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27 Abstract

28 Hexavalent chromium [Cr(VI)] is a known carcinogenic and mutagenic heavy metal. Its level in 

29 drinking water is regulated worldwide to protect public health. This study presents a novel 

30 chemical method to modify the polyacrylonitrile (PAN) nanofibers for efficient Cr(VI) removal 

31 from water. The PAN nanofibers with an average diameter of 165 nm are produced using the 

32 electrospinning technique. Through a 2-step chemical modification process, the amidine 

33 polyacrylonitrile (APAN) nanofibers are synthesized by the conversion of nitrile groups [-C≡N] 

34 in PAN nanofibers into amidines [-C(N.H.)(NH2)]. The Attenuated Total Reflectance Fourier 

35 Transform (ATR-FTIR) Spectroscopy revealed the successful conversion of nitrile functions to 

36 amidoxime in amidoximated polyacrylonitrile (AOPAN) nanofibers and subsequent generation of 

37 amidine functions in APAN nanofibers. Greater concentration of hydroxylamine hydrochloride, 

38 increased duration and temperature of applied chemical reaction raised the extent of nitrile groups 
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39 conversion into amidoxime to a maximum of 37%. The Cr(VI) uptake by APAN nanofibers was 

40 found as a multilayer adsorption process modeled by Freundlich isotherm. The maximum 

41 Langmuir Cr(VI) adsorption capacity for APAN nanofibers was found as 225 mg g-1 at pH=3.0 

42 after 4.0 h exposure duration. The regeneration study revealed that APAN nanofibers could 

43 maintain more than 98% of their initial adsorption capacity after five adsorption/desorption cycles. 

44

45 Keywords: Nanofibers; Polyacrylonitrile (PAN); Amidoxime; Hexavalent Chromium Cr(VI); 
46 Water and Wastewater Treatment
47

48 1. Introduction

49 Chromium (Cr) is released into the wastewater by textile, automotive, electroplating, 

50 paint/pigment, glassmaking, and leather tanning industries.[1,2] It is estimated that 49.5 tons of total 

51 chromium are released annually to the aquatic systems, including surface water discharges, 

52 wastewater treatment facilities, and publicly owned treatment works by facilities that produce, 

53 process, or use metallic chromium in the U.S.[3] Chromium has several oxidation states, in which 

54 metallic Cr(0), trivalent Cr(III), and hexavalent Cr(VI) are the most common. Among these 

55 oxidation states, Cr(VI) is a carcinogen, mutagen, and teratogen toxicant that could result in 

56 reproductive, immunological, gastrointestinal, and developmental impacts.[3,4] Chromium (VI) 

57 speciation in aqueous solution varies based on its concentration and pH as H2CrO4 (pH<0.7), 

58 Cr2O7
2-(0.7<pH<6.5), and CrO4

2-(6.5<pH<14).[5] The high solubility of HCrO4
- and CrO4

2- in 

59 water makes these oxyanions extremely mobile in the aquatic environment.[6] The USEPA 

60 maximum contaminant level (MCL) for total chromium is 0.1 mg/L in drinking water [7]; however, 

61 the concentration of chromium in industrial wastewaters could vary between 50 to 100 mg L-1.[8] 

62 Thus, efficient removal of Cr(VI) from water and wastewater is critical to protect public health 

63 and ensure environmental safety. Adsorption, ion exchange, redox reactions, chemical 

64 precipitation, and membrane filtration are the most common practices to remove Cr(VI) from 

65 water.[2,3,9,10] Despite their popularity, each method has certain drawbacks regarding economic and 

66 efficient operations and secondary waste generation.[11–14] Among these methods, adsorption is a 

67 conventional method for Cr(VI) removal from water and wastewater due to its high efficiency, 

68 ease of operation, and simple regeneration of adsorbents.[3,15] In recent decades, limited studies 

69 have been conducted developing the amino and amide functionalized materials (e.g., nanoparticles, 

70 microspheres) to remove Cr(VI) oxyanions from water and wastewater.[8,16–19] Although, using the 
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71 powder adsorbents is generally associated with problems such as pipe clogging, difficult recycling, 

72 and loss of adsorbent during recycling.[17,20] Rather than the costly production of nanoparticles as 

73 adsorbent materials, limited information is available regarding their toxicity toward human health 

74 and ecological systems.[17] However, other forms of adsorbents, such as fibrous media could be 

75 easily removed from the aqueous solution after the adsorption process.[21] 

76 In recent decades the nanofibrous filter media offered enormous advantages over conventional 

77 water and wastewater treatment processes to remove heavy metals.[22,23] The large surface to 

78 volume ratio, high porosity, fibers interconnectivity, and small diameter of polymeric nanofibers 

79 resulted in nanofibers with greater selectivity and permeability, lower transmembrane pressures, 

80 lower maintenance, and operating costs.[12,13] Numerous polymers could be simply electrospun and 

81 subsequently modified for improved removal of heavy metals.[21,24-27] Polyacrylonitrile (PAN), 

82 despite being cheap and easy to electrospun,[28,29] does not demonstrate effective adsorption of 

83 ions.[30] Amination of PAN has been reported to enhance the removal of metal ions (e.g., Cu2+, 

84 Pb2+, Zn2+); however, it is ineffective for removing oxyanions (e.g., HCrO4
- and CrO4

2-).[31] In the 

85 study conducted by Chaudhary and Farrell (2014), PAN nanofibers were treated with hydrazine 

86 hydrate in combination with sodium hydroxide, followed by exposure to ferric hydroxide, to 

87 enhance the As(V) removal efficiency. Although it increased the Cr(VI) adsorption capacity of 

88 PAN nanofibers, this process involved utilizing hydrazine, a toxic chemical.[32] Various 

89 approaches have been implemented to improve the adsorption capacity of PAN nanofibers for 

90 Cr(VI) removal, as summarized in Table S1. Blending in an additional polymer such as polyvinyl 

91 alcohol (PVA) with PAN resulted in an increased Cr(VI) adsorption capacity of 66.5 mg g-1.[33] 

92 The addition of nanoparticles such as TiO2 and Graphene Oxide increased the Cr(VI) adsorption 

93 capacity for PAN nanofibers up to 280.4 and 382.5 mg g-1.[34,35] Limited investigations have been 

94 conducted to introduce the amine functional groups onto the PAN nanofibers for the enhanced 

95 Cr(VI) removal efficiencies. For instance, hydrothermal carbonization of PAN nanofibers in the 

96 presence of diethylenetriamine enhanced its Cr(VI) adsorption capacity to 290 mg g-1.[20] The 

97 polyethylenediaminetetraacetic acid (EDTA) and ethylenediamine (EDA) treated PAN nanofibers 

98 demonstrated the maximum adsorption capacity of 66.2 mg g-1 after 120 min exposure to the 

99 aqueous Cr(VI) solution.[36] However, more research is needed to develop efficient and facile 

100 chemical modification methods to improve the maximum adsorption capacity of PAN nanofibers. 
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101 This research aims to promote PAN nanofibers' Cr(VI) adsorption capacity by employing a 

102 new chemical modification strategy. The specific objectives were to (1) develop a new method to 

103 incorporate amidine functional groups onto the PAN nanofibers, (2) examine the influence of 

104 process conditions on the degree of chemical modification of PAN nanofibers, and (3) evaluate 

105 the factors that may influence Cr(VI) removal from water by chemically modified PAN nanofibers 

106 (APAN). 

107 This study used PAN nanofibers as supporting material for graft nitrogen-containing functions. 

108 A two-step chemical modification approach was applied to introduce amidine groups onto the 

109 PAN nanofibers and enhance the Cr(VI) uptake capacity. Briefly, in the first step, the nitrile 

110 functions on PAN nanofibers were converted to amidoxime functions using a chemical reaction 

111 with the aqueous hydroxylamine hydrochloride. Then a chemical reduction process was conducted 

112 using tin(II) chloride to reduce the amidoxime groups into amidine functions in the second step. 

113 Conversion of nitrile functions into amidoxime, and amidine was monitored using the ATR-FTIR 

114 spectroscopy. The kinetics and isotherms studies were conducted for Cr(VI) removal by the 

115 modified nanofibers. 
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116
117 2. Experimental

118 2.1 Materials

119 Polyacrylonitrile (PAN homopolymer, CAS 25014-41-9) with an average molecular weight of 

120 150,000 g mol-1 and a density of 1.184 g mL-1 was purchased from Sigma Aldrich (Saint Louis, 

121 MO). N, N-dimethylformamide (DMF, CAS 68-12-2) with 99.9% purity and density of 0.944 g 

122 ml-1 was purchased from Fisher Scientific (Pittsburg, PA). Sodium chromate (Na2CrO4.4H2O, 

123 CAS 10034-82-9, 99% pure) was purchased from Sterm Chemicals (Newburyport, MA). The 

124 Hydroxylamine hydrochloride (NH2OH.HCl) (97% pure, nitrogen flushed, CAS 5470-11-1) was 

125 purchased from Acros Organics (Fair Lawn, NJ). The tin (II) chloride (SnCl2.2H2O, 98.0% pure, 

126 CAS 10025-69-1) was purchased from Alfa Aesar (Haverhill, MA). Ethanol (anhydrous, 90% 

127 pure) was purchased from Fisher Scientific. The disodium arsenate (Na2HAsO4, 

128 Na2HAsO4,  ≥98 % pure, CAS 10048-95-0), sodium selenate (Na2SeO4, Na2SeO4, ≥98 % pure, 

129 CAS 13410-01-0), and sodium sulfate (Na2SO4, Na2SO4,  ≥99 % pure, CAS 7757-82-6) were 

130 purchased from Sigma Aldrich. All materials were used as received without further purification. 

131 Water treated with Ultrapure Milli-Q (18MΩ*cm) was utilized for all experiments. 

132

133 2.2 Preparation of adsorbent nanofibers
134 2.2.1 Electrospinning of PAN nanofibers and synthesis of amidoximated PAN (AOPAN) 
135 Nanofibers 
136 The polymeric solution was prepared by dissolving PAN in DMF at 7.0 wt% and mechanical 

137 stirring for 24 h at 55 ºC to produce the pure PAN nanofibers. The electrospinning process was 

138 conducted to produce the PAN nanofibers as described in the supplementary file (S1) and shown in 

139 Figure S1. The 20 kV voltage was applied to the polymer solution as it was ejected at 1.0 mL h-1 flow 

140 rate. The tip to collector distance was selected as 18 cm. To generate each nanofibrous sample, 6 

141 mL of PAN solution was electrospun in 6 h. The raw PAN nanofibers were treated with aqueous 

142 hydroxylamine hydrochloride (NH2OH·HCl) to convert nitrile (-C≡N) functional groups into 

143 amidoxime (-C(NH2)=N-OH) functions. This method was adapted from Huang et al. (2013).[37] 

144 More specifically, 150 mg of PAN nanofibers were added to 150 mL of water, followed by 

145 hydroxylamine hydrochloride (20 g L-1, 40 g L-1, and 60 g L-1). Different reaction times were 

146 selected as 2 h, 4 h, 6 h, and 8 h, respectively. The reaction temperature varied at 70 ºC and boiling. 

147 After each reaction, the treated nanofibers were removed from the solution and dried at room 
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148 temperature. The chemically modified nanofibers synthesized by the above method were named 

149 hereafter as amidoximated polyacrylonitrile nanofibers (AOPAN).

150

151 2.2.2 Generation of amidine functional groups on nanofibers

152 The reduction process was conducted to convert the amidoxime, functional groups, to amidines (-

153 C(NH2)= N.H.). For this purpose, amidoxime functionalized PAN nanofibers were reacted with 

154 tin(II) chloride (SnCl2·2H2O), which was dissolved in ethanol (EtOH) at 0.5 M concentration. This 

155 reduction reaction was conducted at 80 ºC at varying 6 h, 9 h, 12 h, 24 h, and 48 h. The AOPAN 

156 nanofibrous web was submerged in 150 mL of this solution in a round bottom flask and 

157 mechanically stirred during the reaction. The reflux condenser was used to prevent EtOH from 

158 evaporation, and this reaction was conducted under Argon atmosphere to prevent the SnCl2 from 

159 degradation in the presence of oxygen.[38] The chemically modified nanofibers synthesized by 

160 reducing AOPAN were named hereafter as amidine polyacrylonitrile nanofibers (APAN). Figure 

161 1 provides a schematic representation of the two-step process conducted in this study to convert 

162 raw PAN nanofibers into AOPAN and then into APAN nanofibers. 

163

164

165

166

167

168

169

170

171 Figure 1. The graphical summary of the two-step chemical modification of PAN nanofibers

172

173 2.3 Nanofibers characterization 

174 Surface morphology and diameter distribution of produced nanofibers were examined using Field 

175 Emission Scanning Electron Microscopy (FE-SEM) imaging (FEI NovaSEM 650). More 

176 description regarding the FE-SEM analysis is provided in the supplementary file (S2). ImageJ 

177 software was used to quantify the diameter distribution of fibers from FE-SEM images. The 

178 average diameter and percentage of the coefficient of variance (CV%) were determined by 

Raw PAN NFs       AOPAN  NFs              APAN NFs    
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179 measuring the diameter of 50 sections of nanofibers in each FE-SEM image. The surface chemistry 

180 of produced nanofibers was examined using ATR-FTIR spectroscopy. The ATR-FTIR spectra 

181 were recorded at 4000-650 cm-1, with 1/8 resolution, using a Thermo Scientific Nicolet Summit 

182 ATR-FTIR Spectrophotometer equipped with the auto-background corrector. To quantify the rate 

183 of nitrile functional group conversion to amidoxime function, Equation (1) was utilized. In this 

184 Equation, A2240 represents the adsorption intensity of the nitrile (-C≡N) bond, and A1450 represents 

185 the adsorption intensity of the (-C–H) bonds.[31]

186

187 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % =  
𝐴 2240
𝐴 1450 

𝑃𝑢𝑟𝑒 ―  𝐴 2240
𝐴 1450 

𝑇𝑟𝑒𝑎𝑡𝑒𝑑 
𝐴 2240
𝐴 1450 

𝑃𝑢𝑟𝑒 ∗ 100                                    

188 (1)
189
190 2.4 Evaluation of nanofibers chromium (VI) removal characteristics

191 The Cr(VI) adsorption capacity of nanofibers was evaluated through batch experiments in which 

192 10 mg of nanofibers were added to 50 mL of Cr(VI) aqueous solution (10 mg L-1). The solution, 

193 was then shaken using a Thermo Fisher Tube revolver at 40 rpm at room temperature for a certain 

194 duration (5 min to 4 h) at pH 3. Sodium chromate (Na2CrO4.4H2O) was utilized to prepare Cr(VI) 

195 aqueous solution. Water pH was adjusted by adding nitric acid (HNO3) or sodium hydroxide 

196 (NaOH). The pH was measured using an Accumet XL600 pH meter (Fisher Scientific; Pittsburg, 

197 PA). The Cr(VI) concentrations were quantified using a UV-Vis Spectrophotometer Hach Model 

198 4000DR according to the Standard Calorimetric Method 3500 Cr B, using 1,5-

199 Diphenylcarbohydrazide powder pillows purchased from Hach.[39] The Cr(VI) calibration curve 

200 was constructed from 5.0 µg L-1 to 650.0 µg L-1 (r2=0.98) with a method detection limit (MDL) of 

201 10.0 µg L-1. The adsorption capacity of nanofibers was calculated using Equation (2), where Ci 

202 and Cf are initial and final concentrations (µg L-1), v is the volume (L), and w is the weight of 

203 nanofibers (mg). The Cr(VI) adsorption measurements were conducted in triplicates.

204 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝐶𝑖 ―  𝐶𝑓 ∗ 𝑣
𝑤

       
205 (2)
206 The reusability of APAN nanofibers was evaluated to assess the utility of these nanofibers 

207 for future commercial applications. For this purpose, the Cr(VI) adsorption capacity of APAN 

208 nanofibers was measured through conducting successive adsorption/desorption cycles. The 

209 adsorption process was conducted by shaking 10 mg of nanofibers in 50 mL of [Cr(VI)] = 10 mg/L 
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210 at pH=3.0 for 1 h. The desorption process was conducted by immersion of nanofibers in NaOH (1 

211 M, 50 mL) solution for 30 min and then rinsing with deionized water and treatment with HCl (0.1 

212 M, 50 mL) for 30 min prior to undergoing the next reuse cycle.[40] The selectivity of nanofibers 

213 was evaluated by their exposure to the aqueous solution containing 10 mg/L of Cr(VI), As(V), 

214 Se(VI), and S(V) resulting from Na2HAsO4, Na2SeO4, and Na2SO4, for 1 h, at pH 3.0.

215 2.5 Statistical analysis

216 IBM SPSS Statistics 26 was applied to perform statistical analysis. The analysis of variance 

217 (ANOVA) and post-hoc comparison (p-value=0.05) were conducted to identify the significant 

218 differences between the fibers‘ diameter and chromium adsorption results. The normal distribution 

219 of nanofibers diameter was examined using the Kolmogorov-Smirnov test.[41, 42]

220

221  3. Results and Discussion

222 3.1 Nanofibers morphology and diameters variation 

223 The surface morphology and diameter distribution of raw PAN, AOPAN, and APAN nanofibers 

224 are shown in Figure 2. The FE-SEM images of raw PAN nanofibers demonstrated the overlaid 

225 nanofibers with normally distributed fibers diameter and 165 nm (CV%=39%) average diameter. 

226 The nanofibers' surface morphology was altered from a smooth surface in raw PAN nanofibers to 

227 the textured and rough surface in AOPAN nanofibers. Furthermore, the average diameter of raw 

228 PAN nanofibers was increased to 190 nm (CV%=14%) for AOPAN nanofibers after treatment 

229 with 60 g L-1 of Hydroxylamine for 8 h at the boiling temperature. This is likely due to the chemical 

230 modification of nitrile functional groups on raw PAN nanofibers and, subsequently, slight 

231 fusion/conglutination of nanofibers.[43] This surface morphology alteration was reported by Feng 

232 et al. (2017) following the treatment of PAN/Cellulose Acetate (PAN/CA) nanofibers by 

233 hydroxylamine and generation of amidoxime functional groups. Similar to our results, they 

234 reported increasing diameters for PAN/CA nanofibers.[43] Xu et al. (2013) also reported an 

235 increasing of the PAN fibers’ surface roughness due to the ethylenediamine amination process.[44] 

236 The average diameter of APAN nanofibers was found as 287 nm (CV%=17%), significantly 

237 greater than AOPAN and raw PAN (p-value<0.05). Furthermore, the FE-SEM images indicated a 

238 reduced surface roughness of APAN nanofibers compared to the AOPAN nanofibers. Both 

239 increased average nanofibers‘ diameter and reduced surface roughness might be due to the 

240 swelling of nanofibers during the reduction reaction process or fusion/conglutination of low 
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241 diameter nanofibers.[45] The nanofibers with lower diameters may have been removed from the 

242 web during the mechanical stirring.

 

243

 
Raw PAN (df : 165 nm) AOPAN (df : 190 nm)  APAN (df: 287 nm)

244 Figure 2. FE-SEM images and fibers diameter histograms of raw PAN nanofibers (7% w/w, 18 cm distance, Feed 
245 rate 1 mL h-1, 20 gauge needle, 20 kV electrical potential); AOPAN nanofibers (60 g L-1 NH2OH·HCl, 8 h, boiling); 
246 and APAN nanofibers (0.5 M SnCl2, 24 h, 80 ºC).
247
248 3.2 Investigation of factors affecting the conversion of PAN to AOPAN nanofibers

249 The ATR-FTIR spectra of PAN nanofibers treated with NH2OH·HCl demonstrates the successful 

250 synthesis of AOPAN nanofibers. The ATR-FTIR spectra of raw PAN nanofibers revealed the 

251 absorption bands at 2940 cm-1, 2240 cm-1, and 1450 cm-1 corresponding to the >C-H stretching, 

252 >C≡N stretching, and >C-H bending, respectively (Figure 3a). [44,46]  The ATR-FTIR spectra of 

253 AOPAN nanofibers that were reacted for 6 h at 80 ºC using three different concentrations of 

254 NH2OH·HCl (20, 40, and 60 g L-1) are shown in Figure 3a. The spectra of AOPAN revealed a 

255 new absorption band at 1650 cm-1, corresponding to >C=N, which indicates that a portion of nitrile 

256 (>C≡N) groups have been chemically modified. [44,46]  The intensity of this peak was enhanced by 

257 increasing the concentration of NH2OH·HCl from 20 g L-1 to 60 g L-1. Simultaneously, reducing 

258 the peak intensity at 2240 cm-1 with increasing the NH2OH·HCl concentration demonstrates >C≡N 

259 conversion to >C=N functionality. The conversion rates were calculated using Equation 1 for 

500 nm 500 nm 500 nm
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260 fibers treated with NH2OH·HCl under various experimental conditions (Table S2). In agreement 

261 with the previously published studies, the conversion rate increases in the presence of greater 

262 NH2OH·HCl concentrations. This might be due to enhanced molecular diffusion of NH2OH·HCl 

263 into the PAN nanofibers.[37] As demonstrated in Figure 3b, conducting this reaction for longer 

264 durations (6 h and 8 h) resulted in a broad absorption band at 2700-3500 cm-1 region that 

265 corresponds to >N-H and >O-H functions.[38] Furthermore, the peak intensity at 1650 cm-1, 

266 corresponding to >C=N functional group was increased. As presented in Table S1, increased 

267 duration of the reaction from 4 h to 8 h, increased the conversion rate from 9% to 22% at 70 °C, 

268 and from 13% to 37% at boiling temperature. The more prolonged reactions enhanced the 

269 molecular diffusion of NH2OH·HCl into the PAN nanofibers and promoted the probability of its 

270 reaction with nitrile functional groups.[37] The ATR-FTIR spectra of raw PAN and AOPAN 

271 nanofibers synthesized at 70 ºC and boiling are shown in Figure 3c. The AOPAN nanofibers 

272 synthesized at the higher temperature demonstrated a more intense peak at 1640 cm-1 that 

273 correspond to the imine/oxime (>N=H) bond vibrations. The reaction of nitrile with NH2OH·HCl 

274 has been described as an endothermic reaction in the previous studies, requiring an elevated 

275 temperature to proceed.[37] Reduced integrity of the nanofibers has been reported at conversion 

276 rates above 40%.[43] Thus, the AOPAN fibers synthesized at the boiling temperature for 8 h in the 

277 presence of 60 g L-1 of NH2OH·HCl were selected for the subsequent chemical modification. 

278

(a)
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(b)

(c)
Figure 3. An investigation of the impacts of (a) NH2OH·HCl concentration, (b) reaction duration, and (c) 
reaction temperature using the ATR-FTIR spectra of (A) raw PAN nanofibers and synthesized AOPAN at 
concentrations of (B) 20 g L-1, (C) 40 g L-1, and (D) 60 g L-1, AOPAN synthesized at boiling temperature for 
(E) 2 h, (F) 4 h, (G) 6 h, and (H) 8 h, and AOPAN nanofibers synthesized (I) 70 ºC and (H) boiling temperature

279
280 3.3 Synthesis of amidines by reduction of AOPAN nanofibers and generation of APAN 
281 nanofibers
282 Following the method adapted from the literature, SnCl2 was used to reduce the amidoxime 

283 functions on AOPAN nanofibers into amidines.[38] As ATR-FTIR spectra of AOPAN nanofibers 

284 demonstrate, the amidoxime groups were readily available on the surface of these nanofibers 

285 (Figure 4). The high yield of the amidoxime functional groups reduction through treatment with 

286 SnCl2 and generation of amidine functions is revealed by a broad band in 3650-3150 cm-1 region 

287 in the ATR-FTIR spectra of the APAN nanofibers, which corresponds to the stretching vibration 

288 of >N-H bond.[44,47] The significant reduction of oxime (>NOH) peak at 1644 cm-1 and >O-H 

289 stretching band at 2700-3200 cm-1 indicates that a great portion of amidoxime groups was 
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290 converted into amidines. However, the intensity of >C≡N peak at 2240 cm-1 remained unchanged 

291 after reducing AOPAN nanofibers. 

292
293 Figure 4. ATR-FTIR spectra of (A) raw PAN nanofibers, (H) AOPAN nanofibers synthesized at 60 g L-1 of 
294 hydroxylamine hydrochloride for 8 hours at boiling temperature, and (L) APAN nanofibers treated with (0.5 M) 
295 SnCl2 for 24 h.
296
297
298 3.4 Chromium (VI) adsorption by modified nanofibers

299 3.4.1 Investigate the Cr(VI) adsorption isotherm and kinetics 
300 Adsorption of Cr(VI) oxyanions onto the APAN nanofibers was examined through Langmuir and 

301 Freundlich isotherms.[48] The adsorption isotherm experiments were conducted for 4 h at 5 mg L-1 

302 to 800 mg L-1 Cr(VI) initial concentrations using the APAN nanofibers undergone the reduction 

303 reaction for 24 h. The Langmuir isotherm is described with Equation 3, in which K.L. is Langmuir 

304 constant (L/mg), qm is maximum adsorption capacity (mg g-1) calculated based on the model, Ce 

305 is the equilibrium concentration of adsorbate in the solution (mg L-1), qe is the experimental value 

306 of mass of adsorbate per unit mass of adsorbent (mg g-1). The Langmuir isotherm implies the 

307 monolayer adsorption of adsorbate onto the adsorbent surface; however, the Freundlich isotherm 

308 indicates the multilayer accumulation of adsorbates onto the surface of the adsorbent. The 

309 Freundlich isotherm is described using Equation 4, in which Kf and 1/n are the constants indicating 

310 the adsorption capacity (L mg-1) and adsorption intensity.[49] Table S3 summarizes the Langmuir 

311 and Freundlich isotherms constant values. As shown in Table S3, similar to the published literature, 

312 Freundlich isotherm better describes the adsorption of Cr(VI) oxyanions into the APAN nanofibers 

313 due to their accumulation onto the heterogenous functionalized nanofibers.[35,36,43] The non-

314 linearized plot of isotherms models fitted onto the experimental data is shown in Figure 5. The 

315 maximum Langmuir adsorption capacity of APAN nanofibers was found as 225 mg g-1 at pH 3. 
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316 The constant n as 3.39 (1<n<10) in Freundlich isotherm indicates a favorable adsorption 

317 process.[36]

318
𝐶𝑒

𝑞𝑒
=

1
𝑞𝑚𝐾𝑙

+
𝐶𝑒

𝑞𝑚
                                                          (3)

319 𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝐾𝑓 +  1
𝑛

𝑙𝑜𝑔 𝐶𝑒                                                                                                          

320 (4)

321

322 The kinetics of Cr(VI) adsorption onto the APAN nanofibers was investigated by 

323 conducting metal exposure experiments from 30 min to 48 h (Figure 6). The kinetics of Cr(VI) 

324 adsorption onto the fibers was examined using the Pseudo 1st order and Pseudo 2nd order adsorption 

325 models. Equations (5) and (6) describe the Pseudo 1st order and Pseudo 2nd order models,[51] where 

326 qe (mg g-1) is the experimental value of Cr(VI) loading on nanofibers at the equilibrium, qt (mg g-

327 1) is Cr(VI) loading on nanofibers at the given time, and k1 and k2 are the rate constants for Pseudo 

328 1st order and 2nd order models. By increasing the contact time from 30 min to 48 h, the adsorption 

329 capacity has been increased from 21.0 mg g-1 to 73.8 mg g-1. A 28% of maximum uptake was 

330 achieved during the first 30 min. The Cr(VI) was adsorbed rapidly by reduced APAN nanofibers 

331 during the first four hours of exposure (slope = 8.1), which was followed by the slow adsorption 

332 process during the second day of the exposure period (slope = 0.3) approaching the equilibrium. 

333 ln (qe-qt) = Ln qe - k1*t                         (5)
334 t/qt = 1/(k2*qe

2) + t/qe                                   (6)
335

336 As demonstrated in Table S2, the Pseudo 2nd order kinetic model best described the Cr(VI) 

337 adsorption by reduced APAN nanofibers as shown by the greater proximity of calculated 

338 adsorption capacities and experimental data and greater correlation factor (R2). This suggests that 

339 possible chemical interactions between Cr(VI) oxyanions and amino/amidine surface functional 

340 groups of nanofibers control the adsorption rate.[52] Our results are supported by other published 

341 literature that reported the 2nd order kinetic model for Cr(VI) adsorption by amino-functionalized 

342 nanoparticles.[8,20,52] The ion exchange, electrostatic attraction, hydrogen bonding, and 

343 coordination interaction between HCrO4
- and amino functions were reported as effective 

344 mechanisms leading to Cr(VI) removal from aqueous solution by amino-functionalized adsorbent 

345 materials. [8, 17, 53] The amino/amidine functional groups present on the surface of nanofibers are 

346 easily protonated and obtain the positive surface charge under acidic conditions; thus, they can 
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347 adsorb negatively charged Cr(VI) species from aqueous solution through ion exchange and 

348 electrostatic interactions.[52] The maximum chromium adsorption capacity of APAN nanofibers 

349 (225 mg g-1) at pH 3.0 was greater than adsorption capacities reported in the literature for modified 

350 activated carbon (25.1 mg g-1),[17] polyaniline coated nanofibers (15.08 mg g-1),[17] PAN nanofibers 

351 that were blended with malic acid (192.2 mg/g),[54] and calixarene (66.5 mg g-1),[55] FeCl2 (9.0 mg 

352 g-1), [56] and Fe2O3 (18.0 mg g-1) particles.[57] Furthermore, in many of the recently developed 

353 nanofibers listed in Table S1, the nanoparticles (e.g., graphene oxide, TiO2) have been utilized in 

354 the fiber structure to promote their Cr(VI) adsorption capacities. Although the production process 

355 of nanoparticles is expensive, they may leach out of the fibers during the use process and result in 

356 further environmental pollution. However, the APAN nanofibers developed in this study may 

357 provide a lower Cr(VI) adsorption capacity than a couple of those adsorbents, but they do not cause 

358 the problems associated with the addition of the nanoparticles to the fibers‘ structure.

359           
360

361 Figure 5. Adsorption isotherm plots (a) Langmuir and (b) Freundlich for Cr(VI) adsorption on APAN nanofibers 
362 (298 K and pH 3). 10 mg of APAN was mixed with 50 mL of Cr(VI) for 4 h at 40 rpm. Error bars are the standard 
363 deviations of three replicates.
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383 Figure 6. The experimental data and 2nd order kinetics model of Cr(VI) uptake by APAN nanofibers, 10 mg of APAN 
384 was mixed with 50 mL of 10 mg L-1 of Cr(VI) at 40 rpm, pH=3.0. Error bars are the standard deviations of three 
385 replicates. 
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386
387 3.4.2 Examination of factors influencing Cr(VI) adsorption by modified nanofibers

388 The influence of the reduction reaction duration of modified nanofibers on Cr(VI) adsorption 

389 capacity was investigated. For this purpose, the APAN nanofibers generated by reducing 

390 AOPAN for durations of 6 h, 9 h, 12 h, 24 , and 48 h were exposed to 10 mg L-1 Cr(VI) at 

391 pH=3.0 for 1 h. As Figure S3 demonstrated, the greatest Cr(VI) adsorption capacity was found 

392 as 38.5 mg g-1 nanofiber for APAN nanofibers that were synthesized during 48 h reduction of 

393 AOPAN. Our ATR-FTIR spectra also demonstrated a greater level of amidine (>N-H) surface 

394 functional groups on AOPAN nanofibers that were reduced for 48 h compared to the other 

395 fibers treated with SnCl2 for shorter durations (Figure S2). The amidine groups present on 

396 APAN nanofibers are considered as the major adsorption sites for Cr(VI) oxyanions. The 

397 Cr(VI) oxyanions may adsorb on protonated primary amines (>NH3
+) through hydrogen 

398 bonding, as suggested in the literature.[53] The Cr(VI) removal capacity by APAN nanofibers 

399 was altered linearly as a function of reduction duration (R2=0.959). However, the visual 

400 observation revealed the brittleness and yellowish discoloration of AOPAN nanofibers treated 

401 for 48 h. This chemical damage due to the extended treatment duration at an elevated 

402 temperature (80 ºC) could limit the further application of these nanofibers as an adsorbent. The 

403 raw PAN nanofibers tested at a similar condition showed a negligible Cr(VI) adsorption 

404 capacity (<0.01 mg g-1). This finding is in agreement with the published literature.[37-40]

405 The influence of aqueous solution pH on Cr(VI) adsorption capacity of nanofibers was 

406 examined by exposure of reduced AOPAN nanofibers to [Cr(VI)]t= 10 mg L-1 for 1 h contact 

407 time by varying the pH from 2.0 to 8.0. As shown in Figure S3, increasing the pH decreased 

408 the Cr(VI) adsorption capacity of APAN nanofibers. The adsorption capacity was reduced by 

409 19.8% by increasing the aqueous solution pH from 2.0 to 8.0. This pH dependence Cr(VI) 

410 removal by nanofibers could be due to the variations of nanofibers surface characteristics by 

411 pH and also different Cr(VI) species formed in the aqueous system. The amine and amide 

412 functions present on the nanofibers tend to protonate and deprotonate under acidic and basic 

413 conditions, respectively. With increasing pH, the nanofibers‘ surface charge may change from 

414 positive to neutral, thus reducing adsorption of negatively charged Cr(VI) oxyanions present in 

415 the system.[8] Furthermore, the Cr(VI) species present in the aqueous solution vary by pH; for 

416 instance, at the low Cr(VI) concentrations (<1.0 mg L-1), HCrO4
- and CrO4

2- are major aqueous 

417 species present in the system, while at 2.0<pH<4.0, HCrO4
- is dominant, and at pH>6.5 the 

418 CrO4
2- is the major species present in the system.[14] These species demonstrate various affinities 

419 toward adsorbent surface functional groups due to their different adsorption free energy as 
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420 HCrO4
- (-2.5 to -0.6 kcal/mol) and CrO4

2- (-2.1 to -0.3 kcal mol-1). The lower adsorption free 

421 energy of HCrO4
- compared to CrO4

2- results in more favorable adsorption.[58] Thus, our results 

422 demonstrate that at lower pH values, Cr(VI) in the form of HCrO4
- exhibits greater adsorption 

423 capacity. Our findings are similar to the studies that examined Cr(VI) adsorption by >NH2 

424 group coated nanoparticles and engineered iron-oxide nanoparticles. [8], [58] 

425 The APAN nanofibers maintained greater than 98% of their original adsorption capacity 

426 after exposure to five adsorption/desorption cycles, as shown in Figure S4. Furthermore, the 

427 selectivity of nanofibers was evaluated by their exposure to the aqueous solution containing 10 

428 mg L-1 of As(V), Se(VI), and S(V) resulting from Na2HAsO4, Na2SeO4, and Na2SO4, for 1 h at 

429 pH 3.0. The Cr(VI) adsorption capacity for the APAN nanofibers was found as 21.3 mg g-1, 

430 only 8% less when these anions were absent (23.2 mg g-1, pH=3.0, [Cr(VI)]=10.0 mg L-1). 

431 5. Conclusion
432 This study proposed a novel two-step addition-reduction process to transform nitrile functional 

433 groups in PAN nanofibers into amidine groups. Raw PAN nanofibers were reacted with 

434 hydroxylamine hydrochloride in an aqueous solution to convert the nitrile functional groups 

435 into amidoxime functions. Then, a reduction process was conducted using tin(II) chloride to 

436 convert the amidoxime functions into amidines. The FE-SEM imaging demonstrated the 

437 nanofibers surface morphological alteration due to this chemical treatment process and 

438 reduction of nanofibers‘ average diameter. The ATR-FTIR spectroscopy was conducted to 

439 examine the factors that influence the degree of nitrile functional group transformation to 

440 amidoxime and subsequently amidine. The Cr(VI) adsorption capacity of APAN nanofibers 

441 was found as a function of AOPAN nanofibers reduction duration, solution pH, contact time, 

442 and initial Cr(VI) concentration. The Cr(VI) adsorption process was best described with the 

443 Freundlich isotherm and pseudo 2nd order kinetic model due to the heterogeneous surface 

444 functionality of APAN nanofibers. The maximum adsorption capacity for the APAN nanofibers 

445 was 225 mg g-1 when exposed to Cr(VI) for 4 h at pH 3.0. This developed nanofibrous web 

446 could be used as an effective adsorbent for Cr(VI) removal from water, which could be recycled 

447 after several adsorption processes while maintaining a significant percentage of its adsorbent 

448 capacity.  
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