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Abstract

:

Highlights


What are the main findings:




	
Covalently crosslinked chitosan-based cryogel for removal of AgNPs



	
AgNPs suspension stabilized by plant extract a model water contaminant having complex composition



	
Water permeability of cryogels significantly affects AgNP adsorption efficiency and adsorption capacity








What is the implication of the main finding?




	
Maximum capacity for chitosan based cryogel prepared at −15 °C is 82 mg/g



	
Low-cost adsorbent with high adsorption capacities to metal nanoparticles









Abstract


The discharge of nanoparticles into the environment, such as through industrial plants and municipal wastewater treatment plants, can pose a hazard to aquatic life. This study demonstrates the effective removal of silver nanoparticles (AgNPs) using a chitosan-based cryogel, which has potential applications in agriculture, as well as in water treatment or in industrial plants that discharge into environmentally sensitive water bodies. The adsorbent is economically viable, has high affinity toward metal nanoparticles, is biodegradable and biocompatible, and displays a good removal of nanoparticles. AgNP adsorption was monitored using UV/Vis spectroscopy and TEM analysis. SEM, nitrogen adsorption, TGA, and FTIR analysis were used for cryogel characterization. The BET model of nitrogen adsorption revealed a specific surface area of 7.7 m2/g for chitosan–glutaraldehyde (CHI–GA) cryogels. The elasticity modulus of the CHI–GA cryogel was estimated as 543 ± 54 kPa. The AgNPs were characterized by a negative charge (−38 ± 17 mV) and an average diameter of 64 nm with a polydispersity index of 0.16. The mechanism of AgNP adsorption involved electrostatic interactions between the oppositely charged surfaces of the cryogel and particles. The temperature of the cryogel preparation affected the water permeability and adsorption efficiency. CHI–GA illustrated a capacity of 63 mg/g at a flow rate of 0.8 mL/min under a solution pressure of 500–970 Pa. The increase in pressure of the model plant extract-stabilized AgNP suspension (14 mg/L AgNPs) to 3.42–3.9 kPa led to an increase in the water permeability rate to 10 mL/min and a significant decrease in the efficiency of particle removal. The CHI–GA adsorbent demonstrated up to 96.5% AgNP removal until the breakthrough point due to adsorbent saturation. The CHI–GA cryogel adsorbent (1 g) can be used for efficient filtering of about 4.5 L of contaminated water.
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1. Introduction


Nanoparticles (NPs) represent the 10–100 nm size region of the particle spectrum. Engineered nanoparticles have been and are being extensively used in many technological, medical, and consumer applications. This is due to some exceptional properties that arise on such scales including the large surface area-to-mass ratio, which makes them a highly reactive species that is widely utilized in catalysis [1,2,3]. The most recognized property of silver nanoparticles (AgNPs) is its antimicrobial activity [4,5]. Silver has been used for wound treatments and sterilization for centuries, and its nanoparticles exhibit the same characteristic, mainly facilitated through the release of active Ag+ ions [6,7,8,9]. The excellent antimicrobial and antiviral activity of silver has been an irreplaceable feature in the development of many disinfectants, wound dressings, and sterile surgical applications [8,9,10,11]. The estimated annual production of AgNPs is 135–420 tons, represented by 443 products listed on the Consumer Products Inventory [12]. This relates only to an intentional manufacturing of AgNPs and their incorporation into products. Nevertheless, greater danger may lie in the unintentional release of ionic silver into aquatic systems, where it might transform into nanoparticles. It was reported that AgNPs occurred naturally in the vicinity of silver mines in Texas and Mexico [13,14]. Many compounds in nature have easily oxidizable functional groups present in their structure, which facilitate a reducing activity toward AgNPs.



A relatively high concentration of metallic silver in dissolved organic matter-rich waters results in the formation of AgNPs under direct sunlight. Their reduction is mediated by the presence of humic acids via photochemical reduction with dissolved organic matter [15]. These findings suggest a different framework to assess the occurrence of AgNPs in the environment. Thus, it is evident that not all NPs are manmade, and further investigation of naturally produced NPs is required to grasp the full picture. The global demand for silver in industrial applications in 2020 was reported by the Silver Institute to be 16,000 tons, of which 3100 tons were for photovoltaics in solar power technology [16]. With the demand being so much higher for nanoparticles, it is necessary to account for the use of metallic silver on an industrial scale when assessing the environmental concerns of AgNPs. Inspecting wastewater discharges around sewage treatment plants and surrounding rivers revealed that the concentration of AgNPs at peak events can reach 15–20 mg/L in the vicinity of industrial plants and 9–10 mg/L in residential rivers [17]. AgNPs were illustrated to affect the early growth of zebrafish embryos at a concentration of 0.19 nM3. There are several strategies known for nanoparticle removal such as bioremediation using aquatic plants (Elodea canadensis, Najas guadelupensis, Vallisneria spiralis L., Riccia fluitans L., Limnobium laevigatum, etc.); however, this may not be applicable for all varieties of nanoparticles, along with an additional step of plant utilization [18]. AgNPs and chitosan have found applications ranging from antimicrobial agents to sensors for medical application. N/S-doped carbon-supported AgNPs showed a wide linear response for glucose in the range of 5 μM to 3000 μM, as well as a low detection limit of 0.046 mM and long-term durability of approximately 30 days [19]. Furthermore, a thiol-modified chitosan scaffold with porosity up to 99% supplied with mercaptosuccinic acid was utilized for AgNP immobilization to obtain composite sponges for preventing various wound infections generated by strains of Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa [20]. Another study exhibited the high efficiency of a physical hydrogel consisting of a multifunctional chitosan/carboxymethyl chitosan/silver nanoparticle polyelectrolyte composite against S. aureus and P. aeruginosa [21,22]. It is worth mentioning that the combined and synergistic effects of chitosan-impregnated CsNP/AgNP nanocomposite provided an antimicrobial effect, preventing infections caused by pathogens resistant to widely applied antibiotics [23]. An analogous study of AgNPs@chitosan and Co3O4-NPs@chitosan stabilized by Salvia hispanica revealed minimal inhibitory zones of 5 and 30 mm for Co3O4-NPs and AgNPs@chitosan against S. aureus, and 15 and 21 mm against E. coli, respectively [11]. Another study indicated the use of a dynamic Schiff base bond formation as a basis for a self-healing CHI hydrogel dressed with AgNPs, which automatically adapts to irregular wounds under natural conditions [24]. CHI-stabilized AgNPs with a spherical shape and a size distribution within 17–50 nm had an IC50 of 48 μg/mL for HepG2 cell inhibition, showing a potential use for carcinoma treatment [25]. Furthermore, extensive attention has recently been paid to biodegradable polymeric films with antimicrobial activity for food packaging applications. Films consisting of CHI and silver nanoparticles (AgNPs) stabilized using fruit waste grape seed extracts illustrated significantly reduced decay percentage and weight loss [26]. This wide range of AgNP applications has eventually contributed to environment contamination. There are limited cost-effective technologies to tackle the issue.



A 20 μg/L aqueous solution of silver nanoparticles achieved a sequestration rate of 83.0% when using chitosan support in water. In comparison, supported 2-hydroxyethylcellulose (HEC) achieved a sequestration rate of 64.0% in synthetic seawater within a 2 h period. The use of supported polymers demonstrated excellent effectiveness in sequestering ionic silver [27]. Even though Fe3O4@polydopamine nanocomposite revealed excellent results for efficient AgNP removal, the synthesis is sophisticated, and the cost of adsorbent is high [28]. PVA/gluten hybrid nanofibers exhibited an adsorptive capacity of 31.8 and 36.5 mg/g for citrate-stabilized AgNPs and AuNPs, respectively [29]. A particle suspension of activated carbon with polyethylenimine was tested for AgNP removal; nevertheless, this approach required post-treatment [30]. In spite of the great attention to the application of nanocomposite devices for water and wastewater treatment, their safety assessment is frequently overlooked. In order to transfer these research advances closer to real applications, the following issues should be addressed: more data are required on the acute and chronic toxicity of NPs; more reliable protocols for toxicity estimation of NP devices should be developed and validated; different conditions of the NP operation should be considered during risk assessment, including end of life [31]. The use of dynamic membranes for particle removal from water has some drawbacks, such as blocking of pores, an increase in back pressure following overexploitation, and the necessity of recycling.



Previously, a CHI–GA-based cryogel illustrated a maximum adsorption capacity of 160.82 mg·g−1 for Fastac 10EC pesticide removal, as well as good recyclability at room temperature [32]. The advantages of cryogels over other materials are the possibility of one-step adsorbent preparation, the efficiency of water filtration in flowthrough mode, and the cost of the process. Chitosan (CHI)- and modified chitosan-based cryogels have illustrated good adsorption properties for the removal of various heavy-metal ions and organic contaminants [33,34,35]. CHI-functionalized AgNP membranes illustrated the possibility of 85% removal of pesticide imidacloprid compared to 40% removal using chitosan based membranes [36]. AgNP/GO/chitosan nanocomposites with a particle size of 20–35 nm were adapted for the removal of Fe(III) and Cr(VI) ions, revealing a chromium adsorption capacity of 40–44 mg·g−1 [37]. Thus, Clevasol® CHI–glutaraldehyde cryogels revealed the in situ deployment of an ion exchanger with rapid uptake kinetics for radioactive elements; the uptake capacities for Cs+ and Sr2+ in groundwater simulant were 298 and 128 mg/g, respectively [38]. Nevertheless, there are limited reports about the application of macroporous adsorbents for the removal of AgNPs, metal nanoparticles, or metal oxides. Therefore, the aim of this study is to illustrate AgNP removal from an aqueous solution in different experimental settings.




2. Materials and Methods


Medium-viscosity chitosan with an 85% degree of acetylation (Mw 180 kDa), silver nitrate (AgNO3) 99.5%, and an aqueous solution of glutaraldehyde (GA) 25% v/v CAS 111-30-8 were purchased from Sigma Aldrich (Steinheim, Germany). On the other hand, 0.01 M aqueous ammonia solution (NH4OH) 5% and sodium hydroxide (NaOH) 99.8% were purchased from Merck (Darmstadt, Germany). The ethanol (70%) tincture of Calendula off. flowers was manufactured by LLP “Pharmacy 2010” (Karaganda, Kazakhstan).



2.1. Preparation of CHI–GA Cryogel


The pH of the chitosan solution (2%) with an average molecular weight of 180 kDa in 2% acetic acid was 4.1. The degree of protonation of amino groups at this pH was 90%, indicating that only 10% of the amino units were capable of engaging in reactions of nucleophilic addition. To prepare the cryogel, 10 mL of CHI (1.5% w/v) in acetic acid (2 vol.%) and 0.525 mL of GA (5 vol.%) were added and mixed to final concentrations of CHI 1.4% and GA 0.25%. The reaction mixture was frozen in polypropylene Falcon tubes (15 mL) at −15 °C in a cryostat for 3–4 h. To complete the crosslinking reaction, the CHI–GA-1 cryogel was then incubated in a freezer at −22 °C for 48 h. The samples were then thawed at room temperature, washed with distilled water, and finally washed in degassed water [38]. Cryogel CHI–GA-2 was prepared analogously. The mixture of CHI 1.4% and GA 0.25% was frozen in a freezer at −20 to −23 °C without freezing control, kept frozen over 48 h, and then thawed at 4 °C.




2.2. Characterization of AgNPs


The Malvern Zetasizer Nanoparticle Characterization System (Zetasizer 3000, Malvern Instruments, Warriewood, Australia) was used to estimate the hydrodynamic diameter of AgNPs and the zeta potential (ζ) following a standard procedure. Disposable plastic cuvettes were used to determine the size distribution, while the DIP Cell was used to measure the zeta potential. For the zeta potential measurement, five scans were performed for each sample run, and three runs were carried out. The experiment was repeated at least three times.




2.3. Cryogel Characterization


2.3.1. Scanning Electron Microscopy (SEM)


First, 1 mm thick slices of the CHI–GA cryogels were cut using a blade and washed with deionized water. Wet cryogels were frozen in the freezer for 3 h before placing them into a Christ ALPHA 2-4 freeze-dryer for 24 h. The freeze-dried samples were coated with a layer of gold using a Quorum (Q150TES) coater [39]. The sputtered samples were then examined using a JEOL JSM-5000LV scanning electron microscope.




2.3.2. Transmission Electron Microscopy (TEM)


Structural morphology analysis of AgNPs on the cryogel structure was performed using an ARM200F transmission electron microscope TEM, JEOL Ltd., Akishima, Tokyo, Japan) operated at 200 kV, analogously to a previous report [36]. Slices of cryogel with a thickness of 1 mm were obtained using a blade, with no subsequent sample preparation.




2.3.3. FTIR Spectroscopy


Freeze-dried solutions of CHI in acetic acid and CHI–GA were used without additional sample preparation, applying a Universal ATR-FTIR spectrometer (Perkin Elmer, Spectrum 650, Waltham, MA, USA). FTIR spectra were obtained in the range of 4000–650 cm−1 over 64 scans, with 2 cm−1 resolution.




2.3.4. Study of Mechanical Properties (Stress–Strain Regime and Young’s Modulus)


The stress–strain regimes and Young’s moduli of CHI–GA cryogels were determined at room temperature using a TA-XT2 instrument (Stable Micro Systems, Surrey, UK). Experimental settings included a compression rate of 0.05 mm·s−1 and a 50 mm diameter plunger at up to 35–40% sample compression. Young’s modulus was determined from the linear region of the stress–strain regime of cryogel samples at >5 % compression [38].




2.3.5. Surface Area Evaluation (Nitrogen Adsorption)


Low-temperature nitrogen adsorption analysis of cryogels was performed. CHI–GA cryogels were washed properly with water, frozen, and freeze-dried. To ensure that there was no water present during analysis, a dry cryogel sample weighing 40 + 5 mg was degassed at 100 °C overnight prior to analysis using an Autosorb-1 gas sorption analyzer from Quantachrome Instruments in the USA. The relatively low temperature of 100 °C was applied in order to avoid chemical modification of the cryogel. The nitrogen adsorption/desorption measurements were carried out at relative pressures and at a temperature of 77.4 K. Isotherm curves were analyzed using Quantachrome data analysis software. The specific surface area was estimated using the BET method; the pore size distributions of the materials were estimated using both the BJH and the DFT methods [38].




2.3.6. Thermogravimetric Analysis (TGA)


TGA of cryogels was determined using a Q500 analyzer from TA Instruments. The samples were analyzed in air during heating in gradient mode at a rate of 10 °C/min in the range of 40 to 500 °C.





2.4. AgNP Adsorption Experiments


Adsorption experiments were performed in a 12 mm × 60 mm glass column. CHI–GA cryogel with dimensions of 30 mm × 10 mm and a dry weight of 0.13–0.16 g was fitted in the column. The stock solution of AgNPs with a known concentration of 14 mg/L was fed in the column via the force of gravity; the flow rate was 0.8 mL/min under a solution pressure of 500–970 Pa.



The solution pressure of the cryogel was determined as follows:


P(Pa) = ρxhxg,








where ρ is the solution density (kg/m3), g is the acceleration due to gravity at the surface of the overlaying material, and h is the height of the liquid column.



At specific time intervals, samples were taken and analyzed using UV/Vis spectra absorbance values from the surface plasmon resonance (SPR) of AgNPs and a calibration curve, using a Beckman-Coulter DU 720 spectrophotometer (shown in Figure S10). This is a commonly used method to study the adsorption of compounds by measuring changes in optical density (OD) at a specific wavelength, which is suitable for both organic compounds and individual metalorganic complexes. A total of 700 mL of the stock solution was fed into the system over a period of 880 min; the initial pH of the AgNP suspension was 5, with no further pH adjustments made as the optimal adsorption was achieved at this pH level.




2.5. Adsorption Capacity


The adsorption capacity was calculated using the UV/Vis spectra absorbance from the peak SPR of AgNP and a calibration curve. The breakthrough curve represents the relationship between adsorbed (area above the curve) and effluent (area under the curve) species. The total mass of AgNPs in the fed solution until the breakthrough point is represented by a rectangle at points 0—breakthrough point (min) and 0—initial concentration (mg/L). Additionally, the ratio between the surface area under the breakthrough curve and the AgNP concentration was established (Figure S10).




2.6. AgNP Concentration Evaluation


The AgNP suspension was diluted using a concentrated solution of nitric acid and incubated for several hours. The Ag+ ion solutions were determined using an atomic absorption spectrophotometer (AA-6200 instrument, Shimadzu, Kyoto, Japan). These data were then used for the establishment of a correlation between the metal ion concentration and AgNP concentration determined via measurements of optical density from the peak SPR, as well as measurements of the relative SPR surface area under the peak in the range of 350–750 nm. Note that not all compounds in the plant extract participate in AgNP stabilization; therefore, the simulated wastewater contained some other organic compounds along with the AgNP suspension. However, the UV spectrum of the plant extract did not reveal any compounds with absorption in the visible spectrum. This experiment confirms the absence of interference for AgNP concentration.




2.7. Freundlich Isotherm


The Freundlich isotherm was used to model multilayer adsorption as expressed in Equation (1).


  l o g   q   e   = l o g   a   F   +   b   F   l o g   C   e q   .  



(1)







Numerical values of     a   F     and     b   F     can be found from the intercept and slope of the linear form of the plot [40]. The value of     q   e    , maximum capacity at time t, was calculated by plugging the value of     C   e q     (equilibrium concentration) at time t into the equation.




2.8. Langmuir Isotherm


As an alternative to the Freundlich model, the Langmuir isotherm describes a simpler adsorption mechanism. The following assumptions are made in the Langmuir model [31]:




	
The energy is uniform over the entire area.



	
Deposited molecules are inert with respect to each other.



	
Adsorbed molecules are fixed at the adsorption sites.



	
The monolayer is formed only at the point of peak adsorption.



	
The molecules of the sorbate are deposited only on the free surface of the adsorbent.








The Langmuir model is represented by Equation (2).


    q   e   =     q   e , m a x   b   C   e q     1 + b   C   e q     .  



(2)







Adsorption Capacity by Concentration



The adsorption capacity of the sorbent,     q   e    , at time t was calculated from the difference between the initial single nanoparticle concentration in the stock solution,     C   0     (mg/L), and the equilibrium concentration,     C   e q     (mg/L), at time t, as given by Equation (3).


    q   e   =       C   0   −   C   e q       V   t     W   ,  



(3)




where Vt is the volume of the stock solution fed at a time t (L), and W is the dry mass of the cryogel (g).




2.9. Adsorption Kinetics: Pseudo-First-Order Equation


Sorption in a system of liquid and solid components is based on the capacity of the solid [41]. The linearized Equation (4) was used to model the pseudo-first-order kinetics.


    log  ⁡      q   e   −   q   t     =   log  ⁡    ( q   e   ) −   k   2.303   t     ,  



(4)




where     q   e     and     q   t     (mg·g−1) are the adsorption capacities at equilibrium and at time t, respectively, and   k   (min−1) is the rate constant of pseudo-first-order adsorption.



Pseudo-Second-Order Equation



The pseudo-second-order kinetic rate is expressed in Equation (5).


    d   q   t     d t   =   k   2     (   q   e   −   q   t   )   2   .  



(5)







The linear form of the pseudo-second-order equation is given by Equation (6).


    t     q   ( t )     =   1     k   2     q   e   2     +   1     q   e     t .  



(6)







    q   e     and     k   2     can be obtained from the slope and intercept of the plot of   t  /    q   ( t )     vs.   t   [42].




2.10. Thomas Isotherm


The Thomas model is one of the most widely used models in describing column performance and in predicting a breakthrough curve [43]. It assumes plug flow behavior in the bed and follows the Langmuir kinetics of adsorption [44].



The suitability of the Thomas model may be explained by the assumption of negligible axial dispersion in column adsorption [45]; it considers that sorption is not limited by the chemical reaction, but is controlled by the mass transfer at the interface [46]. The linearized form of the model is given as


    ln  ⁡        C   0       C   t     − 1     =       K   T     q   0   m   Q     −       K   T     C   0     V   e f f     Q     ,  



(7)




where     K   T     is the Thomas rate constant (mL·min‒1·mg‒1),     q   0     is the equilibrium adsorbate uptake (mg·g‒1),   m   is the amount of adsorbent in the column (g),     C   0     is the inlet concentration (mg·L‒1),     C   t     is the effluent concentration (mg·L‒1),   Q   is the flow rate (mL·min‒1), and     V   e f f     is the effluent volume (mL).



A linear plot of ln [(Co/Ct)− 1] against time (t) can be employed to determine the values of     K   T     and     q   0     from the intercept and slope of the plot.





3. Results


3.1. Cryogel Characterization


Previously, some research has been conducted regarding the application of CHI–GA cryogel for oil recovery from an aqueous suspension. It was stated that the gel yields reached only 80% and were independent of crosslinking agent content (0.1–0.5%) for 2.0 vol.% chitosan loading [47]. In the current study, the process of AgNP removal with the help of CHI–GA cryogel was studied. The cryogel was synthesized via a condensation reaction between CHI and glutaraldehyde below the freezing point at −15 °C (cryogelation). SEM of the CHI–GA cryogel displayed a high-quality interconnected pore structure, with pore sizes ranging from 10–100 µm (Figure 1). According to the BET model of the nitrogen adsorption test, a relatively high specific surface area of 7.7 m2/g for CHI–GA-1 cryogels was detected (Figures S6–S9). The DFT and BJH models for CHI–GA cryogel proposed specific surface areas of 6.7 and 13 m2/g (Figure S9). These data correlate well with the previously reported CHI–GA 2.0 and 0.5% cryogel prepared at ‒18 °C with a surface area of 8.8 m2/g evaluated using mercury porosimetry [47].



The elasticity modulus of the CHI–GA 0.25% cryogel was equal to 543 ± 54 kPa. A large proportion of GA after cryogel preparation does not enhance the elasticity modulus, as illustrated previously, whereby CHI–GA–AuNP cryogels had an elastic modulus in the range 41–50 ± 9 kPa [39]. The CHI–GA 0.25% and CHI–GA 0.5% cryogels could withstand stress up to 0.2 N and 10 N without breaking the structure, respectively (Figure S3). The CHI–GA 0.25% cryogel obtained at ‒15 °C revealed a swelling ratio, water uptake level, and porosity parameter of 3300% ± 43%, 3200% ± 55%, and 99% ± 1.2% (Equations (S1)–(S3)), respectively.



The FTIR spectra of CHI–GA cryogels and freeze-dried CHI–HAc solution did not differ significantly in the region of 2800 to 3400 cm‒1. The shift in Schiff’s base bond overlapped with the amide II bond frequency at 1593 cm‒1 for CHI–GA (Figure S1). As expected, the amino group bond at 1634 cm‒1 disappeared in the CHI–GA cryogel due to conversion to Schiff’s base (Figure S1). A frequency appeared at 1404 cm‒1 in CHI–GA due to the methylene backbone of the crosslinking agent. The characteristic C–O–C and C–O bonds were present in all samples at 1064 and 1027 cm‒1, respectively [39].



TGA of the CHI–GA cryogel and initial chitosan was carried out. The primary degradation of pure CHI started at about 234 °C, and the CHI was completely degraded at 450 °C with a weight loss of about 78%. The reduction in Schiff’s base groups apparently affected the mechanism of oxidation of secondary amino groups compared to Schiff’s base, leading to a weight loss of 89% and a relatively lower decomposition temperature (208 °C) compared to the nonreduced base (Figure S4B). The DSC diagram of the CHI aerogel had an endothermic peak at 93 °C with a heat capacity of 229.1 J/g (50.4 °C) (Figure S5A), which was attributed to the evaporation of weakly bonded water. The Tg of CHI was 149 °C, followed by the crystallization of the amorphous fraction (Figure S5A). According to the DCS profile, the CHI–GA cryogel had less weakly bound and more strongly bound water with water evaporation at 114 °C and heat capacity of 132 J/g (74 °C). The maximum endothermic peak at 114 °C was most probably related to the dehydrogenation of the amino group intermediate with aldehyde, resulting in Schiff’s base. A moderate heating of the sample led to a destruction of the hydrogen bonds in the polymeric chains, obtaining additional flexibility and elasticity, which led to rearrangement, i.e., substitution of acetic acid into the carboxyl group of glutaraldehyde partially oxidized to glutaric acid, thus generating free acetic acid (Figure S5B). These data are in agreement with the DSC data for pure CHI–HAc, due to the absence of a possible condensation reaction (Figure S5A).




3.2. AgNP Characterization


The past decade has seen a great number of papers devoted to plant extract-stabilized AgNPs [8,9]. In order to model the water-containing AgNPs stabilized by plant extract, Calendula flowers were used as a stabilizing agent [8]. It is well known that plant extracts have different classes of compounds; therefore, the surface of AgNPs would be diversely decorated by compounds with a wide size distribution (Figure 2). The AgNPs were characterized by an average negative charge in the range of −38 ± 17 mV (Figure S2) with an average diameter of 64 nm, a polydispersity index of 0.16, and a solution conductivity of 0.12 mSm/cm3 (Figure S2). Utilization of the plant extract-stabilized AgNPs made water purification even more challenging compared to the model citrate-stabilized AgNP suspension.




3.3. AgNP Adsorption Kinetics


The kinetics of AgNPs adsorption in flowthrough mode were characterized by an increase in the SPR characteristic band (wavelengths 400–450 nm for AgNPs) over time (Figure 3). The flowrate of the suspension via the cryogel was about 0.8 mL/min.



Some research reports have indicated a reduction in AgNP concentration from 0.32–3.05 μg/L to 0.18–1.30 μg/L in the filtered influent after purification, as a result of the association of silver with organic compounds larger than 0.45 μm in size. The mechanical treatment of the suspension indicated a reduction in AgNPs in wastewater samples with an average removal efficiency of 35%, with a subsequent bioremediation treatment improving removal to 72% [3]. In the dynamic adsorption experiment, the AgNP concentration in the effluent solution started at zero and gradually increased with saturation of the CHI–GA cryogel (Figure 4A). The breakthrough curve for the CHI–GA cryogel plots effluent concentration against time (Figure 4B). The breakthrough point was chosen at the concentration of 1 mg/L (1 ppm), after which a continuous increase in the effluent concentration was observed. The point at 600 min is a proper point of reference for the efficacy analysis (Figure 4B). The standard approach of using the breakthrough curve to characterize the adsorption process was used to calculate the adsorption capacity. The area under the curve represents the amount of adsorbate in the effluent, while the area above the curve represents the amount adsorbed onto the sorbent. The graphical analysis of curves for the CHI–GA cryogels revealed that 96.5% ± 1.87% of the AgNPs were adsorbed onto the cryogel surface (Figure 4B), and the adsorption capacity was equal to 63 ± 17 mg/g. Some deviations in the adsorption capacity data were attributed to the microporous and microfluidic properties of the cryogels. Small differences in the freezing of the reaction mixture and the shape of the ice crystals can affect the microstructure of the adsorbent. It is known that, at relatively high solute concentrations, a solution can stay in a supercool state for some time. Therefore, in order to achieve better reproducibility, the freezing process must be controlled. Further research on the effect of different parameters on the micromorphology of the samples is desired.



Langmuir and Freundlich isotherms were used to model the adsorption process (Figure 5). Approximations of maximum sorption capacity, Qmax, were calculated from the model parameters (Table 1). The fitting of the Freundlich isotherm did not correlate well with the experimental data. This suggests that adsorption likely did not occur on multiple layers (Figure 5C). The Langmuir isotherm proved to be the best-fitting model for the adsorption of AgNPs onto the CHI–GA cryogel (Figure 5A). The parameters     q   e , m a x     and   b   were obtained from the linearized fitting of the model. Qmax (adsorption capacity) calculated using the linear Langmuir model (47.2 mg/g) fit the breakthrough curve’s approximation (48.3 mg/g) particularly well. The R2 coefficient and alignment of the graphs were indicative of a good fit.



Langmuir nonlinear fitting was also used to model the adsorption isotherm, showing a good correlation (Figure 5B). Qmax obtained via nonlinear fit of the Langmuir model (55 mg/g) differed from the adsorption capacity approximation (48.3 mg/g) obtained from the breakthrough curve. On the other hand, correlated well with the experimental data of the adsorption isotherm, where the maximum capacity (calculated from concentration differences) reached up to 50 mg/g. The reason for such a disparity was presumed to be a slight desorption. As shown in Figure 5B, the experimental isotherm reached above 50 mg/g after the breakthrough point (Ce 1 mg/L) and then decreased over time. These data illustrate that CHI–GA cryogels had superior properties compared to previously published research. For example, the adsorption of AgNPs onto chitin/chitosan nano/micro powders indicated a maximum capacity of 26 mg/g with a mean of 2 mg/g [48]. Another study performed immobilization of AgNPs onto chitosan–PVA gel, reaching an adsorption capacity of <1 mg/g of dry gel [49]. Moreover, immobilization of AgNPs onto cellulose carbamate revealed a maximum capacity of 12 mg/g [50]. Fe3O4 NPs illustrated sphere like morphology with an average diameter of 13.0 ± 3.0 nm and then following PEI functionalization, the Fe3O4@SiO2 NPs reserved the spherical shape and the core–shell structure with an average diameter of 14.4 ± 3.0 nm indicated AgNPs adsorption capacity of 0.9g/g [51]. Nevertheless, this approach requires following filtration of nanoparticles, that may be quite expensive.



The Thomas model provides an estimate for the maximum sorption capacity of a sorbent in dynamic conditions. Previously, the Thomas model was successfully used for evaluating the adsorption capacity of CTAB-modified carboxymethyl cellulose/bagasse cryogels for the efficient removal of bisphenol A (C0 = 109 mg·L−1), as well as methylene blue and Cr(VI) ions (C0 = 66 mg·L−1) [45]. This model was also applied for APCA-functionalized chitosan clinoptilolite cryogel, illustrating a maximum heavy-metal sorption capacity of 145 mg·g−1 [33]. However, the fitting of the Thomas model correlated poorly with the linear approximation (Figure S12), which could be attributed to the difference in adsorption mechanism of AgNPs (electrostatic and chelation interactions) with respect to previous investigations (ionic interactions). It was assumed that there was a significant axial dispersion within the column, and that the adsorption was primarily of chemical origin. In this case, the mass concentration of the AgNP stock solution was found to be 16 mg/L. The slope and intercept of this plot allowed calculating the maximum adsorbate uptake, indicating an adsorption capacity of 132 mg/g (Equation (7)) (Table S1). The comparison of various methods of solutions purification from AgNPs and silver ions and adsorption capacity of the adsorbent is shown on Table 2.




3.4. AgNP Adsorption Mechanism


The adsorption experiment was carried out at pH 5.2. It is known that, in mildly acidic media, the amino groups of CHI are protonated in water, and the surface is partially positively charged [39]. The kinetics were modeled using pseudo-first- and second-order Equations (4)–(6). The pseudo-second-order model appropriately fit the data (Figure 6). Pseudo-first-order kinetics implies sorption via diffusion through the interface, which is directly proportional to the saturation concentration gradient. Pseudo-second-order kinetics assumes that the rate-limiting factor is chemisorption [54]. This is in further agreement with the assumption that the sorption is primarily chemical. The zeta potential of AgNPs was negative, and electrostatic interactions with the positively charged surface of CHI took place (Figure S2). Therefore, the mechanism of AgNP adsorption was most probably due to electrostatic interactions between oppositely charged groups (phenolic, sulfo, and carboxyl) [8]. It can be assumed that some plant extract-derived nanoparticles contain a quinone group; therefore, there was the possibility of covalent interaction between AgNPs and their surface due to Schiff base formation [8]. Furthermore, this result could be attributed to the formation of Ag–catechol bonds [55]. Moreover, the adsorption mechanism on the surface was thermodynamically favorable due to the increase in entropy. SEM and TEM analysis confirmed the adsorption of particles onto the cryogel surface (Figure 1 and Figure 2). The mechanisms of silver, palladium, and gold nanoparticle stabilization using a plant extract (CHI) were discussed in [8,39].




3.5. Effect of Flow Rate on Adsorption Efficiency


To estimate the effect of high flow rate on the filtration efficiency, an additional experiment was performed. The CHI–GA–2 cryogels obtained in a conventional freezer at −22 °C and without freezing control were studied. It is known that the moment of freezing is quite crucial for the microstructure of a material [31,38,56] due to the condensation reaction taking place; at some point, a frozen hydrogel may be formed, resulting in the formation of closed pores, which in turn results in decreases in adsorption capacity and filtration efficiency. The cryogel obtained in freezer was characterized by a significantly higher water permeability rate (10 mL/min) compared to CHI–GA–1. The AgNP removal efficiency of the CHI–GA–2 cryogel after the first, second, and third cycles of filtration was 20%, 22%, and 14%, respectively (Figure 7). The AgNP concentration in the filtrate after the third cycle of recirculation via the cryogel decreased from 24 mg/L to 13.7 mg/L. As expected, the rapid rate of filtration resulted in a decrease in adsorption capacity due to the decrease in contact time. Thus, the recommended water filtration design involves a water permeability rate of ~1 mL/min or less. To obtain reproducible material from batch to batch, other important factors should be taken into account, such as the quality of glutaraldehyde solution, as it can participate in aldol condensation and partially oxidize during storage [39].





4. Conclusions


CHI can be used to filter heavily contaminated water for agricultural or other purposes, or as an immobilization matrix for metallic particles. To address the problem of contamination with silver nanoparticles (AgNPs), a biodegradable and biocompatible adsorbent based on chitosan (CHI) cryogel was developed. Adsorption studies were conducted in columns using a stabilized suspension of AgNPs extracted from plants to control the parameters. Column adsorption allows for a controlled gradient of immobilized particles, which may be necessary for certain applications. This cryogel displayed a high affinity toward silver with excellent porosity, illustrating a pore diameter of 16 nm according to the BJH model. A significant AgNP adsorption capacity of 63 mg/g for cryogels compared to other previous studies using chitosan-based adsorbents was confirmed. Upon application of model wastewater containing 14 mg/L AgNPs under a pressure of 0.5 kPa with a flowrate of 0.8 mL/min, a removal efficiency of up to 94% was recorded. The breakthrough point and maximum capacity for CHI-GA prepared at −15 °C were found to be 82 mg/g. When the CHI–GA cryogels were synthesized without temperature control (20–23 °C), their adsorption efficiency was significantly lower compared to cryogels synthesized at −15 °C using rapid freezing. This is because the difference in preparation resulted in varying cryogel morphologies, leading to a tenfold higher flow rate and lower AgNP adsorption capacity. This indicates that CHI–GA cryogels are suitable for both AgNP adsorption and immobilization on the surface for wound-dressing applications. In the future, the effect of freezing temperature on the adsorption capacity will be evaluated.
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Figure 1. (A) Photo of CHI–GA cryogels before adsorption process; (B) experimental setup of the flowthrough AgNP filtration process; (C) CHI–GA cryogels after adsorption process. SEM images of the CHI–GA-1 cryogel prepared at −15 °C at different magnifications: (D) before filtration 200×; (E) before filtration 1000×, (F) after filtration 200×; (G) after filtration 1000×. 
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Figure 2. TEM images of the CHI–GA-1 cryogel: (A–F) after adsorption study at different magnifications. 
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Figure 3. Monitoring of water filtration process by UV/Vis spectroscopy of the filtrate containing AgNPs after passing through the CHI–GA-1 cryogel (0.136 mg dry weight) at a water permeability rate of 0.8 mL/min over time. Arrow indicate spectra of samples from 1st, 2nd, 3rd to the last sample. 
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Figure 4. Dynamic adsorption breakthrough curve for CHI–GA-1 cryogel at a flowrate of 0.8 mL/min AgNP stock solution: (A) SPR absorption; (B) graphical calculation of areas performed using Inkscape v 1.1. Blue area indicates purified water and red area is attributed to trace concentration of AgNPs after filtration process. 
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Figure 5. Different AgNP adsorption isotherms for CHI–GA-1 cryogel: (A) linear Langmuir; (B) nonlinear Langmuir; (C) nonlinear Freundlich. 
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Figure 6. AgNP adsorption kinetics for CHI–GA–1 cryogels: (A) pseudo-first-order model; (B) pseudo-second-order model. 
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Figure 7. Change in UV/Vis of spectra of the filtrate containing AgNPs after passing through the CHI–GA-2 cryogel (2 g wet weight) at a flowrate of 10 ± 2 mL/ min. Concentration of AgNP stock suspension: 24 mg/L; first cycle—120 mL of AgNP suspension passed via cryogel; second cycle—120 mL of AgNP suspension after first cycle passed via cryogel; third cycle—120 mL of AgNP suspension after second cycle passed via cryogel; fourth cycle—120 mL of AgNP suspension after third cycle passed via cryogel; fifth cycle—120 mL of AgNP suspension after fourth cycle passed via cryogel. Arrow indicate UV-vis spectra of samples after filtration from 1st, 2nd, 3rd to the last sample. 
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Table 1. Various adsorption isotherm parameters for CHI–GA–1 cryogel.
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Table 2. Comparative analysis of AgNP removal methods.
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	Type of AgNPs
	Removal Efficiency or Adsorption Capacity
	Method
	Reference





	Negatively charged sodium citrate AgNPs, neutral AgNPs, and polyvinylpyrrolidone AgNPs
	99.91%in the sol
	Electrocoagulation process in electric field for 90 min
	[52]



	AgNPs not specified
	92% of AgNPs and Ag+ released from NPs
	Separation from water using nanofiltration membranes
	[53]



	Negatively charged gum arabic-capped AgNPs
	Equilibrium of sorption process for Fe3O4@PDA at about 26 h with capacity for AgNPs of 169.5 mg/g
	Fe3O4@polydopamine nanocomposite
	[28]



	Citrate-stabilized AgNPs and AuNPs
	Adsorption capacity of 31.8 and 36.5 mg/g
	PVA/gluten hybrid nanofibers, filtration
	[29]



	In situ immobilized AgNPs
	Loading capacity of 1 mg/g
	Chitosan–PVA gel for antimicrobial purposes
	[49]



	AgNPs not specified
	
	Mechanical treatment of AgNPs led to a decrease in wastewater samples with an average removal efficiency of 35%, with a subsequent bioremediation treatment increasing removal to 72%
	[3]



	Glucose-stabilized

negatively charged AgNPs
	Adsorption capacity of 2.2–26 mg/g
	Chitin/chitosan nano/micro powders

10–31 μm, batch experiment
	[48]



	Plant-stabilized negatively charged AgNPs
	Adsorption capacity of 48.3 mg/g with 94% efficiency
	Rapid filtration via cryogel at flowrate of 0.8 mL/min
	Current study
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