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Highlights 

• Adsorption of NO3
− and PO4

3− anions onto functionalized cellulosic fabric waste was 

presented.  

• The extent of copolymer grafting depends on the monomer concentration and 

irradiation dose. 

• The surface chemistry and morphology of the adsorbent was elucidated by FTIR and 

SEM studies 

• In-depth isothermal studies using eight (8) nonlinear models were performed. 

Abstract 

In the study, cellulosic fabric waste-based anion exchanger (‘Cell-AE’), with abundant 

N+(CH3)2 functional groups were prepared by graft copolymerization of acrylonitrile (AN) onto 

cotton fabric waste using γ radiation 60Co, followed by chemical modification with hydrazine 

hydrate and alkylation with dimethyl sulfate. Factors affecting the grafting process, such as 

radiation dose and monomer concentration, was investigated. The main adsorbent (‘Cell-AE’) 

and its intermediate precursors were characterized using Fourier transform infrared 

spectroscopy (FTIR) and scan electron microscopy (SEM). The nitrate and phosphate sorption 

potentials of the Cell-AE further evaluated via batch mode. Based on the results obtained, 

‘Cell-AE’ showed higher adsorption affinity towards phosphate ion (19.56 mg/g), when 

compared to that of the nitrate ion (11.23 mg/g). Similarly, the phosphate and nitrate ion 
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adsorption onto ‘Cell-AE’ obeys both Dubinin–Radushkevich (D-R) and Redlich-Peterson (R-

P) isotherm models, respectively. The present study conclusively proffered a potential 

mitigation approach to cotton fabric waste management.   

Keyword: Adsorption; cellulosic-fabrics; nitrate ion; phosphate ion; isotherm 

1. Introduction 

Freshwater, including rivers, lakes and groundwater represents about 2.66 % of the whole 

global water resources, of which only about 0.6 % is suitable for drinking [1]. As the global 

population increases, the global demand for freshwater increases and therefore, it is top 

necessary to treated water reserves and wastewater carefully to overcome the increasing water 

demand [2]. Chemical compounds composed of phosphate or nitrate group are among the 

leading freshwater pollutants. They find their ways into the aquatic environment, mostly due 

to the unwholesome wastewater discharge habits of process industries and could significantly 

upset the natural biological balance of living organisms present and affecting the water quality 

[3, 4]. Water eutrophication is a form of water pollution of global concerns [5]. Although nitrate 

(NO3
−) and phosphate (PO4

3−) are important nutrients for the flourishing of plants and many 

other unicellular organisms, they still rank among the prominent nutrients responsible for this 

freshwater eutrophication [5].  

The issue of eutrophication subsists when nitrate and phosphate laden waste streams from 

varying sources (such as, fertilizer production plant, septic tanks, atmospheric deposition, etc) 

is discharged into the aquatic environment in concentrations that exceeds the relevant 

permissible limits [6]. The presence of a high concentration of these pollutants in watercourses 

could ultimately cascade into several harmful ecological effects [7, 8]. A significant reduction 

of oxygen level due to eutrophication can be very detrimental to aquatic life in general and 

results in reduced biodiversity [9]. Also, excessive ingestion of nitrate (NO3
−) ion contaminated 

water often results in blue baby syndrome, a disease caused due to nitrate binding with 

haemoglobin. Phosphate and nitrate pollution can also have a severe effect on the renewability 

of natural resource [10-12]. Hence, WHO stipulated permissible drinking water limits of 40 

and < 0.5 mg L−1 for NO3
− and PO4

3− contamination, respectively [13].  

Considering the aforementioned negative implications of phosphate and nitrate pollution, their 

removal from the waste stream is imperative. To this end, several phosphate and nitrate 

removal techniques such as chemical precipitation [14], adsorption [15], reverse osmosis [16], 
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biological removal [17], electrodialysis [18] have been investigated. Furthermore, some of 

these techniques are technologically driven and expensive in the context of developing 

countries. For instance, enhanced biological treatment has depicted up to 97 % phosphate 

removal [19], but the variation in the effluent chemical composition and temperature limits 

their full-scale implementation. Similarly, the high operational cost and process inefficiency 

associated with the application of electrodialysis and reverse osmosis has also been highlighted 

[19]. However, the adsorption technique has been commonly applied due to its operational 

flexibility and economics, as well as low sludge generation [20, 21]. Also, the spent adsorbent 

could have agricultural application as a phosphate fertilizer and soil conditioner [22]. 

Native cellulosic fibres, one of the most abundant renewable raw material, with great 

industrial applications. However, their lack of thermo-plasticity, poor dimensional stability and 

poor crease-resistance retard their adsorption performance properties [23]. These properties 

can be improved by subjecting the cellulosic fabric to different chemical modifications for 

example grafting of different monomers to the cellulosic chain or etherification reaction [24-

32]. Other performance properties, like thermal stability and resistance to biological and 

chemical agents, can also be improved through chemical modification and consequently 

applied as an absorbent in wastewater purification [33-38], ion-exchangers for the removal of 

metal cations from aqueous solutions [39-44], etc. Weakly basic anion exchangers contain 

primary, secondary, tertiary or quaternary amino groups in their chemical structures [45-47]. 

Meanwhile, the basicity of the resins containing these amino groups can be enhanced by 

alkylation reaction, different agents like, dimethyl sulfate [48, 49].  

Recently, the application of functionalized polymeric fibres as efficient adsorption for 

adsorbing varying pollutants have been on the rise [50-53]. This increasing interest is due to 

their (fibrous adsorbents) fast adsorption kinetics, which is linked to a reduced mass transfer 

resistance and molecular diffusional path during adsorption [54]. Vatutsina, et al [55] and Lin, 

et al [56] investigated the ion-exchange capacity of different functionalized polyacrylonitrile 

(PAN) and polypropylene (PP) fibres. Their work underscored the adsorption effectiveness of 

these functionalized fibres. Furthermore, PAN fibre-based adsorbent obtained from a 2-stage 

synthesis procedure of crosslinking and base-catalyzed hydrolysis step was successfully 

employed for the adsorption of organic amine [57]. Consequently, the application of hydrazine 

hydrate (HH) and other polyamines as organic crosslinkers have been reported used for cross-

linking [58, 59].  
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Therefore, the current study aims at grafting acrylonitrile (AN) onto cotton fabric, followed by 

reaction with hydrazine hydrate and finally alkylation with dimethyl sulfate. The synthesized 

adsorbent (Cell-AE) was further applied for removing phosphate and nitrate anions from their 

aqueous solutions. The effect of the process variable on the anion removal was investigated, 

while the adsorbent properties were characterized using Fourier transform infrared 

spectroscopy (FTIR) and scanning electron microscopy (SEM). 

2. Experimental 

2.1. Materials and chemicals 

Scoured and bleached plain weave cotton fabrics, in the form of tailoring process wastes were 

kindly supplied Miser Company for Spinning and Weaving, EL-Mahala, Egypt. Acrylonitrile 

(AN), styrene and dihydrogen sodium phosphate supplied were by Merck (Germany). 

Hydrazine hydrate was supplied by Sisco Research Laboratories, Mumbai, India. Dimethyl 

sulfate was supplied by LOBA CHEMIE PVT, LTD. Mumbai, India. Aluminium nitrate was 

supplied by Al-Gomhoria Company Cairo, Egypt. 

2.2.  Synthesis of adsorbent 

Poly-(acrylonitrile)-grafted cellulose was prepared via radiation-induced polymerization 

reaction. The grafting reaction was carried out in a pyrex tube containing the monomer 

dissolved in DMF, together with a definite weight of the cellulosic fabric and 5 % styrene 

(based on monomer weight) as an inhibitor. The reaction was carried out using γ-rays of 60Co 

source at different radiation doses. The grafted cotton fabric was removed from the Pyrex tube, 

washed thoroughly with DMF, then several times with distilled water to remove the 

homopolymer from the grafted cotton fabric, and then the grafted fabric was dried and weighed. 

The degree of grafting was calculated as a percentage increase in the fabric weight following 

Eq. (1). 

𝐺	% = %&'()'*'* + ∗ 100/	          (1) 

Where Wo and Wg represent the weight of original and grafted cotton fabrics, respectively. The 

grafted cotton fabric (10 g) was modified via treatment with hydrazine hydrate/methanol 

mixture (33:160 mL) in a reactor equipped with a magnetic stirrer under reflux condition, at 80 

oC for 20 h. The modified cotton fabric was washed thoroughly with ethanol and dried at 60 

oC. The so obtained functionalized fabric was further modified through alkylation with 
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dimethyl sulfate at 10 oC in the presence of NaOH for 3h, then finally washed with ethanol and 

dried. 

2.3. Adsorption study 

100 mL of the respective anion solutions (aluminium nitrate. 9H2O and dihydrogen sodium 

phosphate) in the concentration range of 50–250 mg L−1, was drained separately into different 

125 mL Erlenmeyer flasks containing 0.1 g each. The pH of the adsorbate solution contained 

in the respective flasks was adjusted to the desired value using 0.1 M HNO3 or 0.1 M NaOH 

solutions. The Erlenmeyer flasks and their contents were then agitated at a constant speed of 

150 rpm for a predetermined time interval at a fixed temperature. At the end of the agitation 

cycle, the ‘cell-AE’ was immediately obtained as filtrate from the adsorbate solutions. The 

above procedure was repeated as blank experiments (in the absence of ‘cell-AE’). The quantity 

of the respective anions adsorbed onto the ‘cell-AE’ surface was determined using ion 

chromatograph ICDX 100 IM Chromatography Dionex, USA and subsequently compared to 

the anion concentration in the corresponding blank flask. The percentage anionic removal and 

amount adsorbed at equilibrium, qe (mg/g) was calculated using Eqs. (2) and (3). 

Removal	% = 01)02
01 x	100%          (2) 

𝑞5 = (7*)78).;
'             (3) 

Where, Co and Ce (mg L−1) are the initial and final anion concentrations, respectively. V (L) is 

anion solution volume and W (g) is the adsorbent fabric weight. For accuracy, the adsorption 

experiments were performed always in duplicate to get more accurate mean values for qe. 

2.4. Instrumental characterizations 

The untreated, grafted and modified cotton fabrics were examined by Fourier Transform 

infrared spectroscopy (FTIR) to assign the vibrational frequencies of different functional 

groups present in their structures. The IR spectra of the samples were recorded using Mattson 

1000 FTIR spectrophotometer (Unicom, England). 

The scanning electron micrograph (SEM) test was conducted to characterize the morphology 

and surface properties of untreated, grafted and modified cotton fabric. The samples were 

mounted on a standard microscope stub and coated with a thin gold layer by use of a JEOL 

SEM 25 (Japan).  
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2.5. Adsorption modelling 

Insight into the adsorbate - adsorbent interaction during the adsorption process is obtained from 

adsorption isotherm modelling, while the various model parameters could inform the probable 

sorption mechanism [2, 60, 61]. The experimental equilibrium data generated from this study 

were modelled with nonlinear form of  Langmuir [20, 62, 63], Freundlich [64-66], Temkin [67, 

68], D-R [69, 70], Khan [71, 72], Redlich-Peterson [73, 74], Toth [75, 76] and Sips [72, 77] 

models. The mathematical expression of these isotherm models is presented in Table 1.  

The nonlinear model goodness of data fit is usually evaluated from the magnitude of some 

dedicated goodness-of-fit (GO-Fm) models. The goodness of fit evaluation is made based on 

the following criteria: (i) the lower the error values for a given isotherm or kinetic model, the 

better the model fit, (ii) the larger the R2-value the better the model fit. The GO-Fm models 

applied in this work comprised of average relative error, ARE [78], average percentage error, 

APE [79], the sum of squared error, SSE [80], hybrid fraction error, HYBRID [81], Marquardt's 

Percent Standard Deviation, MPSD [78], Nonlinear chi-square test, χ2 [82] and Coefficient of 

determination, R2 [83]. The equation of these GO-Fm models is presented in Table 2.  

Table 1: The isotherm model equations applied in the study 

2-parameter models 3-parameter models 

Model name Model Equation Model name Model Equation 

Langmuir q= = q>k@C=1 + k@C= 
Khan q= = q>C ∗ bC ∗ C=(1 + bC ∗ C=)EF  

Freundlich q= =	KH(C=) IJK 
R-P* q= =	 AMNC=1 +	BMN ∗ (C=)P 

Tempkin q= =	RTbS ln(KSC=) 
Sip q= =	 KV ∗ C=WX

1 + aV ∗ C=WX 

D-R* q= = qZ ∗ exp ]−BZ _RT `1 + 1
C=ab

cd 
Toth q= =	 kS ∗ C=(aS + C=)efX 

*D-R = Dubinin–Radushkevich; R-P = Redlich-Peterson 
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 Table 2: The applied goodness-of-fit models  

Error Function Equation 

Average Relative Error (ARE) 
 

Average Percentage Error (APE) 

 

Sum Squares Error (ERRSQ/SSE) 
 

Hybrid Fraction Error Function (Hybrid) 
 

Marquardt's Percent Standard Deviation 

(MPSD)  

Nonlinear chi-square test (χ2)  

Coefficient of determination (R2) 
 

3. Results and Discussion 

3.1. Adsorbent synthesis mechanism 

The suggested mechanism for the reaction of cotton fabric with acrylonitrile (AN), followed 

by hydrazine hydrate functionalization and final alkylation using dimethyl sulfate is discussed 

herein. The γ-rays catalyzed the amination of the cotton fabric with acrylonitrile (AN) to yield 

the aminated graft-cotton fibre (A-g-CF) as shown in Eq. (4). The subsequent reaction with the 

hydrazine hydrate (HH) shown in Eq. (5), occurred via the nucleophilic attack on the A-g-CF 

nitrile groups by the nitrogen lone pair of electron of the HH [84]. Similarly, Eq. (5) also 

represents a crosslinking reaction characterized by the bonding of the hydrazine molecules to 

adjacent polymer chains. Further alkylation of the hydrazine modified A-g-CF with dimethyl 

sulfate/NaOH solution [Eq. (6)] converts the available nitrile groups to carboxamide, (which 

could further oxidize to carboxylate groups) and other important anion chelation sites via base-

catalysed hydrolysis reactions.  
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3.2. Combined effect of monomer concentration and irradiation dose on the extent of 

grafting (%) 

Figure 1 shows the relationship between the AN grafting percentage at different % 

concentrations (y1 = 10, y2 = 20, y3 = 30, y4 = 40 and y5 = 50 %) and the different radiation 

doses applied during the graft reaction. As demonstrated in Figure 1, the grafting rate sustained 

a linear relationship with monomer concentration at the initial stage of the grafting reaction. 

This linear relationship subsequently levelled off at higher monomer concentrations. This 

variation in the grafting rate may be explained in terms of the non-radical grafting mechanism, 

where for this type of heterogeneous polymerization reaction represented in the study, the 

monomer is somehow distributed between the aqueous phase and the stationary cellulose 

interface. Meanwhile, the relative extent of such distribution is dependent on the polarity of the 

monomer molecules. It is also expected that a relatively high proportion of a polar monomer, 

such as acrylonitrile, will be in the aqueous phase and accordingly, a reduced amount of 

acrylonitrile molecules will be available at the cellulose interface (grafting site) and hence low 

grafting levels are expected [85].  
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Using the procedure of styrene comonomer [86], it was observed that the involvement of 

styrene as a component of the monomer mixture, enhanced the copolymerization of the second 

reactive monomer via mutual irradiation with a minimum formation of homopolymer. The 

utilization of such a technique leads to a remarkable reduction in the acrylonitrile key 

performance index (Kp) in the presence of styrene. In other words, the presence of 0.05% (w/v) 

of styrene in the monomer feed, results in the reduction of acrylonitrile homo-polymerization 

reaction and accordingly decreases its competition with the desired graft polymerization 

reaction. 

Figure 1 also depicts the relationship between the graft rate variation with varying radiation 

doses (5KGy to 15 KGy). The plot shows an initial increase in the extent of grafting when the 

radiation doses increased up to 10 KGy. It was however observed that the grafting rate also 

tends to level off when the radiation dose increased beyond 10 KGy. The number of free 

radicals created by the radiation process initially increased linearly with increasing radiation 

dose. Meanwhile, at higher radiation doses (beyond 10 KGy), the number of free radicals 

decreased, due to the recombination of the formed radicals, useful for initiating the graft 

polymerization reaction [87] Also, at this levelling off point, the grafting reaction itself 

becomes a diffusion-controlled process [88].  

 

Figure 1: Relationship between grafting % and radiation dose at different monomer 

concentration. 
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3.3. Adsorbent characterization  

3.3.1. FTIR analyses of the samples 

The IR spectra of the untreated cotton fabric, AN-g-cotton fabric, grafted cotton fabric modified 

with hydrazine hydrate, and modified graft finally alkylated with dimethyl sulfate were recorded and 

presented in Figure 2, to confirm the effectiveness of the successive modification reactions on the 

cotton fabric structure. The untreated cotton fabric showed certain signature peaks at 3500 cm-1 (OH 

stretching), 2936 cm-1 (C-H stretching), and 1450 cm-1 (methyl C-H asym./sym. bend) [89, 90]. The 

IR analysis of the AN-g-cotton fabric showed the presence of a sharp peak at 3380, 2240 and 1652 

cm-1 which are related to the NH stretch, aliphatic cyanide/nitrile group and imine groups, 

confirmation of the success of the acrylonitrile grafting. Furthermore, the successful modification of 

the grafted cotton fabric with the hydrazine hydrate led to the disappearance of the band 

corresponding to the nitrile group at 2240 cm-1 and the creation of a new amidrazone characteristics 

band due to NH2 and NH groups at 3470 cm-1and 2934 cm-1. Another strong band at 1697cm-1 and 

1343 cm-1 corresponding to C = N and C-N, respectively. The spectra of dimethyl sulfate/NaOH 

alkylated fabric is characterized by the disappearance of the band at 1343 and 2934 cm-1 due to the 

interaction with dimethyl sulfate. Similarly, the strong band existing between 3000 to 3700 cm-1 is 

synonymous with the OH stretching vibration in carboxylates, thus verifying the formation of 

carboxylate cation-exchange groups. 

 

Figure 2: FTIR of cotton fabric (a) AN-g-cotton fabric (b), chemically treated g-fabric with hydrazine 

hydrate(c) and treated fabric with dimethyl sulfate (d). 
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3.3.2. SEM analyses of the samples 

Figure 3 shows the SEM graphs of untreated cotton fabric, AN-g-cotton fabric, grafted cotton 

fabric modified with hydrazine hydrate and modified graft finally alkylated with dimethyl 

sulfate. Figure 3a showed a fibrous structure composed of randomly-layered smooth fibres 

with high porosity. The morphology of cotton fabric grafted with 72 % poly-AN (Figure 3b), 

differ significantly from that of the untreated cotton fabric, as the fibres become thicker in 

diameter and covered with rough layers of polyacrylonitrile. The entire fibre also appeared to 

be coated with polymer-deposits because of monomer penetration, diffusion and consequent 

grafting in between the fibres. Modification of the grafted cotton fabric with hydrazine hydrate, 

(Figure 3c) resulted in the change of both polymer-deposits and pore-size. The polymer 

deposits in the modified cotton fabric appeared to be soft and concentrated only on the surface 

of the fibre and not in between the fibres, that is why the hydrazine hydrate-modified cotton 

fabric possesses higher porosity, as compared with the AN-grafted cotton fabric. Also, the 

fibrous structure showed evidence of damage after modification with hydrazine hydrate as a 

result of fibre protection by a layer of graft polyacrylonitrile. Further modification with 

dimethyl sulfate shows that the pores of the fibres are almost enclosed with a complete collapse 

in the fibrous structure as shown in Figure 3d. 

 

Figure 3: SEM images of (a) unmodified cellulose (b) grafted cellulose (c) hydrazine hydrate 

modified cellulose (d) dimethyl sulfate modified cellulose 

A B 

D C 
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3.4. Adsorption modelling 

3.4.1. Isotherm studies 

Meanwhile, the effect of variation of adsorbate concentration on the equilibrium adsorption 

data was fitted to the isotherm models whose equations are depicted in Table 1, while the 

associated parametric and R2-values are presented in Tables 3 and 4 for nitrate and phosphate 

adsorption, respectively. The graphical illustration of the experimental dataset for nitrate and 

phosphate adsorption was plotted and presented in Figure 4 and 5, respectively. Generally, 

certain isotherm model parameters provide reasonable information on the nature of the 

adsorption system. For instance, when the Langmuir separation factor, (RL) is either greater 

than or equal to unity, the adsorption process is considered to be linear and unfavourable, 

respectively. Similarly, when the RL value is greater than zero but less than unity, a favourable 

adsorption system is implied, while, irreversible adsorption is signified by RL= 0. Furthermore, 

the Freundlich model indicates a linear, chemical and physical nature of an adsorption system 

when nF = 1, nF < 1 and nF > 1, respectively. Similarly, the 1/nF-value is expected to be in the 

range of 0 and 1, for feasible adsorption. The Temkins’ adsorption energy variation constant, 

bT indicates an exothermic (when bT-value is positive) and endothermic (when bT-value is 

negative) process. 

Based on the model parameters presented in Tables 3 and 4, the adsorption feasibility 

conditions were satisfactorily met in the study. The Langmuir model fit gave an RL value of 

0.21 and 0.11 (0 < RL< 1), for nitrate and phosphate ions, respectively, thus, indicating 

favourable adsorption. The Freundlich heterogeneity constant, nF was found to be 2.577 and 

2.054 (0 < n < 10), for nitrate and phosphate ions, respectively again indicating the 

favourability of this process. However, the inverse value (1/nF) of the heterogeneity constant 

is lower than unity and as such suggests a slight suppression in respective anion adsorption at 

lower equilibrium concentrations. A positive value of bT constant depicted in Tables 3 and 4 

for both anions indicates the exothermicity of the respective anion adsorption onto ‘Cell-AE’. 

Consequently, the calculated D-R mean adsorption energy, E (kJ/mol) for both anions which 

are greater than 10 kJ/mol, favoured the occurrence of a chemical adsorption process. 

Meanwhile, the insufficiency of the application R2-value alone for the determination of the best 

fit nonlinear model has been highlighted [2]. As a result, seven (7) error model, whose 

equations are presented in Table 2 were applied for determining the best-fit isotherm model. 

To limit the inconsistencies often experienced during the application of multiple error model 

(as was the case in this study), a process of normalizing the different error values from the error 
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models for a given isotherm was adopted. Consequently, only the sum of normalized error 

(SNE) value will be considered during the isotherm modelling discussion and the lower the 

SNE value (as shown in Tables 5 and 6), the better the model fit to the experimental isotherm 

data.  

The Redlich-Peterson (R-P) and Dubinin-Radushkevich (D-R) models, respectively emerged 

as the overall best fit for nitrate and phosphate ions, since both models returned the lowest SNE 

value (Tables 5 and 6), together with an appreciably high R2-value (Tables 3 and 4).  

Table 3:  Isotherm model parameters for the nitrate ion 

2-parameter models 

Langmuir Freundlich Temkin D-R* 

qmax = 120.537 nF = 2.577 AT = 62.604 qo = 122.785 

KL = 25.032 1/nF = 0.388 bT = 195.093 BD = 1.0E-04 

RL = 0.210 KF = 19.259 R2 = 0.954 E = 70.71 

R2 = 0.963 R2 = 0.997  R2 = 0.979 

3-parameter models 

Khan R-P* Sips Toth 

qmax = 2.298 kg = 115.609 KS = 20.296 kT =18.560 

bK = 181.448 αR = 0.098 αS = 8.3E-03 αT = 9.0E-02 

αK = 0.600 g = 0.011 βS = 0.387 1/t = 0.604 

R2 = 0.997 R2 = 0.987 R2 = 0.997 R2 = 0.997 

*D-R = Dubinin–Radushkevich; R-P = Redlich-Peterson  

Table 4: Isotherm model parameters for phosphate ion  

2-parameter models 

Langmuir Freundlich Temkin D-R* 

qmax = 260.00 nF = 2.054 AT = 62.756 qo = 262.494 

KL = 26.00 1/nF = 0.487 bT = 97.725 BD = 4.9E-05 

RL = 0.111 KF = 29.083 R2 = 0.948 E = 101.01 

R2 = 0.984 R2 = 0.999  R2 = 0.979 

3-parameter models 

Khan R-P* Sips Toth 

qmax = 2.303 kg = 9.553 KS = 8.264 kT =28.845 

bK = 183.337 αR = -0.834 αS = 2.5E-02 αT = 8.7E-02 

αK = 0.513 g = 0.031 βS = 1.069 1/t = 0.511 

R2 = 0.999 R2 = 0.995 R2 = 0.998 R2 = 0.999 

*D-R = Dubinin–Radushkevich; R-P = Redlich-Peterson  
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Table 5: Error-values for isotherm modelling of nitrate ion 

2-parameter models 

Langmuir Freundlich Temkin D-R* 

ARE = 2.684 ARE = 0.701 ARE = 3.208 ARE = 1.698 

APE = 33.557 APE = 8.759 APE = 40.099 APE = 21.223 

EABS = 125.289 EABS = 31.660 EABS = 123.409 EABS = 70.901 

ERRSQ = 3360.481 ERRSQ = 216.416 ERRSQ = 3975.647 ERRSQ = 1747.958 

Hybrid = 81.918 Hybrid = 6.364 Hybrid = 133.446 Hybrid = 42.494 

MPSD = 2.711 MPSD = 0.258 MPSD = 5.377 MPSD = 1.337 

X2 = 42.094 X2 = 4.553 X2 = 50.207 X2 = 23.456 

SNE = 1.086 SNE = 1.241 SNE = 1.089 SNE = 1.092 

3-parameter models 

Khan R-P* Sips Toth 

ARE = 0.653 ARE = 5.340 ARE = 0.744 ARE = 0.647 

APE = 8.161 APE = 66.750 APE = 9.297 APE = 8.081 

EABS = 31.736 EABS = 200.832 EABS = 30.527 EABS = 31.331 

ERRSQ = 208.350 ERRSQ = 10730.17 ERRSQ = 226.390 ERRSQ = 202.685 

Hybrid = 5.396 Hybrid = 378.521 Hybrid = 7.555 Hybrid = 5.277 

MPSD = 0.208 MPSD = 15.634 MPSD = 0.317 MPSD = 0.204 

X2 = 4.067 X2 = 99.872 X2 = 5.130 X2 = 3.981 

SNE = 1.241 SNE = 1.071 SNE = 1.237 SNE = 1.244 

*D-R = Dubinin–Radushkevich; R-P = Redlich-Peterson  

 

Table 6: Error-values for isotherm modelling of phosphate ion 

2-parameter models 

Langmuir Freundlich Temkin D-R* 

ARE = 0.998 ARE = 0.112 ARE = 2.082 ARE = 1.380 

APE = 16.630 APE = 1.871 APE = 34.700 APE = 23.00 

EABS = 119.389 EABS = 19.422 EABS = 198.027 EABS = 140.99 

ERRSQ = 3639.54 ERRSQ = 183.824 ERRSQ = 11850.77 ERRSQ = 5821.17 

Hybrid = 31.565 Hybrid = 0.977 Hybrid = 149.791 Hybrid = 71.975 

MPSD = 0.317 MPSD = 5.3E-03 MPSD = 2.121 MPSD = 1.047 

X2 = 23.553 X2 = 1.0380 X2 = 73.240 X2 = 469767.6 

SNE = 1.053 SNE = 1.127 SNE = 1.039 SNE = 1.013 

3-parameter models 

Khan R-P* Sips Toth 

ARE = 0.111 ARE = 0.500 ARE = 0.398 ARE = 0.105 

APE = 1.865 APE = 8.331 APE = 6.638 APE = 1.752 

EABS = 19.396 EABS = 57.836 EABS = 31.897 EABS = 19.592 

ERRSQ = 183.683 ERRSQ = 951.168 ERRSQ = 525.615 ERRSQ = 191.636 

Hybrid = 0.976 Hybrid = 8.946 Hybrid = 7.951 Hybrid = 1.005 

MPSD = 5.3E-03 MPSD = 0.111 MPSD = 0.125 MPSD = 5.2E-03 

X2 = 1.036 X2 = 7.798 X2 = 12.197 X2 = 1.071 

SNE = 1.127 SNE = 1.088 SNE = 1.113 SNE = 1.123 

*D-R = Dubinin–Radushkevich; R-P = Redlich-Peterson  
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Figure 4: (a) 2-parameter and (b) 3-parameter isotherm plots for nitrate adsorption  

 

Figure 5: (a) 2-parameter and (b) 3-parameter isotherm plots for phosphate adsorption 

Conclusion 

• ‘Cell-AE’ adsorbent, with abundant amine functional groups was synthesized via the 

graft copolymerization of acrylonitrile and cotton fabric waste. The graft product was 

subsequently functionalized with hydrazine hydrate and alkalified dimethyl sulfate.    

• FTIR spectroscopy and SEM instrumental characterization studies elucidated the 

available functional groups on the adsorbent, as well as their surface morphologies.  

• Based on the equilibrium studies, R-P and D-R models provided the best fitting to the 

nitrate and phosphate adsorption experimental data.  

• The successful application of the ‘Cell-AE’ adsorbent synthesized from waste cotton 

fabric for the uptake of NO3
− and PO4

3− ions provides a combined advantage of 
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decreasing the volume of existing solid wastes and simultaneously producing a valuable 

adsorbent at a lower cost.  
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Figures

Figure 1

Relationship between grafting % and radiation dose at different monomer concentration.



Figure 2

FTIR of cotton fabric (a) AN-g-cotton fabric (b), chemically treated g-fabric with hydrazine hydrate(c) and
treated fabric with dimethyl sulfate (d).



Figure 3

SEM images of (a) unmodi�ed cellulose (b) grafted cellulose (c) hydrazine hydrate modi�ed cellulose (d)
dimethyl sulfate modi�ed cellulose



Figure 4

(a) 2-parameter and (b) 3-parameter isotherm plots for nitrate adsorption

Figure 5

(a) 2-parameter and (b) 3-parameter isotherm plots for phosphate adsorption


