manner, the storage stability of the free and immobilized
enzymes in Tris buffer (50 mM, pH 8.0) was followed for 37
days at RT. As shown in Figure 7c, BCA@ZIF-8/CPVA and
BCA/ZIF-8/CPVA are 63 and 43% more active than the free
enzyme after 37 days, respectively. These results show MOF—
polymer structure adequately protected the enzyme from
denaturation and agglomeration that reduce enzyme activity
during the storage time. However, encapsulated enzymes
experienced better protection due to ZIF-8 acting as a shell
and minimizing exposure to environmental parameters.
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3.7. Reusability. The reusability of the enzyme, which is
one of the main requirements for utilizing the biocatalysts to
capture CO,, is considered a fundamental factor for practical
use. The results of eight cycles of hydrolysis of p-NPA by
BCA@ZIF-8/CPVA and BCA/ZIF-8/CPVA are represented
in Figure 7d. After each run, the prepared composite was
separated and washed thoroughly with Tris buffer and
immersed into the fresh substrate for the next run. The results
demonstrated that the activity of the BCA@ZIF-8/CPVA
composite reduced nearly 13% compared with its initial
activity during almost eight cycles; however, this value for
BCA/ZIF-8/CPVA was approximately 20%. The different
performances of the biocomposites after eight cycles can be
related to difference in the immobilization methods of BCA. As
expected, the leaching possibility in the adsorption method is
higher than in in situ encapsulation. The amount of BCA in the
enzyme solution after the recycling test was determined using
the Bradford method. The leaching of BCA enzyme was not
detected for BCA@ZIF-8/CPVA, but the leaching amount for
BCA/ZIF-8/CPVA was 17.6% of the initial loaded BCA.
Therefore, the synthesized biocatalysts can be considered
reusable sorbents for CO, capture and have the potential for
industrial applications.

3.8. CO, Sequestration in CaCO;. For CO, trans-
formation, it is explicit that BCA@ZIF-8 was used to accelerate
the mineralization of carbon dioxide to carbonates.’’ To
evaluate whether BCA/ZIF-8/CPVA and BCA@ZIF-8/CPVA
could boost the CO, sequestration, we investigated the
formation of CaCO; from CO, using BCA/ZIF-8/CPVA
and BCA@ZIF-8/CPVA. The CO, sequestration capacity was
quantized based on the conversion of CO, to CaCOj;. As
expected, compared to free BCA and BCA@ZIF-8, the amount
of calcium carbonate obtained using BCA/ZIF-8/CPVA and
BCA@ZIF-8/CPVA is around 1.5-fold (Figure 8a). This result
indicated that the presence of the CPVA fiber accelerated the
recovery of BCA@ZIF-8 and improving reusability. Further-
more, the fibrous composites could be taken out directly from
the reaction medium after the repeated catalytic reaction, while
the BCA@ZIF-8 composite must be recovered from the
reaction medium via centrifugation or filtration. Therefore, the
BCA/ZIF-8/CPVA and BCA@ZIF-8/CPVA are more suitable
for industrial applications than the BCA@ZIF-8 composite.

Figure 8b illustrates the eight cycles of CaCO; precipitation
by biocomposites. As can be seen, the amount of the resulting
CaCOj; was still noticeable after eight cycles. Although in the
case of BCA/ZIF-8/CPVA, the faster decrease in the yield of
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CaCO; was observed due to the adsorption of BCA on the
composite and subsequently more leaching compared to
BCA@ZIF-8/CPVA. The decreased amount of calcium
carbonate could be due to the denaturation of enzymes and
the leaching under CO, bubbling, leading to increased internal
pressure, and the reaction solution becomes acidic with CO,
bubbling.””*’ However, BCA@ZIF-8/CPVA and BCA/ZIF-8/
CPVA maintained 64.8 and 43.6% of their original activity after
eight cycles, respectively. According to the XRD pattern and
FT-IR spectra, the structure of the recovered biocatalyst was
well maintained after the last cycle (Figures 1 and 2).

4. CONCLUSIONS

In conclusion, we immobilized BCA@ZIF-8 composites into
the cross-linked PVA to attain BCA@ZIF-8/CPVA and BCA/
ZIF-8/CPVA composites for improved CO, capture capacity.
These biocatalysts displayed higher CO, transfer performance
compared to the BCA@ZIF-8 composite. Furthermore, the
prepared fibers can be recovered promptly from the reaction
medium after the catalysis cycles without the need for high-
speed centrifugation or filtration, which simplifies the
separation process and decreases the production cost for
industrial applications. Meanwhile, the BCA@ZIF-8/CPVA
and BCA/ZIF-8/CPVA composites exhibited increased
thermostability, acid resistance, and tolerance toward denatur-
ants. The yields of the solid CaCO; obtained by using BCA@
ZIF-8/CPVA and BCA/ZIF-8/CPVA were 55.45 and 49.15
mg, respectively, compared to 29.5 mg of CaCOj; per mg of
free BCA. Therefore, these excellent performances in harsh
situations and effortless separation provided an excellent
accelerator for CO, sequestration into CaCOj;, which can be
useful in the industry. The outcomes indicated that the BCA@
ZIF-8/CPVA and BCA/ZIF-8/CPVA composites are green,
stable, reusable, and convenient biocatalysts for CO,
sequestration catalytic applications under mild conditions.
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