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Introduction

Patients with chronic kidney disease have a greater mortality rate than those with breast or prostate cancer [START_REF] Murphy | Deaths: final data for 2010[END_REF]. Early studies have found that many patients with COVID-19 suffer from renal dysfunction [START_REF] Naicker | The novel coronavirus 2019 epidemic and kidneys[END_REF]. The particular research in one of Wuhan's hospitals showed that 43.9% of their patients had severe proteinuria and 26.7% had hematuria, and this study was applied to over 700 patients. The elevated serum creatinine, estimated glomerular filtration, and blood urea nitrogen were 14.4, 13.1, and 13.1 %. The acute renal injury was found in 5.1 % of patients and was linked to in-hospital mortality. These studies reveal that COVID-19 patients have a high prevalence of kidney disease and a high rate of developing acute kidney damage during hospitalization [START_REF] Zhao | Adsorption of Uremic Toxins Using Ti 3 C 2 T x MXene for Dialysate Regeneration[END_REF].

For instance, creatinine is a common uremic toxin in human metabolic processes and can exist in the serum, stomach, and intestine [START_REF] Cao | Adsorption of creatinine on active carbons with nitric acid hydrothermal modification[END_REF]. Abnormal symptoms such as muscular dystrophy, eclampsia, diabetes, nephropathy, kidney disease, etc., were caused by high blood creatinine levels, consequently lowering kidney function and hastening renal ageing [START_REF] Rehan | Development of silk fibers decorated with the in situ synthesized silver and gold nanoparticles: Antimicrobial activity and creatinine adsorption capacity[END_REF]. The most common route to eliminate creatinine is hemodialysis which effectively removes small molecules and not larger uremic or protein-bound uremic toxins. The hemoperfusion technique is clinically delivered to remove other uremic toxins with a high clearance during the direct contact between the sorbents and patient blood [START_REF] Tyagi | Elimination of Uremic Toxins by Functionalized Graphene-Based Composite Beads for Direct Hemoperfusion[END_REF].

Along with the increasing number of patients receiving hemoperfusion, a quick, low-cost, and efficient adsorbent with high adsorption capacity is urgently needed [START_REF] Crini | Conventional and non-conventional adsorbents for wastewater treatment[END_REF]. Several investigations in the literature were implanted for biomimetic kidney hemoperfusion toward the adsorption of creatinine. They are based on porous materials, such as polymeric resin, activated carbon, carbon nanotube, MOFs, MIP, and zeolite [START_REF] Kameda | Adsorption of urea, creatinine, and uric acid onto spherical activated carbon[END_REF][START_REF] Ye | Adsorption of uraemic toxins on carbon nanotubes[END_REF][START_REF] Ymek | Search of Effective UiO-66 Metal-Organic Frameworks for Artificial Kidney Application[END_REF][START_REF] Hassanzadeh | Molecularly imprinted polymer capped near infrared fluorescent emitting Ag 2 S-functionalized-COOH quantum dots for detection of creatinine as a nanosensor with high sensitivity and selectivity[END_REF][START_REF] Lu | Influence of zeolite shape and particle size on their capacity to adsorb uremic toxin as powders and as fillers in membranes[END_REF].

The high surface area, superior electrical characteristics, and versatile surface functionalization of graphene-based adsorbents make them extraordinary materials for the above purpose [START_REF] Hiew | Review on synthesis of 3D graphene-based configurations and their adsorption performance for hazardous water pollutants[END_REF][START_REF] Cao | Adsorption of graphene for the removal of inorganic pollutants in water purification: a review[END_REF]. Some drawbacks to using graphene materials as an adsorbent in blood purification were mainly the poor biocompatibility and blood cell and platelet levels unbalance during hemoperfusion [START_REF] Palmieri | Graphene oxide touches blood: in vivo interactions of bio-coronated 2D materials[END_REF]. Likewise, nanomaterials, including graphene, may display undesirable attributes, such as leaching into the bloodstream, which may harm the patients. Materials with adequate biocompatible qualities should therefore be used for a hemoperfusion treatment. Graphene coated with biocompatible polymers is a better strategy to overcome these drawbacks [START_REF] Andrade-Guel | Nanocomposite PLA/C20A Nanoclay by Ultrasound-Assisted Melt Extrusion for Adsorption of Uremic Toxins and Methylene Blue Dye[END_REF].

Barium alginate (BA) is a natural polysaccharide and one of the most essential biocompatible, mucoadhesive, hemocompatible polymers, and it has been approved by Food and Drug Administration (FDA) [START_REF] Gao | In-situ synthesis of acylated sodium alginate-g-(tetrahydrofuran5-b-polyisobutylene) terpolymer/Ag-NPs nanocomposites[END_REF]. Its emerging applications deal with enzyme immobilization, cell encapsulation, drug delivery, and water treatment [START_REF] Ahmad | A critical review on the synthesis of natural sodium alginate based composite materials: An innovative biological polymer for biomedical delivery applications[END_REF]. BA contains -OH and -COOH groups that facilitate the modification process. Otherwise, calcium ions were used to crosslink BA to be more efficient in adsorption [START_REF] Li | Adsorption of lysozyme by alginate/graphene oxide composite beads with enhanced stability and mechanical property[END_REF]. It was reported that BA and activated carbon were combined and electrophoretically deposited onto a steel wire mesh, which resulted in the considerable adsorption of creatinine, uric acid, and ammonia. The performance was, however, inferior to the adsorption capacity of lysozyme over alginate/graphene oxide (GO) beads [START_REF] Jackson | Design and in-vitro characterisation of novel sorbent device for extracorporeal blood filtration and other applications[END_REF]. Immobilization of graphene onto alginate beads can overcome mass loss and prevent the massive waste generated during the remediation. Along with higher mechanical strength, it reduces the regeneration cost and makes it efficient. Simultaneous binding of barium ions with the different chains of α-Lguluronate blocks enhances rigidity and prevents pure alginate from dissolution [START_REF] Fiol | Comparative assessment of cellulose nanofibers and calcium alginate beads for continuous Cu (II) adsorption in packed columns: the influence of water and surface hydrophobicity[END_REF]. The immobilization of pollutants onto a micronized solid support such as beads recently gained more attention in general [START_REF] Khan | Preparation of sustainable activated carbon-alginate beads impregnated with ionic liquid for phenol decontamination[END_REF].

As mentioned above, carbonaceous materials are notable for their unique features and auspicious applications [START_REF] Zhang | Synthesis, formation mechanisms and applications of biomass-derived carbonaceous materials: a critical review[END_REF]. They're intriguing, tolerable materials with attractive architectures and novel electrical characteristics [START_REF] Cretu | Electrical transport measured in atomic carbon chains[END_REF]. Graphene oxide (GO) is one of the most used carbon-based materials for various applications, such as the adsorption of toxins [START_REF] Wu | Recent development of graphene oxide based forward osmosis membrane for water treatment: A critical review[END_REF], nanocarriers [START_REF] Liu | Graphene and graphene oxide as new nanocarriers for drug delivery applications[END_REF], gas detectors [START_REF] Basu | Recent developments on graphene and graphene oxide based solid state gas sensors[END_REF][START_REF] Yakoub | Design and performance analyses of graphene-nano plasmonic devices for wireless gas sensor applications[END_REF], lithium-ion batteries [START_REF] Kim | All-graphene-battery: bridging the gap between supercapacitors and lithium ion batteries[END_REF], supercapacitors [START_REF] Korkmaz | Graphene and graphene oxide based aerogels: Synthesis, characteristics and supercapacitor applications[END_REF], and hydrogen production [START_REF] Jayabalan | Enhancing biohydrogen production from sugar industry wastewater using metal oxide/graphene nanocomposite catalysts in microbial electrolysis cell[END_REF].

The 2D character exhibits bright features for environmental applications due to its vast surface area. Besides, diverse functional groups on the edges and basal planes, including hydroxyl (-OH), the carboxylic acid (-COOH), and epoxy (C-O-C) groups, rise to strong hydrogen bonding and robust van der Waals forces between its lamellae. However, the latter leads to aggregation and consequently reduces the adsorption capacity [START_REF] Yu | Progress in the functional modification of graphene/graphene oxide: A review[END_REF]. As GO is so easily dispersed in water, separating it after adsorption is also a hassle [START_REF] Ren | Recent progress on adsorption and membrane separation for organic contaminants on multi-dimensional graphene[END_REF]. Due to the significant amount of oxygen groups in GO, its chemistry, structure, and properties are far from pure C=C conjugated honeycomb lattice of graphene or few layer graphene. The oxygen functionalities can be beneficial to create interactions and cross-linking in the composites but affect the sorption and mechanical strength.

Likewise, the primary drawback concerning GO deals with its synthesis requiring long and harsh conditions [START_REF] Ba | Colloid approach to the sustainable top-down synthesis of layered materials[END_REF].

The present study aims to form alginate beads containing few-layer graphene (FLG) for bioadsorbing function. The work also includes the sustainable in-situ preparation of FLG using alginate as a bio-surfactant by fast exfoliation of graphite in water. The composite beads address both efficiency and reusability criteria to eliminate creatinine from an aqueous solution, suggesting a strong electrostatic attraction between FLG beads and creatinine via hydrogen bonding.

Methodology

Chemicals and reagents

The alginic acid sodium salt (SA~ 198 kDa, purity 99.5%), with low viscosity, barium chloride dihydrate (BaCl 2 . 2H 2 O, ≥99%), and creatinine anhydrous (C 4 H 7 N 3 O, ≥98%) were acquired from Sigma-Aldrich. Carbon Lorraine Company provided expanded graphite (E.G). Other notified chemicals were used as it is.

Exfoliation of graphite into FLG and formation of FLG/BA beads

The procedure required for FLG formation and dispersion was described as follows: A known amount of alginic acid sodium salt (4wt.%) was prepared by dissolving 4 g SA into 400 mL double deionized water at room temperature with stirring for 30 min at 1000 rpm. A 500 mg of expanded graphite was added carefully to the solution and subjected to ultrasonication with a tip sonicator at 80 W with a fixed frequency of 25 kHz for a continuous 2 h and probe speed of 30%.

After exfoliation, the homogeneous upper part of the suspension was dropped into BaCl 2 aqueous solution (2wt.%) to produce FLG/BA beads. These beads were left enough time in BaCl 2 to ensure the crosslinking between Ba +2 cations and -OH, -COOH groups along the alginate (and eventually) FLG flakes. Finally, the FLG/BA beads were washed with pure water thrice and dried in the open air before use.

The same manner was applied for the preparation of the ordinary, FLG-free BA beads.

Characterization tools

The crystallinity of prepared BA and FLG/BA beads were characterized by XRD with an X-ray diffractometer (Bruker, Cu kα radiation, λ=1.5406 Å), 10 o ≤ 2 ≤ 80 o range of measurement.

UV-Vis Spectrophotometer Double beam (UV 2600, Shimadzu, Japan) was used to detect the absorbance of creatinine. The BA and FLG/BA morphology before and after adsorption of creatinine was identified by Zeiss GEMINI, SEM 500 resolution 1 nm, 1kV. The roughness behavior was studied based on the processing of SEM images using Gwyddion 2.57. The resolution of each image was maintained at 650×950 pixels. TGA (a TA Instrument Q5000IR) under a range from RT to 800 °C, a heating rate of 10 °C/min, and airflow of 25 mL/min were used to determine thermal degradation at different ranges of temperatures. A THERMO MULTILAB 2000 XP-spectrometer equipped with AlK anode at hɣ= 1486.6 eV was used for chemical composition confirmation. The CASA XPS program fitted with the Gaussian-Lorentzian mix function and Shirley's background subtraction was used for the deconvolution of the spectra.

Identification of creatinine

The adsorbed amount of creatinine was determined using a UV-Vis absorption of the solution.

Ten different concentrations of creatinine (ranging from 10 to 200 mg. L -1 ) were dissolved in double-deionized water. The reference spectrum was obtained at 100 mg. L -1 creatinine concertation in the UV region from 200 to 400 nm using UV 2600, Shimadzu, Japan spectrometer. The maximum absorbance was detected at 231 nm. The standard curve was drawn.

The regression between concentration (mg. L -1 ) and the standard absorbance produced a correlation coefficient of R 2 ≥ 0.98 (Fig. S1).

Batch technique of creatinine adsorption

BA and FLG/BA beads were tested at the initial creatinine concentration equal to 100 mg. L -1 , similar to the concentration in the dialysis machine used for renal failure treatment [START_REF] Zhao | Adsorption of Uremic Toxins Using Ti 3 C 2 T x MXene for Dialysate Regeneration[END_REF]. Different doses were also used in the dose-dependent experiments: 10, 20, 30, 40, 60, 80, and 100 mg at a constant neutral pH. In the equilibrium experiment, 60 mg of adsorbent was added to 50 mL creatinine solution in a conical flask, followed by stirring for 2 hours at 25 o C using an orbital shaker machine. The initial range of creatinine concentration was 20 to 200 mg. L -1 . Each sample, after adsorption equilibrium, was eliminated from the solution by mild centrifugation, and the absorption of the supernatant was measured at 231 nm to evaluate the creatinine concentration.

The separated analysis measurements were repeated at least three times.

The removal efficiency (ɳ) was obtained as:

(1)

The adsorption content, Q e (mg. g -1 ), was computed using Eqn. 2

(2) C o , C e (mg. L -1 ), V (L), and m (g) represent the initial and equilibrium concentration of creatinine, the volume of the solution, and the mass of BA and FLG/BA beads, respectively. The selected isotherms and kinetic models, as shown in Table S1, were considered next to understand the interactions and the involved mechanism between the adsorbent (BA and FLG/BA) and the adsorbate (creatinine molecule).

Simulation assessment

Construction of cell structure

All molecular dynamics (MD) simulations were performed using Materials Studio 8.0 (MS) software (Accelrys Inc., San Diego). The construction assignment helps create complex multiphase constructions. When decided to apply to empty cells, this can also serve as a substitute for the construction task. This is advantageous when the lattice orientations are nonorthogonal or when the composition must be stated in terms of molar ratios rather than actual numbers of molecules. Following the construction process, the construction structure's geometry can be optimized (Fig. S2,S3), considering all degrees of freedom, including those from the framework.

The FLG structure was created with MS software's built module. All initial molecular structures were geometry-energy minimized by the 'Forcite Module' of the MS software with energy 0.001 kcal/mol and 0.5 kcal /mol/A of Convergence Tolerance Force and 500 of a maximum number of irritations. The BA was constructed by using the MS software's Amorphous Cell Module. The annealing was done with a 'Universal' forcefield with a density of 15 g/cc, 1000 loading steps, and a bias temperature of 303 K. After the molecular structures had fully relaxed, all of the systems were molecular dynamics simulated in ambient temperature by using 'Universal' forcefield. Using a cut-off length of 12.5 m, the van der Waals & bonding and Non-bonding interactions got computed. The periodic boundary conditions (PBC) technique was used to prevent unnecessary interactions of particles with the simulation cell's wall surfaces. The simulations lattice parameters were 10.622: 10.622: 10.622 (a:b:c) (Å), and 90°:90°:90° (α:β:γ).

Molecular Dynamics (MD) Simulation

Using the adsorption locator module in Material Studio 2017 software, the adsorption progress of the molecules was investigated using BA and FLG/BA as standard structure surfaces. The plane miller indices suffice to find surfaces with a well-constructed structure and good stability. The creatinine compound was optimized with Forcite while the surface of the BA and FLG/BA cells was modelled (10 x10 supercell; vacuum thickness = 30 Ȧ; box volume = 6). To calculate finequality adsorption, five annealing cycles with 50000 steps per cycle were used. This study conducted MC simulations on optimized low-energy BA and FLG/BA. A Universal forcefield adsorption locator module was utilized to locate the molecules of creatinine on BA and FLG/BA surfaces, and the adsorption energy was calculated.

Results and discussion

Synthesis and structure of BA, FLG/BA beads

The preparation of BA and FLG/BA beads is illustrated in Fig. 1. Once the transparent viscous aqueous solution of alginate was obtained, FLG exfoliation was performed in the solution under intense tip sonication treatment for not more than two hours to prevent the defects accumulation on the graphene basal plane [START_REF] Cui | Exfoliation of graphite to few-layer graphene in aqueous media with vinylimidazole-based polymer as high-performance stabilizer[END_REF]. The method applies general rules for the exfoliation of EG in water under the mixing-assisted tip sonication technique described by us earlier [START_REF] Ba | Colloid approach to the sustainable top-down synthesis of layered materials[END_REF][START_REF] Shoueir | Industrial molasses waste in the performant synthesis of few-layer graphene and its Au/Ag nanoparticles nanocomposites. Photocatalytic and supercapacitance applications[END_REF]. The drops from the upper part of the FLG suspension were used next after 2h of decantation for the formation of the beads. Due to the relatively thin flakes of FLG incorporated into the crosslinked BA beads, the droplets could maintain a spherical shape without any deformation. BaCl 2 was used as a cross-linker in both suspensions to joint alginate molecules with the help of -OH and -COOH groups from alginate chains (and eventually from FLG flakes). SEM micrographs of BA and FLG/BA at different resolutions are shown in Fig. 2 a, b, andc-f, respectively. The surface of BA is homogenous, wavy, and quite coarse but incomparably less rough than FLG/BA surface. It includes some cracks originating from the collapsing of BA layers during the dehydration process due to low mechanical strength [START_REF] Eltaweil | Highly efficient removal for methylene blue and Cu 2+ onto UiO-66 metal-organic framework/carboxylated graphene oxide-incorporated sodium alginate beads[END_REF]. The introduction of FLG alters the morphology of BA surface towards strongly rough and porous, which is also reflected by specific surface area modification (from 13.43 to 20.85 m 2 /g). The relatively small value of BA surface area via used BET method was due to the compact structure of the beads. It increases with the addition of FLG deals with the modification at the beads' surface. The FLG flakes protruding under certain angles can be easily distinguished in the nanocomposite at higherresolution micrographs. Clearly, the majority of the flakes were covered by a significant homogenous layer of polymer, indicating significant contact between both species. Only pointwise, the neat FLG surfaces occur. The rough morphology and increased surface area of the nanocomposite beads was promising for sorption sites enhancement [START_REF] Al-Shemy | Fabrication of Sodium Alginate/Graphene Oxide/Nanocrystalline Cellulose Scaffold for Methylene Blue Adsorption: Kinetics and Thermodynamics Study[END_REF]. From the other hand, BA serves as a basic skeleton to adhere to FLG, consequently reducing the aggregation of FLG sheets and serving as maintaining in 3D form glue.

The absence of cracks at the nanocomposite surface suggests as well higher mechanical strength of FLG/BA beads benefiting from significant elastic properties of FLG flakes (additional factors as amelioration of overall interactions within the polymer matrix and/or modification of polymer chain size cannot be excluded). S2. According to the analysis, the average roughness (Ra) changes from 8.6 to 8.0 nm with the addition of FLG, while the maximum height of roughness (Rt) and maximum roughness peak height (Rp) increase in the nanocomposite. Concerning the composition of the beads, the analysis indicates an excess of barium chloride in both samples. Apart from the presence of barium alginate, well-defined peaks attributed to barium chloride appear in X-ray diffraction patterns [START_REF] Wang | Atom-economical in situ synthesis of BaSO 4 as imaging contrast agents within poly (N-isopropylacrylamide) microgels using one-step droplet microfluidics[END_REF] (Fig. 3a). (The FLG additive does not cause a change in the peak positions of pure BA peaks).

Likewise, the presence of BaCl 2 excess is confirmed via TGA analysis, where a significant amount of non-decomposed barium species amount remains at 800°C, Fig. 3b. According to TGA accompanied by DTG curves (under air), the two samples exhibited gradual weight loss starting at around 100 o C. In the temperature range till c.a. 420 °C, both samples show quasi-same behavior.

Above this temperature, up to 470°C, a sudden strong degradation is observed in FLG/BA and at 500-530°C in BA. This weight loss can be ascribed to the fracture of glycosidic bonds and decarbonylation of BA fragments [START_REF] Liu | Bio-based barium alginate film: Preparation, flame retardancy and thermal degradation behavior[END_REF]. In the case of the nanocomposite, the presence of FLG induces faster degradation (lower temperature degradation) due to the formation of hot spots resulting from the high thermal conductivity of FLG. A similar phenomenon was already observed in other polymer composites containing FLG [START_REF] Van Der Schueren | Polyvinyl alcohol-few layer graphene composite films prepared from aqueous colloids. Investigations of mechanical, conductive and gas barrier properties[END_REF][START_REF] Marouazi | Great enhancement of mechanical features in PLA based composites containing aligned few layer graphene (FLG), the effect of FLG loading, size, and dispersion on mechanical and thermal properties[END_REF]. It indicates that alginate has significant interactions with FLG flakes. Once alginate is gasified, the remaining pure FLG flakes start to burn totally at the highest temperature range with a clearly visible DTG peak of max. at c.a. 580°C. From this peak, the weight percentage of FLG in the composite can be estimated at around 10%.

The insertion of FLG into alginate leaves a trace also in photoluminescence spectra detected under 280 nm excitation in water (Fig. 3c). Two emission bands at around 340 and 400 nm were observed in the two samples. In the case of FLG/BA, the bands are better defined, while especially BA red band is strongly broadened. The relative intensity of the two wavelengths emission bands interchanges in the two samples. The emission intensity at 340 nm is reduced, while the one in the visible range is enhanced in the presence of FLG. Due to the transfer properties, FLG brings faster transfer (lower recombination) and enhanced visible luminescence. The extended content of BaCl 2 on the beads surface is confirmed via XPS analysis (the analysis of BaCl 2 as reference is performed, Fig. 4a). The additional and more significant peak in Ba3d spectra can be observed and attributed to the excess of initial BaCl 2 . This peak, Ba 3d 5/2 from BaCl 2 , was considered as a reference. Consequently, all the spectra of BA and FLG/BA were slightly shifted to overlap with this peak, Fig. eV, respectively [START_REF] Kim | Selective Adsorption of Ba 2+ Using Chemically Modified Alginate Beads with Enhanced Ba 2+ Affinity and its Application to 131 Cs Production[END_REF]. In the case of FLG/BA, the sp 2 C and - transition contribution from FLG are added [START_REF] Ba | Colloid approach to the sustainable top-down synthesis of layered materials[END_REF]. One can see that the spectra of the beads was shifted toward lower energy compared to BaCl 2 species. Because this shift exists in Ba 3d as well as in C1s spectra, it can be attributed to the modification of the samples' conductivity (charging effect) and adequately is 

Adsorption of creatinine by BA and FLG/BA

An appropriate adsorbent dose should be selected to identify if there are sufficient vacant sites for binding the adsorbate. Different amounts [START_REF] Ymek | Search of Effective UiO-66 Metal-Organic Frameworks for Artificial Kidney Application[END_REF][START_REF] Jackson | Design and in-vitro characterisation of novel sorbent device for extracorporeal blood filtration and other applications[END_REF][START_REF] Korkmaz | Graphene and graphene oxide based aerogels: Synthesis, characteristics and supercapacitor applications[END_REF][START_REF] Liu | Bio-based barium alginate film: Preparation, flame retardancy and thermal degradation behavior[END_REF]60,80, and 100 mg) were used to estimate the best dose required to adsorb the supreme amount of creatinine molecule. Almost all creatinine is effectively adsorbed on the surface of FLG/BA (98.1%R) and BA (81.7%R) at 60 mg (Fig. 5a). With the gradual saturation of the adsorption sites, no more adsorption was observed over this amount. The effect of the large aromatic structure in FLG/BA and the presence of functional carboxylic/hydroxyl groups in both samples permits the creatinine to be easily captured via π -π interactions and a strong attraction to the positively charged creatinine molecule [START_REF] Sahraei | Novel magnetic bio-sorbent hydrogel beads based on modified gum tragacanth/graphene oxide: Removal of heavy metals and dyes from water[END_REF].

At a dosage lower than 60 mg, limited vacant sites are occupied by adsorbate, especially in FLG/BA, and the removal efficiency is related to the low protonation level. As shown in Fig. 5b, the removal efficiency of creatinine increases considerably with time. The ability of dual composition (FLG/BA) seems greater than that of a single BA component. The removal potency increases rapidly within approximately 80 min with an efficiency of 76.6 and 91.7 % for BA and FLG/BA composites, respectively. After this time, both samples seem to be saturated, reaching their equilibrium abilities of 82.1 and 99.5 %, and then continue slower sorption reaching adsorption capacity (Q e ) of 68.4 and 82.9 mg/g for BA and FLG/BA, respectively. Concerning the factor of different initial adsorbate concentrations (Fig. 5c), in the case of FLG/BA, the heightened adsorption is measured at a concentration above 100 ppm. The adsorption kinetic parameters are obtained from the fitting curves presented in Fig. S6, reported in Table 1. PFO curve displays a relation between ln (Q e -Q t ) and t; the intercept indicates ln (Q e ) so that (Q e ) can be estimated, and the slope gives the first-order constant (k 1 ).

From the fitting of the experimental data, the equilibrium adsorption quantity (Q e ) shows a high deviation from the PFO fitted data. The calculated Q e from the first order equation is 58.47 and 65.35 mg. g -1 for BA and FLG/BA. Even though the correlation coefficient (R 2 ) is relatively high, implying high accuracy of the fitting, there is still a large distance between the experimental and the calculated data. It seems that PFO might be sufficient to describe only the adsorption process of creatinine over BA. In this regard, PSO was carried out. The relation between and t was plotted. The Q e can be obtained from the slope of the fitted straight line, while the PSO (k 2 ) constant is estimated from the intercept section. The equilibrium adsorption amount computed Concerning the adsorption isotherms, the fitting curves of Langmuir and Freundlich models are displayed in Fig. S7, and the corresponding parameters are reported in Table 2. According to the Langmuir model, the ratio of can be plotted as a function of C e (x-axis). The Q m (mg. g -1 ) can be obtained from the slope of the fitted line, while the adsorption constant K L (mg. L -1 ) is calculated from the intercept value. The maximum adsorption capacity was obtained for the initial creatinine concentration of 100 mg. L -1 is around 119.04 and 116.02 mg. g -1 for BA and FLG/BA, respectively. The Langmuir isotherm shows higher accuracy with the adsorption system via higher R 2 than the Freundlich model. The slightly lower value of Q m in the case of FLG/BA can denote faster saturation of the surface.

Table 2. Langmuir and Freundlich isotherm parameters of creatinine adsorption.

Compositions Langmuir model Freundlich isotherm

Q m (calculated) (mg. g -1 ) K L (mg. L -1 ) R 2 K F ((mg/g)(L/mg) To investigate the effect of the medium's temperature on the adsorption of creatinine, the thermodynamic parameters should be calculated according to the following formula:

(

Where R is the gas constant (R=8.314 J/(mol. K), K d refers to the distribution coefficient, C e is the equilibrium concentration of creatinine (mg. L -1 ); ΔG o is the Gibbs free energy (kJ. mol -1 ), ΔS o : the entropy (J/(mol. K)) and ΔH o is the enthalpy change (kJ. mol -1 ). The plotting of lnK d vs. 1/T, defined as Van't Hoff relation, provides the thermodynamic parameters of ΔH o and ΔS o , Fig. S8.

On the other hand, ΔG o can be obtained from the experimental data (Table 3). According to the thermodynamic parameters, the adsorption process is spontaneous at low temperatures. The ΔG o becomes more positive with the increases of temperature. The enthalpy varies from -24.291 to -36.119 kJ. mol -1 for BA and FLG/BA. The negative enthalpy values reflect the exothermic character of the adsorption process, the value being more negative in FLG/BA. The negative values of entropy may refer to the decreasing of randomness during the adsorption process between the solid/ solution phase.

Table 3. Thermodynamic parameters of creatinine adsorption over BA and FLG/BA.

Reusability study

The reusability of any adsorbents is essential for practical utilization. Accordingly, 60 mg of adsorbent was soaked in 50 mL of creatinine solution (100 mg. L -1 ) at a temperature of 25 o C and a constant neutral pH. After sorption equilibrium, BA and FLG/BA nanocomposites were washed with diluted HCl solution (0.1M) and, next, with pure water to remove any residue and dried well.

The adsorbents were subsequently subjected to re-sorption for the sixth cycle, Fig. Fig. 6 The reusability study of adsorption-desorption of creatinine on BA and FLG/BA.

Simulation

Cell construction was used to obtain the chemical activity by calculating the total energy of each cell (FLG, BA, and FLG/BA crystals) (Fig. S2,S3). Table 4 shows the calculated energies. It is clear that FLG/BA has greater total energy than FLG and BA individually, confirming that the addition of FLG enhances the chemical activity of BA. The addition of a few functional groups/ active sites present in FLG provides an increased potential and higher efficiency of BA towards the adsorption. In addition, FLG/BA has a higher van der Waals energy than BA alone, which increases the intermolecular electrostatic energy within the cell. 

Where E total is the total energy of the entire system, E surface is the total energy of BA and FLG/BA surfaces, and E creatinine describes the total energy of adsorbed compound. The total energy (E Tot ), adsorption energy (E Ads ), rigid adsorption energy (E Rigid ), and deformation energy (E Def ) of creatinine under investigation on BA and FLG/BA surfaces are presented in Table 5. By using this simulation method, the total energy (E Tot ) of creatinine adsorbing on FLG/BA and BA is calculated from the internal and adsorption energies of creatinine. As creatinine adheres to FLG/BA and BA surfaces in a stable state, it releases adsorption energy (also known as the geometric optimization step). The negative adsorption energies values are -561.620 kJ. mol -1 and -50.055 kJ. mol -1 , indicating that creatinine adsorbs spontaneously on FLG/BA and BA surfaces.

The binding is stronger on FLG/BA surface compared to the BA alone [START_REF] Zhang | Performance and theoretical study on corrosion inhibition of 2-(4-pyridyl)-benzimidazole for mild steel in hydrochloric acid[END_REF].

The adsorbed creatinine on BA and FLG/BA surfaces resulting from the calculation are shown in Fig. 7. The measured shortest bond distances between creatinine and the surfaces of BA and FLG/BA at equilibrium showed that the bonding length is all above 3.5 Å, Fig. S9, indicating that these atoms could be absorbed on BA and FLG/BA surfaces rather by electrostatic attraction [START_REF] Umoren | Effect of degree of hydrolysis of polyvinyl alcohol on the corrosion inhibition of steel: theoretical and experimental studies[END_REF]. Commonly, the bond length of chemisorption is within the limits of 1Å~3.5 Å, while physisorption is longer than 3.5 Å [START_REF] Zhang | Synergistic inhibition of carbon steel corrosion in 0.5 M HCl solution by indigo carmine and some cationic organic compounds: experimental and theoretical studies[END_REF][START_REF] Verma | Molecular dynamics and Monte Carlo simulations as powerful tools for study of interfacial adsorption behavior of corrosion inhibitors in aqueous phase: a review[END_REF]. Likewise, the potential π -π interactions in FLG/BA-creatinine systems would be of an approximative length of 3.35 Å, the length between graphene sheets in graphite. The Molecular Dynamic simulation confirmed the increased capacity of the FLG/BA composite toward creatinine adsorption. As a result of this study, a cost-effective, efficient, and obtained via green method adsorbent material for removing creatinine from blood was designed and studied to be developed in the future.

Fig. 1 .

 1 Fig. 1. BA and FLG/BA beads: schema of preparation and optical photos.

Fig. 2 .

 2 Fig. 2. Morphology of beads surface via SEM micrographs (a, b) BA, (c-f) FLG/BA.

  The additional SEM micrographs of the beads carried out after the adsorption process indicate that the macro/microscopic form of the beads is maintained, FigS5 a-c. On the neat FLG surface, the adhered species suggesting the creatinine assemblies can be observed, FigS5 d,e.

Fig. 3

 3 Fig. 3 (a) XRD pattern of BA and FLG/BA; (JCPDS card no: 00-024-1035), (b) TGA and DTG of BA (blue) and FLG/BA (black) performed in air, and (c) PL spectra of (a) BA (blue) and (b) FLG/BA (black) [pH = 7, λ ex = 280 nm].

  4a. In this configuration, the position of adventitious C, Cadv., from the BaCl 2 sample well appears at 284.5 eV, Fig. 4b. With such established position and the ratio between Ba 3d 5/2 and Cadv. peaks, the Cadv. peak could be considered in deconvolution of C1s spectra. According to the standard deconvolution, the main C1s subpeaks in BA are assigned to C-C/C-H, C-O-C/C-OH, and O=C-O at 282.2, 283.6, 285.8

  beads containing FLG. The downward shift of Ba 3d of c.a. 2.7. eV in BA and of c.a. 3.3 eV in FLG/BA is observed. This difference in the relative shift of 0.6 eV between the two samples was considered in the position of common C subpeaks (C-C/C-H, C-O-C/C-OH, O=C-O) in C1s spectra in FLG/BA sample. The broadening of these subpeaks in FLG/BA is as well related to the presence of FLG, i.e. the same entities from FLG that are however located at lower binding energies.

Fig. 4

 4 Fig.[START_REF] Cao | Adsorption of creatinine on active carbons with nitric acid hydrothermal modification[END_REF] Ba 3d (a) and C 1s (b) XPS spectra of BA and FLG/BA nanocomposites.

Fig. 5 .

 5 Fig. 5. (a) Influence of adsorbent dose, BA and FLG/BA, on creatinine [Time 100 min., R.T, pH = 7], (b) the efficiency of creatinine removal upon the variation of time at an initial concentration of 100 mg. L -1 , (c) the effect of the initial concentration of creatinine on the removal efficiency at a time exposure of 2 h.

  line was around 87.17 and 97.51 mg. g -1 , far away compared to the experimental data in BA but closer to experimental Q e of FLG/BA. The accurency of the PSO model is confirmed by high R 2 and indicates that the process of creatinine adsorption over FLG/BA might follow the PSO model.

Fig. 7

 7 Fig. 7 Adsorption of creatinine compound on FLG/ BA and BA surfaces.

a b 19

 19 Nanocomposite beads of barium alginate (BA) and few-layered graphene (FLG) -BA (FLG/BA) have been fabricated to be used for the removal of creatinine from aqueous solutions. The FLG was obtained in-situ via exfoliation of EG in water in the presence of sodium alginate. The physicochemical analysis of the nanocomposites showed an excess of BaCl 2 used as a cross-linker during the preparation of the beads. The physicochemical and morphology structure of the beads is affected by the introduction of FLG, providing superior performance in the adsorption of creatinine. After the exposure time over 80 min, the removal efficiency of creatinine increases considerably, reaching around 76.6 and 91.7 % for BA and FLG/BA composites (the adsorption capacity (Q e ) of 68.4 and 82.9 mg. g -1 for BA and FLG/BA). On the other hand, with the variation of creatinine concentration in the solution, the removal rate enlarges up to 81.7 and 98.1 % for BA and FLG/BA after 60 min. The adsorption kinetics parameters were investigated through PFO and PSO models, the second one being more accurate with the experimental data in the case of FLG/BA.

Table 1 .

 1 PFO and PSO parameters of BA and FLG/BA obtained for the removal of creatinine.

	Model	Parameters	Adsorbents
			BA	FLG/ BA
	PFO	Q e (mg. g -1 ) k 1 (min -1 )	58.47 1.5x10 4 1.2x10 4 65.35
		R 2	0.961	0.951
	PSO	Q e (mg. g -1 ) k 2 (g. mg -1 ).	87.17 0.0393	97.51 0.0153
		min		
		R 2	0.981	0.986

ΔH o kJ. mol -1 -ΔS o kJ. mol -1 -ΔG o 298 kJ. mol -1 -ΔG o 308 kJ. mol -1 -ΔG o 318 kJ. mol -1 -ΔG o 328 kJ. mol -1 BA

  [START_REF] Tyagi | Elimination of Uremic Toxins by Functionalized Graphene-Based Composite Beads for Direct Hemoperfusion[END_REF]. The removal efficiency decreases slightly for each cycle, starting from 82.1 and 99.5 % at the first cycle and .1 and 88.3 % at the sixth cycle. Lower deterioration of sorption over FLG/BA might indicate that removal of creatinine occurs easier in FLG/BA, possibly due to the modified adsorbate-adsorbent interactions.

	dropping to 69					
	Code	R 2 -0.995 24.29	69.24	3.706	2.867	2.567	1.592
	FLG/BA 0.961	36.11	79.46	12.275	12.038	10.573	10.104

Table 4 .

 4 Construction of cell structure parameters of FLG, BA, and FLG/BA surfaces.

	Cell structure	Total energy (kcal. mol -1 )	van der Waals (kcal. mol -1 )	Bond (kcal. mol -1 )	Non-bond (kcal. mol -1 )
	FLG	1540836.407	1468670.023	61394.779 1468670.023
	BA	469593.160	419949.231	37138.809	419949.231
	FLG/BA	1612715.681	1484878.538	106163.319 1484878.538

Table 5 .

 5 Molecular dynamic simulation parameters of adsorption of creatinine on BA and FLG/BA surfaces.

		Total	Adsorption energy	Rigid adsorption	Deformation
	Structures	energy	(E ads )	energy	energy
		(kcal/mol)	(kcal/mol)	(kcal/mol)	(kcal/mol)
	FLG/BA	-167.719	-561.620	-194.908	-366.712
	BA	-29.006	-50.055	-50.301	-0.4548
	Conclusion				
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