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Abstract 10 

This study developed hollow amidoximated styrene–acrylonitrile (SAN) fibers using a 11 

novel emulsion-assisted solution forcespinning strategy for enhanced uranium adsorption. 12 

The fabricated hollow SAN fibers, with their unique core architecture, provided superior 13 

surface accessibility and faster mass transfer compared to solid fibers. This resulted in 14 

excellent uranium adsorption performance, achieving a maximum capacity of 190 mg g-1, 15 

approximately 1.4 times higher than that of solid fibers. This work presents an innovative 16 

approach to fabricate high-performance adsorbents for efficient recovery of uranium from 17 

aqueous solutions.  18 

Keywords Styrene–acrylonitrile. Hollow nanofiber. Forcespinning. 19 

Amidoximation. Uranium adsorption. Emulsion spinning 20 

Introduction 21 
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Nanofibers (NFs) exhibit an exceptionally high surface-to-volume ratio, flexibility, and 22 

remarkable mechanical properties such as stiffness and tensile strength, making them 23 

highly attractive for a wide range of applications, including filtration, sensors, protective 24 

clothing, tissue engineering, the chemical peocessing, textiles, healthcare, battery 25 

separators, energy storage, and adsorption [1–3]. Conventional polymer spinning 26 

techniques such as melt, wet, dry, or gel spinning are generally unsuitable for the 27 

fabrication of nanofibers. Consequently, several advanced approaches—including self-28 

assembly, phase separation, template synthesis, electrospinning (ES), and forcespinning 29 

(FS) —have been developed for nanofiber production [4].  30 

FS is a relatively new fiber fabrication method that employs centrifugal force to spin 31 

nanofibers from either polymer solutions or melts. This technique is highly versatile and 32 

capable of producing nanometer-scale fibers from polymer solutions at rotational speeds 33 

up to 12,000 rpm or from polymer melts at speeds up to 25,000 rpm [5,6]. Unlike 34 

electrospinning, FS substantially reduces or completely eliminates the use of high-voltage 35 

electrical fields and large quantities of solvents, thereby offering advantages in terms of 36 

cost, safety and environmental substantially [7]. FS has successfully produced nanofibers 37 

from a wide range of polymers, including polystyrene (PS), polyacrylic acid, 38 

polycaprolactone, polyethylene oxide, polymethyl methacrylate, and polyvinylidene 39 

fluoride [8–11].  40 

Styrene–acrylonitrile (SAN) copolymers combine the desirable characteristics of PS and 41 

polyacrylonitrile (PAN), such as high mechanical strength, transparency, chemical 42 

resistance, gloss, and oil resistance [12]. These properties make SAN a suitable material 43 

for diverse applications, including food packaging, disposable tableware, catalyst 44 
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immobilization, ultrafiltration of corrosive chemicals, and automotive components [13–45 

15]. SAN nanofibers (SAN-NFs) also have great potential for use in separation, 46 

industrial, electrical, and biomedical applications [16].  47 

Groundwater contamination by uranium (U) originating from nuclear waste is a major 48 

environmental challenges [17,18]. Uranium’s combined chemical toxicity and 49 

radioactivity pose serious health risks [19–21]. Exposure to alpha radiation from uranium 50 

can lead to genetic damage, cancer, and other health disorders [22]. Therefore, the 51 

efficient removal and recovery of U(VI) from aqueous systems have received growing 52 

attention in recent years. Among the available treatment techniques, adsorption has been 53 

widely recognized as an effective, simple and removing heavy metals such as uranium 54 

from contaminated water [23–25].  55 

Among various adsorbent materials, fibrous adsorbents offer distinct advantages due to 56 

their large surface area, mechanical robustness, and tunable chemical functionality. 57 

However, adsorption efficiency in solid nanofibers is often limited by slow diffusion 58 

within their dense structure. To overcome this limitation, hollow nanofiber (HNF) 59 

architectures have been developed, providing additional internal surfaces and shorter 60 

diffusion paths that facilitate faster and more efficient ion transport. 61 

HNFs can typically be fabricated through co-axial spinning, uniaxial (emulsion-based) 62 

spinning, or chemical vapor deposition (CVD) [26–29]. The emulsion method enabled 63 

the formation of core-shell structures, in which emulsified droplets organize into distinct 64 

core and shell phases as the solvent evaporates. In this approach, fibers form via the 65 

simultaneous flow of two immiscible liquids through inner and outer capillaries [30,31]. 66 
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Hollow structures are obtained by removing the core phase after spinning.  67 

Chemical modification of SAN nanofibers through amidoximation introduces strong 68 

chelating groups capable of selectively binding uranyl ions (UO2
2+) via coordination and 69 

hydrogen bonding. In this context, the present study proposes a novel emulsion 70 

forcespinning approach for fabricating amidoximated SAN hollow nanofibers (SAN-71 

HNFs) and systematically investigates their uranium adsorption behavior compared to 72 

that of solid SAN nanofibers (SAN-NFs). Comprehensive kinetic and isotherm studies 73 

were conducted to elucidate the adsorption mechanism, and the adsorption performance 74 

of SAN-HNFs was benchmarked against some previously reported fiber-based 75 

adsorbents.  76 

Experimental 77 

Equipment 78 

Nanofibers and hollow nanofibers were fabricated using a homemade forcespinning (FS) 79 

apparatus consisting of a spinneret equipped with micron-scale nozzles that eject polymer 80 

solution under centrifugal force generated by an electromotor (Scheme 1). Fibers were 81 

collected on a static metallic rod collector positioned at a fixed distance from the spinneret 82 

tip.  83 

The morphology of the Fibers was examined using a scanning electron microscope (SEM, 84 

Zeiss Evo18, Germany). Fourier-transform infrared (FT-IR) spectra were recorded with a 85 

Bruker Vector 22 spectrometer over the range of 500–4000 cm⁻1. Fiber diameters were 86 

measured using Digimizer image analysis software. The uranium concentrations in 87 
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solution were determined using an Optima DV 7300 inductively coupled plasma (ICP) 88 

emission spectrometer, and pH values were monitored with a Metrohm Ml 150 pH-meter. 89 

 90 

Scheme 1  Schematic representation of the forcespinning apparatus. 91 

 92 

Materials 93 

Hexane, mineral oil, dimethylformamide (DMF), uranyl nitrate hexahydrate 94 

(UO₂(NO₃)₂·6H₂O), hydrochloric acid (HCl), sodium hydroxide (NaOH), and 95 

hydroxylamine hydrochloride (NH₂OH·HCl) were purchased from Merck (Germany). 96 

Styrene-acrylonitrile (SAN) copolymer (High Flow, MFI:66) was obtained from Ghaed 97 

Basir Petrochemical Co. (Iran). All reagents were of analytical grade, and solutions were 98 

prepared using deionized water.  99 

Preparation of SAN-NFs and SAN-HNFs 100 

SAN solutions with various concentrations were prepared in DMF through alternating 101 

ultrasonic tretment and magnetic stirring at 50 °C until complete dissolution was achieved. 102 

SAN  nanofibers (SAN-NFs) were produced via FS under systematically varied conditions.  103 

For the preparation of hollow nanofibers (SAN-HNF), an emulsion of SAN solution and 104 

mineral oil was prepared at predetermined volume ratios and mechanically shaken for 2 h 105 
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prior to spinning. The core-shell fibers were subsequently immersed in hexane for 24 h to 106 

remove the mineral oil core, thereby yielding hollow structures (Scheme 2). 107 

 108 

Scheme 2  Fabrication steps of hollow nanofibers via emulsion forcespinning.  109 

 110 

Amidoximation of Fibers 111 

Amidoximation of SAN-NFs and SAN-HNFs was performed by reacting the nitrile groups 112 

with a 10% (w/v) hydroxylamine solution at 80 °C for 72 h, with the reaction solution 113 

replaced twice during the process. The modified fibers were thoroughly washed with 114 

deionized water and dried at 50 °C for 24 h. 115 

Adsorption Experiments 116 

Batch adsorption experiments were conducted to investigate the effects of contact time, 117 

initial uranium concentration, and solution pH on U(VI) uptake. Prior to adsorption, 118 
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amidoximated fibers were pre-treated in 2.5% NaOH solution at 80 °C for 3 h, then filtered 119 

and washed with deionized water until neutral pH was reached.  120 

For each test, fibers were immersed in 100 mL of uranium solution and shaken at 210 rpm 121 

at 25 °C. Samples were withdrawn and filtered at predetermined time intervals, and the 122 

residual U(VI) concentration was determined by ICP analysis. All experiments were 123 

conducted in triplicate to ensure reproducibility.  124 

The adsorption capacity at time t (qt, mg g-1) was calculated using Eq. (1):   125 

 qt = (C0 - Ct) × V / (1000 × M) (1) 126 

where C0 and Ct (mg L-1) represent the initial and time-dependent uranium 127 

concentrations., V (L) is the solution volume, and M (g) is the mass of the adsorbent. 128 

Adsorption kinetic models 129 

To elucidate the rate-controling steps and adsorption mechanism three kinetic models—130 

pseudo-first-order, pseudo-second-order, and intraparticle diffusion—were applied to fit 131 

the experimental data. 132 

The Pseudo-first-order model assumes that the rate of site occupation is proportional to 133 

the number of unoccupied sites, typically describing physisorption governed by weak 134 

van der Waals forces (Eq. (2)):  135 

 Ln (qe - qt)= Ln qe - k1t (2) 136 

where qt and qe (mg g-1) denote the adsorption capacities at time t and equilibrium, 137 

respectively, and k1 (min-1) is the pseudo-first-order rate constant. 138 
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The pseudo-second-order model assumes that the adsorption rate is proportional to the 139 

square of the number of unoccupied sites and chemisorption involving electron sharing 140 

or exchange is the rate limiting step (Eq. (3)): 141 

 t/qt = 1/k2qe
2 + t/qe (3) 142 

where k2 (g mg⁻¹ min⁻¹) represent the pseudo-second-order rate constant.  143 

The intraparticle diffusion model (Eq. (4)) proposed by Weber and Morris was also 144 

applied to identify the contribution of pore diffusion: 145 

 qt = kidt
0.5 + C (4) 146 

where kid (mg g-1 min⁻0.5) is the intraparticle diffusion rate constant, and C (mg g-1) 147 

corresponds the boundary layer effect. A line passing through the origin indicates pure 148 

intraparticle diffusion control, whereas multilinearity suggests a multiple stage adsorption 149 

process involving both surface adsorption and internal diffusion. 150 

Adsorption isotherm models 151 

Adsorption isotherms describe the relationship between the equilibrium concentration of 152 

adsorbate (Ce) and the amount adsorbed (qe) at constant temperature. They provide 153 

insights into the adsorption mechanism, surface properties, and affinity of the adsorbent 154 

toward the adsorbate [32]. 155 

Two commonly used isotherm models—Langmuir and Freundlich—were employed to 156 

analyze the equilibrium data of U(VI) adsorption on SAN-NFs and SAN-HNFs. 157 
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The Langmuir model (Eq. (5)) assumes that adsorption occurs at specific homogeneous 158 

sites on the adsorbent surface, forming a monolayer of adsorption on a homogeneous 159 

surface with identical binding sites and no interaction between adsorbed molecules [33]: 160 

  Ce/qe = Ce/qm + 1/KLqm (5) 161 

where Ce is the equilibrium concentration (mg L-1), qm (mg g-1) is the maximum 162 

monolayer adsorption capacity, and KL (L mg-1) is the Langmuir constant representing 163 

the affinity of the binding sites.  164 

The Freundlich model (Eq. (6)) is an empirical equation describing adsorption on 165 

heterogeneous surfaces with sites of varying energies, allowing multilayer adsorption: 166 

 log qe = logKf + 1/n logCe (6) 167 

where the Kf and n are the Freundlich constants representing adsorption capacity and 168 

adsorption intensity (surface heterogenety), respectively. 169 

Results and discussion 170 

Optimization of SAN-NF Production 171 

The production parameters of SAN nanofibers (SAN-NFs) were systematically optimized 172 

by varying polymer concentration (30–60 wt%), needle size (22G–30G), rotation speed 173 

(4000–6000 rpm), and nozzle-to-collector distance (10–20 cm). Fiber formation was 174 

observed only at polymer concentrations ≥55%, indicating a critical threshold for 175 

continuous fiber generation and stable morphology (Table 1).  176 
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Under optimal conditions—55% SAN concentration, 27G needle, 5000 rpm rotational 177 

speed, and 15 cm distance—uniform nanofibers with an average diameter of approximately 178 

470 nm were obtained (Fig. 1). At lower polymer concentrations, droplets formation 179 

occurred due to insufficient chain entanglement. Both excessively high and low rotational 180 

speeds, as well as suboptimal collector distances, led to thicker or irregular fibers. 181 

Moreover, the use of finer needles (e.g., 30G) resulted in frequent clogging due to the high 182 

viscosity of the SAN solution. 183 

Table 1 Evaluation of effective parameters in SAN-NF production by FS method. 184 
SAN 

Concentration 

(%) 

The needles 

size 

(Gauge) 

Rate 

Spin 

(rpm) 

The nozzle-collector 

distance 

(cm) 

Output 

30,40,45,50 22,24,27,30 5000 15 No fiber  

55 

22,30 

5000 15 

No fiber  

27 
Nanofiber (470 

nm)  

24 
Nanofiber 

(644nm) 

55 27 

4000 

15 

Nanofiber (960 

nm) 

6000 
Nanofiber 

(868nm) 

5000 

10 
Nanofiber (910 

nm) 

20 
Nanofiber (885 

nm) 

60 27 5000 15 
Nanofiber 

(900nm) 

 185 

 186 
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 187 

Fig. 1 Left: SEM image of optimized SAN nanofibers (SAN-NFs). Right: Histogram of fiber diameter 188 
distribution. 189 

 190 

Optimization of SAN-HNF Production 191 

The optimized parameters from SAN-NF fabrication were used as the starting conditions 192 

for SAN hollow nanofiber (SAN-HNF) production. however, the higher viscosity of the 193 

SAN/mineral oil emulsion prevented fiber formation with a 27G needle, necessitating the 194 

use of a 24G needle for successful spinning (Table 2).  195 

The volume ratio of SAN solution to mineral oil played a crucial role in core-shell structure 196 

formation. Hollow fibers were obtained only at a 50:50 ratio; lower SAN content resulted 197 

in incomplete shell formation or absence of fibers. Cross-sectional SEM images (Fig. 2) 198 

confirmed the formation of hollow fibers with slightly off-centered cores and additional 199 

porosity.  200 

While such off-centered morphology may be further refined in future work by introducing 201 

emulsion stabilizers or co-solvents, the presence of secondary porosity enhances the 202 

accessibility of adsorption sites, which is advantageous for adsorption applications.  203 

Table 2 Effect of needle diameter and SAN/mineral oil ratio on SAN-HNF production by emulsion 204 
FS (SAN concentration = 55%, rotation speed = 5000 rpm, nozzle-collector distance = 15 cm, hexane 205 
incubation = 24 h). 206 
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Volume ratio (SAN/ 

oil) 

The needles size 

(Guage) 
Output 

50:50 27 No fiber  

50:50 24 Hollow fiber 

40:60 24 Solid fiber 

30:70 24 No fiber  

 207 

 208 

Fig. 2 Left: SEM image and cross-section of SAN-HNFs. Right: Fiber diameter distribution histogram. 209 
 210 

Amidoximation of Nanofibers 211 

Amidoximation was carried out to introduce functional amidoxime groups capable of 212 

chelation uranium ions. The reaction proceeded through the nucleophilic addition of 213 

hydroxylamine to the nitrile groups present in SAN, converting -C≡N- into –C(NH2)=NOH 214 

functionalities  (Scheme 3). 215 
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 Subsequent alkaline treatment further enhanced adsorption capacity by deprotonating 216 

hydroxyl groups, which improved their affinity toward UO₂²⁺ ions through electrostatic 217 

attraction and coordination (Scheme 4) [34]. 218 

 219 
Scheme 3 Conversion of nitrile groups to amidoxime functional groups. 220 

 221 
Scheme 4 Enhanced adsorption capacity of amidoxime groups after alkalization. 222 

 223 

FT-IR Characterization 224 

FT-IR analysis verified the successful amidoximation of both SAN-NFs and SAN-HNFs. 225 

The disappearance of the characteristic nitrile peak at 2240 cm⁻1, along with the emergence 226 

of new absorption bands at 1650 cm-1 (C=N stretching) and 940 cm-1 (N–O stretching), 227 

confirmed the formation of amidoxime groups (Fig. 3).  228 

This spectral transformation validates the chemical modification of SAN fibers and the 229 

introduction of functional groups responsible for uranium binding. 230 
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 231 

Fig. 3 FT-IR spectra of SAN-NFs (left) and SAN-HNFs (right): (a) before and (b) after the amidoximation.  232 

 233 
Uranium Adsorption Performance 234 

Effect of contact time 235 

The effect of contact time on uranium adsorption was investigated to determine the 236 

adsorption rate and equilibrium behavior of U(VI) ions on amidoximated SAN-NFs and 237 

SAN-HNFs. As illustrated in Fig. 4, the adsorption capacity (qₜ) increased rapidly during 238 

the initial stage of the process, particularly within the first 60–90 min, which can be 239 

attributed to the abundance of readily accessible amidoxime functional groups on the 240 

fiber surfaces.  241 
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 242 

Fig. 4 Effect of contact time on U(VI) adsorption onto amidoximated SAN-NFs and SAN-HNFs. 243 
 244 

With increasing contact time, the adsorption rate gradually decreased as active sites 245 

became progressively occupied, and equilibrium was reached after approximately 180 246 

min for SAN-HNFs and 240 min for SAN-NFs. The shorter equilibrium time observed 247 

for SAN-HNFs clearly indicates a faster mass transfer process, which is mainly 248 

associated with their hollow interior structure. The hollow morphology provides a larger 249 

accessible surface area and shorter diffusion pathways for UO₂2+ ions, thereby facilitating 250 

more efficient utilization of the available adsorption sites.  251 

This adsorption behavior can be described as a two-phase process consisting of an initial 252 

rapid uptake stage followed by a slower approach to equilibrium. Such behavior is 253 

characteristic of chemisorption-dominated systems, in which strong surface complexation 254 

between amidoxime groups and uranyl ions occurs at the early stage, while intrafiber 255 

diffusion and site saturation govern the later stage of adsorption.  256 
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A comparison with some previously reported amidoxime-based fibrous adsorbents (Table 257 

3) further highlights the favorable time-dependent performance of SAN-HNFs. Although 258 

some composite fibrous adsorbents, such as electrospun PU–PAO nanofibers and PAN–259 

GO nanofibers, exhibit higher maximum adsorption capacities, these enhanced 260 

performances are largely attributed to the presence of additional active components and, 261 

in some cases, operation under very high initial uranium concentrations. In contrast, the 262 

SAN-HNFs developed in this work demonstrate high adsorption efficiency within a 263 

moderate and practically relevant uranium concentration range (10–200 mg L-1), while 264 

reaching adsorption equilibrium within a relatively short contact time. Despite being 265 

composed solely of amidoximated styrene–acrylonitrile copolymer without any inorganic 266 

or carbonaceous additives, the SAN-HNFs show competitive adsorption kinetics and 267 

capacity. In SAN, only the polyacrylonitrile segments are converted into amidoxime 268 

groups and actively participate in uranium binding, whereas the styrene units do not 269 

contribute directly to adsorption. Nevertheless, the optimized hollow architecture of 270 

SAN-HNFs effectively compensates for this intrinsic limitation by enhancing mass 271 

transfer efficiency and reducing diffusion resistance. Overall, the results demonstrate that 272 

the hollow amidoximated SAN nanofibers provide an advantageous balance between 273 

adsorption rate, equilibrium time, and adsorption capacity, making them promising 274 

candidates for practical uranium removal applications. 275 

Table 3 Comparison of uranium adsorption capacities of SAN-HNFs with some amidoxime-based 276 
fibrous adsorbents. 277 

Reference 
Adsorption 

equilibrium 

time (h)   
Optimal pH qₘₐₓ  

)1-(mg g Adsorbent No. 

this work 3  4.0 190 SAN-HNF 1 

this work 4  4.0 153 SAN-NF 2 
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[35] 5  5.0 52.9 PAO- cellulose 

fiber 3 

[36] 4  4.1 435 

Electrospun PU-

PAO composite 

nanofibers 

4 

[37] 12 4 99 

PAO- ultra-high 

molecular weight 

polyethylene 

fibers 

5 

[38] 1 4 83 

PAO- 

polypropylene 

nanofibers 
6 

[39] 1.5 5 345 PAO-GO 

Nanofibers 
7 

 278 

Effect of pH 279 

The adsorption behavior of amidoximated SAN-NFs and SAN-HNFs was investigated at 280 

various pH values. As shown in Fig. 5, the adsorption capacity increased with increasing 281 

pH, reaching a maximum at pH 4, beyond which it decreased.  282 

At this optimal pH, the maximum adsorption capacities were 153 mg g-1 for amidoximated 283 

SAN-NFs and 190 mg g⁻1 for SAN-HNFs, corresponding to a 24% improvement for the 284 

hollow fibers. The enhanced performance of SAN-HNFs is attributed to their greater 285 

internal porosity and larger effective surface area, which facilitates mass transfer and 286 

provide additional active sites for uranium binding.  287 

At pH < 4, of The amidoxime groups become protonated, weakening their coordination 288 

ability toward UO₂²⁺ ions. At pH > 4, hydrolysis of uranium species forms soluble or 289 

colloidal hydroxide complexes, thereby reducing the concentration of free uranyl ions 290 

available for adsorption. 291 
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 292 

Fig. 5 Effect of pH on uranium adsorption by SAN-NFs and SAN-HNFs. 293 

 294 

Adsorption Kinetics  295 

The adsorption kinetics of UO₂2+ ions onto amidoximated SAN-NFs and SAN-HNFs were 296 

analyzed using pseudo-first-order and pseudo-second-order models. The correlation 297 

coefficients (R²) revealed that the pseudo-second-order model provided a significantly 298 

better fit (R² =1) compared to the pseudo-first-order model (R² ≤ 0.96). This indicates that 299 

the adsorption process is predominantly governed by chemisorption involving electron 300 

sharing or exchange between amidoxime groups and UO₂2+ ions (Fig. 6).  301 
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 302 

Fig. 6 Pseudo-first-order and pseudo-second-order kinetic plots for U(VI) adsorption on SAN-NFs and 303 
SAN-HNFs. 304 

 305 

The intraparticle diffusion plots (Fig. 7) displayed two distinct linear regions for both 306 

adsorbents. The first stage corresponds to rapid external surface adsorption, followed by a 307 

second slower stage attributed to intraparticle diffusion into the inner pores of the fibers. 308 

The multilinearity confirms a two-step adsorption process, where surface adsorption 309 

dominates the initial stage and diffusion limits the later stage. 310 

 311 

Fig. 7 Intraparticle diffusion plots for U(VI) adsorption on SAN-NFs and SAN-HNFs. 312 

A summary of the kinetic parameters obtained from all models is presented in Table 4. 313 

Table 4 Kinetic parameters for U(VI) adsorption on amidoximated SAN-NFs and SAN-HNFs. 314 
Model Parameter SAN-NFs SAN-HNFs 
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Pseudo-first-order 

qₑ,exp (mg g-1) 153 190 

qₑ,calc (mg g-1) 

k₁ (min⁻¹) 
R² 

 

49.18 

0.020 

0.97 

 

38.09 

0.021 

0.96 

 

Pseudo-second-order 

qₑ,calc (mg g-1) 

k₂ (g mg-1 min-1) 

R² 

 

154 

1.18×10⁻3 
1 

 

189 

1.84×10⁻3 
1 

 

Intraparticle diffusion 

(Stage I) 

k_id1 (mg g-1 min⁻0.5) 

C1 (mg g⁻¹) 
R² 

 

17.39 

37.79 

0.95 

 

16.44 

87.17 

0.93 

 

Intraparticle diffusion 

(Stage II) 

k_id2 (mg g-1 min⁻0.5) 

C2 (mg g⁻¹) 
R² 

 

1.08 

133.12 

0.92 

 

0.76 

176.19 

0.91 

 

 315 

Adsorption Isotherms  316 

Adsorption equilibrium data were analyzed using the Langmuir and Freundlich isotherm 317 

models. The corresponding linear plots are shown in Fig. 8, and the calculated model 318 

parameters and correlation coefficients are summarized in Table 5. 319 

The Langmuir model provides an excellent fit for both adsorbents (R² = 0.9996 and 320 

0.9995), indicating monolayer adsorption on a homogeneous distribution of active sites. 321 

The calculated maximum monolayer capacities are for SAN-NF and for SAN-HNF, 322 

showing a substantial improvement (~22.7%) for the hollow fibers. The higher KL value 323 

for SAN-HNF (0.1726 L mg-1 vs. 0.1035 L mg-1) further indicates a stronger affinity of 324 

SAN-HNF toward U(VI). 325 

Although the Freundlich model also fits reasonably well (especially for SAN-HNF, R² = 326 

0.9928), its lower R² values relative to Langmuir and the near-unity values (but>1) of the 327 

Freundlich constant n suggest favorable adsorption with moderately uniform surface 328 
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energetics, while the superior fitting of the Langmuir model indicates monolayer 329 

adsorption behavior.  330 

 331 

 332 

Fig. 8 Adsorption isotherms of UO₂²⁺ on amidoximated SAN-NFs and SAN-HNFs. 333 

 334 
Table 5 Isotherm parameters for U(VI) adsorption on amidoximated SAN-NFs and SAN-HNFs 335 

Model Parameter SAN-NF SAN-HNF 

Langmuir (linear) 

qm (mg g-1) 

KL  

R² 

154 

0.1035 

0.9996 

189 

0.1726 

0.9995 

Freundlich (linear) 

Kf  

n 

R² 

71.8 

7.10 

0.9848 

110.2 

9.68 

0.9928 

 336 

Effect of Initial Concentration 337 

The influence of the initial uranium concentration (C0) on the adsorption capacity was 338 

investigated in the range of 10–300 mg L-1, at constant pH (4.0) and adsorbent dosage of 339 

0.2 g L-1. As shown in Fig. 9, adsorption capacity (qe) increased with increasing C0 due to 340 

a higher mass transfer driving force and greater collision probability between U(VI) ions 341 

and active sites. 342 

 For SAN-NFs, qe increased from approximately 53 mg g-1 at 10 mg L-1 to 145 mg g-1 at 343 

200 mg L-1, approaching saturation at higher concentrations. Similarly, SAN-HNFs 344 
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exhibited a continuous increase from 75 mg g-1 at 10 mg L-1 to 185 mg g-1 at 200 mg L-1, 345 

clearly demonstrating their superior uptake ability.  346 

The sharp increase in qe up to approximately 100 mg L-1 suggests that a large number of 347 

amidoxime functional groups were still available for U(VI) binding. However, at higher 348 

concentrations (above 200 mg L-1), the adsorption capacity tended to level off, indicating 349 

that most of the active sites became occupied and the system approached equilibrium.  350 

This saturation behavior corresponds well with the Langmuir isotherm, which assumes 351 

monolayer coverage of adsorbate molecules onto a finite number of identical sites. 352 

Therefore, while increasing uranium concentration enhances adsorption initially, the 353 

plateau observed at higher concentrations reflects the limitation imposed by the finite 354 

surface area and the number of available binding sites. 355 

Overall, the SAN-HNFs exhibited the higher equilibrium capacities clearly demonstrates 356 

that the hollow structure provides a larger accessible surface area and more efficient 357 

utilization of functional groups under increasing initial concentrations.  358 

 359 
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 360 

Fig. 9 Effect of initial U(VI) concentration on adsorption capacity for SAN-NFs and SAN-HNFs. 361 

 362 

Conclusion 363 

A novel emulsion-based forcespinning (FS) method was successfully developed to 364 

fabricate hollow amidoxime-functionalized styrene–acrylonitrile nanofibers (SAN-365 

HNFs). The hollow core architecture provided enhanced surface accessibility and faster 366 

mass transfer compared to solid SAN nanofibers (SAN-NFs). As a result, SAN-HNFs 367 

exhibited superior uranium adsorption performance, achieving a maximum adsorption 368 

capacity of 190 mg g-1, which was approximately 1.4 times higher than that of solid 369 

fibers under identical conditions. 370 

The adsorption kinetics followed a pseudo-second-order model, confirming that 371 

chemisorption was the dominant mechanism, while the equilibrium data fitted well with 372 

the Langmuir isotherm, indicating monolayer adsorption on homogeneous active sites. 373 

The fibers maintained high efficiency within moderate uranium concentration ranges 374 

(10–200 mg L-1), which are representative of industrial wastewater levels. 375 
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This work demonstrates, for the first time, the effectiveness of emulsion FS for producing 376 

hollow SAN nanofibers with high adsorption capacity and chemical stability. Owing to 377 

its simplicity, scalability, and reduced solvent use, the method holds great promise for the 378 

large-scale production of nanofibrous adsorbents for uranium recovery and 379 

environmental remediation. 380 
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