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Heparin is a highly valuable active pharmaceutical ingredient, typically derived from porcine
intestinal mucosa. Traditionally, various commercial resins have been used as adsorbents for
heparin extraction; however, there has been growing interest in exploring more cost-effective
adsorbents in recent years to improve heparin recovery. Zeolites, a typical aluminosilicate
known for their high surface area, porosity, and thermal stability, were selected for evaluation in
this study. We investigated the performance of two different zeolites, CBV901 and CBV10A4, in
recovering heparin. Our findings indicate that the CBV901 zeolite exhibits excellent efficiency
(44 %) along with capacity (23.3 mg.g-1) for adsorption when used with porcine intestinal

mucosa. A mechanistic analysis using kinetic and thermodynamic models revealed that the sur-
face conditions were favorable for heparin adsorption. Additionally, we examined the effects of
various conditions including adsorption time, as well as sorbent reusability for recovery process
refinement.

1. Introduction

Plasma-derived common therapy heparin is a heterogeneous, sulfur-enriched polysaccharide biopolymer characterized by a range
of molecular weights (Scheme 1) [1]. In 2023, The coronary artery disease (CAD) segment captured the largest revenue share,
amounting to 23.4 %, reflecting its critical role in healthcare. CAD, the most prevalent form of heart disease, involves the narrowing of
coronary arteries, reducing blood flow to the heart and leading to various clinical disorders. Renowned for its exceptional antith-
rombotic properties, heparin is essential for managing acute coronary events and preventing blood clots in CAD patients [2]. This
medication is extensively used in the treatment of various symptoms, including acute coronary syndrome, pulmonary embolism, atrial
fibrillation, and arterial thrombosis. Recent research has further identified heparin’s diverse useful qualities opposing inflammation,
angiogenesis, metastasis, as well as tumor growth. These multifaceted applications underscore heparin’s significant value as a
pharmaceutical agent [1,3-6].

The growing use of plasma in the pharmaceutical industry, evidenced by Takeda’s substantial investment in plasma-derived
therapies, underscores the market’s expansion [2,7]. The global heparin market, valued at USD 7.56 billion in 2023, is projected to
grow at a CAGR of 2.7 % from 2024 to 2030, driven by the rising prevalence of chronic diseases such as cardiovascular diseases. Key
industry players, including Pfizer, LEO Pharma, GlaxoSmithKline, and Dr. Reddy’s Laboratories, engage in mergers and acquisitions to
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expand their reach, further contributing to market growth [2]. The ability of distinctively recovering heparin from biological plasma
fluids is a crucial skill in contemporary medical field. Recent studies are dedicated to creating novel compounds and techniques
enhancing heparin adsorption’s specificity as well as efficiency of the process. Advancements in heparin production, such as bio-
engineered alternatives and sophisticated purification methods, underscore the industry’s commitment to improving both efficacy and
safety and ongoing research enhance therapeutic outcomes, reflecting the market’s dynamic nature.

Generally, heparin is acquired off an intricate organic blend present in the mucosa of cattle or pig intestine [8]. Activity kicks off
with the use of alkali protease enzyme subtilisin for enzymatic digestion of these animal tissues, producing a complicated blend that
includes, besides heparin, proteins, nucleic acids, and various other biochemicals. The subsequent heparin recovery process involves
multiple adsorption-desorption cycles, making the procedure complex and labor-intensive [9-15]. Consequently, the enzymatic
digestion of natural tissue yields heparin at very low concentrations (0.01 % wt%) [16]. To address these limitations, scientists and
researchers have concentrated on developing advanced adsorbents specifically engineered to selectively isolate heparin from complex
mixtures. This targeted strategy aims to streamline the extraction process and optimize heparin yield. To achieve these goals,
cost-effective adsorbents have been crafted using cutting-edge materials and innovative techniques. These developments have led to
significant improvements in both the adsorption capacity and selectivity of the adsorbents, thereby enhancing their overall perfor-
mance in the separation and purification of heparin. Currently, mass-produced adsorbent resin beads, including DEAE, Amberlite,
Dowex, and Lewatit are utilized to extract heparin from animal tissues [10,12,17,18]. Despite their utility, commercial adsorbents face
notable limitations, particularly in their capacity to selectively capture significant quantities of heparin, and they are often associated
with high costs. To overcome these challenges, a variety of alternative adsorbents have been developed. For instance, researchers have
explored the use of polymer cross-linked network structures, metal-organic frameworks (MOFs), modified silica-gel materials etc.
These adsorbents are generally based on anion exchange resins that incorporate quaternary ammonium salts as their primary func-
tional groups. The quaternary ammonium groups facilitate the adsorption of heparin through ionic interactions [13-15]. However, an
effective adsorbent design requires more than functionality alone. Critical factors include controlling porosity, hydro-
philicity/hydrophobicity, and the extent of cross-linking for specific applications [13]. Porosity is particularly important because it
determines the resin’s surface area and, thus, its adsorption capacity. Additionally, heparin adsorbents must be nontoxic and inert to
avoid contaminating the isolated heparin, which serves as an active pharmaceutical agent [15,19]. Considering the exceedingly low
heparin concentration of heparin in biological samples (~0.01 wt %) and the presence of competitive species such as nucleic acids,
proteins, and other glycosaminoglycans (GAGs), including dermatan sulfate (DS), and chondroitin sulfate (CS), careful engineering of
the adsorbent materials is crucial. This involves optimizing the adsorbent’s porosity, surface chemistry, surface area, and chemical and
thermodynamic stability to enhance the selectivity and efficiency of heparin extraction amidst these competing substances [20]. An
effective heparin adsorbent must possess macroporous characteristics with adequately large pore sizes and substantial surface area to
accommodate the sizable heparin molecules. Specifically, the pore sizes should be engineered to facilitate the diffusion and binding of
heparin while maintaining high accessibility. Furthermore, the surface area should be maximized to increase the quantity of active
sites available for heparin adsorption, thus enhancing the overall capacity and efficiency of the adsorbent. Optimizing these param-
eters is essential for improving the selective separation of heparin from complex biological mixtures [20-25].

Zeolites are porous crystalline solids formed from atoms of phosphorus, aluminum, oxygen, and silicon, exhibiting a general
structure with repeated topology. Comprising an interconnected network with oxygen atoms at the corners and silicon or aluminum
atoms at the center, zeolites can be natural or synthetic [26,27]. They are characterized by properties such as molecular sieve structure,
ion exchangeability, and water absorbency, making them valuable in various medical applications. Notably, natural zeolites like
Clinoptilolite can serve as food additives providing essential minerals and preventing environmental poisoning. Zeolites’ biocom-
patibility has been evidenced by research showing human bone marrow stromal cells adhering and proliferating on synthesized ZSM-5
zeolite surfaces without morphological changes. Their ability to adsorb ions and toxic materials stems from their crystalline structure
with porous channels, which trap charged and neutral toxins and molecules. Additionally, zeolites’ unique molecular sieve allows
gases and smaller molecules to pass through its crystalline network, facilitating the separation of mixed molecules based on size
[26-36].

Our research specifically focuses on the utilization of zeolites engineered with larger pore sizes. Specifically, we selected CBV901, a
Y-zeolite, and CB10A, a mordenite, as the adsorbents for our experiments. The rationale behind this approach is that larger pore sizes
can facilitate better access to internal adsorption sites, thereby allowing for more effective capture and retention of heparin molecules.
We aimed to optimize heparin adsorption by systematically varying several parameters: pH levels, the dosage of the adsorbent, process
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Scheme 1. Repetitive group of Heparin.
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temperature and interaction time. By adjusting these variables, we sought to enhance the adsorption efficiency and selectivity of
heparin, thereby improving the overall performance of the zeolite-based adsorbents in separating heparin from complex biological
mixtures.

2. Results and discussion
2.1. Heparin adsorption studies

The process workflow involves adsorption of heparin on an adsorbent under biologically ideal conditions. The subsequent
desorption of resulting molecule leads to procurement of heparin in pure form. Initial screenings for adhesion used solutions of pure
heparin to establish baseline performance metrics, thus helping identify a zeolite adsorbent which is most efficient as per its exhibited
affinity in pure heparin solutions. The selected zeolite was subsequently utilized to adsorb heparin in real biological samples. The
dosage, pH parameters, temperature, and contact time were systematically moderated to develop an optimized technique of
adsorption for heparin recovery from porcine mucosa, which contains a diverse array of biomolecules and enzymes. All experiments
were performed in triplicate to ensure statistical robustness. Further investigations focused on evaluating the reusability of the
adsorbent to assess its commercial viability. In addition, kinetic and thermodynamic analyses were performed for elucidation of
underlying adsorption mechanisms, providing valuable insights into the factors influencing adsorption efficiency and selectivity.
Zeolites CBV901 and CBV10A were added separately in the amount of 0.5g each into the aqueous solutions containing heparin with as
concentration of 1000 mg L™'and stirred in an incubator for 5 h at 55 °C. Following this, methylene blue method was applied to
measure the rate of heparin adsorption [13,14]. In solutions of pure heparin, absorption efficiency of CBV901 is 76 % and adsorbs
heparin 1.7-fold more than CBV10A (absorption efficiency 43 %). Although both CBV901 and CBV10A are macroporous adsorbents,
CBV901 possesses a significantly larger surface area, approximately 1.6 times greater than that of CBV10A (700 m2/g and 425 m?%/g
respectively). This substantial difference in surface area is a critical factor contributing to the superior heparin adsorption capacity
observed for CBV901. The increased surface area of CBV901 facilitates a higher number of available active sites for heparin interaction,
thereby enhancing its adsorption efficiency [37,38]. Consequently, the larger surface area of CBV901 enables a more effective capture
of heparin molecules from the solution compared to CBV10A, which is corroborated by the observed higher degree of heparin
adsorption efficacy by CBV901. Therefore, CBV901 was analyzed further for adhesion of heparin in the live blend of mucosa obtained
off pig’s intestine, which is described in sections 2.1.1-2.1.6.

Heparin adsorption from an aqueous solution of pure heparin onto the surface of CBV901 was investigated further using Fourier
Transform Infrared (FTIR) spectroscopy (Fig. 1). Comparative FTIR spectra were obtained for both the commercial sodium salt of
heparin and the CBV901-heparin adduct. The presence of C=0 asymmetric and symmetric stretching vibrations at 1618 cm™' and
1421 cm ! respectively in the FTIR spectrum of the CBV901-heparin adduct distinctly confirms the successful adsorption of heparin
onto the CBV901 surface [39-43].

Nuclear magnetic resonance (NMR) analysis was performed to evaluate and compare the heparin isolated from CBV901 with
commercially sourced heparin. As depicted in Fig. 2, the spectral peaks of the heparin eluted from CBV901 exhibit a remarkable
correspondence with those of the commercially available heparin. Specifically, the methyl peaks within the N-acetyl glucosamine
(GlcNAc) region for both isolated and commercial heparin appear at around 2.00 ppm [Fig. 2] [13,14,50]. This observation suggests
that the CBV901 substrate has effectively adsorbed heparin from porcine mucosa.

C=0 symmetric

Heparin Sodium Salt

CBV901-Heparin adduct

C=0 asymmetric
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Fig. 1. The IR spectra of store-bought heparin sodium salt, CBV901, and the pre-adsorbed heparin standard on CBV901.



K.R. Reid et al. Heliyon 11 (2025) e41398

Eluted heparin from Zeolite

|,'|“" | 4

| |
- A -I“ o4 W) \'rh

Pure Heparin

Fig. 2. 'H NMR spectra (300 MHz, D,0) of pure heparin (bottom) and real heparin (top) which is adsorbed and extracted from CBV901.

2.1.1. Adsorption dosage optimization

Investigation of adsorbent dosage’s impact on consumption of heparin in real mucosa samples from pigs’ intestine was conducted
by varying the concentration of CBV901 between 100 and 1000 mg. The adsorption capacity reached a maximum of 23.1 mg g-! with
an increase in CBV901 dosage to 500 mg (Fig. 3a). At this dosage, the adsorption efficiency peaked at 44 %. However, as the adsorbent
dosage was further increased beyond 500 mg, the rate of adsorption remained closely constant, while the adsorption capacity began to
decline. The initial adsorption capacity surge can be attributed to the increased surface area with active sites on the CBV901 surface.
Molecules such as chondroitin and dermatan sulfate in live samples of mucosa may interfere with heparin by competing for adsorption
sites. This competitive binding can reduce the efficiency of adsorption at larger dosages. Additionally, an adsorption capacity decrease
from 23.1 to 11.5 mg g~! could be due to the increased mass (m) as per equation (11).

2.1.2. pH optimization

The medium’s pH significantly affects the adsorption properties of Y-zeolite CBV901. In this study, mucosa obtained from the
intestine of pigs represented the live biological sample that was utilized for conducting experiments aimed at optimizing the adsorption
rate of heparin by CBV901. This optimization was achieved by modulating the pH of the sample solution within the range of 3-11. The
amount of heparin adsorbed by CBV901 was quantified using an ELISA kit assay and/or a sheep plasma test.

Results demonstrated that heparin adsorption increased with pH values ranging from 3 to 8 (Fig. 3b). At low pH, other molecules
present in the mucosa, compete with heparin for adsorption sites. At an optimal pH of 8, the adsorption efficiency reached its peak at
44.2 %, with an adsorption capacity of 23.3 mg g~ *. Beyond this pH, a slight decrease in adsorption was observed. This decline can be
attributed to the deprotonation of heparin at higher pH levels, which enhances its negative charge and leads to repulsive interactions
with the heparin molecules already adsorbed within the pores of the Y-zeolite. Consequently, pH 8 was identified as the optimal
condition for heparin uptake by Y-zeolite CBV901.

2.1.3. Effect of temperature and duration on heparin uptake in real sample

The adhesion showcased by Y-zeolite CBV901 on heparin demonstrates a pronounced temporal increase as the heparin molecules
diffuse from the solution, gradually occupying the pores of the CBV901 structure. Over a contact duration of 300 min, this process
culminates in a marked enhancement in the adsorption efficiency, reaching 44.3 %, and adsorption capacity, attaining a value of 23.3
mg g . This upward trend is substantiated by the data illustrated in Fig. 4a. Subsequently, the adsorption efficiency plateaus, indi-
cating that the CBV901 has achieved saturation under the specific experimental conditions.

The influence of temperature on the adsorption affinity was also investigated, given its critical role in modulating this relationship.
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Fig. 3. The adsorption efficiency of heparin onto CBV901A was optimized by adjusting (a) adsorbent dosage (process: 25 mL of a 1315 mg L~}

mucosa sample at pH 8, for 300 min of contact time at 55 °C) and (b) pH (process: 0.5 g of CBV901 in 20 mL of a 1315 mg L™ mucosa sample for
300 min of contact time at 55 °C).

A series of experimental repetitions in temperatures ranging between 25 °C and 75 °C were conducted. The findings, depicted in
Fig. 4b, indicate that the temperature increase to 55 °C resulted in peak adsorption efficiency and capacity, achieving values of 44 %
and 23.1 mg g}, respectively. This enhancement can be attributed to the reduction in solution viscosity at elevated temperatures,
which facilitates more rapid diffusion of heparin molecules within the solution, thereby promoting a more efficient zeolite interactions.
The cause of decline beyond 55 °C is possibly the molecular decomposition of heparin in higher temperatures.

2.1.4. Kinetic and thermodynamic studies

2.1.4.1. Kinetic study of heparin adsorption. To elucidate the heparin adsorption mechanism onto the CBV901, the influence of contact
time on heparin removal was studied under optimal conditions. Typically, the reactant’s concentration and the level of interactions
between involved species drive the kinetics of the process. To further understand the adsorption mechanism, four kinetic models were
evaluated: pseudo-first-order (Eq. (1)), pseudo-second-order (Eq. (2)), intraparticle diffusion (Eq. (3)), and Elovich (Eq. (4)).The
corresponding equations for these models are as follows:

Pseudo-first-order:

k.t
lOg (qe - fh) = lOg (qe) - 2.3[03 (1)
Pseudo-second-order:
t 1 t
i 4+ — 2
g koqZ  ge (2)

Intraparticle diffusion:
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Fig. 4. The adsorption efficiency of heparin onto CBV901 was optimized by adjusting (a) contact time (parameters: 0.5 g of CBV901 in 25 mL of a
1315 mg L—1 porcine mucosa sample at pH 8 and 55 °C) and (b) temperature (parameters: 0.5 g of CBV901 in 25 mL of a 1315 mg L—1 mucosa
sample at pH 8 for 300 min of contact time).

g =kit'? +1 (3)
Elovich model:

q: :%ln(aﬂ) + %ln (t) “4)

In these equations, q; represents the adsorption capacity at time t, k; and k; are the rate constants for the pseudo-first-order and
pseudo-second-order models, respectively. The term kjq denotes the intraparticle diffusion rate constant, a is the initial adsorption rate,
and p is the desorption constant in the Elovich model. The pseudo-first order, pseudo-second order, intraparticle diffusion, and Elovich
(Fig. 5 (a-d), respectively) plots shown at bellow. The results from these models, including the correlation coefficients (R?) and other
relevant constants, are detailed in Table 1. In analyzing the data, it was observed that certain data points deviated from linearity due to
reaching a saturation phase. This saturation behavior is particularly evident in intraparticle diffusion and Elovich curves, where the
data gradually diverges from the linear trend as it approaches a plateau. To maintain the consistency and accuracy of the linear
correlation analysis, we removed the saturated data points and refitted the linear equation using only the remaining data points, which
adhere to the linear trend. This approach allowed for a more reliable linear fit, ensuring that the results align more closely with the
expected linear trends.

As evidenced by the highest R? value of 0.9794, the pseudo-first-order kinetic model provided the best fit to the experimental data.
This suggests a relation of direct proportionality of the adsorption rate with the difference between the equilibrium concentration and
the amount of heparin adsorbed at any given time. The pseudo-first-order model, often described by the Lagergren equation, assumes
that the adsorption is a physisorption process that primarily depends on the adsorbent’s available active sites. The rate constant (k)
derived from the slope of this plot provides insights into the adsorption efficiency, indicating initial stages of rapid adsorption, fol-
lowed by a gradual approach to equilibrium with the saturation of active sites. [44-49] The close resemblance between the
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Fig. 5. The pseudo-first order (a), pseudo-second order (b), intraparticle diffusion (c), and Elovich (d) kinetic models for heparin adsorption by
CBV901 in the optimal conditions.

Table 1
Kinetic model parameters calculated for adsorption of heparin on CBV901.
Model Parameter Value
Pseudo-first-order Ky 0.0205
Qe cea) 26.2660
R? 0.9794
Pseudo-second-order Ko 0.0005
Qe (cal) 29.0690
R? 0.9494
Intraparticle Diffusion Kaife 2.1811
C —3.7530
R? 0.9669
Elovich B 0.1442
o 0.9788
R? 0.9567

experimental and calculated q. values further validates the applicability of the pseudo-first-order model to this adsorption system,
suggesting that the adsorption process is likely driven by physisorption rather than chemisorption.

2.1.4.2. Thermodynamic study of heparin adsorption. Parameters like entropy (AS°), enthalpy (AH"), and standard Gibbs free energy
(AG") provide insight into the nature and feasibility of the adsorption process. To explore the thermodynamic properties of heparin
adsorption onto the adsorbent, these key parameters were calculated.

Initially, the equilibrium constant (K.) was determined using equation (5):
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Kc :L’C_ C) 1\_‘2 5)

Where Cy and C, are the initial and equilibrium concentrations of heparin, respectively, V is the volume of the solution, and M is the
mass of the adsorbent.
The Van’t Hoff equation (Eq. 6) was then employed to relate the equilibrium constant to the thermodynamic parameters:

AH AS°
l c = —_—
nkK + (6)

By plotting In K. against 1/T (Fig. 2. (a)), the slope and intercept were used to calculate AH’ and AS’, respectively. The standard Gibbs
free energy change at various temperatures was then derived from equation (7):

AG =AH’ — TAS’ @
Additionally, the activation energy (E,) and sticking probability (S*) were estimated using 8 and 9 equations:

E

In(1-0)=InS + 27 (8
C.
9_1—6—0 9

The activation energy value estimated from the slope and intercept of plot of In(1-8) versus 1/T (Fig. 6. (b)). The thermodynamic
variables were determined at various temperatures, and the resulting data are compiled in Table 2.

The thermodynamic analysis revealed several important aspects of the adsorption process. The Van’t Hoff plot (Fig. 6. (a)) analysis
reveals distinct thermodynamic behaviors across different temperature ranges. At lower temperatures (up to 45 °C), the Gibbs free
energy (AG) is negative, indicating a spontaneous adsorption process. Additionally, the combination of negative enthalpy change (AH)
and positive entropy change (AS) suggests that the adsorption process is exothermic and is associated with an increase in system
disorder. These thermodynamic parameters collectively favor the stability and spontaneity of adsorption within this temperature
range. However, as the temperature increases up to 75 °C, significant shifts in the thermodynamic parameters are observed. In this
higher temperature range, AG becomes positive, implying that the adsorption process is no longer spontaneous. Moreover, AH and AS
shift from —60.5450 to +14.2508, and +0.2172 to —0.0189, respectively, indicating an endothermic process at elevated temperatures
and a decrease in system entropy. This change in thermodynamic behavior suggests that, at higher temperatures, the adsorption
process requires additional energy input, and the reduction in entropy further inhibits the stability of the adsorption process, possibly
due to the saturation of adsorption sites or a shift in the adsorption mechanism. This dual behavior underscores the complex nature of
the adsorption process in this system and highlights the influence of temperature on adsorption spontaneity and stability.

2.1.5. Sorbet reusability

The performance of CBV901 in biological samples was remarkable, achieving an adsorption efficiency of ~44.5 % and a capacity of
23.4 mg g"! under optimized pH, dosage, contact time and temperature. To assess the industrial feasibility of CBV901, we subjected the
adsorbent to five cycles of adsorption-desorption. Each cycle included a stringent regeneration procedure: a thorough Milli-Q water
rinsing post a 3 h saturated sodium chloride solution wash at 55 °C. The outcomes, as illustrated in Fig. 7, show that CBV901 is a highly
efficient adsorbent with notable stability. Even after five rigorous adsorption-desorption cycles, CBV901 retained its performance,
indicating its potential for repeated use in practical applications.

2.1.6. Sheep plasma clotting assay
For purity assessment of acquired heparin using CBV901, a sheep plasma clotting assay was conducted under optimized conditions
to calculate its anticoagulant potency. A purity examination of similar nature for acquired heparin using amberlite FPA98 Cl resin was
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Fig. 6. The van’t Hoff plot (a) and In(1-6) versus 1/T plot (b) of heparin adhesion on CBV901. absorbent.
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Table 2
Thermodynamic parameter data for heparin adhesion on the CBV901.
AH® AS° E. Temperature (K)
: &Jmol. ¥ y Shit  AtE AAie  Bmis | tTiR | sGe | maiE | e
(kJ/mol) X) (kJ/mol) 208.15 303.15 318.15 328.15 333.15 338.15 343.15 348.15
-60.5450 02172 0.0028 142558 AG(KJ/mol)

142508  -0.018% 45727 -52399 42102 -52962 -8.5540 204594 205540 20.6486 20.7432 20.8378
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Fig. 7. Stability test of CBV901 over five adsorption-desorption heparin recovery cycle.

performed as baseline, following a previously documented procedure [50,51]. The findings from this study indicate that the antico-
agulant efficacy of acquired heparin using CBV901 (61 =+ 2.6) resonated closely with that of commercial amberlite FPA98 Cl resin (57
=+ 3.1 U per gram of mucosa).

3. Experimental

We sourced zeolites from Zeolyst International, USA, and obtained calcium chloride, heparin sodium salt (analytical grade), hy-
drochloric acid (37 %), methanol, sheep plasma, sodium hydroxide and ethanol, from VWR, USA. Every chemical was utilized as is.
Milli-Q water was used in sample preparation for adsorption experiments. Locally sourced intestinal mucosa contained approximately
1300 mg L~} of heparin. Subtilisin enzyme was procured from STERM Company, USA. The Heparin ELISA kits and commercial
Amberlite FPA98 Cl resin were sourced from MyBiosource, San Diego, CA, USA and Dow Chemical, USA respectively.

To determine the concentration of heparin in both pure and complex samples, we employed SPECTROstar nano microplate reader
(BMG LABTECH). The adsorption of heparin sodium salt on the microporous zeolites were characterized using a Shimadzu IRAffinity-1
FT-IR instrument. The NMR of the sample were taken in D0 using Bruker-Advance II 300 MHz Ultrashield NMR.

3.1. Methods

A 1000 ppm heparin stock solution was created in Milli-Q water, and the plasma of sheep and ELISA heparin kits were used to assess
the efficacy and capacity of heparin adsorption by utilizing equations (6) and (7) in intestinal mucosa of pigs. This process is docu-
mented in a prior article [50].

Heparin stock solution (1000 ppm) was prepared in Milli-Q water. Sheep plasma and heparin ELISA kits were employed to evaluate

the efficiency and adsorption capacity of heparin using Equations (10) and (11) in pig intestinal mucosa, as outlined in a previous study
[50].

Adsorption efficiency (%) =

(C"C;Ce) x 100 10

0

(CO — Ce)

Adsorption capacity (q.) = -

xV 11

Here, CO and Ce (mg L-1) represent the initial and equilibrium concentrations of heparin (determined using the ELISA kit), mass of the
employed adsorbent is m (g) and the volume of mucosa solution utilized for heparin adsorption is V (L).

For evaluating zeolites adsorption abilities, the following experimental procedure was conducted: Initially, 250 mg CBV901 and
CBV10A were added to 25 mL solutions of heparin sodium (concentration: 1000 ppm). These mixtures were incubated and agitated for
3 h at a constant temperature (55 °C). After the incubation period, 5 mL aliquots from individual solution were removed and filtered
using a syringe filter to separate the supernatant. The supernatant’s heparin concentration was measured using the spectrophotometric
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method assisted by methylene blue (MB). MB, a cationic metachromatic dye, was selected for its strong affinity for heparin. For this
technique, 1 mL each of heparin-containing supernatant and MB solution (10 mg L) was combined. This combination was mixed
vigorously for 10 min using a vortex mixer to ensure thorough interaction between heparin and MB. The mixture absorbance was
measured subsequently using a spectrophotometric plate reader at a wavelength of 663 nm, which corresponds to unbound MB. MB
forms complexes with heparin, thus reducing the concentration of free MB and consequently decreasing the absorbance intensity at
663 nm. A pre-established standard calibration curve was then used to determine heparin concentration in remaining in the solution
after adsorption.

4. Conclusion

The potency of using macroporous zeolites in heparin recovery was investigated in this study. The findings demonstrate the critical
role of surface area in enhancing heparin adsorption. Specifically, CBV901, with a surface area of 700 m?/g, exhibited significantly
higher heparin recovery compared to CBV10A, which has a surface area of 425 m?/g, representing nearly a 1.6-fold increase. Addi-
tional improvement in heparin adhesion was achieved by adjusting key parameters such as absorbent dosage, pH, and temperature. As
an aluminosilicate, CBV901 possesses a notably high silicon-to-aluminum ratio (SiO2:Al303 of 80:1), which enhances its adsorption
capabilities. To evaluate its performance, we compared CBV901 against previously documented silica-based adsorbents. For instance,
silica-based quaternized diatomaceous earth (QDADE) demonstrated an adsorption efficiency of 31 %, while quaternized silica-gel
(QMASIi) achieved an efficiency of 28 % [13,14]. Among the materials analyzed, zeolite CBV901 exhibited a significant heparin
adsorption efficiency of 44 %, surpassing the performance of several cationic silica-based adsorbents investigated in earlier studies.
This indicates that CBV901’s unique aluminosilicate structure contributes to its superior adsorption properties. The adsorption process
adhered to a pseudo-first-order kinetic model, with thermodynamic analysis indicating that heparin adsorption is governed by both
enthalpic and entropic contributions. The Van’t Hoff analysis further revealed temperature-dependent shifts in adsorption behavior,
suggesting that the process is initially driven by exothermic interactions at lower temperatures, while higher temperatures introduce
entropic limitations, potentially due to site saturation or changes in the adsorption mechanism. These findings underscore the potential
of CBV901 as a highly effective adsorbent for heparin recovery, paving the way for more efficient and scalable extraction methods in
the pharmaceutical industry.
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