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Abstract: In this paper, two chelate resins prepared by a simple procedure were used for the re-

moval of Cd2+, Ni2+, Cu2+, and Pb2+ (M2+) from aqueous solutions. Amberlite IRA 402 strongly basic 

anion exchange resin in Cl− form (IRA 402(Cl−) together with Amberlite XAD7HP acrylic ester co-

polymer (XAD7HP) were functionalized with chelating agent Direct red 23 (DR 23). The chelate 

resins (IRA 402-DR 23 and XAD7HP-DR 23) were obtained in batch mode. The influence of interaction 

time, pH and the initial concentration of DR 23 solution was investigated using UV-Vis spectrome-

try. The time necessary to reach equilibrium was 90 min for both resins. A negligible effect of ad-

sorption capacity (Qe) was obtained when the DR 23 solution was adjusted at a pH of 2 and 7.9. The 

Qe of the XAD7HP resin (27 mg DR 23/g) is greater than for IRA 402(Cl−) (21 mg DR 23/g). The efficiency 

of chelating resins was checked via M2+ removal determined by the atomic adsorption spectrometry 

method (AAS). The M2+ removal by the IRA 402-DR 23 and XAD7HP-DR 23 showed that the latter is 

more efficient for this propose. As a consequence, for divalent ions, the chelated resins followed the se-

lectivity sequence: Cd2+ > Cu2+ > Ni2+ > Pb2+. Additionally, Cd2+, Cu2+ and Ni2+ removal was fitted very well 

with the Freundlich model in terms of height correlation coefficient (R2), while Pb2+ was best fitted with 

Langmuir model for IRA 402-DR 23, the Cu2+ removal is described by the Langmuir model, and Cd2+, 

Ni2+ and Pb2+ removal was found to be in concordance with the Freundlich model for XAD7HP-DR 23. 

The M2+ elution from the chelate resins was carried out using 2 M HCl. The greater M2+ recovery from 

chelating resins mass confirmed their sustainability. The chelate resins used before and after M2+ re-

moval by Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) anal-

ysis were evaluated. 

Keywords: Amberlite XAD7HP; Amberlite IRA 402; ion exchange mechanism; π-π interactions; 

chelation; simultaneous enrichment; higher selectivity; cadmium; nickel; copper; lead 

 

1. Introduction 

Heavy metals, including copper, cadmium, lead, nickel, arsenic, chromium, etc., are 

non-biodegradable and tend to accumulate in the environment [1–3]. Water pollution 

with heavy metals resulting from anthropogenic activities is one of the global risks to hu-

mans [4]. At the same time, serious pollution of ecosystems with heavy metals can be 

observed with the increase in industrialization [5]. Over time, non-conventional and con-

ventional materials were also involved in the removal of metal ions [6–8]. Nowadays, the 

feasibility of different chemically modified polymers, namely chelating polymers, was 
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tested in the field of wastewater treatment in search of more effective means of depollu-

tion. Furthermore, to improve their adsorption capacity, chemical modifications can be 

performed with chelating ligands that have the following functional groups in their struc-

ture: –COO–, –N=N–, –CO–, –SO3–, –NH2, –OH and –SH [9–11]. Thus, the recyclable aims 

including regeneration and reuse of chelating polymers are important attributes of green 

technologies. In recent years, chelating resin, i.e., 1,8-(3,6-dithiaoctyl)-4-polyvinylben-

zenesulphonate, was evaluated for Pb2+ and Cd2+ removal from aqueous matrices. The be-

havior of chelating resin regarding interactions between chelating agent and metal ions 

has been monitored. The sorption efficiency was examined by batch, and column methods 

also showed a sorption over 99.0% for both metal ions [12]. Additionally, m-Phenylenedi-

amine-Amberlite XAD-4 resin was evaluated for Pb2+ and Cd2+ removal. The concentra-

tions studied were performed in the range of 5–100 mg Pb2+ and Cd2+, at 30 min stirred 

time and 0.2 g chelating resin. It was found that for 20, 60, 80 and 100 mg/L, respectively, 

chelating resin removed all Pb2+ and Cd2+ from supernatant solutions [13]. Cai et al. tested 

a porous impregnated resin, i.e., pillar [5] arene-based diglycolamide onto Amberlite 

XAD-7, and the obtained resin was used for lanthanides recovery. Thus, significant envi-

ronmental protection and the ecofriendly recovery of resources were obtained when the 

impregnated resin is used for depolluting simulated nuclear wastewater. Experimental 

data were fitted, and adsorption capacity for Eu3+ was 33.3 mg/g [14]. In another study, 

Amberlite XAD-7HP resin was impregnated with Cyanex 923 for Cr6+ removed from 

acidic media. The adsorption mechanism was evaluated before and after impregnation. 

The adsorption capacity was 28.2 mg Cr6+/g impregnated resin compared with 16.9 mg 

Cr6+/g resin. Additionally, Cr6+ was released efficiently from impregnated XAD-7HP resin 

by NaOH 0.1 M obtaining a quantitative elution that reached 92% for the first stage [15]. 

Additionally, two environmentally ecofriendly adsorbents Amberlite IRA-93 (A-IRA-93) 

and its modified form (mA-IRA-93) obtained with methylene phosphoric acid (DMPA) 

for uranyl ions extraction were used. The adsorption capacity was 8.34 mg UO22+/g for 

mA-IRA-93 and 5.60 mg UO22+/g for A-IRA-93 [16]. Among the chelating resins tested, 

Amberlite XAD7HP had the most efficient results. XAD-7HP resin was impregnated with 

PC-88A and Versatic 10. The applicability of impregnated resin recovery Sc3+ in the pres-

ence of Al3+, Fe3+, Zr4+, Mn2+, Co2+, Cu2+, Ni2+, and Zn2+. Forty-eight milligrams of Sc3+/g resin 

was the maximum loading capacity of impregnated resin [17]. 

In the present study, the possible chelating mechanism is inferred between two–

N=N– groups, sulfonic groups (–SO3–) that can be free after adsorption of DR 23 and dif-

fusion into porous structure, and hydrogen bonding and van der Vaal forces can be con-

sidered. In this study, a new type of chelating resin was obtained by adsorption of DR 23 

onto IRA 402 and XAD7HP. In this study, the chelating procedures were evaluated by 

considering the following parameters: (i) the influence of interaction time between DR 23 

and resins; (ii) the influence of pH on the DR 23 adsorption into resins masses; (iii) the 

initial concentration of DR 23; (iv) the stability of chelating resin; (v) M2+ adsorption/de-

sorption; (vi) kinetics and isotherms studies, which were evaluated to understand the M2+ 

adsorption; (vii) the M2+ interaction with chelating resins using FTIR and SEM techniques 

performed. To our knowledge, for the first time, this new chelating resin has been applied 

for Cd2+, Ni2+, Cu2+ and Pb2+ removal from acid aqueous matrices. 

2. Materials and Methods 

2.1. Chemicals 

To carry out the experimental part of this paper, the following chemicals were used: 

DR 23 (7-[[6-[(4-acetamidophenyl)diazenyl]-5-hydroxy-7-sulfonatonaphthalen-2-yl] car-

bamoylamino]-4-hydroxy-3-phenyldiazenylnaphthalene-2-sulfonate) 30% dye content, 

strongly basic anion exchange resin Amberlite IRA 402, 50 mesh, in Cl− form, and Amber-

lite XAD7HP 20–60 mesh were purchased from Sigma Aldrich. CRM solutions of 1000 

mg/L Ni(NO3)2, Cd(NO3)2, Pb(NO3)2 and Cu(NO3)2 and 37 % HCl and 50% NaOH (Merck) 
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were used for testing the chelating resins. Methanol with purity ≥ 99.9% for HPLC 

(MeOH) Honeywell and ethanol (EtOH) (Merck) were used in regeneration studies of the 

chelating resins. 

2.2. Equipment 

For the spectrometric analysis, a DR/5000 TM spectrometer (Hach Lange, Düsseldorf, 

Germany) was used. The Perkin Elmer PinAcle 900T (Perkin Elmer, Norwalk, CT, USA) 

atomic absorption spectrometer was used for the quantitative determination of M2+. The 

pH of the supernatant solutions was checked using the pH meter HI 255 Hanna Instru-

ments, Nijverheidslaan, Belgium. For obtained chelating IRA 402-DR 23 and XAD7HP-

DR 23 resins, as well as for the adsorption/desorption of M2+ on the chelating resins, a 

horizontal mechanical stirrer GFL 3017 (Bremen, Germany) was used. Infrared spectra of 

both chelating resins were recorded by a Nicolet iS50FT-IR (Thermo Fisher Scientific, Wal-

tham, MA, USA). The Quanta Inspect F50 electron microscope (Eindhoven, The Nether-

lands) was used for examining the change induced by the presence of metal ions from the 

solution on the beads’ surfaces. 

2.3. Preparation of Working Solution 

The stock solution of 700 mg/L was obtained by weighing an appropriate amount of 

DR 23 and dissolving it in water, and subsequently, the obtained solution was transferred 

to a 500 mL volumetric flask. Aqueous solutions by different concentrations of HCl were 

obtained by dilution from the concentrated solution of 37% HCl. Additionally, 2 M NaOH 

solution was obtained by dilution from the 50% NaOH solution. 

2.4. Analytical Method Used for DR 23 and M2+ Determination 

2.4.1. UV-Vis Determination of DR 23 

Beer’s law was verified in the 50–100 mg/L range for the spectrometric determination 

of the chelating agent (DR 23). For this purpose, accurately measured volumes of DR 23 

from the stock solution were added to 25 mL volumetric flasks. The flasks were filled to 

the mark with ultrapure water and the absorbance of the solution (A) toward the blank 

sample (ultrapure water) was recorded. From Figure 1, the UV-Vis spectrum of DR 23 was 

read to set the optimum maximum wavelengths. The DR 23 spectrum has three maximum 

wavelengths at 507, 307 and 243 nm. 

 

Figure 1. Representation of UV-Vis spectra for 60 mg/L DR 23. 

To draw the calibration line, as well as for the chelating studies, a fixed wavelength 

(λ) at 507 nm was chosen. The calibration curve A = 0.0410 C − 0.2690 was used for the 

quantitative determination of DR 23, where C (mg/L) is the concentration of DR 23 in the 

supernatant solution. Additionally, the limit of determination (LD) was 0.73 mg/L DR 23 

(corresponding to ten times of standard deviation of the blank solution measured at 507 

nm) [18]. 



Polymers 2022, 14, 5523 4 of 20 
 

 

2.4.2. AAS Method for M2+ Determination 

M2+ from supernatant obtained between and after the interaction with chelating resin 

by AAS was evaluated. The calibration curves in the 0.1–0.5 mg/L range were studied 

corresponding to each M2+. Thus, from 1000 mg/L stock solutions of CRM, the Ni(NO3)2, 

Cd(NO3)2, Pb(NO3)2 and Cu(NO3)2 the calibration curves were prepared in 50 mL volu-

metric flasks by dilution, applying the law of normality. Each standard solution was read, 

and A = f (M2+ concentration) was recorded. The calibration curves obtained—y = 0.0507x 

− 0.0001 for Ni2, y = 0.0924x + 0.0006 for Cu2+, y = 0.0102x + 0.0009 for Pb2+ and y = 1.3905x 

+ 0.0383 for Cd2+—were used to determine the M2+ in the adsorption/desorption studies 

for testing the chelated resins obtained. 

Additionally, LDs of M2+ were obtained as being ten times the standard deviations to 

the blank solution read at the specific wavelength (232 nm for Ni2+, 324.75 nm Cu2+, 283.31 

nm for Pb2+, and 228.8 nm for Cd2+) and were determined as being 0.0027 mg/L Ni2+, 0.0035 

mg/L Cu2+, 0.0040 mg/L Pb2+, and 0.0031 mg/L Cd 2+. 

2.5. Procedure for Determination of the Interaction Time for Optimal Adsorption of DR 23 in 

IRA 402 (Cl−) and XAD7HP Resins 

First, 0.5 g of IRA 402 (Cl−) and XAD7HP resins were weighed in Erlenmeyer flasks. 

Then, 0.05 L of 300 mg/L DR 23 solution was added to the weighed resins. The obtained 

mixtures were stirred at the following interaction times of 15, 30, 45, 60, 75, 90, and 105 

min, respectively, and stirred at 175 rpm (25 ± 2 °C). After stirring, IRA 402 (Cl−) and 

XAD7HP loaded with DR 23 were filtered on filter paper, and the amount of DR 23 re-

tained in the resin mass was determined from the filtered solutions using the calibration 

curve presented in Section 2.4. The adsorption capacity evaluated as a function of interac-

tion time (Qt (mg/g)) was calculated with the following equation [19–22]: 

𝑄𝑡 =
(𝐶𝑖 − 𝐶𝑡)𝑉

𝑚
 (1) 

where Ci and Ct (mg/L) are the initial concentration of DR 23 and at the time (t) min, m(g) 

is the mass of the dry IRA 402 and XAD7HP, and V(L) is the volume of the chelating agent 

(DR 23). All experimental data were collected in duplicate, and the average data were 

applied for Qt determination. 

2.6. Procedure for Studies the Influence of pH 

Over 0.5 g of IRA 402 resin (Cl−) and XAD7HP resins, 0.05 L of 200 mg/L DR 23 solu-

tion was added, the pH was adjusted to 2 in the presence of 10−4 M HCl. The obtained 

mixtures were stirred at 175 rpm for 90 min at 25 ± 2 °C. At the end of stirring, the mixtures 

were filtered, and the quantity of DR 23 that was not retained in the resins’ mass was 

determined spectrometrically. For the solution of DR 23 with pH = 7.9, the same experi-

mental procedure was applied. For the adsorption capacity obtained at equilibrium (Qe 

(mg/g) for DR 23 on IRA 402 and XAD7HP mass (m(g)), the following equation was ap-

plied [23]: 

𝑄𝑒 =
(𝐶𝑖 − 𝐶𝑒)𝑉

𝑚
 (2) 

where Ce (mg/L) is the DR 23 concentration at equilibrium. All experimental data were 

collected in duplicate and the average data were applied for Qe determination. 

2.7. Procedure for Obtained Chelate IRA 402 (Cl−) Resin 

First, 0.5 g of dry resin IRA 402 (Cl−) and 0.05 L of DR 23 at different concentrations—

50, 100, 150, 200, 250, 300 and 350 mg/g—were introduced into 250 mL Erlenmeyer flasks. 

The obtained mixtures were stirred for 90 min at 175 rpm at 25 ± 2 °C. At the end of the 90 

min, the chelate resin IRA 402-DR 23 was filtered and the amount of DR 23 that was not 
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retained in the resin was determined spectrometrically based on the calibration curve pre-

sented in Section 2.4. All experimental data were collected in duplicate, and the average 

data were applied for Qe determination. 

2.8. Procedure for Obtained Chelate Amberlite XAD7HP Resin 

The preparation of the resin with chelating properties, XAD7HP-DR 23, started from 

the conventional resin of poly-acrylic acid esters XAD7HP. For this purpose, 0.5 g of dry 

resin XAD7HP and 0.05 L of DR 23 at different concentrations—50, 100, 150, 200, 250, 300 

and 350 mg/g—were introduced into 250 mL Erlenmeyer flasks. The obtained mixtures 

were stirred for 90 min at 175 rpm (25 ± 2 °C). At the end of the 90 min, the chelate resin 

XAD7HP-DR 23 was filtered, and the amount of DR 23 that was not retained in the resin 

was determined spectrometrically using the calibration curve presented in Section 2.4. All 

experimental data were collected in duplicate, and the average data were applied for Qe 

determination. 

2.9. Procedure for Evaluate the Stability of Chelate Resins 

The stability of IRA 402-DR 23 (21.2 mg DR 23/g) and XAD7HP-DR 23 (27.2 mg DR 

23/g) resins in the presence of the desorption agents 2 M HCl, 2 M NaOH, MeOH and 

EtOH was evaluated. Chelating resins were weighed in Erlenmeyer flasks and treated 

with 0.05 L of 2 M HCl, 2 M NaOH, MeOH and EtOH. The obtained mixtures were stirred 

at 175 rpm for 30 min at 25 ± 2 °C. At the end of the stirring time, the IRA 402-DR 23 and 

XAD7HP-DR 23 resins were filtered on filter paper, and the effluent solutions were ana-

lyzed spectrometrically. The amount of DR 23 released in the effluent solutions was de-

termined using the calibration curve presented in Section 2.4. Additionally, the DR 23 de-

sorption (D (%)) was evaluated using the following equation [24]: 

𝐷 (%) = 
𝐴

 𝐵
 ×  100 (3) 

where A is the DR 23 amount (mg) released in supernatant after desorption studies and B 

is the DR 23 amount (mg) that remains in the chelating resins’ mass after desorption stud-

ies. All experimental data were collected in duplicate, and the average data were applied 

for D (%) determination. 

2.10. Procedure for Studies on the Influence of Contact Time between Cd2+, Ni2+, Cu2+ and Pb2+ 

and Chelate Resins 

To study the influence of the contact time for 0.5 g of chelated resin (IRA 402-DR 23 

and XAD7HP-DR 23), 0.05 L of 0.6 mg/L M2+ concentration was added to each sample. The 

obtained mixtures were subjected to 175 rpm (25 ± 2 °C) mechanical stirring at specified 

time intervals, which were 15, 30, 45, 60, 75, 90 and 120 min. After the end of each studied 

time interval, the concentration of M2+ was determined from the supernatant solution. The 

optimal contact time was established when the concentration of M2+ in the supernatant 

solutions remained constant. The adsorption capacity of chelate resin as a function of in-

teraction time (Qt (mg/g)) for M2+ removal was calculated with Equation (1). All experi-

mental data were collected in duplicate, and the average data were applied for Qt deter-

mination. 

2.11. Procedure for Cd2+, Ni2+, Cu2+ and Pb2+ Removal Using Chelate Resins 

For Cd2+, Ni2+, Cu2+ and Pb2+ removal by chelate resins, approximately 0.5 g of IRA 

402-DR 23 (21.2 mg DR 23/g) and XAD7HP-DR 23 (27.2 mg DR 23/g) resins were stirred 

with 0.05 L solutions of M2+ (pH = 2.5), which varied from 0.05 mg/L (S1) to 0.1 mg/L (S2), 

0.15 mg/L (S3), 0.2 mg/L (S4), 0.3 mg/L (S5), 0.4 mg/L (S6) and 0.6 mg/L (S7), were stirred 

for 60 min at 175 rpm (25 ± 2 °C). After stirring, IRA 402-DR 23-M2+ (S1 to S7) and 

XAD7HP-DR 23-MX+ (S1 to S7) were filtered, and the concentration of each M2+ cation was 
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determined by AAS using the calibration curves presented in Section 2.4. The M2+ removal 

was determined by considering the difference between the initial M2+ concentration from 

the solution (Ci (mg/L)) and the final concentration in the eluent (Ce (mg/g)) after the ad-

sorption process. The following equation was applied to calculate M2+ efficiency removal 

R (%) [24]. 

𝑅 (%) =
𝐶𝑖 − Ce

𝐶𝑖

 ×  100 (4) 

All experimental data were collected in duplicate, and the average data were applied 

for R (%) determination. 

2.12. Procedure for M2+ Recovery from IRA 402-DR 23-M2+ and XAD7HP-DR 23-M2+ 

IRA 402-DR 23-M2+ (S1 to S7) and XAD7HP-DR 23-M2+ (S1 to S7) solid phases ob-

tained in Section 2.11 (0.5 g) were stirred for 60 min with 0.05 L 2 M HCl in 250 mL Erlen-

meyer flask for 60 min at 175 rpm (25 ± 2 °C). After stirring, the resins were filtered, and 

the filtrated solutions were analyzed by AAS using calibration curves presented in Section 

2.4. All experimental data were collected in duplicate and the average data were applied 

for D (%) determination. 

3. Results and Discussions 

3.1. Effect of Interaction Time (DR 23-Resin) 

The effect of interaction time regarding the DR 23 adsorption onto IRA 402 (Cl−) and 

XAD7HP mass is presented in Figure 2. The quantity of the chelate agent adsorption onto 

IRA 402 (Cl−) and XAD7HP increased with the increase in the interaction time from 15 to 

90 min. In the first 30 min, more than half of the chelating agent was retained on the resins’ 

mass. It is observed that the time required to obtain chelate resins is 90 min when Qt varies 

insignificantly. Marin et al. studied the effect of interaction time between the chelating 

agent (Acid Blue 113 (AB 113)) and the strongly basic anion exchanger resin IRA 402 in 

Cl− form in the range of 30 to 135 min. It was observed that the equilibrium was influenced 

by the interaction time, such that in the first step (30–90 min), the AB 113 adsorption was 

fast. Subsequently, in the second step, Qt values varied insignificantly and equilibrium 

was reached [25]. Additionally, XAD7HP resin was impregnated with procainamide 

(PHA) and lidocaine (LID), and the influence of the interaction time was evaluated within 

the 30 to 80 min range. The time necessary to reach equilibrium for impregnation of 

XAD7HP was determined at 60 min for both pharmaceutical compounds [19]. 

 

Figure 2. Influence of interaction time on adsorption of DR 23 on IRA 402 (Cl−) and XAD7HP. 

  



Polymers 2022, 14, 5523 7 of 20 
 

 

3.2. The Influence of pH 

pH is one of the parameters that may influence the chelating efficiency. For this rea-

son, the adsorption process of DR 23 at pH = 2 and 7.9 on IRA 402 and XAD7HP was 

studied. When experimental studies were carried out, the maximum adsorption of DR 23 

for anion exchange resin IRA 402 (Cl−) was obtained at pH = 7.9 with a value of Qe of 15.1 

mg/g, while at pH = 2, the Qe is only 14.2 mg/g. 

The insignificant behavior at pH 2 can be explained as follows: the height structure 

of DR 23 can restrict the ion exchange mechanism that is favored by the sulfonic groups 

of DR 23 and the functional groups of the strongly basic anionic resin in the Cl− form (R-

N+(CH3)3Cl−). 

Therefore, for the obtained chelate IRA 402 (Cl−) resin, we can provide the following 

hypothesis: besides the ion exchange adsorption, the aromatic structure of DR 23 favors 

also its adsorption on the styrene divinylbenzene resin by physical adsorption. 

Additionally, the adsorption of DR 23 by the XAD7HP is achieved through physical 

adsorption and through the molecular sieve effect that the acrylic support exhibits on the 

DR 23 molecules with which it comes into interaction. 

For Amberlite XAD7HP resin, a better adsorption was obtained at pH = 2, and Qe is 

18.7 mg/g. While at pH = 7.9, Qe was 17.0 mg/g. 

Taking into account the small influence of the pH of DR 23 solutions on the adsorp-

tion capacity for IRA 402 (Cl−) and XAD7HP, future experimental studies were evaluated 

at pH = 7.9, which is the pH of the solution. Marin et al. studied the influence of pH when 

strongly basic anion exchange resin (IRA 400) was used for Acid Orange 10 (AOG 10) 

removal. AOG 10 was used in disodium salt that was dissociated in water and exists in 

two complete negative forms. In addition, at a pH higher than 9, the phenolic group is 

ionized. In such conditions, all three anion groups may be involved at the ion exchange 

equilibrium and the influence of AOG 10 adsorption onto resin mass was studied. For all 

pH studies that were evaluated at different pH values from 1.02 up to 10.3, the adsorption 

of AOG 10 was not suggested, and the percent removal varied from 99.9% to 99.7% [26]. 

A similar result was presented by Anjali et al., where Amberlite XAD-7HP resin (X7), 

was impregnated (IMPXD7) with Aliquat 336 (A 336) and used for the removal of Reactive 

Blue-13 (RB-13) using various pH ranges. For this reason, batch experiments were per-

formed using 4 g/L IMPXD7 and 50 mg/L RB-13 for 1 h in the pH range between 2.18 and 

11.82. The obtained results showed insignificant percentage removal that varied from 

98.76 up to 95.03 when the pH of the supernatant was evaluated from acidic to alkali me-

dium. Efficient removal ~99% at pH = 5.75 was obtained. This behavior can be quantified 

by an adsorbent point of zero/neutral charge that is 6.88. At pH < pHo, the surface of the 

adsorbent is positively charged. Therefore, in an acidic environment, the retention rate of 

the RB-13 dye increases. Thus, the interaction between the anionic groups of the RB-13 

dye and the positive groups on the surface of the adsorbent improves the adsorption of 

the dye. At the same time, when pH > pHo, the surface of the adsorbent is probably nega-

tively charged, resulting in a decrease in dye adsorption. It was observed that in both 

acidic and alkaline media, no changes in the adsorption efficiency of the RB-13 dye were 

highlighted. Considering these observations, experimental studies were carried out at the 

pH of the dye solution [27]. 

3.3. Influence of Chelate Agent Concentration 

The chelating resins were achieved by the batch method. Additionally, the function-

alization was carried out by taking into account the exchange capacity of the resin pre-

sented in the datasheet of the IRA 402 (Cl−) resin. The ion exchange capacity determined 

theoretically was 0.9765 g DR 23/0.8 g IRA 402 dry resin [28]. At the same time, for the 

XAD7HP resin, functionalization was achieved by gradually increasing the concentration 

until saturation was obtained. 
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Thus, taking into account the previously stated aspects, the range of concentrations 

varied from 50 to 350 mg/L DR 23. Figure 3a,b show the effect of the initial concentration 

on the resin mass IRA 402(Cl−) and XAD7HP, respectively. 

Significant adsorption on the resin mass was obtained at high concentrations of DR 

23. As one can see, the resin mass may have retained only a limited amount of DR 23 later; 

even if the concentration of DR 23 is increased, significant adsorption is no longer ob-

served (Figure 3a,b). Additionally, the Qe values determined for the XAD7HP resin were 

higher compared to IRA 402 (Cl−) resin for all concentrations studied. 

 

(a) 

 

(b) 

Figure 3. Influence of DR 23 initial concentration for (a) IRA 402 (Cl−) and (b) XAD7HP. 

3.4. Effect of Desorption Agent 

In order to verify if the resins obtained can be used for M2+ removal, the stability of 

chelate resins was evaluated. It is known that the majority of aqueous matrices have acidic 

pH. Chelated resin IRA 402-DR 23 keeps its form at 2 M (HCl and NaOH) and also in the 

presence of some common organic solvents (MeOH and EtOH); see Figure 4a. Therefore, 

if the interaction between the chelate agent and resin structure IRA 402(Cl−) is governed 

by an ion exchange mechanism, the strategy follows the following hypothesis: Cl− ions 

from 2 M HCl and HO− from 2 M NaOH solutions tend to replace the anionic form of DR 

23 through an ion exchange mechanism. 

The high stability of the chelated resin is a consequence of physical adsorption that 

act together with ion exchange adsorption. For XAD7HP-DR 23 resin, the chelating agent 

remains loaded in the resin mass when the acidic (2M HCl) and basic (2M NaOH) solution 

is added. The influence of the desorption agent is observed for XAD7HP-DR 23 when 

40.7% and 38.9% of the loaded chelating agent were released in the MeOH and EtOH 

(Figure 4b). 
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The XAD7HP-DR 23 is easy to prepare and the original resin XAD7HP can be recov-

ered and used for obtaining chelating resin in a new study. The behavior of IRA 402-DR 

23 in the organic eluent is insignificant and the chelating agent is not released. Similar 

results were obtained by the authors in a previous study [18,19,25]. 

 

(a) 

 

(b) 

Figure 4. Effect of desorption agents for (a) IRA402-DR 23 and (b) XAD7HP-DR 23. 

3.5. Adsorption Kinetics 

The kinetics of the adsorption process necessary to reach the equilibrium between 

the liquid–solid phases (solutions of M2+- chelating resins) was studied ranging from 15 to 

120 min. The experimental results obtained on the influence of the contact time (M2+- che-

lating resins) are presented in Figure 5. One result is that, from 60 to 120 min, the M2+ad-

sorption on both chelating resins becomes slow and the percentage of M2+ retained varies 

insignificantly (see Figure 5a,b). In the next experiment, M2+ adsorption on both chelating 

resins, the optimal contact time was set to 60 min. 
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(a) 

 

(b) 

Figure 5. Removal of M2+ as a function of contact time on (a) IRA 402-DR23 and (b) XAD7HP-

DR23. 

Experimental data obtained on the influence of contact time (interaction between 

M2+- chelating resin) were fitted by the pseudo-first- (Lagergren) and pseudo-second-or-

der (Ho and McKay) kinetic models. 

The pseudo-first- and -second-order kinetic models are described by Equations (5) 

and (6) [19,26]: 

log(Qe-Qt) = logQe- (
𝑘1

2.303
) t 

(5) 

𝑡

𝑄𝑡

=  
1

𝑘2 𝑞𝑄𝑒2 
+ 

𝑡

𝑄𝑒

 
(6) 

where k1 (min−1) is the rate constant of the pseudo-first-order model; Qe and Qta re the 

amount of the M2+ retained at equilibrium (e) of IRA 402-DR 23 and XAD7HP-DR 23 and 

at time (t) on IRA 402-DR 23 and XAD7HP-DR 23, respectively; and k2 (g/(mg·min)) is the 

rate constant of the pseudo-second-order kinetic model. From the graphical representa-

tion of log(Qe – Qt) vs. t, the constant k1 (min−1) and the amount retained at equilibrium (Qe 

calc. (mg/g)) were obtained. 

Additionally, from the representation of t/Qt vs. t, the k2 constant and Qe calc. (mg/g) 

values were determined. Comparing the R2 results obtained for each metal ion when the 

pseudo-first- and -second-order kinetic model was fitted, it can be seen that the best values 

were obtained for the first kinetic model (Table 1). 
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Table 1. Kinetic constants of M2+ adsorption on the IRA 402-DR 23 and XAD7HP-DR 23. 

Chelating Resins IRA402-DR 23 XAD7HP-DR 23 

Kinetic Models Cd2+ Cu2+ Ni2+ Pb2+ Cd2+ Cu2+ Ni2+ Pb2+ 

Pseudo-first-order 

model 
  

k1 (min−1) 0.040 0.058 0.023 0.046 0.060 0.026 0.050 0.057 

Qe calc. (mg/g) 21.7 49.3 28.0 70.1 10.3 31.2 25.0 18.3 

* Qe exp. (mg/g) 0.49 0.009 0.019 0.011 0.050 0.024 0.020 0.022 

R2 0.950 0.953 0.700 0.900 0.920 0.958 0.953 0.861 

Pseudo-second-order    

k2 (g/(mg∙min)) 0.240 0.230 0.005 0.004 0.014 0.010 0.050 0.048 

Qe calc (mg/g) 0.006 0.078 0.150 0.170 0.340 0.30 0.096 0.06 

R2 0.886 0.886 0.200 0.100 0.908 0.910 0.250 0.201 

* Values obtained for the influence of contact time, using experimental conditions: contact time 60 

min, 0.6 mg/L M2+ and 0.5 g of each chelating resin, shaken at 175 rpm 25 ± 2 °C. 

3.6. Application of Chelating Resin toward M2+ Removal 

In this work, the presence of functional groups existing in the structure of the chelat-

ing agent act with good affinity for M2+, binding the metal through a chelation or com-

plexation mechanism. 

The adsorption mechanism between chelating resins (IRA 402-DR 23 contained 21.2 

mg DR 23/g of IRA 402 and XAD7HP-DR 23 contained 27.2 mg DR 23/g of XAD7HP) and 

M2+ can be explained by taking into consideration the following hypothesis: the DR 23 

contains two azo groups (–N=N–) that can have a good affinity for M2+ (i) when azo groups 

can donate a pair of electrons chelating or complexing the M2+; (ii) by diffusion in the po-

rous structure of chelating resins; (iii) by ion exchange between both sulfonate groups 

(SO3−) that are not employed employ in the first step when chelating resins were obtained; 

and (iv) by carbonyl groups (–C=O) of XAD7HP resin, which can be involved in a com-

plexation mechanism by oxygen atoms of the –C=O group and the metal ions. 

In order to check the applicability of the chelating resins, the batch mode was em-

ployed for selectivity M2+ adsorption. Therefore, the practical applicability of the modified 

resins was tested by seven synthetic mixtures of Cd2+, Cu2+, Ni2+, and Pb2+ with 0.05 mg/L 

(S1), 0.1 mg/L (S2), 0.15 mg/L (S3), 0.2 mg/L (S4), 0.3 mg/L (S5), 0.4 mg/L (S6) and 0.6 mg/L 

(S7), respectively. As one can observe, R (%) values are greater for S1, S2 and S3 at low 

concentrations of M2+ (i.e., 0.05–0.15 mg/L). Subsequently, R (%) decreases with increasing 

concentration of M2+ (i.e., 0.2–0.6 mg/L) corresponding to S4, S5, S6 and S7. 

The chelating resins showed a huge selectivity for Cd2+ even when 0.6 mg/L M2+ was 

used, where 85% and 83% were removed by the XAD7HP-DR 23 and IRA 402-DR 23, re-

spectively. 

For all cases, the M2+ efficiency on the XAD7HP-DR 23 was better highlighted com-

pared with IRA 402-DR 23, giving promising results (see Figure 6a,b). On the other hand, 

Pb2+ was better removed by the IRA 402-DR 23 resin, and the R (%) was found to be 60% 

for S1, 31% for S2, 28% for S3, 19% for S4 and 30% for S5. In comparison, the R (%) of the 

XAD7HP-DR 23 for Pb2+ (S1, S3–S5) was under IRA 402-DR 23, except for S6 and S7, when 

XAD7HP-DR 23 removed double the amount of Pb2+. 

Thus, IRA 402-DR 23 and XAD7HP-DR 23 provide a huge selectivity for Cd2+, while 

Cu2+ (0.73 Å), Ni2+ (0.69 Å) and Pb2+ (1.19 Å) were removed as a function of the ionic radius 

if taking into consideration the hypothesis presented in the previous study [24]. 

Simultaneously, M2+ removal on the chelating resin is presented in Figure 6a,b. 

The total adsorption capacity (Qt) for the highest M2+ concentration tested (0.6 mg/L) 

was 0.0718 mg M2+/g of IRA 402-DR 23 and 0.1140 mg M2+/g of XAD7HP-DR 23. Therefore, 

it was determined that the Qt of removed M2+ did not exceed the adsorption capacity of 

the chelating resins tested. 
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(a) 

 

(b) 

Figure 6. Cd2+, Cu2+, Ni2+ and Pb2+ removal on (a) IRA 402-DR 23 and (b) XAD7HP-DR 23. 

Additionally, a literature overview of other adsorbents used for the removal of harm-

ful metal ions was studied (Table 2). 

Table 2. Comparison of IRA 402-DR 23 and XAD7HP-DR 23 with other adsorbents used for the 

removal of hazardous metal ions. 

Matrices 
Chelating 

Agents  

Adsorption 

Capacities (mg/g) 
Ref. 

  Cd2+ Co2+ Cr3+ Cu2+ Mn2+ Ni2+ Pb2+ Zn2+  

Amberlite IRA 402(Cl-) DR 23 0.050 - - 0.009 - 0.0018 0.011 - This study 

Amberlite XAD7HP DR 23 0.051 - - 0.022 - 0.020 0.021 - This study 

Poly(diacetonitrile 

methacrylamide-

coinylimidazole) 

Polyvinyl- 

imidazole 
29.3 31.6 29.3 27.3 35.5 31.7 39.8 32.3 [29] 

Glycidyl methacrylate 
N,N-methylene 

biscarylamid 
369 73 40.6 151 94.1 99.2 136.8 92.2 [30] 

Amberlite XAD4 
1-(2-thiazolylazo) 

-2-naphthol 
 

- 

- 
- 8 - - - - [31] 

Amberlite XAD2 Calcein blue - - - 27 - - --  [32] 
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Analyzing the data presented in Table 2 shows that a smaller adsorption capacity can 

be observed for IRA 402-DR 23 and for XAD7HP-DR 23 resin for M2+ removal if we refer 

to other resins presented comparatively. It is mandatory to mention that these results were 

obtained in strongly different conditions. For instance, in [29], the initial concentration 

was 200 mg/L, in [30] it was 3000 mg/L, in [31] it was 322 mg/L, and in [32] it was 100 

mg/L. Additionally, it is worth mentioning that most of these heavy metals are in the ppt-

ppb level. Considering these data, even if the IRA 402-DR 23 and XAD7HP-DR 23 resins 

have a moderately smaller adsorption capacity for M2+ adsorption, they could be a solu-

tion for a real aqueous sample with concentrations in the range of ppt-ppm; perhaps these 

systems can be used in association with those presented in [29–32] as a final step in heavy 

metal removal. 

3.7. Adsorption Isotherms 

The interaction between divalent metal ions and chelated resins was studied based 

on the theoretical isotherm models of Langmuir (Equations (7)–(8)), Freundlich (Equation 

(9)), and Dubinin Radushkevich (Equations (10)–(12)) [19]. 

Ce

Q
e

=
1

bQ
0

+
Ce

Q
0

 (7) 

𝑅𝐿 =
1

1 + 𝑏𝐶0

 (8) 

ln Q
e    

= ln Kf  + 
1

n
lnCe (9) 

𝑙𝑛 𝑄𝑒 = 𝑙𝑛 𝑞𝑚 − 𝛽𝜀2  (10) 

ε=RTln(1+
1

Ce
) (11) 

𝐸 =
1

√2𝛽
 (12) 

where Q0 is the maximum adsorption of IRA 402-DR 23 and XAD7HP-DR 23; b is the 

Langmuir constant correlated with the adsorption capacity of IRA 402-DR 23 and 

XAD7HP-DR 23; C0 (mg/L) is the highest initial concentration of M2+ adsorbed by the che-

lating resin at equilibrium; and RL is the separation factor. The value of RL shows whether 

the adsorption process is favorable 0 < RL < 1, unfavorable RL > 1, linear RL = 1, or irreversi-

ble RL = 0. Kf is the Freundlich constant, n is the constant correlated with the energetic 

heterogeneity of the adsorption sites; qm is the adsorption capacity of a theoretical mono-

layer (mg/g); β is the constant of adsorption energy (mol2/J2); Ɛ is the Polonyi potential; 

and E (KJ/mol) is the mean of the free energy. 

The value of RL was evaluated by applying Equation (9) for all M2+ concentrations 

studied (i.e., 0.05–0.6 mg/L). As one can observe from Table 3, the adsorption process was 

determined to be favorable (0 < RL < 1). Linear regression isotherms were applied to better 

understand the adsorption mechanism for the removal of the M2+. 

The applicability of theoretic isotherm models was evaluated by taking into consid-

eration the R2 value. Taking into account the high value of the R2, we can issue the theo-

retical hypothesis that Cd2+, Cu2+, and Ni2+ are retained on the heterogeneous surface of 

IRA 402-DR 23 described by the Freundlich model, while the Pb2+ is adsorbed by the ho-

mogeneous surface of IRA 402-DR 23 described by the Langmuir model. 

Additionally, for the following chelating resin, Cu2+ is retained on the homogeneous 

surface of the XAD7HP-DR 23, described by the Langmuir model (Table 3). As one can 

see in Table 3, Cd2+, Pb2+ and Ni2+ are removed by the heterogeneous surface of the 

XAD7HP-DR 23 according to the Freundlich model. 
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Moreover, the E (KJ/mol) values obtained by applying the Dubinin Raduschevich 

model suggest that M2+ is retained by chemical adsorption on the IRA 402-DR 23 and 

XAD7HP-DR 23 (Table 3). 

Table 3. Langmuir, Freundlich and Dubinin Radushkevich isotherm constants regarding M2+ ad-

sorption on chelated resins. 

Chelating  

Resins 
IRA402-DR 23 XAD7HP-DR 23 

Isotherm 

Models 
Cd2+ Cu2+ Ni2+ Pb2+ Cd2+ Cu2+ Ni2+ Pb2+ 

Langmuir   

Q0 (mg/g) 0.324 0.013 0.029 0.008 0.069 0.018 0.015 0.168 

b (L/mg) 1.478 7.732 2.296 9.701 16.813 17.043 9.238 0.122 

R2 0.160 0.775 0.401 0.455 0.674 0.754 0.555 0.204 

RL 0.576 0.582 0.703 0.491 0.104 0.214 0.352 0.974 

Freundlich    

KF 2.429 1.879 1.746 1.363 1.821 1.310 1.379 2.365 

1/n 0.888 0.631 0.558 0.310 0.600 0.270 1.321 0.861 

n 1.127 1.586 1.794 3.230 1.668 3.704 3.112 1.162 

R2 0.942 0.792 0.830 0.421 0.968 0.732 0.636 0.537 

Dubinin–

Radushkevich 
  

qm (mg/g) 13.448 70.0 85.151 152.0 19.101 66.622 94.332 100.0 

β (mol2/kJ2) 0.2 × 10−7 0.3 × 10−7 0.2 × 10−7 0.1 × 10−7 0.1 × 10−7 0.7 × 10−8 0.9 × 10−8 0.3 × 10−7 

E (KJ/mol) 5000 4082 5000 7071 7071 8452 7454 4083 

R2 0.914 0.838 0.656 0.344 0.906 0.7060 0.515 0.445 

3.8. Effect of the Desorption Agent from the Chelating Resins Loaded with M2+ 

Desorption studies of M2+ from chelated resins were also evaluated. In most applica-

tions, when the charged metal ions on the chelating resin exceed their ion-exchange ca-

pacity, the chelating resin is considered exhausted and must be regenerated. Thus, once 

the resin is exhausted, it no longer retains the metal ions from the solution, a fact that is 

monitored by continuous measurement of effluent. The exhausted resin is regenerated 

with solutions in which the ion concentration must be high enough to remove the metal 

ions adsorbed in the chelating resin mass subject to regeneration. For chelating resins, the 

desorption agent can be a mineral acid [33,34]. In our paper, after adsorption of Cd2+, Cu2+, 

Ni2+ and Pb2+ onto chelating resins, the release of those was evaluated using 2 M HCl. A 

high acid concentration was used, taking into consideration the greater stability of chelat-

ing resins presented in Sections 2.9 and 3.4. The obtained results are presented in Figure 

7a,b. It is observed that all M2+ retained on resins’ mass were found quantitatively in the 

supernatant solution of 2 M HCl. The M2+ desorption order from the IRA402-DR 23-M2+ 

was Ni2+ > Cu2+ > Cd2+ > Pb2+, while for XAD7HP-DR 23-M2+resin, the behavior Cu2+ > Pb2+ 

> Cd2+ > Ni2+ was obtained. Therefore, the desorption studies suggest that these resins can 

be reused, justifying the cost of production. A similar desorption experiment was related 

by Shy et al. when the dithiocarbamate chelating resin was evaluated from simulated 

wastewater Co2+. The desorption studies were performed using 0.1 M HCl when 99.1% 

Co2+ was released into the solution [35]. Chloromethylated polystyrene resin (PS-Cl) to-

gether with D380 (PS-NH2) were functionalized with citric acid for Fe3+, Al3+, Pb2+, Cu2+, 

Cd2+ and Hg2+ removal. The obtained results confirm the hypothesis that, in a strongly 

acidic environment, the capacity of a combination of metal ions and resins would decrease 

due to the fact that the COO− group would be non-ionized. Metal ions were desorbed 

using the following experimental conditions: 20 mL HCl and 24 h contact time between 
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liquid and solid phases. The majority of the metal was desorbed at a ratio exceeding 98% 

in 0.5% HCl, except Fe3+, when only 74.6% was detected. When the acidity of the eluent 

was increased to 3.0% HCl, Fe3+ was efficiently desorbed by more than 98%. Considering 

the results obtained, modified resins with citric acid can be easily regenerated with 0.5% 

or 3.0% HCl [36]. 

 

(a) 

 

(b) 

Figure 7. Effect of 2 M HCl solution on M2+ desorption from chelating material exhausted (a) IRA402-

DR 23-M2+ and (b) XAD7HP-DR 23-M2+, where S1 to S7 represents the solid phases of IRA 402-DR 

23-M2+ and XAD7HP-DR 23-M2+ obtained in Section 3.6. that were subjected to desorption studies. 

3.9. FTIR Evaluation of the Chelating Resin–Metal Interaction 

FTIR can be used in the evaluation of the interaction between the chelating resin and 

the metal ions [37]. Therefore, two chelating resins (IRA 402-DR23 and XAD7HP-DR 23) 

were obtained starting from Amberlite IRA 402(Cl−) and Amberlite XAD7HP produced 

by the same supplier (Sigma Aldrich) and tested comparatively for M2+ removal. Based on 

the FTIR data, we can observe that absorption of metals leads to a strong modification of 

the FTIR spectra when IRA402-DR23 adsorbs metal cations, and consequently, a strong 

peak centered at 1338.52 cm−1 is observed (over which some smaller peaks centered at 

1362.21 and 1374.06 cm−1 are overlapping) (Figure 8). Additionally, the intensity of the 

peaks involved in these interactions changes their intensity. In the case of the XAD7HP 

series (Figure 8), the presence of some specific bands cannot be identified, and the relative 

intensity of the peaks is also not visibly changing. Consequently, the subtraction of the 

FTIR peaks of the XAD7HP-DR23-Metals and XAD7HP-DR23 was performed. The most 

important changes occur in the 900–1800 cm−1 region, and thus, this area is presented as 
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an insert in Figure 9. Based on the subtracted spectrum, it can be seen that more peaks of 

the XAD7HP-DR23 (1722.88, 1457.61, 1257.22 or 1139.61) are modified. Based on these 

changes, it can be concluded with no doubt that interactions develop between the two 

supports modified with DR23 and the metal cations. 

 

Figure 8. FTIR spectra of (a) IRA 402(Cl−), (b) IRA 402-DR23 and (c) IRA 402-DR23-M2+. 

 

Figure 9. FTIR spectra of (a) XAD7HP, (b) XAD7HP-DR23 and (c) XAD7HP-DR23-M2+; insert rep-

resents the subtraction of the FTIR spectra of XAD7HP-DR23 and XAD7HP-DR23-M2+. 

3.10. SEM Analysis 

SEM images of the IRA 402-DR 23, IRA 402-DR 23-M2+, XAD7HP-DR 23 and 

XAD7HP-DR 23-M2+ are shown in Figure 10a–d. For this aim, different beds of chelated 

resins before and after M2+ interaction were selected. First, it can be observed that the ab-

sorption of the metal cations did not change the size of the DR23-modified microbeads 

(IRA402-DR23 or XAD7HP-DR23); thus, it can shown that no significant degradation oc-

curred during the absorption process. At the surface, some minor changes appeared as a 

consequence of the adsorption. For instance, in the case of IRA 402-DR23/IRA 402-DR23-

XAD7HP-Metals 

XAD7HP-DR23 

XAD7HP-blank 

(a) 

(b) 

(c) 

(b) 

(a) 

(c) 



Polymers 2022, 14, 5523 17 of 20 
 

 

M2+ (Figure 10a,c), the surface became rougher, while, in the case of XAD7HP-

DR23/XAD7HP-DR23-M2+ (Figure 10b,d), the density of the surface pores decreases. 

Results of the metal removal of chelating resin were quantified through SEM analy-

sis. Thus, Fatah et al. presented SEM analysis of La3+ adsorption onto functionalized Am-

berlite XAD-4 with Cyanex 921 when the metal ions were coordinated by the oxygen at-

oms of the chelating agent. The presence of La3+ onto walls’ spheres by SEM images was 

highlighted [38]. Additionally, chelating resin H+ Dowex-M4195 was tested for Cu2+ ad-

sorption. The SEM image of chelating resin loaded with Cu2+ has a smoother surface re-

ported with the resin used before adsorption [39]. 

  
(a) (c) 

  

(b) (d) 

Figure 10. SEM Images of (a) IRA 402-DR23, (b) IRA 402-DR23-M2+, (c) XAD7HP-DR23 and (d) 

XAD7HP-DR23-M2+. 

4. Conclusions 

In summary, new chelated resins, i.e., IRA 402-DR 23 and XAD7HP-DR 23, were ob-

tained, and their applicability for Cd2+, Cu2+, Ni2+ and Pb2+ removal was studied. It was 

determined that the chelating procedure of IRA 402 (Cl−) and XAD7HP improves with the 

interaction time and the initial concentration of the DR 23, while the pH effect is insignif-

icant. 
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Considering the excellent stability of the IRA 402-DR 23 and XAD7HP-DR 23 in an 

acidic medium, 2 M HCl can be used as an eluent for M2+ removed from chelating resins 

when the form of the resins does not need to be modified. 

Additionally, if the MeOH or EtOH is used, the possibility of XAD7HP-DR 23 resin 

regeneration increases, allowing the initial XAD7HP resin to be recovered. At the same 

time, the overlap of the two mechanisms that contribute to the IRA 402-DR 23 resin gives 

high stability in a strongly acidic, basic, and also organic environments. The lower adsorp-

tion capacity obtained for XAD7HP (27.12 mg/g) and for IRA402(Cl−) (21.2 mg/g) results 

in the inability of DR 23 to access the internal structure of the resins. 

Therefore, according to our study, the use of acrylic ester resin (XAD7HP) is better 

indicated when using a chelating agent with a high molecular structure. The low adsorp-

tion capacity determined experimentally compared with the ion exchange capacity of the 

IRA 402(Cl−) resin showed that only a small part of the quaternary amino groups were 

involved in the DR 23 adsorption through an ion exchange mechanism predominating the 

π–π interactions between the styrene–divinyl benzene structure of the resin and the aro-

matic ring of the chelating agent. 

The chelating resins were successfully applied for simultaneous M2+ removal from 

acid samples using the AAS method. The experimental data are best fitted by the pseudo-

first-order kinetic model, which suggests that the adsorption rate is dependent on the ad-

sorption capacity of the chelated resins in environmentally relevant concentrations (0.05–

0.6 mg/L). 

For both chelated resins, the value of RL obeys the rule that 0 < RL < 1, which suggests 

that the adsorption process of M2+ is favorable. Additionally, the M2+ adsorption on che-

lating resins is confirmed by the n values being with n > 1 in the Freundlich model. 

Using 2 M HCl, efficient desorption of M2+ from chelating resins was obtained, such 

that the obtained were also recyclable. 

Consequently, both chelating materials exhibited the highest selectivity for Cd2+, fol-

lowed by Cu2+, Ni2+ and Pb2+, from water polluted with acid. 
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