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Abstract 12 

An aminated acrylic fiber waste (AAFW) has been utilized as an adsorbent 13 

material for the removal of Cd(II) ions from aqueous solution after treatment of 14 

acrylic fiber waste (AFW) with hydroxylamine hydrochloride under basic 15 

conditions, and characterized for surface chemistry, surface morphology and 16 

textural properties. The ability of this sorbent to adsorb Cd(II) ions was examined 17 

via batch adsorption methods, studying the effect of pH, sorbent and sorbate 18 

concentrations, as well as contact time. Results obtained confirm that this sorbent 19 

was effective for Cd(II) ion adsorption, with uptakes promoted by high active site 20 

density, however, the adsorption process is independent of sorbent surface area. 21 
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The values obtained exceed those previously reported within the literature. 22 

Isotherm analysis using arrange of two- and three- parameter models, evaluated 23 

using non-linear regression methods with error analysis, showed that the Langmuir 24 

isotherm model most appropriately described the experimental data obtained, 25 

indicating mono layer adsorption occurs. Kinetic analysis using arrange of models 26 

in their non-linear forms provided mechanistic information, showing that pseudo -27 

second-order behavior is involved. The synthesized aminated acrylic fiber waste 28 

derived sorbents offer significant potential for the removal of Cd (II) ions from 29 

aqueous solution through a mechanism of chelation between the electron- donating 30 

oxygen-and nitrogen-containing groups in the sorbent and the electron-accepting 31 

Cd(II)ions. 32 
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1. Introduction 43 

Wastewater adulteration with significant levels of metal species is a genuine 44 

natural issue, with high potential impact as a consequence of the hazardous nature 45 

of such contaminants; this includes danger towards marine organisms, non-46 

biodegradability, bioaccumulation, and is compounded by the high capital expense 47 

of removing such pollutants from wastewater. High levels of metals, e.g. cadmium, 48 

lead, mercury, copper, nickel and zinc, are found in mechanical wastewater 49 

releases as a consequence of highly polluting processes including mining and 50 

metallurgical practices, electroplating, and the creation of synthetic substances, for 51 

example, dyes, composts, and pesticides. This pollution of natural resources has 52 

significant negative impacts on flora and fauna, exacerbated by their ubiquitous 53 

presence in developed life styles [1, 2]. 54 

Cadmium has been previously identified as an important heavy metal pollutant , 55 

and has been proven to exhibit high levels of toxicity even at very low 56 

concentrations, resulting in a range of biological impacts in living beings, 57 

including humans[3]. With significant discharges from a range of industries, 58 

including mining, oil refineries, metal plating, batteries manufacture, alloy 59 

industries, smelting, phosphate fertilizers and pigments [4-6], high levels have 60 

been observed that require remediation [7]. Traditional techniques used for 61 



removal of heavy metal pollutants from industrial wastewater effluents include 62 

separation with membranes [8],ion exchange [9], electrolysis [10], chemical 63 

precipitation [11] and adsorption onto activated carbons[12, 13]; however, most of 64 

these techniques suffer from practical drawbacks, such as problematic disposal of 65 

waste materials, as well as the high capital needed for several operations and 66 

processes. By comparison, adsorption processes are the most common and 67 

effective techniques applied for removing heavy metal pollutants from their 68 

aqueous solutions [14, 15], and activated carbons can be relatively inexpensive 69 

materials, especially if they are derived from waste components. Activated carbons 70 

have been widely used as sorbents in wastewater treatment systems; however, they 71 

can be unsuitable for developing countries due to high operational costs [16-18]. 72 

In order to enhance adsorption of metal species, chelating resins and polymers 73 

have been used to treat wastewater and recover metal ions from a wide range of 74 

sources [19, 20] and the preparation of chelating fibrous materials through the 75 

introduction of functional groups into the chemical structure of industrial fibers is a 76 

good approach to the production of new high-efficiency metal sorbents [21, 22]. 77 

Instead of simply exchanging ions, the process of chelation should be highly 78 

selective. By utilizing waste materials, as has been routinely done for activated 79 

carbons, this allows for high performance, low-cost sorbents to be created. With a 80 



combination of low-cost, ease of modification and good stability in aqueous media, 81 

polyacrylonitrile fiber is the most used for this purpose [23] and is utilized here. 82 

In this study, aminated acrylic fiber waste (AAFW) was used to synthesize a new 83 

sorbent for the removal of Cd(II) from aqueous media. The preparation of these 84 

sorbents was achieved by the reaction of acrylic fiber waste (AFW) with 85 

hydroxylamine hydrochloride under alkaline conditions. The obtained product was 86 

characterized to investigate the surface functional groups, morphology, and surface 87 

area. The effects of pH, initial concentration of Cd(II), and exposure time were 88 

also studied providing information on  isothermal equilibria, sorption kinetics and 89 

mechanism of sorption. 90 

2 .Materials and methods 91 

The acrylic fiber wastes used in this study are supplied from the fiber production 92 

line of the A ksa Egypt Acrylic Fiber Company, Borg El-Arab Alexandria, Egypt, 93 

in the form of acrylic soft waste. All reagents used in this study: cadmium acetate, 94 

sodium hydroxide, ethylenediaminetetraacetic acid, nitric acid, sodium carbonate, 95 

hydrochloric acid, acetone, and ethyl alcohol, were laboratory grade chemicals 96 

supplied by Merck, Germany. 97 



2.1. Preparation of aminated acrylic fiber waste derived sorbents 98 

4.5 g of hydroxylamine hydrochloride was solubilized in 30 mL of a 5:1 methanol-99 

water mixture to produce a free solution of hydroxylamine; with the hydrochloride 100 

species fully neutralized using 0.1 M sodium hydroxide solution. 3 g of the acrylic 101 

fiber waste was kepts welling in10 mL of methanol overnight before addition of 102 

the previously-prepared free hydroxylamine solution in a flask fitted with 103 

condenser. The aminated acrylic fiber waste (Scheme1) was prepared by refluxing 104 

at 100 °C for 8 h, prior to filtering and washing thoroughly with sufficient distilled 105 

water to ensure that any unreacted hydroxylamine was removed, and subsequent 106 

drying at 60 °C for 3 h. 107 

 108 



Scheme 1: Preparation of aminated acrylic fiber waste sorbent (AAFW) from 109 

acrylic fiber waste (AFW). 110 

2.2. Batch Adsorption Studies 111 

0.03 g of adsorbent was added to 100 mL of a Cd(II) ion solution (100–112 

1000 mg L−1), prepared using cadmium acetate, in a 125 mL Erlenmeyer flask. 113 

0.1  M nitric acid or 0.1 M sodium hydroxide was added drop wise to adjust pH 114 

values to the required value and the mixture shaken at 30 °C, at a constant speed of 115 

150 rpm, for a pre-defined period, before filtering. The concentration of Cd(II) ions 116 

was measured before and after adsorption, using direct titration with a standard 117 

solution of ethylenediaminetetraacetic acid (EDTA, 0.5 mM). 118 

The amount of Cd(II) adsorbed at equilibrium, qe (mgg-1) was calculated using: 119 

 
qe =

V(Co − Ce)

W
 

1 

While the percentage removal was calculated via: 120 

 
Removal % =

(Co − Ce)

Co
∙ 100 

2 

Where Co and Ce (mg L-1) are the initial metal concentration and metal 121 

concentration at equilibrium, respectively; W(g) is the weight of adsorbent used, 122 

and V is the volume of Cd (II) solution (0.1 L). 123 



2.3. Sorbent characterization 124 

FT-IR-spectroscopy 125 

The aminated acrylic fabric waste, hereon denoted AAFW, and AAFW loaded 126 

with Cd(II) post-adsorption were characterized using Fourier Trans forminfrared 127 

spectroscopy (FTIR) to assign vibrational frequencies of different functional 128 

groups present in the parent adsorbent structure, as well as to determine the nature 129 

of any bonds formed between Cd (II) ions and the adsorbent surface. FTIR spectra 130 

of KBr discs containing ~2-10 mg of sample in ~300 mg of KBr were recorded 131 

using a Perkin–Elmer Spectrum1000 spectrophotometer (USA) over a wavelength 132 

range of 4000–400 cm-1 at a scan interval of 1 cm-1 over 120 scans. 133 

Scanning electron microscopy (SEM) 134 

A sample of each sorbent was coated with chromium on carbon tape and then 135 

imaged using a TESCAN CE VEGA 3 SBU (117-0195- Czech Republic) scanning 136 

electron microscope (SEM). Images were recorded using 2000x magnification and 137 

the technique provided information on the morphology of the parent fibers and the 138 

synthesized AAFW sorbent. 139 

Energy–dispersive X-ray analysis (EDX) 140 

Energy-dispersive X-ray (EDX) patterns were recorded using adispersive X-ray 141 

fluorescence (EDX) spectrometer (Oxford Instruments) attached to a scanning 142 



electron microscope (JEOL-JSM-5600- Czech Republic).The test was performed 143 

on post-adsorption AAFW samples to determine the presence or absence of Cd(II) 144 

ions using the  characteristic band of cadmium metal for confirmation. 145 

BET surface area measurement 146 

The textural characteristics of AAFW were determined via nitrogen adsorption 147 

using an Auto sorbI assembly. Analysis was conducted using oxygen-free nitrogen 148 

gas (Nova 2000, Quanta Chrome Instrument, Beach, USA) at-196 °C, and the 149 

isothermal data obtained analyzed using the Brunauer-Emmet-Teller method. Meso 150 

pore volume, external surface area, and meso pore surface area were determined 151 

using the t-plot method, while the Barrett-Joyner-Halenda technique was used to 152 

calculate the average pore width and obtain the pore size distribution. 153 

Determination of point of zero charge (pHpzc) 154 

A solid addition method was used to evaluate the pH at the point of zero charge 155 

pHpzc for AAFW. Typically, 100 mL of 0.01 N NaCl was added to a series of 156 

conical flasks and the pH adjusted using an aqueous solution of 0.01 NHCl and 157 

0.01 N NaOH to adjust the pH within the range 2 to12. The initial pH was recorded 158 

after a constant pH value was attained; thereafter,100 m g of the AAFW was 159 

dispersed in the conical flasks and incubated for 24 h to obtain the final pH. The 160 



initial and final pH was plotted, with the point of intersection of the plots denoting 161 

the pHpzc of the adsorbent. 162 

2.4. Error analysis 163 

Error functions were defined to evaluate the fit of the selected isotherm models 164 

(Langmuir, Freundlich, Temkin, Redlich-Peterson, Toth and Khan, and Sips) to the 165 

experimental equilibrium data. The common error functions used here to optimize 166 

the isotherm parameters were: average relative error (ARE), average percentage 167 

error (APE %), hybrid fractional error function (HYBRID), a determinant of the 168 

quality of the fit (2), and normalized standard deviation (∆q%)[24-28]. Data 169 

obtained for isothermal studies and the associated fits are presented in Table 1(see 170 

supporting information). 171 

3. Results and Discussion 172 

3.1. Characterization of sorbent material (AAFW) 173 

3.1.1. FT-IR of AAFW 174 

The FT-IR spectra of AFW, AAFW and AAFW loaded with Cd(II) ions are 175 

illustrated in Figs.1(a)–(c), respectively. The difference in  the finger print peaks of 176 

the spectra are evident, and confirm the occurrence of both amination and 177 

adsorption processes. Fig. 1(a) shows bands at 3746 cm−1 and 2928 cm-1, which are 178 

characteristic of O-H stretching and C-H stretching of AFW, respectively. The 179 



sharp peak at 2244 cm-1 is attributed to C≡N stretching of the nitrile group in the 180 

polymer chain of AFW. The bands at 1728 cm-1 are attributed to C=O stretching of 181 

ester (vinyl acetate) of the AFW chain. The peak at 1448 cm-1 is due to C-H 182 

bending of methyl esters. Fig. 1(b) shows the disappearance of the cyanide group 183 

of AFW due to the conversion of AFW to AAFW, by reaction with free 184 

hydroxylamine solution [29]. Fig.1 (b) also exhibits a broad peak at 3207 cm−1 185 

due to hydrogen bonding between the–OH group of AFW and amine groups in the 186 

chains of AAFW. The peaks at 2923 cm-1 and 1641 cm-1 are attributed to C-H 187 

stretching, and N-H bending of amine in AAFW. The peaks at 1381 cm-1 and 188 

928 cm-1 are due to C-H bending and C-C bending of AAFW. Fig.1(c) shows a 189 

small shift in the absorbance peak for Cd (II)- loaded AAFW compared with that 190 

in AFW (a), and AAFW (b).  The broad band observed at 3207 cm−1 is shifted to 191 

3247 cm−1. The peaks at 2923 and 1641 cm−1 are shifted to 2921 and 1642 cm−1, 192 

respectively. The peak observed at 1381 cm−1 is shifted to 1385 cm−1, indicating 193 

strengthening of the relevant bonds. 194 

3.1.2. Morphological characterization of adsorbent by SEM 195 

Fig.2(a) shows the SEM image obtained for AAFW, and the morphology can be 196 

seen to be disordered, revealing an agglomerated material with several types of 197 

pores. There are no significant changes in the morphology after adsorption of 198 

Cd(II), as shown in Fig.2(b), indicating that AAFW is a robust sorbent with 199 



favorable potential for commercialization. The EDX spectra of Cd(II)-loaded 200 

AAFW is presented in the chart of Fig.2(c). The presence of sharp peaks cores 201 

pending to elemental Cd confirms adsorption of Cd (II) onto AAFW surface. 202 

3.1.3. Surface area characterization of adsorbent by BET 203 

The textural characteristics of the AAFW show a very low BET surface area of 204 

0.1 m2 g-1 with a total pore volume of 3 x 10-3 cm3 g-1, and an average pore width 205 

of 109 nm. The low surface area is as expected, due to the nature of the prepared 206 

aminated acrylic fibers, which is unaffected by conversion to AAFW. The average 207 

pore width is in the macro pore region [30, 31], which is beneficial for mass 208 

transport, particularly in aqueous systems, enhancing contact with and adsorption 209 

of  Cd (II). 210 

3.2. Factors affecting Cd(II) adsorption onto AAFW 211 

Several factors are known to influence the adsorption of heavy metals, including 212 

adsorbent dose, pH, adsorptive concentration and contact time. These four 213 

parameters were investigated to understand their impact on the adsorption behavior 214 

of  AAFW. 215 

3.2.1. Point of zero charge (pHpzc) and the effect of pH 216 

Fig. 3 shows the data obtained for determination of the pHpzc for the surface of the 217 

AAFW sorbent, defining the pH at which the surface of has a neutral charge. The 218 



pHpzc of AAFW was determined as 8.0 indicating that the surface of AAFW is 219 

alkaline in nature. When the pH value of the solution is higher than pHpzc, the 220 

surface charge of the sorbent will be negative and favors the binding of cations. 221 

When the pH value of the solution is lower than the pHpzc, the surface charge of the 222 

sorbent will be positive and, therefore, the adsorption of cations is unfavorable 223 

[32]. Figure 3 presents the results of studies in to the effect of pH on the adsorption 224 

of Cd (II) ions by AAFW, in the range pH2–7, and an initial Cd(II) ion 225 

concentration of 300 mg L-1. The adsorption of Cd(II) increased from 0 to 226 

80.5 mg g-1 with increasing pH, up to pH 6, before decreasing with a further 227 

increase of pH within the range studied. At high acidity (e.g. pH 2), the AAFW 228 

surface will be completely covered with H3O
+ ions, and the Cd (II) ions would be 229 

unable to compete with them for adsorption sites (qe=0). With the increase in pH 230 

towards more neutral values ,the competing effect of H3O
+ decreases and the 231 

positively charged Cd(II) ions would adsorb on the free binding sites of the 232 

adsorbents indicating a maximum value at pH6. After this point, the uptake 233 

decreases again, as active sites are less available on the adsorbent, and equilibrium 234 

is established between the Cd (II) ions on the adsorbent and in solution [33]. 235 

The results indicate that the optimum pH for AAFW to adsorb Cd(II) is6.0, as 236 

shown in Fig.9(a), which is lower than the pHpzc, which results in the sorbent 237 

surface being predominantly positive, which may lead to electrostatic repulsion 238 



between the Cd(II) ions and the positively charged surface [34]. The positive 239 

charge of AAFW can be attributed to the character of the nitrogen atoms in the 240 

amine groups present on the surface of the polyacrylonitrile fiber, as a consequence 241 

of the reaction with free hydroxylamine. It is possible that metal complexes form 242 

between the Cd(II) ions and the basic nitrogen of the amine functionalities. This 243 

metal complexation may occur in tandem with interactions between the metal ions 244 

and the oxygen atoms in the hydroxyl groups on the AAFW, and this may be 245 

significant in enhancing adsorption. 246 

3.2.2. Effect of adsorbent dose 247 

Previous studies, including works on meal ion removal, have report an influence 248 

from the amount of adsorbent used within an adsorption system. Consequently, the 249 

effect of adsorbent dose, in the range 0.3–10 g L-1, on the adsorption capacity of 250 

AAFW from a Cd (II) ion solution, of initial concentration 300 mg L-1, was studied 251 

at the previously determined pH value for maximal adsorption (pH6). As can be 252 

seen from Figure5, the adsorption capacity (qe) of Cd(II) ions, per gram of 253 

adsorbent (mg g-1), decreased from 89.5 to 15mg g-1 with increasing adsorbent 254 

dose, up to 8 g L-1, where after a plateau is observed. The decrease in adsorption 255 

capacity with  increasing adsorbent dose, while counterintuitive, can be attributed 256 

to the relative number of unsaturated adsorption sites, which increases as more 257 

mass is added, thereby decreasing the relative uptake per unit mass. There may 258 



also be effects from the overlap of adsorption sites and overcrowding of adsorbent 259 

particles, which has been observed previously for metal ion recovery [33]. 260 

3.2.3. Effect of contact time 261 

Contact time is also known to affect adsorption uptakes, as insufficient time 262 

prevents equilibrium being established. The effect of contact time on the Cd(II) ion 263 

adsorption capacity of AAFW, at an initial adsorptive concentration of 300 mg L-1, 264 

is shown in Figure 6. As expected, the adsorption capacity of AAFW increased 265 

with increasing contact time, with equilibrium established at 90 min, after which 266 

the uptake plateaus with no further enhancement in capacity. It is imperative, for 267 

applications of such technologies, that the equilibrium time is short, which is the 268 

case here. 269 

3.3. Isothermal analysis of Cd(II) ion adsorption on AAFW 270 

Isothermal data provides information on the final uptake capacity of sorbents and it 271 

is evident from the data presented in Table 2 (see the supporting information) that 272 

the AAFW material has a very high affinity for the removal of Cd(II) ions from 273 

solution, demonstrating significant improvements on other sorbents previously 274 

reported in the literature [35-43]. Additionally, adsorption isotherms are used to 275 

describe the thermodynamic equilibrium established between the sorbate quantity 276 

on the sorbent surface and the amount of solute in solution over a range of 277 

concentrations, not just the final capacity. By studying the approach to capacity, it 278 



is possible to more fully understand the processes occurring within these 279 

adsorption systems. There have been a number of models, with modifications and 280 

combinatorial versions, developed to model such systems and provide insight into 281 

the behavior observed during adsorption. These can be categorized, in the main, as 282 

two- or three-parameter models, arrange of which have been selected to analyze 283 

the data obtained within this study. The chosen models comprising two parameters 284 

are Langmuir, Temkin, and Freundlich, and those with three parameters are Sips, 285 

Redlich-Peterson(R-P), Toth and Khan. All isothermal data analyzed in this study 286 

was obtained for adsorption of Cd(II) ions onto AAFW, at pH6, equilibrated for 287 

90 min. 288 

3.3.1. Two-parameter isotherm models 289 

The Langmuir isotherm model [44], which is based on monolayer adsorption with 290 

a fixed number of localized sites, refers to homogeneous adsorption, with no 291 

interact ions between neighboring adsorbate molecules, and an absence of site to 292 

site migration of  adsorbate. The non-linear form of the Langmuir isothermis: 293 

                   qe =
KLCe

1+bCe
                                                        3 294 

Where Ce is concentration of Cd (II) ions adsorbed at equilibrium, mg L-1, qe is 295 

amount of Cd (II) ions adsorbed per unit mass of adsorbent (mg g-1), KL(L g-1) and 296 

b(L mg-1) are constants. The ratio b/kL gives the maximum adsorption capacity 297 



(qmax) inmg g-1. The essential characteristics of Langmuirian behavior can be 298 

expressed in terms of the dimensionless separation factor, RL, [45] represented by: 299 

    300 

               RL =
1

(1+b∙C0 )
                                              4 301 

Where Co is the initial adsorptive concentration in solution, and  b is a constant. 302 

The Freundlich isotherm model can be applied to systems that exhibit multi layer 303 

adsorption and accounts for surface heterogeneity. This empirical model is based 304 

on strongest binding sites being, with a logarithmic decrease in adsorption heats 305 

across all surface sites. The logarithmic form of the model is[46]: 306 

qe = KF ∙ Ce
1
n⁄  

5 

 307 

where Ce and qe are as defined above, and KF and n are constants related to 308 

adsorption capacity and favorability, respectively. 309 

The Temkin isotherm model[47] assumes a linear decrease in the distribution of 310 

adsorption heats across all surface sites due to adsorbate/adsorbent interactions. 311 

The non-linear Temkin isotherm model is represented by: 312 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
∙ 𝑙𝑛(𝐴𝑇𝐶𝑒) 

6 



Where Ce and qe are as defined above, AT is the Temkin isotherm constant (L g-1), 313 

bT is a constant related to the heat of adsorption (J mol-1), T is absolute temperature 314 

(K) , and R is the universal gas constant. 315 

3.3.2. Three-parameter isotherm models 316 

The Redlich–Peterson isotherm model [48] combines features from both the 317 

Freundlich and the Langmuir isotherm models, as a consequence it does not follow 318 

ideal monolayer adsorption. The model is empirical in nature and approaches the 319 

Henry region at infinite dilution, and reduces to the Freundlich model at high 320 

liquid-phase concentrations. The non-linear Redlich–Peterson equation is 321 

represented by: 322 

qe =
A ∙ Ce

1 + B ∙ Ce
g 

7 

Where Ce and qe are as defined above, A(L g-1) and B are constants, and g is an 323 

exponent constant hat lies between 1and 0; when g= 1, Eq. (7) reduces to the 324 

Langmuir equation, and wheng =0, Eq.(7) reduces to Henry’s equation, where 325 

A/(1+B) is the Henry’s constant. 326 

The Toth isotherm model [49] is another modification of the Langmuir equation 327 

and is used to describe heterogeneous adsorption systems; it differs by satisfying 328 

both low-and  high-end concentration boundaries, as expressed by: 329 



qe =
kT ∙ Ce

(aT + Ce)
1
t

 
8 

Where Ce and qe are as defined above, KT is a constant, aT is the maximum 330 

adsorption capacity, and 1/t is the Toth exponent constant. The constant t provides 331 

a measure of the heterogeneity of the sample and the model reduces to the 332 

Langmuir isotherm model when t is close to unity. 333 

The Sips isotherm model [50], which is a combination of the Langmuir and 334 

Freundlich isotherm models, again predicts adsorption on heterogeneous surfaces 335 

and  can be represented by: 336 

qe =
ks ∙ Ce

β1

1 + as ∙ Ce
β1

 
9 

Where Ce and qe are as defined above, ks (L g-1) and(L mg-1) are constants, and β1 is 337 

the Sips model exponent t.While the Sips model becomes the Freundlich isotherm 338 

model at low adsorptive concentrations, it also reduces to the Langmuir isotherm 339 

model, predicting monolayer formation, at high adsorptive concentrations. 340 

 341 

The Khan isotherm model [51] was first proposed to describe the adsorption of 342 

aromatics on activated carbons, and is used to predict adsorption in binary systems 343 



from pure adsorption data; however, is also applicable to the system studied here, 344 

and is expressed by: 345 

qe =
qmax ∙ bK ∙ Ce

(1 + bK ∙ Ce )
aK

 
10 

Where Ce and qe are as defined above, bk is a constant, ak is the model exponent, 346 

and qmax is the maximum adsorption capacity (mg g-1). 347 

3.3.3. Error analysis 348 

To determine the most appropriate equation to model the isothermal data obtained 349 

in this study, error functions were used to minimize the error between the 350 

experimental data and the prediction from each model by optimizing the 351 

variance(R2). Errors between experimental and isothermal model data were 352 

minimized using arrange of error functions (ARE, APE%, HYBRID, 2, and ∆q%), 353 

optimized using non-linear regression. An example compare is on between the 354 

experimental isothermal data obtained here andthefitsofferedbythedifferenttwo-355 

andthree-parameterisothermmodelsoutlined above are shown in Figure 7; all data 356 

across the 6 models and different error functions are presented in 357 

Tables3and4.Adsorption reversibility is inferred from the value of RL, as 358 

determined from the Langmuir model, which indicates irreversibility when RL=0, 359 

favorability for 0<RL<1, linearity if RL=1, or unfavorability whenRL>1. The value 360 

of n, as determined from the Freundlich model (Table 3) was 1.76, which satisfies 361 



the caveat 0 < n < 10, and also indicates that adsorption of Cd(II) ions onto AAFW 362 

is favorable; however, the value of 1/n < 1 suggests some minor negative impact 363 

on adsorption at low equilibrium concentrations. The maximum adsorption 364 

capacity for Cd(II) ions onto AAFW, according to the Langmuir isotherm model, 365 

was 253 mg L-1, which, as stated above, compares very favorably with other 366 

systems  (Table 2). 367 

The data presented in Table3 indicates that the fit of the two-parameter isotherm 368 

models flows the order: Langmuir> Freundlich> Temkin; whilethethree-parameter 369 

isotherm models are ordered :Sips> Toth> Khan> Redlich- Peterson (Table 4); this 370 

results in an overall ranking of Langmuir> Sips> Toth> Freundlich> Khan> 371 

Temkin> Redlich-Peterson, on this basis of error functions and variance 372 

minimization.  373 

Consequently, the Langmuir model was deemed the most appropriate to model the 374 

adsorption of Cd(II) ions on AAFW, suggesting monolayer adsorption, which is in 375 

line with the visual representation  of  the  adsorption  isotherm (Figures7 and 8). 376 

3.4. Adsorption kinetics 377 

It is not only important to know the amount of material that will be taken up by a 378 

sorbent but, from a commercial application perspective, it is imperative to 379 

understand the time required to adsorb a pollutant species, thereby informing 380 



residence times for a designed system. It is possible to model the approach to 381 

equilibrium, giving insight into the kinetics of adsorption, which can also provide 382 

information on the mechanism of adsorption. Here, three kinetic models were used 383 

to model the data obtained for the approach to equilibrium with time for adsorption 384 

of Cd(II) onto AAFW, namely pseudo-first-order, pseudo-second-order and intra-385 

particle diffusion; the first two looking at reaction kinetics and the latter focusing 386 

on kinetic diffusion.. 387 

Pseudo-first-order kinetic processes are usually considered physical adsorption and 388 

are diffusion controlled;  the non-linear mathematical form of the model [52] is 389 

given by: 390 

qt = qe[1 − exp(−k1t)] 11 

Where qt is the amount of Cd (II) ions adsorbed (mg g−1) at time t (min), qe is the 391 

amount of Cd (II) ions adsorbed (mg g−1) at equilibrium, and k1 is the rate constant 392 

of adsorption (min−1). 393 

The pseudo- second order kinetic model [53], which is similar in basis to the 394 

pseudo-first order equation except the adsorption of metal ions is controlled by a 395 

second order rate equation, can be expressed by: 396 

qt =
k2qe

2∙t

(1 + k2ket)
 

12 



Where qt, qe and t are as defined above, and k2 (g mg−1 min−1) is the rate constant 397 

for the kinetic model. This model assumes that the rate of adsorption is controlled 398 

by the sharing of electrons between the adsorbent and adsorbate, i.e. a chemical 399 

process. 400 

The overall kinetics of an adsorption process, when controlled by intra-particle 401 

diffusion [54],can be expressed by: 402 

qt = kidt
0.5 + qe 13 

Where qt, qe and t are as defined above, and kid (mg g−1min1/2) is the intra-particle 403 

diffusion rate constant. Previous studies report that a plot of qt vs. t1/2 gives multi-404 

linear steps controlled by the adsorption process[55, 56]. The initial portion is 405 

curved and due to bulk diffusion, followed by a linear portion attributed to intra-406 

particle diffusion and, finally, a plateau, which results from equilibrium. 407 

Table 5 shows the values obtained for each kinetic model obtained in this work, 408 

with the corresponding2, R2, and Δq % values. It is evident that the best fits, as 409 

denoted by the highest R2 and lowest ∆q% values, were obtained for the pseudo-410 

second-order kinetic model (Figure9), suggesting chemical control of the 411 

adsorption process and the intra-particle diffusion model. Overall, the results 412 

obtained from the three kinetic models show that the adsorption kinetic models can 413 

be ordered: intra-particle> pseudo-second-order> pseudo-first-order forth equality 414 



of fit that they provide for the adsorption of Cd (II) ions onto AAFW. This 415 

indicates that there is a combination of diffusional processes and surface chemical 416 

interactions that control the adsorption process studied here. 417 

Mechanism of Adsorption 418 

Given the low surface area of AAFW, in contrast with the high uptake of Cd(II) 419 

ions, it is evident that the high adsorption capacity of AAFW is independent of 420 

surface area and is, therefore, likely related to the high density of active surface 421 

functional groups. The results obtained for the kinetic modelling also indicate that 422 

some chemical interactions are involved in this adsorption process. Similar studies 423 

on relatively high metal adsorption on low specific surface area adsorbents have 424 

been reported in the literature [57, 58] and support the observations made here. The 425 

results obtained suggest that the removal of Cd (II) ions from aqueous solution 426 

onto the surface of AAFW may occur via a two steps, one physical and the other 427 

chemical. Firstly, the metal ions must diffuse to the surface of the sorbent, which 428 

involves migration of the sorptive from the bulk of the solution to the sorbent 429 

particles, (b) dispersion of the sorptive through the boundary layer to the external 430 

surface of the adsorbent, (c) adsorption at the dynamic sites on the external surface 431 

of AAFW, and finally (d) intra-particle-diffusion of the Cd(II) particles into the 432 

internal pores of the sorbent. In tandem, it is proposed that the metal ions chelate to 433 



the sorbent via electron-donation from the combination of oxygen-and nitrogen-434 

containing groups in AAFW to the electron-accepting Cd(II) ions (Scheme2). 435 

 436 

Scheme2: Schematic presentation of proposed complex structure between AAFW 437 

and Cd(II) ions. 438 

 439 

 440 

 441 

 442 

4. Conclusions 443 

The acrylic fiber waste was modified with hydroxylamine hydrochloride in 444 

alkaline medium to aminated acrylic fiber wastes (AAFW). The AAFW samples 445 



were characterized by FT-IR spectral analysis, BET surface area, and SEM before 446 

and after adsorption of Cd(II). The AAFW were utilized for the extraction of 447 

Cd(II) ions from aqueous solution by using batch adsorption technique. The results 448 

indicated that the adsorption capacity of AAFW towards Cd(II) ions was affected 449 

by the contact time, adsorbent dose, pH and adsorbate concentration. Isothermal 450 

analysis showed that the Langmuir model provided the best fit of the experimental 451 

data, with a maximum predicted adsorption capacity of 253 mg g-1 at 30 °C. 452 

Adsorption was shown to be a favorable process and the kinetics of adsorption, 453 

obeying intra-particle diffusion and pseudo-second order models suggest overall 454 

chemical control of the adsorption process, possibly via a combination of 455 

physisorption, and complexation. Consequently, these aminated fiber wastes have 456 

been shown to be effective sorbents for the removal of Cd (II) ions from aqueous 457 

solution, demonstrating their potential role in water remediation processes. 458 

 459 

 460 
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 629 

Table 3: Isotherm constants of two-parameter isotherm models applied to experimental data 630 

obtained for Cd(II) ions adsorption onto AAFW at 30 °C. 631 
 632 

Isotherm Model Parameter Value Error 

Analysis 

Value 

Langmuir aL 

kL 

Qmax 

0.0019 

1.779 

252.842 

ARE 

APE % 

Hybrid 

2  

R2 

0.3083 

4.4043 

5.813 

5.103 

0.9984 

 

Freundlich n 

KF 

1.762 

13.0140 

ARE 

APE % 

Hybrid 

2  

R2 

0.797 

11.379 

34.042 

24.765 

0.9871 

 

Temkin AT 

bT 

67.271 

60 

ARE 

APE % 

Hybrid 

2  

R2 

4.352 

62.176 

868.967 

385.766 

0.974 

 633 

  634 



Table 4: Isotherm constants of three-parameter models applied to experimental data obtained for 635 
Cd(II) ions adsorption onto AAFW at 30 °C. 636 
 637 

Isotherm Model Parameter Value Error 

Analysis 

Value 

Redlich -Peterson 

 

kg 

αR 

 g 

 

10.209 

-0.875 

0.0171 

ARE 

APE % 

Hybrid 

2  

R2 

1.417 

20.241 

105.457 

65.388 

0.933 

 

Sips 

 

 

KS 

αS 

βS 

 

1.581 

0.0016 

1.014 

ARE 

APE % 

Hybrid 

2  

R2 

0.252 

3.606 

2.949 

2.729 

0.998 

 

Toth 

 

kT 

αT 

1/t 

13.021 

0.0901 

0.432 

 

ARE 

APE % 

Hybrid 

2  

R2 

0.796 

11.372 

33.995 

24.737 

0.987 

 

Khan 

 

qm 

bK 

0.662 

89.070 

ARE 

APE % 

Hybrid 

2  

R2 

0.684 

9.777 

20.921 

16.912 

0.984 

 αK 0.393 

  638 



Table 5: Constants of kinetic models applied to experimental data obtained for Cd(II) ions 639 
adsorption onto AAFW at 30 °C 640 
 641 

Isotherm Model Parameter Value Error 

Analysis 

Value 

Pseudo First-Order qe 

k1 

88.496 

0.036 

ARE 

APE % 

Hybrid 

R2 

∆q(%) 

 

1.065 

13.311 

20.579 

0.980 

22.652 

 

Pseudo Second-Order 

 

qe 

k2 

94.209 

0.0008 

ARE 

APE % 

Hybrid 

R2 

∆q(%) 

0.629 

7.871 

6.889 

0.993 

13.25 

 

Intra-Particle k id 

C 

4.086 

34.702 

 

ARE 

APE % 

Hybrid 

R2 

∆q(%) 

0.479 

5.994 

2.886 

0.994 

2.408 

  642 



List of Figures 643 

 644 

Fig.1: FT-IR of (a) acrylic fiber waste (AFW), (b) aminated acrylic fiber waste (AAFW) and (c) 645 

AAFW-loaded with Cd(II) ions. 646 
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 649 

Fig. 2: Scanning electron micrographs of (a) AAFW, (b) AAFW loaded with Cd(II) ions, and (c) 650 
EDX of AAFW loaded with Cd(II) ions(c). 651 

  652 



 653 

 654 

Fig. 3: pH measurements to determine the point of zero charge for AAFW surface. 655 

 656 

 657 

Fig. 4: Effect of pH on adsorption capacity of Cd(II) ions onto AAFW at 30 °C. Reaction 658 
conditions: Cd(II) ion concentration: 300 mg L-1; adsorbent concentration: 0.3 g L-1; contact 659 
time: 2 h. 660 
 661 
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 664 

Fig. 5: Effect of adsorbent concentration on both adsorption capacity and  % removal of Cd(II) 665 
ions onto AAFW at 30 °C. Reaction conditions: Cd(II) ion concentration: 300 mg L-1; pH 6; 666 

contact time: 2 h. 667 
 668 

 669 
 670 

 671 

Fig. 6: Effect of contact time on adsorption capacity of Cd(II) ions onto AAFW sorbent at 30 °C. 672 
Reaction conditions: Cd(II) ion concentration: 300 mg L-1; adsorbent concentration: 0.5 g L-1; pH 673 
6.  674 
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 675 

Fig. 7: Comparison between two-parameter isotherm models and experimental data obtained for 676 

adsorption on Cd(II) ions onto AAFW at 30 °C. Reaction conditions: Cd(II) ion concentration: 677 

300 mg L-1; adsorbent concentration: 0.5 g L-1; pH 6. 678 

 679 

 680 

 681 

Fig. 8: Comparison between three-parameter isotherm models and experimental data obtained 682 

for adsorption on Cd(II) ions onto AAFW at 30 °C. Reaction conditions: Cd(II) ion 683 

concentration: 300 mg L-1; adsorbent concentration: 0.5 g L-1; pH 6. 684 
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 686 

Fig. 9: Comparison between selected kinetic models and experimental data obtained for 687 

adsorption on Cd(II) ions onto AAFW at 30 °C. Reaction conditions: Cd(II) ion concentration: 688 

300 mg L-1; adsorbent concentration: 0.5 g L-1; pH 6. 689 
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