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Abstract 14 

In this work, we grafted lysine on PVA electrospun fibers, using a green preparation 15 

technique. The resulting fiber mats were proposed for gold nanoparticles (AuNPs) removal 16 

from water. The efficiency of three fibers with different lysine amounts (10, 20 and 30%) 17 

was investigated. The incorporation of amino groups in PVA fibers was firstly proved by 18 

FTIR, SEM and elemental analysis, confirming the presence of lysine. Among the three 19 

different fibers, PVA-LYS 30% has shown the best removal efficiency, reaching 65%, at pH 20 

equal to 5. Adsorption isotherms were studied and showed that the Langmuir model is the 21 

best model fitting our experimental results, with a maximum adsorption capacity of 20.1 mg 22 

g-1. Metal-ligand interactions and electrostatic attraction between protonated amino groups 23 

of lysine on the fibers and negatively charged, citrate capped, AuNPs are the main proposed 24 

mechanisms for AuNPs adsorption on the fibers. Sustainability of AuNPs adsorbed on these 25 

fibers has been checked through their reuse as catalyst for the reduction of 4-nitrophenol to 26 

4-aminophenol. The process was completed within 60 min and their reusability showed more 27 

than 99% efficiency after 5 reduction cycles. Our results prove that green PVA-LYS fibers 28 

https://doi.org/10.1007/s11356-023-26912-7
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can extract nanoparticles from water, as low cost effective and eco-friendly adsorbent, and 29 

contribute to the promotion of a circular economy approach, through their reuse as catalyst 30 

in the reduction of pollutants.  31 

Keywords: Electrospinning, Polyvinyl alcohol, Lysine, Surface modification, Green 32 

crosslinking, Nanoparticles 33 

Abbreviations 34 

PVA: Polyvinyl Alcohol 35 

LYS: Lysine 36 

AuNPs: Gold nanoparticles 37 

FTIR: Fourier Transform Infrared Red Spectroscopy 38 

CAGR: Compound Annual Growth Rate  39 

CIRC: International Center of Research on Cancer 40 

SEM: Scanning Electron Microscopy  41 

TEM: Transmission Electron microscopy  42 

TGA: Thermogravimetric Analysis 43 

PVA-CA: Polyvinyl Alcohol -Citric Acid fibers 44 

ATR: Attenuated Total Reflectance  45 

pHpzc: pH of zero charge 46 

ICP-OES: Inductively Coupled Plasma - Optical Emission Spectroscopy 47 

U.S.: United States 48 

1. Introduction 49 

Metallic nanoparticles have received great interest due to their unique optical (Zhang et al. 50 

2013), electrical and magnetic (Rudakov et al. 2019) properties, their high surface to volume 51 

ratio, small size and peculiar, adjustable shapes (Thakur et al. 2022). These properties are 52 

interesting in numerous applications, including cell imaging (Karmakar et al. 2019), sensors 53 

https://www-sciencedirect-com.bibliopass.unito.it/topics/earth-and-planetary-sciences/united-states-of-america
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(Montes-Garcı et al. 2021), and sunlight energy conversion (Zhang et al. 2022). They are 54 

considered as promising tools for light and magnetic based tumor visualization and guided 55 

drug delivery (Kuchur et al. 2020). Gold nanoparticles (AuNPs) have been used in cancer 56 

remediation in recent years, because of their facile synthesis and surface modification, their 57 

unique surface plasmon resonance, as well as excellent biocompatibility (Huang and El-58 

Sayed 2010). Applications related to plasmon absorption and scattering of AuNPs are 59 

impressively numerous, ranging from sensing and photothermal effects, to cell imaging 60 

(Amendola et al. 2017). Despite the unique advantages of metallic NPs, their adverse effects, 61 

related to short and long term toxicity are a critical issue. Different studies have been 62 

conducted to explore the dark side of nanotechnology (Grieger et al. 2019; Haase et al. 2012; 63 

Hochella et al. 2019). The nanotoxicity includes cytotoxicity, genotoxicity, production of 64 

reactive oxygen species (ROS), oxidative stress and inflammation, modulation of cell 65 

signaling and cancer (Manuja et al. 2021). The global market for nanotechnology is expected 66 

to grow from $2.0 billion in 2018 to $2.1 billion by 2023, at a compound annual growth rate 67 

(CAGR) of 19.4% (BBC research reports 2021). This huge production of nanomaterials will 68 

increase their release in the environment (soil, water, and atmosphere) and cause a higher 69 

risk to the ecosystem and human health (Du et al. 2020; Mao et al. 2018). Therefore, progress 70 

in reducing nanoparticles release of and/or developing efficient removal techniques is 71 

urgently needed. Research studies on their removal from water are at the first stage and 72 

limited investigations are available in the literature. The efficiency of porous melamine-73 

formaldehyde resin (Li et al. 2021), functionalized carbon spheres (Kumar et al. 2014), 74 

amine-functionalized block copolymers (Querchi et al. 2014) and cellulose based nanofibers 75 

(Mahanta et al. 2012) has been evaluated to reduce the levels of AuNPs in water. The 76 

preparation of the previously mentioned adsorbents was usually done using toxic chemicals 77 

like glutaraldehyde, formaldehyde, and tetrahydrofuran. In contrast, this work focuses on the 78 
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use of green and ecofriendly crosslinking agent to produce electrospun fibers as AuNPs 79 

adsorbents from aqueous solutions.  80 

Green electrospun fibers have shown excellent efficiency in water remediation. Picón et al. 81 

2022 reported a novel immobilized L-cysteine on PVA nanofibers to remove arsenic from 82 

water. PAN fibers have been used by Alarifi et al. 2020 as a filtration membrane to remove 83 

pollutants from municipal wastewater. Wang et al. 2022 prepared an eco-friendly calcium 84 

crosslinked alginate electrospun nanofibers with high adsorption efficiency of copper, 85 

reaching 285.5 mg g−1. Moreover, Elkady et al. 2020 fabricated PVA / alginate / chitosan 86 

nanofibers for phenol decontamination. Electrospinning is a promising technique, getting an 87 

increasing interest due to its simplicity, efficiency, low cost, and easy scalability (Zhang et 88 

al. 2022; Omer et al. 2021). This technique is based on flowing a polymer solution through 89 

a syringe, while an electrical field is applied to the polymer droplet. Once the electrostatic 90 

repulsion of the charged polymer liquid becomes higher than the surface tension, a conical 91 

shape, known as Taylor's cone, forms and the jet initiation starts from the cone tip. The 92 

produced fibers are deposited on a metallic collector (Fig. 1). Polyvinyl alcohol (PVA) is a 93 

synthetic polymer, characterized by its non-toxicity, biodegradability, low cost, 94 

biocompatibility, and good mechanical strength (Park et al. 2017; Zhan et al. 2021). It has 95 

been widely used as blending polymer in electrospinning for different applications: tissue 96 

engineering scaffolds (Teixeira et al. 2019), food packaging and water treatment (Zhang et 97 

al. 2019; Zhang et al. 2020). PVA is water-soluble thanks to the presence of hydroxyl groups 98 

(Thong et al. 2016), then PVA nanofibers can be easily obtained from the electrospinning of 99 

aqueous solutions. On the other hand, an appropriate crosslinking step after electrospinning 100 

can guarantee the stability of the fibers in an aqueous environment. Different chemical agents 101 

such as glutaraldehyde (Mansur et al. 2008), glyoxal (Zhang et al. 2010), formaldehyde and 102 

methanol (Franco et al. 2012) were previously used as cross-linkers. However, these agents 103 
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are highly dangerous for human health and classified as carcinogen by the CIRC (ANSES, 104 

2021). As an alternative, citric acid was added to the polymer blending, as a green and non-105 

toxic crosslinker, in this work (Cecone et al. 2022). Lysine (2,6-diaminohexanoic acid) is 106 

one of the essential amino acids, containing two amino groups and α-carboxylic acid group 107 

(Stagi et al. 2022). The presence of these functional groups offers different advantages when 108 

lysine is loaded on PVA electrospun fibers: the amide bond formation between carboxylic 109 

groups of citric acid and amino groups of lysine enhances the grafting of lysine to the 110 

polymer substrate, while the reactivity of the residual amino groups can be exploited as 111 

active sites for metallic nanoparticles adsorption, thanks to their ability to bind to the NPs 112 

(Lapenna et al. 2020; Liguori et al. 2019). 113 

 114 

  115 

Fig. 1 Electrospinning set up (Wen et al. 2021) 116 

This study investigates the use of lysine grafted PVA fibers, as green adsorbent of AuNPs 117 

from water. To test the efficiency of these fibers, three different amounts of lysine were 118 

added to the PVA polymer mixture. The produced fibers were characterized by 119 

scanning electron microscopy (SEM), Fourier Transform InfraRed spectroscopy (FTIR), 120 

thermogravimetric analysis (TGA), elemental analysis, and pH of zero charge. Batch 121 

adsorption experiments were conducted in a pH range of 5 to 9, with an amount of adsorbent 122 

from 5 to 20 mg and at two concentrations of AuNPs.  Adsorption kinetics and isotherms 123 

were studied, and an adsorption mechanism has been proposed. Finally, the catalytic 124 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ftir-spectroscopy
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performance of the recovered AuNPs was evaluated through the reduction of 4-nitrophenol 125 

to 4-aminophenol and a reusability test was carried out to check the recyclability of these 126 

fibers after AuNPs adsorption. 127 

2. Materials and Methods 128 

2.1. Materials 129 

Polyvinyl alcohol (PVA) 99 % hydrolyzed, with an average molecular weight of 89000 - 130 

98000 Da, hydrogen tetrachloroaurate trihydrate (HAuCl4. 3H2O), trisodium citrate 131 

(Na3C6H5O7), sodium hydroxide (NaOH), hydrochloric acid (HCl), Lysine (Lys), sodium 132 

borohydride (NaBH4), nitric acid (HNO3) and hydrogen peroxide (H2O2) were purchased 133 

from Sigma Aldrich. 4-Nitrophenol (4-NP) was supplied by Merck. All chemicals were 134 

analytical grade. Deionized water was used to prepare the solutions. 135 

2.2. AuNPs synthesis 136 

AuNPs were prepared using the trisodium citrate reduction method according to the 137 

procedure proposed by Li. et al. (2011). Briefly, 2 mL of chloroauric acid solution (25 mM) 138 

were introduced into a flask, then 6.6 mL of NaOH (20 mmol L-1) and 11.4 mL of deionized 139 

water were added to reach a final volume of 20 mL. After boiling this mixture for 30 min, 140 

0.6 mL of sodium citrate solution (50 mg mL-1) was rapidly introduced under vigorous 141 

stirring and kept boiling for 2 min. The solution color changed from yellow to ruby red. 142 

Then, the suspension was cooled and diluted to 100 mL for further uses. 143 

2.3. Preparation of PVA and LYS blend solution 144 

The polymer mixture was prepared by dissolving 1 g of PVA in 10 mL of deionized water 145 

at 80°C for 4 hours. After cooling, different amounts of lysine were added to the PVA 146 

solution to achieve 10, 20 and 30 %wt. referred to the weight of PVA (Table 1). Citric acid 147 

(CA), used as in-situ crosslinking agent, was added to all blends in a percentage of 15% of 148 
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the total polymer weight. Prior to use for electrospinning, the mixture was stirred for 1 h to 149 

obtain a homogeneous solution. 150 

Pure PVA-CA fibers were also prepared in the same way, without adding lysine to the 151 

mixture. 152 

 153 

Tab. 1 Prepared polymer solutions  

Sample Name 

Amount of lysine in PVA 

blend (wt %) 

Amount citric 

acid (wt %) ** 

PVA-CA* 0 

15 

PVA-LYS 10 10 

PVA-LYS 20 20 

PVA-LYS 30 30 

*PVA-CA: PVA-Citric Acid, **Amount of citric acid is 15 % of total polymer weight 154 

2.4. Fabrication of PVA-LYS fibers 155 

PVA-LYS fibers were prepared by electrospinning. The setup is composed of a high-voltage 156 

power supply, a syringe pump, and a stainless steel collector. The electrospinning process 157 

was performed using 30 kV field strength, 15 cm tip-to-collector distance and 0.9 mL min-1 158 

flow rate. After electrospinning, the fibers were cured by thermal treatment at 180°C for 30 159 

min. 160 

2.5. Characterization 161 

A Malvern Zetasizer Nano - ZS was used to measure the surface charge of AuNPs. HR-TEM 162 

micrographs of AuNPs were obtained using a JEOL JEM 3010 instrument (300 kV) 163 

equipped with LaB6 filament. A few drops of nanoparticles suspension were placed on a 200 164 

mesh carbon-coated copper grids and allowed to dry before analysis. Elemental analysis was 165 

conducted by a Thermo Fisher FlashEA 1112 Series elemental analyzer. Fibers morphology 166 
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was characterized by Zeiss EVO 50 scanning electron micrograph, operating at 10 kV 167 

accelerating voltage. The samples were first coated with gold using a Baltec SCD 050 sputter 168 

coater for 40 seconds at 60 mA. FTIR spectra were obtained using a Perkin Elmer instrument 169 

(Spectrum 100) in attenuated total reflectance (ATR) mode. The spectra were recorded in 170 

the range from 650 to 4000 cm-1, at 4 cm-1 resolution and 8 scans/spectrum, using a DTGS 171 

detector. Thermogravimetric analysis was performed on a TA instrument SDT Q600, under 172 

a nitrogen gas flow of 100 ml min-1. About 10 mg of sample were placed in an alumina pan 173 

and heated from 30 to 700°C with a ramp of 10°C min-1. 174 

The pH of zero charge (pHpzc) of PVA-LYS fibers was determined using the following 175 

experimental procedure: 30 mg of the material were introduced in six Erlenmeyer flasks 176 

containing 10 mL of NaCl (0.01 mol L-1) then the pH was adjusted in the range 2 to 12 with 177 

HCl or NaOH (0.1 and 1 mol L-1). The mixtures were maintained under stirring for 24 hours. 178 

Finally, the final pH was measured using a Metrohm pHmeter and the pHpzc was determined 179 

as the intersection of the curve initial pH versus final pH with the bisector (Faria et al. 2004). 180 

The solubility test of PVA-LYS fibers was carried out by introducing 20 mg of each sample 181 

in 5 mL deionized water for 24 hours at room temperature. The soluble fraction was obtained 182 

by measuring the weight loss after drying the membranes, using the equation 1: 183 

Wloss(%) =
(w0 − w1)

w0
× 100 

   Eq.1               

Where, w0 is the initial weight (mg) and w1 is the final weight after drying (mg). 184 

2.6. Batch adsorption experiments 185 

The efficiency of PVA-LYS fibers toward AuNPs removal was evaluated by a batch 186 

adsorption study. Different amounts of PVA-LYS fibers were added to 5 mL of AuNPs 187 

suspension with a concentration of 0.1 mM. The mixtures were kept under stirring (450 rpm) 188 

at room temperature. The residual concentration of AuNPs was determined using a Varian 189 

Cary 300 Scan UV-Visible spectrophotometer, by measuring the absorption at 520 nm. 190 
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Kinetic studies were conducted at different times, ranging from 30 min to 24 h and for two 191 

concentrations of AuNPs: 0.1 mM and 0.25 mM. The effect of pH on nanoparticle adsorption 192 

was investigated using an initial concentration of 0.1 mM and 10 mg of fibers. The initial 193 

pH was adjusted in the range 5 to 9 using 0.1 M HCl or 0.1 M NaOH.  194 

The removal percentage Y (%) and the adsorption capacity qe (mg g-1) were calculated 195 

according to equations 2 and 3: 196 

Y =  [(C0 − Ce) C0] × 100 ⁄  Eq. 2 

qe =  (C0 − Ce) × V W⁄  Eq. 3 

where, C0 (mg L-1) is the initial concentration, Ce (mg L-1) is the concentration at equilibrium, 197 

V (L) is the solution volume and W (g) is the adsorbent amount.  198 

All adsorption experiments were performed in triplicate. The error was estimated as the 199 

standard deviation of the three measurements. 200 

2.7. Fibers digestion and analysis by ICP-OES 201 

The presence of gold nanoparticles on PVA-LYS fibers after adsorption has been confirmed 202 

through the digestion of dried AuNPs/PVA-LYS fibers, followed by ICP-OES 203 

measurements. The sample was digested by a microwave oven (Milestone-MEGA 1200) 204 

with a mixture of 3 mL of nitric acid and 1 mL of hydrogen peroxide in 100 mL 205 

tetrafluoromethoxyl vessels. The following heating steps were applied consecutively: 5 min 206 

at 250 W, 5 min at 400W, 5 min at 600 W, 5 min at 250 W and finally 30 min of ventilation. 207 

The resulting solutions were filtered on cellulose filters (Whatman Grade 5) to eliminate the 208 

undissolved polymer and diluted to 10 mL with HPW (Milli-Q (Millipore) ultrapure water, 209 

resistivity = 18.2 MΩ cm). Au concentration was determined by Inductively Coupled Plasma 210 

Optical Emission Spectroscopy, ICP-OES (PerkinElmer, model Optima 7000 DV) equipped 211 

by a Teflon Mira Mist nebulizer, a cyclonic spray chamber and an Echelle monochromator. 212 

The applied power was 1300 W. Plasma, auxiliary and nebulizer gas flows were 15, 0.2 and 213 
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0.6 L min-1 respectively. The signals were measured in triplicate. Au concentration was 214 

measured at 267.595 nm. 215 

 216 

 217 

2.8. Catalytic performance of AuNPs/PVA-LYS 218 

The catalytic performance of AuNPs adsorbed on PVA-Lys fibers was evaluated by the 219 

reduction of 4-NP in the presence of NaBH4 as a reducing agent. 30 mg of dried fibers, 220 

recovered from the AuNPs adsorption experiment from water, were added to a solution of 221 

4-NP (1 mM, 5 mL) and a freshly prepared NaBH4 solution (50 mM, 15 mL) under stirring 222 

(Hashimi et al., 2019). The kinetic of the reaction was monitored by the absorbance of 223 

nitrophenolate ion at the wavelength 400 nm.  224 

The following flowchart summarized the methodology used in this work (Scheme 1). 225 
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 226 

Scheme 1: Flowchart of the methodology  227 

3. Results and discussions 228 

3.1. Characterization  229 

The synthesized AuNPs were characterized using UV-Visible, TEM and Zeta-potential 230 

techniques. The UV-Visible spectrum (Fig.2A) shows that the surface plasmon resonance 231 

peak occurs at 520 nm, confirming the successful preparation of AuNPs (Hammami et al. 232 

2021). TEM images (Fig.2B) reveal that the nanoparticle shape was uniform and 233 

predominantly spherical. Their average size is equal to 13.07 nm ± 2.49 nm (evaluated on a 234 

sample of 100 particles, Fig.2C). Zeta potential values were negative over all the pH range 235 

as shown in Fig.2D, indicating a good stability of the suspension. These negative values 236 

could be associated to the citrate ions adsorbed on the surface of AuNPs (Gicheva et al. 237 
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2013). Hence, these results confirm the successful synthesis of stable citrate capped AuNPs 238 

with a negatively charged surface. 239 

 240 

Fig. 2 UV-Visible spectrum of AuNPs (A) TEM image (B) Size distribution of 241 

nanoparticles (C) Zeta potential of AuNPs (D)  242 

ATR-FTIR spectra of the three PVA-LYS fibers, PVA-CA fibers, pure PVA and Lysine are 243 

shown in Fig.3. In the region between 650 cm-1 and 1500 cm-1, the spectrum of pure PVA 244 

crosslinked with citric acid presents the characteristic bands at 840, 1092, 1235 and 1420 245 

cm-1, corresponding to C-C (Santos et al. 2014), C-O (Fu et al. 2019), C-C-O stretching (Park 246 

et al. 2017) and C-H bending, respectively. The two peaks appearing at 2941 cm−1 and 2912 247 

cm−1 are related to the symmetric and asymmetric stretching of -CH (Rosli et al. 2022, Fu et 248 

al. 2017).  249 
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Lysine is usually known to exist in the zwitterionic form in both solid and solution 250 

conditions, with the unprotonated carboxyl group (–COO-) and the protonated amino group 251 

(–NH3
+). Accordingly, the spectrum of pure lysine shows a distinct absorption at 3356   cm-252 

1, assigned to the asymmetric stretching vibrations of the primary amino group, while the 253 

stretching vibration of the protonated amino group gives several broad bands between 2500 254 

and 3200 cm-1. The strong bands at 1571 and 1514 cm-1 are attributed to the asymmetric 255 

stretching vibration of -COO– and the bending of -NH3
+ group, respectively (Yao and Huang 256 

2022).  257 

PVA-LYS spectra show: a broad band around 3300 cm−1, assigned to the overlapping of 258 

stretching vibrations of O-H and N-H groups (Zhang et al. 2020) and two weak absorption 259 

signals at 1595 and 1650 cm-1, attributed to the amidic C=O, resulting from the reaction 260 

between the amino groups of lysine and the carboxylic acid groups of CA, as reported by 261 

Uranga et al. during the preparation of gelatin fibers (Uranga et al. 2016). Low wavenumber 262 

IR signals of these amide groups could be hidden by the intense low-frequency bands of pure 263 

PVA crosslinked fibers (Santiago-Castillo et al. 2021). However, a shoulder at 1407 cm-1, 264 

typical of lysine, together with the C-N stretching vibration band at 1237 cm-1 are also 265 

observed. 266 

The ester carbonyl stretching signal of pure crosslinked PVA-CA fibers at 1725 cm-1 shifts 267 

to 1710 cm-1 in the PVA-LYS spectra, confirming the change in the chemical environment 268 

due to the presence of lysine in the fibers. This band is assigned to the carbonyl of ester 269 

groups, resulting from the crosslinking reaction between the carboxylic group of citric acid 270 

and hydroxyl group of PVA.  In addition, as the amount of lysine in the material increases, 271 

the intensity of this signal decreases, while those at 1595 and 1650 cm-1, attributable to the 272 

amide carbonyl groups increase, as if the presence of amino groups of lysine causes a 273 

competitive reaction with carboxylic groups of citric acid, hindering the formation of ester 274 
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bonds. In conclusion, the ATR-FTIR spectra suggest that lysine can react with the cross-275 

linker (citric acid) through the formation of amide groups, guarantying its grafting onto the 276 

PVA fibers. 277 

 278 

Fig. 3 ATR-FTIR spectra of reference PVA, Lysine, PVA-CA, and PVA-LYS fibers 279 

The thermal stability of PVA-LYS and PVA was studied through their TGA, shown in Fig. 280 

4. The fibers resulted thermally stable up to approximately 200°C. Thermogravimetric 281 
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profiles were characterized by a first weight loss step, occurring approximately up to 150°C, 282 

which was related to the volatilization of the water adsorbed on the samples or trapped by 283 

the hydrophilic hydroxyl groups in the polymer matrix (El-Sayed et al. 2011; Singh et al. 284 

2022). Between 250°C and 500°C a two-step degradation process was observed, as 285 

evidenced by the derivative curves (Fig. 4), giving a stable carbon residue at 700°C 286 

corresponding approximately to 15% of the initial weight. The first weight loss between 287 

230°C and 350°C might be related to the removal of hydroxyl groups and the formation of 288 

polyene, as mentioned by (Tamer et al. 2021). The following weight loss could also be 289 

attributed to the decomposition of the PVA main chain and the decomposition of citrate and 290 

lysine (Aparecida Toledo Costa et al. 2022; Zhang et al. 2017).  291 

 292 

Fig. 4 Thermographs of PVA and PVA-LYS fibers 293 

Fig. 5 presents the nitrogen content in the PVA-LYS fibers as a function of lysine percentage. 294 

The amount of nitrogen increases from 1.28% to 3.57% with the loaded concentration of 295 

lysine for the unwashed membranes;however, washing the fibers causes a reduction in the 296 
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lysine content. The amount of N detected after this step, corresponding to less than 1% for 297 

all materials, shows very limited variations from one sample to another. These results 298 

indicate that not all the lysine added to the mixture was chemically bonded to the matrix, 299 

and moreover that the material reaches a maximum possible loading corresponding to about 300 

0.9%. The solubility test shows that more than 75 wt% of the initial material is unsoluble, as 301 

the soluble fractions were 12.5 ± 1.4 wt%, 23.7 ± 4.2 wt% and  27.4  ± 2.6 wt%, for PVA-302 

Lys 10, 20 and 30%, respectively. The observed weight loss can be associated to the 303 

uncrosslinked PVA chains and the released lysine after wahing. The results of the elemental 304 

analysis and the soluble fractions values proved that the amino acid has been grafted on the 305 

PVA, which is accordance with the FTIR adsorption bands of PVA-LYS. 306 

 307 

Fig. 5 Nitrogen content in PVA-LYS fibers 308 

The morphological features of the membranes were studied through SEM, as shown in Fig.6. 309 

The PVA fibers (Fig. 6A) showed a circular and smooth surface morphology, without any 310 

beads formation, and their average diameter was 177 nm ± 25 nm. After the addition of 311 

lysine, the morphology of the modified fibers was maintained compared to the PVA fibers. 312 
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The diameter and morphology of the PVA-LYS fibers were smooth and uniform along the 313 

fiber axis. The average diameter of the PVA-LYS fibers is presented in Table 2. A 314 

proportional increase in diameter is observed, with increasing the lysine percentage, 315 

explained by the increase in the overall blend concentration (Nezarati et al. 2013). This 316 

increase could also result by the interactions between PVA and CA, as well as between PVA 317 

and LYS (Zhang et al. 2020). 318 

 319 

Fig. 6 SEM images and size distribution of PVA (A), PVA-LYS 10% (B), PVA-LYS 20% 320 

(C) and PVA-LYS 30% (D) fibers 321 
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 322 

 323 

Tab. 2 Average diameter of PVA and PVA-LYS 

fibers 

% Lysine Average Diameter (nm) 

0 177 ± 25 

10 222 ± 46 

20 268 ± 36 

30 272 ± 47 

 324 

3.2. Efficiency of PVA-LYS fibers in AuNPs extraction 325 

The presence of AuNPs on the fibers was first confirmed by the digestion of PVA-LYS 326 

fibers after the adsorption experiment. The concentration of Au on the digested fibers, 327 

measured by ICP-OES, was equal to 11.31 ± 0.18 mg g-1. After confirming the presence of 328 

AuNPs on PVA-LYS fibers, the effect of different parameters, such as pH, amount of fibers 329 

and initial AuNPs concentration are investigated in this section. The effect of pH on the 330 

nanoparticles adsorption is an important key to understand the interaction mechanisms 331 

involved in the adsorption process. The choice of a pH range from 5 to 9 was based on the 332 

region where NPs are stably suspended, to avoid their aggregation and consequent 333 

precipitation that could affect the results (Li et al. 2014). In all these experiments only, 334 

washed fibers were tested. The AuNPs removal percentage decreased with increasing pH, as 335 

shown in Fig.7A. A significant improvement in removal efficiency was observed when 336 

switching from PVA-LYS 10% to PVA-LYS 30%. The AuNPs adsorption percentage 337 

reached 70% at pH 5 for PVA-LYS 30%. The pH effect can be explained in terms of pHpzc 338 

of the adsorbent. pHpzc was equal to 4.60, 4.98 and 5.80 for PVA-LYS 10, 20 and 30%, 339 
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respectively (Fig.7B). The surface of PVA-LYS 30%, and only that, is therefore positively 340 

charged when pH is below 5.80. At pH 5, the electrostatic attraction between the positively 341 

charged surface fiber of PVA-LYS 30% and the negatively charged citrate capped AuNPs 342 

can explain the increase in removal uptake to 65%. However, the electrostatic repulsion 343 

between the carboxylate ions present on the fibers and the nanoparticles could explain the 344 

decreasing of the removal yield for basic pH. Nevertheless, Fig. 7A shows that the removal 345 

percentage for PVA-LYS 30% is around 40%, even for pH above 5, indicating that the 346 

electrostatic interaction is not the only mechanism involved in the adsorption process. 347 

Selvakannan et al. (2003) demonstrated through NMR investigations that gold nanoparticles 348 

can bind to α-amino groups of lysine. Other phenomena involving the matrix need to be 349 

hypothesized to explain the results observed for AuNPs removal. In fact, washing causes an 350 

important leaching of lysine, as indicated by the N content measurements described in Fig. 351 

5. After washing, all samples contain almost the same amount of lysine, but lysine and matrix 352 

probably interact more intimately in the sample PVA-LYS 20% and 10%, and this 353 

interaction could block part of the amino groups of lysine which are no longer available for 354 

AuNPs removal.  355 

 356 
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 357 

Fig. 7 Effect of pH on AuNPs adsorption for the PVA-LYS fibers (A) 358 

Determination of pHpzc of PVA-Lys fibers (B) ([AuNPs] = 0.1 mM, suspension  359 

volume = 5 mL, time = 24h, 10 mg fibers) 360 

Different amounts of PVA-LYS fibers were tested to evaluate their effect on AuNPs 361 

removal, as shown in Fig. 8. Increasing the fibers amount from 5 to 20 mg produced a higher 362 

removal efficiency, reaching 67% for PVA-LYS 30%, due to the presence of a higher 363 
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number of functional groups available for interaction with AuNPs (Ahmed et al. 2020). 364 

Fibers with 10 and 20 % lysine content showed a slight increase in the removal yield from 5 365 

to 10 mg, then a non-significant enhancement was observed. The next adsorption 366 

experiments were performed using the PVA-LYS 30 % fibers and the amount of 20 mg of 367 

fibers. 368 

 369 

 370 

Fig. 8 Effect of PVA-LYS amount ([AuNPs] = 0.25 mM, suspension volume = 5 371 

mL, time = 24h, pH=7) 372 

The kinetics of adsorption of molecules can be determined by their transport toward the 373 

surface by diffusion or by interface attachment. The shape and flexibility of the molecules 374 

may play a role on the timescale of the kinetic process (Alkafeef and Al-Marri 2016). The 375 

kinetic of AuNPs adsorption on PVA-LYS 30% was evaluated at two different AuNPs 376 

concentrations (Fig. 9A). AuNPs adsorption reached the equilibrium within 4 hours, with 377 

removal yields of 94% and 53% for 0.1 and 0.25 mM, respectively. To better investigate the 378 
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adsorption process, the experimental data were fitted with a pseudo first order (Eq.4) 379 

(Lagergren et al. 1898) and pseudo second order (Eq.5) (Hamoudi et al. 2018) laws: 380 

𝑞𝑡 =  𝑞𝑒  (1 − exp (−𝑘1 𝑡))    Eq.4  

𝑞𝑡 =  
𝑘2  𝑞𝑒

2 𝑡

1 + 𝑞𝑒 𝑘2 𝑡
 

Eq.5 

where qt is the adsorption capacity at time t, qe is the adsorption capacity at the equilibrium 381 

(mg g-1), k1 is the pseudo first order rate constant in min-1, k2 describes the adsorption rate of 382 

the pseudo second order model, expressed in g mg−1min−1. 383 

Kinetic parameters are summarized in Table 3 and the non-linear fitting plots are presented 384 

in Fig. 9B. The highest values of correlation coefficient (0.997) and lowest Reduced Chi 385 

Square (0.015) were obtained in the pseudo first order model, as shown in Table 3, which 386 

best represents the interaction mechanism. Also, the calculated values qecal, determined by 387 

the pseudo-first order model, are in accordance with the experimental data: 388 

qecal=7.38 mg g−1, qeexp=7.40 mg g−1, for an initial concentration of 0.25 mM and 389 

qecal=3.68 mg g−1, qeexp=3.69 mg g−1, for an initial concentration of 0.1 mM. This model 390 

indicates that the external diffusion and internal diffusion are the rate controlling steps in the 391 

adsorption process of gold nanoparticles (Wang and Guo. 2020a).  392 

 393 

Fig. 9 Effect of contact time for PVA-LYS 30% (A) Kinetic models (B)  394 
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 ([AuNPs] = 0.1 mM and 0.25 mM, 20 mg fibers, suspension volume = 5 mL, pH=7) 395 

 396 

 397 

Tab.3 Kinetic parameters of Pseudo first order and Pseudo second order models for AuNPs 

adsorption on PVA-LYS 30% 

[AuNPs] 

(mM) 

Pseudo first order Pseudo second order 

qe (mg g-1) k1 (h
-1) χ2* r2 qe (mg g-1) k2 (g mg-1h-1) χ2* r2 

0.10 3.68 0.021 0.022 0.982 4.06 0.008 0.023 0.981 

0.25 7.38 0.008 0.015 0.997 8.68 0.001 0.109 0.981 

* χ2: Reduced Chi Square 398 

Adsorption isotherms describe the distribution of the adsorbate between the liquid and solid 399 

phase and its interaction with the adsorbent surface (Al-Ghouti and Da'ana 2020). 400 

The experimental data were correlated to the Langmuir and Freundlich models. The 401 

Langmuir isotherm model assumes a monolayer adsorption of the molecules (Fu et al. 2021). 402 

The equation (Eq.6) is defined as (Mozaffari et al. 2022): 403 

qe =
qm KLCe

1 + KLCe
 Eq. 6 

where, qe (mg g-1) is adsorption capacity at equilibrium, Ce (mg L-1) is equilibrium 404 

concentration, KL is the Langmuir equilibrium constant related to the affinity of binding sites 405 

(L g-1) and qm (mg g-1) represents the maximum adsorption capacity. 406 

Freundlich isotherm model is applied to represent the multi-layer adsorption on 407 

heterogeneous surfaces (Wang and Guo 2020b). The non-linear form is described by the 408 

following equation (Eq.7): 409 

qe =  KF Ce
1/n Eq. 7 

where, KF is the Freundlich constant (L g-1) and n is the heterogeneity factor. 410 
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The non-linear fitting plots of the two models are represented in Fig. 10 and the 411 

corresponding parameters are summarized in Table 4. The values of the correlation 412 

coefficient show that the Langmuir model (r2 = 0.948) fits better the experimental data, 413 

indicating a monolayer adsorption onto homogenous surface. According to the Langmuir 414 

model, the maximum adsorption capacity of AuNPs is equal to 20.10 mg g-1
. Table 5 presents 415 

a comparative study between the efficiency of different materials and that of the fibers 416 

prepared in this work towards AuNPs removal. This table shows that several adsorbents 417 

performed better towards the removal of AuNPs than PVA-Lys fibers. However, others 418 

show a lower adsorption capacity, such as cellulosic fibers (Mahanta et al. 2012) and copper 419 

oxide (Mallampati et al. 2013). Studies reporting high adsorption capacity for AuNPs  420 

(Dhandayuthapani et al. 2014, Kumar et al. 2014) have employed glutaraldehyde as a 421 

crosslinker during the fabrication of their materials, however this reagent has shown acute 422 

and chronic toxicity, genotoxicity, developmental toxicity, and carcinogenicity (Oh et al. 423 

2022). In this work, citric acid has been used as an inexpensive and non-toxic crosslinking 424 

agent, to overcome the intrinsic toxicity of the glutaraldehyde (Salihu et al. 2021). It is also 425 

important to mention that the use of synthetic polymers like PVA (Zhang et al. 2019, Zhang 426 

et al. 2021) and PA-12 (poly-amide) (Aldahash et al. 2022) have demonstrated an interesting 427 

perspective and potential in pollutants removal for water. 428 

Furthermore, the concentrations of nanoparticles in water are in the range of ppb. The 429 

estimated concentration of AgNPs in U.S. surface water is around 10 μg L-1 (Conde-430 

González et al. 2016). To extract these low amounts of nanoparticles, a green and eco-431 

friendly material with medium adsorption capacity may be more convenient than an 432 

adsorbent showing a high removal efficiency but prepared with toxic reagents.  433 

 434 

https://www-sciencedirect-com.bibliopass.unito.it/topics/earth-and-planetary-sciences/carcinogenicity
https://www-sciencedirect-com.bibliopass.unito.it/topics/earth-and-planetary-sciences/united-states-of-america
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 435 

Fig. 10 Isotherms of AuNPs adsorption on PVA-LYS 30% 436 

Tab. 4 Parameters of Langmuir and Freundlich models for AuNPs adsorption on PVA-

LYS fibers 

 

Langmuir model Freundlich model 

qm (mg g-1) KL (L g-1) r2 KF (L g-1) n r2 

AuNPs 20.105 0.081 0.948 4.449 3.131 0.788 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 
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Tab. 5 Maximum AuNPs adsorption capacity (mg g-1) of some adsorbents reported 

in the literature compared with PVA-LYS fibers 

Adsorbent Qmax (mg g-1) Ref 

Cellulosic fibers 13.1 (Mahanta et al. 2012) 

Biomimetic metal oxides 3.4 (Mallampati et al. 2013) 

PVA/Gluten hybrid fibers 36.5 (Dhandayuthapani et al. 2014) 

Dopamine-PEI chitosan-coated 

micro-sized carbon fiber aerogels 

32.1 (Liu et al. 2017) 

Amine functionalized block 

copolymers 

50.0 (Qureshi et al. 2014) 

Functionalized Carbon Spheres 102 (Kumar et al. 2014) 

PVA-LYS fibers 20.10 This work 

3.3. Proposed adsorption mechanism of AuNPs 446 

Both FTIR and elemental analysis proved the presence of significant number of functional 447 

groups on PVA-LYS fibers, such as −OH, −COOH and −CO−NH−. These polar functional 448 

groups are responsible of the adsorption process of AuNPs on PVA-LYS fibers. Based on 449 

the literature, adsorption is due to electrostatic interactions between nanoparticles and solid 450 

surfaces (Brenner et al. 2012). The pH of zero charge is a critical parameter to define the 451 

surface charge of the fibers and understand the electrostatic interactions involved in the 452 

adsorption mechanism. PVA-LYS 30% have a pH of zero charge equal to 5.8. Thus, their 453 

surface charge was positive at pH below 5 and the electrostatic attraction between protonated 454 

amino groups of lysine on the fibers and the negatively charged citrate capped AuNPs 455 

explains the increase in nanoparticles removal percentage. Furthermore, the functional 456 

groups present on the surface of the fibers can form hydrogen bonds with the carboxylic acid 457 

groups of citrate capped AuNPs (Dhandayuthapani et al. 2014). The third mechanism that 458 
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can also be involved in the adsorption process is the metal-ligand interactions, as 459 

demonstrated by Li et al. 2014. Amino groups are considered as ligand with nitrogen donor 460 

atom (Nath et al. 2006). These groups have specific affinity towards metallic nanoparticles 461 

and are able to form a coordination bond between gold atoms and functional chemical 462 

groups, including atoms with a lone electron pair (Dzhimak et al. 2019). 463 

3.4. Catalytic performance of AuNPs/ PVA-LYS fibers 464 

To evaluate the catalytic activity of the adsorbed nanoparticles, reduction of 4-nitrophenol 465 

(4-NP) to 4-aminophenol (4-AP) has been widely used in literature as a model reaction (Li 466 

et al. 2019; Kumar et al. 2014; Yin et al. 2020). Nitrophenols are extensively used in 467 

industries of pharmaceuticals, production of paper, petrochemical, fungicides, pesticides, 468 

insecticides, preservatives, explosives, dyes, leather, and wood (Kassem et al. 2021). They 469 

are considered as suspected carcinogens and classified as priority pollutants by the United 470 

States Environmental Protection Agency (Lin and Doong. 2014). Despite the 471 

electrochemical potential values of 4-NP/4-AP (-0.76 V) and H3BO3/BH4
- (-1.33 V), the 472 

reduction process is unfavorable due to the electrostatic repulsion between nitrophenolate 473 

and borohydride ions (Neal et al. 2019). 474 

During the reduction experiment, AuNPs/ PVA-LYS fibers were added to the mixture of 4-475 

NP (1 mM) with NaBH4 (50 mM). The reaction was monitored using UV-Visible 476 

spectrophotometry. In the absence of catalyst, no change was observed in 4-NP peak 477 

intensity after 60 min of reaction (Fig.11 A), indicating that NaBH4 was not able to reduce 478 

the 4-NP, as expected. After the addition of AuNPs/PVA-LYS fibers, the absorption peak of 479 

4-NP at 400 nm rapidly decreased and a new peak appeared at 300 nm, corresponding to 4-480 

AP (Fig. 11 B). The reduction process was completed within 60 min. The reduction 481 

mechanism was elucidated by Neal et al. (2019): the nitrophenolate ion is adsorbed onto the 482 

catalyst surface, where it is reduced to 4-AP by a hydrogen atom derived from BH4
–. The 4-483 
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AP, once generated, rapidly desorbs from the surface of the catalyst. The conversion of 4-484 

NP to 4-AP follows the pseudo first order kinetic model (Noël et al. 2020). The reaction rate 485 

was determined using the plot Ct/C0 versus time, presented in Fig 12. The correlation 486 

coefficient r2 and rate constant k are equal to 0.997 and 0.027 min-1, respectively, similar to 487 

previous data reported in the literature (Neal et al. 2019). 488 

 489 

Fig. 11 Time dependent UV-Visible spectra of 4-NP reduction catalyzed without (A) and 490 

with AuNPs/PVA-LYS fibers (B) 491 

 492 

Fig. 12 Kinetic of 4-NP reduction 493 

The reusability of the adsorbed AuNPs on PVA-LYS fibers was tested and the results are 494 

presented in Fig. 13. When the reduction was completed, AuNPs/PVA-LYS fibers were 495 

collected and added again to a 4-NP solution for the next catalysis cycle. The catalytic 496 
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activity was expressed in terms of removal percentage of 4-NP. The reduction process was 497 

completed with more than 99% of 4-NP removal during the 5 cycles, indicating the good 498 

reusability of this catalyst. 499 

 500 

Fig. 13 Reusability of AuNPs/PVA-LYS fibers  501 

3.5. Operational cost of the preparation of PVA-LYS fibers  502 

A cost estimate of the production of these fibers has been elaborated based on the raw 503 

materials cost and the energy consumption for the treatment of 1 L of water containing 0.1 504 

mM (19.7 mg L-1) AuNPs. The total cost of raw material was estimated to 1.46 €. In addition, 505 

the cost of electricity was determined using the fare for electrical supply per kWh in Italy 506 

(0.053 €/kWh). Thus, the total cost for treating 1L of water is equal to 3.05 €. It is important 507 

to mention that the real concentration of nanoparticles in water is lower than 1 mg L-1 (Islam 508 

et al. 2022). This amount of fibers can treat 20 times more than the considered volume of 509 

water. There is still a lack of literature dealing with the economic feasibility of this process. 510 

(Beck et al. 2017) has found that the annual electrical cost of production of lignin based 511 

carbon fibers is around 53,900 $. The scale up of this process is related to the high energy 512 
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consumption, which need to be adjusted and produced by renewable resources to reduce the 513 

cost. 514 

3.6. Practical applications and perspectives 515 

The prepared PVA-LYS fibers have shown interesting physicochemical properties, such as 516 

their smooth morphology without the presence of beads, low diameter size, water stability 517 

and presence of different functional groups (hydroxyl, ester, and amide) on their surface. 518 

These characteristics can make this adsorption support a promising candidate for the removal 519 

of other metallic nanoparticles like AgNPs. Anionic dyes like methylene blue and crystal 520 

violet can show electrostatic interactions with the positively charged surface of PVA-LYS 521 

fibers at pH lower than 5.8 (pHzc).  522 

To enhance the adsorption capacity of this material and the amount of lysine grafted onto 523 

the fibers, other green crosslinking methods can be employed as demonstrated by (Ding et 524 

al. 2017). 525 

Conclusion 526 

A green adsorbent was successfully prepared by grafting lysine on biodegradable PVA 527 

fibers. The characterization analysis confirms that the amino acid binds covalently to the 528 

PVA chain, through amide and ester groups formation during crosslinking in the presence 529 

of citric acid. The removal rate reached 65 % at pH equal to 5, by using an adsorbent amount 530 

of 20 mg. AuNPs adsorption by PVA-LYS fibers well fitted a pseudo-first-order kinetic and 531 

the Langmuir isotherm, with a maximum adsorption capacity of 20.1 mg g-1. The adsorption 532 

mechanism of AuNPs involved electrostatic interaction between protonated amino group of 533 

lysine and negatively charged AuNPs and metal-ligand interaction between nitrogen atom 534 

and gold. Given the increasing demand for green solutions for water remediation, these 535 

findings contribute to the development of green and sustainable approaches for nanoparticles 536 

removal from aqueous solution, while the reuse of the exhaust material as a catalyst 537 
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represents an important added value. Although PVA-LYS fibers are promising green and 538 

biodegradable adsorbers, the adsorption capacity of AuNPs nanoparticles should be 539 

improved by increasing the amount of nitrogen incorporated in the fibers and remained after 540 

washing. 541 
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