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Abstract

:

This study focuses on investigating and comparing the influence of the surface functional groups and chemical matrices of macroporous resin on the Cr(III) exchange mechanism. The results discussed herein indicate that sulfonic resin removed Cr(III) ions with faster kinetics than carboxylic resin. Equilibrium was established within 15 and 7 min for the carboxylic and sulfonic resins, respectively, with a 99.5% removal efficiency at 333 K. The Langmuir exchange capacity was observed to be higher for the sulfonic resin (1.5 mmol∙g−1) than the carboxylic resin (0.80 mmol∙g−1) at 333 K. The adsorption isotherms obtained for the carboxylic and sulfonic resins were H and S types, respectively, representing a higher affinity of the carboxylic resin for Cr(III) removal at a low metal ion concentration. Additionally, it was noted that the carboxylic resin preferentially co-sorbed H+ and Cr(OH)2+ ions below Cr(III) concentrations of 6–8 mmol.L−1. The H+ ions co-sorption was almost negligible, whereas the Cr(III) exchange was 87 and 34.5% for the carboxylic acid resin and sulfonic acid resins, respectively. The data of the concentration studies were evaluated using non-linear forms of Freundlich, Langmuir, and Dubinin–Radushkevich adsorption isotherm models, and the kinetic data were analyzed using pseudo-Ist- and pseudo-IIst-order kinetic models. The activation energy Ea for Amberlite IRC-50 (Na+) was greater (22.4 kJ∙mol−1) than that of Amberlyst-15 (Na+) 17 kJ∙mol−1, indicating a higher energy barrier for the ion exchange reaction on carboxylic resin. As per the findings of a statistical error analysis (RMSE and SSE) and absolute average relative distribution (AARD) statistical model, a close agreement between the experimental and theoretical values suggested that the Langmuir isotherm was well-fitted to the current adsorptive investigations. The interaction of the COO− and SO3− functional sites of the resins for the exchange of Cr(III) ions was validated through an FT-IR analysis. The macroporous resins used in the current study for Cr(III) exchange showed promising performances compared to other resins. The current investigations revealed valuable insights for choosing macroporous resins as adsorbents in water filtration systems.
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1. Introduction


Chromium is a heavy metal that exists in two stable oxidation states, i.e., Cr (III) and Cr(VI), with Cr(III) being the most common form occurring in the environment [1,2]. Cr(III) can be considered as beneficial and an important food supplement at a low level, playing a fundamental role in biochemical reactions, but its existence in the ecosystem exceeding the recommended 0.05 mg∙L−1 level can also cause significant health hazards [3,4]. In addition, the presence of different oxidizing agents such as Fe2O3, MnO2, and NaNO3 in the environment can result in the rapid oxidation of Cr(III) into more hazardous Cr(VI) under alkaline conditions [5]. Therefore, both the removal and recovery of Cr(III) and Cr(VI) from industrial wastes are compulsory preceding their direct discharge into the aquatic system. By performing this, environmental pollution risks will be significantly reduced, and recovering Cr(III) compounds for reuse will be economically advantageous.



Based on scrutinizing the literature, several technologies have been employed for the removal of different contaminants and pollutants from aqueous bodies, such as chemical precipitation, advance oxidation, membrane filtration, photocatalystic degradation, adsorption, and ion exchange [6]. Among all these removal techniques, ion exchange is a highly promising, competitive, well-developed, and widely used technique because of its high removal efficiency, quick kinetics, simple design, cheap operating costs, and regeneration of both adsorbent and adsorbate [7]. Although, the adsorption of metal ions by ion exchangers is mostly a result of ion exchange processes, it is also, however, controlled by significant factors including porosity, matrix structure, the nature and type of functional groups, the mobility of exchangeable ions, and the moisture contents of the resin [8,9]. Therefore, information on such factors is mandatory for providing guidelines on the assessment of suitable ion exchange resins as adsorbents during drinking and waste waters treatment [10,11,12,13,14,15,16].



To our knowledge, no comprehensive research has been published so far to clarify the potential impact of variations in resin’s structural properties on its metal exchange sorption properties. Recently, Edebali and Pehlivan evaluated the potential of different cationic exchange resins of XUS43578, CR1, and HCR-W2 C-160 for the extraction of Cu(II) ions and the results showed that the extraction efficiency was significantly affected by the structure, type of charged functional groups, and other physiochemical characteristics of the resin [17]. Similar to this, Xiao et al. assessed the efficacy of various polyacrylic resins (D730, D314, 312, and 213) for Cr(III) removal and reported a significant influence of functional groups on the resin’s capacity for exchange and adsorption behavior [12].



In recent years, macroporous ion exchange resins with a greater porosity and large surface areas have received great attention due to their excellent mechanical and thermal stability, which makes them a good choice of adsorbent in the field of ion exchange technology [12]. The distinguishing feature of macroporous resin lies in its network of large pores extending throughout the whole body of the resin matrix. Given that the diffusion coefficient of the adsorbed ion depends on the relative dimensions of the ion and the pores in the resin, this unique structure of macroporous structures enables the exchange reaction to proceed rapidly [13,14].



The present study aims to examine the ability of two distinct macroporous cation exchange resins, Amberlite IRC-50 (a weak acid resin) and Amberlyst-15 (a strong acid), to bind Cr(III), based on the functionality of the resin and the structure of the matrix. It is essential to mention that we are reporting, for the first time, deep insights and important chemistry regarding the Cr(III) exchange mechanism on strong-polystyreme-based and weak-polyacrylic-based macacroporous resins. The valuable knowledge presented in this work will be fruitful for the implementation of macroporous resins for Cr(III), as well as other metal ions encountered in aquatic media.



The most important objectives of the current research work were to: (1) investigate the effect of time, temperature, concentration, and pH of metal ion solutions, (2) investigate the influence of H+ ions co-sorption, (3) explain the removal efficiency and underlying mechanisms on the basis of the functionality and matrix structure of the resins, (4) evaluate the ion exchange data using different non-linear isotherm and kinetic models, (5) undertake a statistical error analysis (RMSE and SSE) to verify several adsorption isotherm and kinetic models, and (6) use an absolute average relative distribution (AARD) statistical model to verify several adsorption isotherm models. The current investigation will serve as a guide for choosing and optimizing the best macroporous resin for future projects involving the treatment of water and wastewater solutions.




2. Materials and Methods


Chemicals with analytical grade purity were utilized to prepare the solutions and reagents, and distilled water was thoroughly used in all the preparations. All the chemicals, including CrCl3∙6H2O and the cation exchange resins such as Amberlite IRC-50(H+) and Amberlyst-15(H+), were bought from BDH Chemicals Ltd. (Poole, UK) and used as received.



2.1. Cr (III)-Containing Solutions


The primary stock solution comprising 19.32 mmol∙L−1 of Cr(III) was prepared by mixing an appropriate amount of chromium chloride (CrCl3∙6H2O) with 1000 mL of deionized water. The subsequent secondary solutions, with concentration values ranging from 0.96 to 19.23 mmol∙L−1, were prepared by diluting the primary stock solution.




2.2. Conversion of H+ Form of Resins into Na+ Form


Ten grams of each virgin form of macroporous resin was taken into separate columns and treated with the excess 0.1 M NaCl solution to convert them into Na+ forms. To completely saturate the resins with the sodium ions, the H+ form of the resin was held in contact with the sodium chloride solution until the effluent concentration became equal to 0.1 M. After that, repeated washings of the Na+ forms of the resins with triply distilled water were carried out before drying at 393 K for a time duration of 24 h. Finally, the dried resin samples were kept in glass-stoppered bottles for further utilization in adsorption experiments.




2.3. Analysis of Cr (III)


The amount of chromium ions, i.e., Cr(III), left in the solution phase after the adsorption studies was analyzed using an Atomic Absorption Spectrophotometer (model no. Perkin Elmer AAS 800, PerkinElmer Instruments, Shelton, CT, USA) with a flame mode. The amount of Cr(III) ions exchanged per unit mass of the adsorbent resin was calculated using the well-known mass balance Equation (1):


  X =   V (   C   i   −   C   e   )   1000   m    



(1)




where X (mmol∙g−1)—the amount of chromium ions, i.e., Cr(III) sorbed onto the resin, Ci (mmol∙L−1)—the initial concentration of chromium ions, Ce (mmol∙L−1)—the equilibrium concentration of chromium ions, V (L)—the volume of the solution, and m (g)—the mass of the adsorbent resin.




2.4. Ion Exchange Studies


Studies on equilibrium were conducted using the batch adsorption technique. In 100 mL conical flasks, 30 mL of adsorbate solutions containing Cr(III) ions at known concentrations (0.96, 1.92, 3.85, 5.77, 7.69, 9.62, 11.54, 13.46, 15.38, and 19.23 mmol∙L−1) were taken; in total, 0.2 g of adsorbent resin was added to each flask. These suspensions were agitated in a thermostat shaker bath operating at a stirring speed of 120 rpm at 293–333 K. At equilibrium time, i.e., after a duration of 2 h, the suspension’s equilibrium pH was recorded, the suspension was then filtered, and the amount of Cr(III) metal ions in the residue was analyzed according to the method outlined above. For the kinetics analysis, the infinite bath method was employed, i.e., by mixing 3 g of resin with 100 mL of a 19.23 mmol∙L−1 Cr(III) solution in a double-walled glass beaker, connected with a water-circulating bath, at a controlled temperature (293–333 K) and a stirring speed of 120 rpm. At regular time intervals, 1 mL from the reaction assembly was extracted and analyzed for Cr(III) ion uptake.



Adsorption isotherms were used to determine the relationships between adsorbate ions and adsorbents. The obtaining of different parameters from isotherms enables us to understand the adsorption mechanism in detail, the chemistry of the surface, and the capability of the adsorbent to uptake the adsorbate. The equilibrium process of Cr(III) exchange on both the carboxylic acid resin and sulfonic acid resin was described by employing various adsorption isotherms, i.e., Langmuir, Freundlich, and Dubinin–Radushkevich models [15,16,17,18,19,20,21]. A nonlinear regression analysis is a procedure for fitting adsorption data into an equation [22,23].



Langmuir isotherms deal with the monolayer adsorption of adsorbate molecules due to the presence of homogeneous surfaces with finite and equivalent surface sites on the adsorbate surface. The Langmuir adsorption model can be expressed in the following nonlinear form [24]:


    q   e   =     q   m     K   L     C   e     1 +   K   b     C   e      



(2)




where Ce (mmol∙L−1)—the equilibrium concentration of Cr(III) ions, qe and qm (mmol∙g−1)—the sorption capacities at the equilibrium and maximum sorption capacity, respectively, and KL (L∙g−1)—the Langmuir adsorption constant.



The Freundlich isotherm deals with heterogeneous surfaces, but it is limited to the description of adsorption data in a limited range only, such as at high and intermediate concentrations [25]. It also gives us an indication about the favorability of adsorption [26] and describes the nature of the adsorption, such as when the n is equal to 1, which describes that there is linear adsorption, whereas a value greater than 1 describes physical adsorption and less than 1 describes the chemical process of adsorption occurring [22]. This model suggests that the adsorption energy decreases exponentially after the occupation of the adsorption active centers of an adsorbent [27]:


  q =   K   F     C   e     1  /  n      



(3)




where Ce (mmol∙L−1)—the equilibrium concentration of Cr(III) ions, KF (mg1−1/n L1/n∙g−1)—the constant associated with the adsorption capacity of the adsorbent, exhibiting the affinity between the adsorbate molecules, and n—the constant associated with the sorption intensity, implicating the effect of the metal ion concentration (when with values of n > 1, it exhibits favorable adsorption conditions).



The Dubinin–Radushkevich (D-R) isotherm model is an alternative practiced model which primarily expresses an adsorption procedure succeeding a pore-filling contrivance. Heterogeneous and homogenous surface adsorption phenomena are generally explained by this model. The Dubinin–Radushkevich isotherm non-linear model can be expressed as Equations (4) and (5) [28]:


    q   e   =   q   s   exp ( −   K   DR     ε   2   )  



(4)






  ε = RT   ln  ⁡  ( 1 +   1     C   e       )  



(5)




where qe and qm (mmol∙g−1) —in the D–R isotherm model signify the equilibrium and maximum adsorption capacity, KDR (mol2/kJ2)—the constant describing the adsorption mean free energy, ɛ (kJ∙mol−2)—the adsorption potential, R (J∙mol−1∙K−1)—the characteristic constant related to the general gas constant, and T (K)—the absolute temperature.



Since the nature of the adsorption is determined by the strength of the interaction between the adsorbate and adsorbent, the free energy of the adsorption was thus determined to find the amount of energy used to transfer the adsorbate from an infinity of the solution to the surface of the adsorbent using Equation (6):


  E =   1    2   K   DR       



(6)




where E (kJ∙mol−1)—the energy of the adsorption.



When the value of E is less than 8 kJ∙mol−1, then physical adsorption occurs, whereas energy values in the range between 8 kJ∙mol−1 and 16 kJ∙mol−1 indicate either chemical adsorption or ion exchange, and E being bigger than 16 kJ∙mol−1 suggests that particle diffusion governs the reaction [27].



There are numerous models which can be utilized to explain the kinetics of adsorption, but currently, pseudo-Ist-order and pseudo-IInd-order models (Equations (7) and (8)) were used to analyze the order of the ion exchange reaction [29]. The literature findings reveal that the pseudo-Ist-order kinetic model is mainly used to portray sorption kinetics and the below-mentioned equation is used to find desired results [30,31,32,33]. The pseudo-Ist-order reaction is non-linearly expressed as:


    q   t   =   q   e   ( 1 −   e     − k   1   t   )  



(7)




where k1 (min−1)—the pseudo-Ist-order rate constant and qe and qt—the amounts of adsorbate species retained by the resin at equilibrium and at any time t, respectively.



In addition to the Ist-order kinetic data, the pseudo-IInd-order kinetic model was used to evaluate the adsorption kinetic data, as given below. It is assumed that the pseudo-IInd-order model possessed a rate-limiting step, which is expected to be chemisorption in nature:


    q   t   =     k   2     q   e   2   t   1 +   k   2     q   e   t    



(8)




where k2 (mmolg−1∙min−1)—the rate constant for the pseudo-IInd-order equation [34].



The activation energy (Ea) values were calculated by using the well-known Arrhenius equation:


  n     k   2       k   1     = −     E   a     RT   [   1     T   2     −   1     T   1     ]  



(9)




where k1 and k2 are the rate constant values at a lower (T1) and higher temperature (T2), respectively, and R is a general gas constant.




2.5. Statistical Verification of Adsorption Data and Isotherm Models


The coherence between the experimental and calculated data was determined by assessing, with R2 adjusted, the error of the root mean square (RMSE) and the sum of square error (SSE) as follows [35]:


  RMSE =      ∑  n = 1   i          q   i , exp   −   q   i , cal       2       n     



(10)




where qi,exp—the value determined experimentally, qi,cal—the value of q predicted by the fitted model, and n—the number of experiments performed.



To further assess the accuracy of the adsorption isotherm models and the absolute average relative deviation percentage (AARD), a statistical model was used, and this model can be described as follows:


  AARD =   1   N     ∑  i = 1   N          q   e   −   q   t         q   e        



(11)




where N—the number of data points, qe—the experimentally calculated adsorption capacity, and qt—the theoretical adsorption capacity.




2.6. FT-IR Analysis


To prepare the samples for the FTIR analysis, each macroporous resin sample, before and after the adsorption of Cr(III), was completely mixed and ground with potassium bromide (1:100 ratio). The powdered mixture was then made into transparent discs by placing them into a hydraulic press. The samples before and after the adsorption were subjected to an FT-IR analysis using a Shimadzu infrared spectrometer (Model 8202PC).





3. Results


3.1. Exchange Kinetics


To avoid curve overlapping, the kinetic curves for the Cr(III) ion sorption of the macroporous resins are shown in Figure 1 at the lowest and highest temperatures (293 and 333 K).



This demonstrates that the kinetics of the Cr(III) exchange onto these resins was increased with an increasing solution time and solution temperature. Equilibrium was established at 45, 30, and 15 min for the carboxylic resin and 45, 20, and 7 min for the sulfonic resin at 293, 313, and 333 K, respectively. This figure also reveals that the rate of exchange initially remained higher because of numerous available active sites for Cr(III) ion sorption. However, after a certain time, due to the lack of free active sites, the rate of sorption for Cr(III) ions slowed down. The general kinetics trend observed by these resins was ranked Amberlyst-15 (Na+) > Amberlite IRC-50(Na+). This indicated that the rate of chromium exchange was faster for the sulfonic resin as compared to the carboxylic resin, which had a low dissociation constant. Similar conclusions were made by Riveros et al. for Fe(III) sorption on methacrylic carboxylic resin [19].




3.2. Changes in pH Values during Exchange Studies


A comparative plot of the changes in the solution pHs during the Cr(III) sorption for both resins at two different temperatures (293 and 333 K) is also shown in Figure 2.



It was observed that the initial solution pH for the Cr(III) solution of 19.23 mmol∙L−1 decreased from 2.9 to 1.7 and from 3.3 to 2.8 with the increasing temperature, since, at elevated temperatures, the hydrolysis of Cr(III) was increased according to Equation (12). The pH value was observed to increase over time during the Cr (III) exchange on both the carboxylic and sulfonic resins. This increasing solution pH after the adsorption studies was evident of the fact that these resins removed both Cr(OH)+2 and H+ ions, as evident from the following reactions (12–17):


    Cr   3 +   +   H   2   O   ↔   Cr ( OH   )   2 +   +   H   +    



(12)






    RCOONa   +   +   H   +   ↔   RCOOH +   Na   +    



(13)






  2 RCOONa + Cr   ( OH )   2 +   ↔   R   ( COO )   2   C r ( OH ) +   2 Na   +    



(14)






    RSO   3   Na +   H   +   ↔     RSO   3   H +   Na   +    



(15)






  2   RSO   3   Na + Cr   ( OH )   2 +   ↔   (   RSO   3     )   2   Cr ( OH ) +   2 Na   +    



(16)






  3 RNa +   Cr   3 +   ↔   R   3   Cr +   3 Na   +    



(17)







Furthermore, the co-sorption of H+ at the start appeared to be very rapid in comparison to the Cr (III) adsorption. While comparing Figure 1 and Figure 2, this process seems to be more evident for the carboxylic acid resin. This indicated that, at the beginning of the ion exchange reaction, the exchange of H+ with Na+ ions occurred according to Equation (13), and thus exceeded when the hydrogen form of the resins interacted with Cr(OH)+2, following Equation (14). However, the responsible reaction mechanism for the sulfonic acid resin seems to be according to Reaction (17). The same ion exchange mechanism has also been suggested by other researchers for the removal of Cr(III) [26,32]. It is also notable from the figure that the co-sorption of H+ ions was greater for the carboxylic acid resin in comparison to the sulfonic acid resin. This can be explained by the weakly acidic nature of the carboxylic resin having a high affinity for hydrogen ions.




3.3. Influence of Concentration and Temperature


The comparative Cr(III) adsorption isotherms for the exchange on the carboxylic verses sulfonic resins at varying temperatures, i.e., 293–333 K, are shown in Figure 3, which demonstrates that the chromium adsorption onto these exchangers was increased during an increase in the solution temperature and initial concentration of metal ions.



In the current investigation, the shapes of the adsorption isotherms can be classified into two categories according to the Giles classification scheme: H and S types [29]. For Amberlite IRC-50(Na+), H-types of sorption isotherms were observed, which indicates the high affinity for Cr(III) ions at low concentrations of metal ions and a maximum surface coverage of the resin. The adsorption isotherms obtained for the sulfonic acid resin were only S types, which indicates the low affinity of Cr(III) at low concentrations in comparison to the carboxylic resin. This may have been because of the higher tendency of the sulfonic acid resin for exchangeable sodium ions. However, the increasing concentration of metal ions would provide a driving force to replace Na+ ions for Cr(III) exchange.



The maximum exchange capacities for these resins were enhanced with an increasing temperature of the Cr(III) solution. Respective increases in Cr(III) were observed from 0.62 to 0.76 mmol∙g−1 for the carboxylic acid resin and from 1.13 to 1.40 mmol∙g−1 for the sulfonic acid resin when the temperature increased from 293 to 333 K. The greater exchange capacity of the sulfonic resin compared to the carboxylic resin was highly linked to the charged functional group and matrix structure of the resins.




3.4. Influence of H+ Ions Co-Sorption


The results for the influence of the H+ co-sorption on the Cr(III) exchange for both the resins are given in Figure 4, depicting a relationship between ∆pH (    pH   eq   −   pH   i   )   versus the amount of Cr(III) exchanged at 293 K.



It can be predicted from the figure that, for both exchangers, ∆pH > 0 indicates the co-sorption of H+ and Cr (OH)2+ ions according to Equations (12)–(15). A higher value of ∆pH was observed only for the carboxylic acid resin, which indicated that this resin had a remarkable affinity for H+ ions as compared to the sulfonic acid resin. It is very interesting to observe from Figure 4 significant and valuable information related to the intersection point when the ∆pH value for the sulfonic resin nearly reaches zero, representing that H+ ion co-sorption was almost nonexistent. It can be also be noted that H+ co-sorption became almost insignificant by extrapolating the ∆pH values to zero, whereas Cr(III) sorption was 87 and 34.5% for the carboxylic acid resin and sulfonic acid resin, respectively. However, at a higher temperature (333 K), this threshold point was never achieved; hence, the co-sorption of H+ ions was observed to increase for both resins under investigation.



To find out the effect of the Cr(III) initial metal ion concentration on the co-sorption of H+ ions, the ∆pH values were also plotted against the initial concentrations of Cr(III), as shown in Figure 5. It can be observed from Figure 5 that the H+ co-sorption was decreased with increasing Cr(III) initial concentrations. A very sharp decline in the pH curves for the carboxylic acid resin suggests that the Cr(III) concentrations had a significant impact on the H+ co-sorption. This also demonstrated that the carboxylic acid resin had a substantially higher co-sorption below chromium concentrations of 6–8 mmol∙L−1 in comparison to the sulfonic acid resin. The major reason for this behavior might have been a higher tendency of carboxylic active sites for H+ ions in the case of the former, as discussed in the preceding section. Similar results were also obtained at 333 K.




3.5. Ion Exchange Data Modeling


The Langmuir, Freundlich, and D–R adsorption parameters, along with an error analysis, are given in Table 1. It can be observed from the table that the maximum adsorption capacities determined from all the isotherm models were enhanced with an increase in the temperature, facilitating the exchange of Cr(III) onto the surface of the resins [32,33]. It is evident that the Langmuir isotherm showed the best fit for Cr(III) exchange onto both the resins, with a high R2adj, low RMSE, and SSE among other two parameter isotherms. The calculated value of qe was 0.60 mmol∙g−1, which is closer to the experimental qe value of 0.62 mmol∙g−1, for the carboxylic acid resin at 293 K, and the sulfonic acid resin had qe = 1.29 mmol∙g−1 with an R2 of 0.76, which is greater than the Freundlich model. The results for the AARD model are illustrated in Figure 6. According to the findings, the correlated ability was computed in the order of the Langmuir, D–R model, and Freundlich isotherms, respectively. The AARD values for the Langmuir adsorption isotherm, Freundlich isotherm, and DR models were found to be 2.199, 6.144, and 9.8, respectively. It is evident from Figure 6 that, for the Langmuir adsorption isotherm, AARD had the lowest value, demonstrating that this model was the best-fitted as compared to the other adsorption isotherm models. Based on the R2, RMSE, SEE, and AARD values, it can be suggested that the possibility of monolayer formation was a result of Cr(III) exchange onto the homogeneous surface sites of macroporous resins. Similar conclusions have been made by other researchers [26,32].




3.6. Adsorption Isotherm Parameters


The adsorption parameters of the Langmuir, Freundlich, and D–R isotherms can be predicted in Table 1. The qe values obtained for various resins were observed to follow the given order, i.e., qeAmberlyst-15(Na+) > qeAmberlite IRC-50(Na+) which is the same as discussed in the preceding sections for the sorption isotherms and can be correlated to the effect of the charged functional group and the matrix of the adsorbent. The lower qe values for the Amberlite IRC-50 resin can be attributed to the weak acidic nature of the carboxylic groups. However, for the KL values, a reverse trend was observed, i.e., KLAmberlite IRC-50(Na+) > KLAmberlyst-15(Na+) which demonstrates that the Kl values for the carboxylic acid resin were higher than those for the sulfonic acid resin, whereas the lower KL values for Amberlyst-15 indicated a poor interaction between Cr(III) and the sulfonic acid group (SO3−) and the higher KL values for Amberlite IRC-50 suggested a stronger binding of Cr(III) ions with the carboxylic acid group (COO−). These findings are consistent with several investigations that have been published earlier [36,37,38]. The value of E for Amberlite IRC-50 (Na+) was greater than 8 kJ∙mol−1, i.e. in the range varying from 8.5 to 12 kJ∙mol−1, indicating an ion exchange mechanism, whereas for Amberlyst-15 (Na+), the value of E was less than 8 kJ∙mol−1 and indicated that weak forces of interaction were involved in the adsorption process [37,38].




3.7. Kinetic Data Modeling


The plots of the pseudo-Ist-order and -IIst-order kinetic models on both resins are shown in Figure 7. According to the value of R2, the pseudo-second-order is more applicable, but as an error analysis method such as RMSE and SSE is applied. The RMSE and SSE value was smaller for the pseudo-Ist-order as compared to the pseudo-IIst-order [14]. Therefore, the pseudo-Ist-order was considered to be more applicable for Cr(III) exchange on both resins, as shown by the proximity of the estimated and observed values for qe. The increase in the k1 values with temperature assures that the reaction was endothermic [29].




3.8. Rate Constant and Activation Energy Parameters


Table 2 lists the calculated values of the rate constants (k) determined at two different temperatures (293 and 333 K). The pseudo-first-order rate constant values were obtained in the following order, k Amberlyst-15(Na+) > k Amberlite IRC-50(Na+), which is parallel to the previously discussed order for the kinetic curves.



The resins’ activation energies were obtained in the following order: Ea Amberlyst-15(Na+) > Ea Amberlit .IRC-50(Na+). This suggested that a temperature rise was accompanied by an increase in the co-sorption of H+ ions, resulting in an increase in the pH of the solution. As a result, the activation energy values were decreased. The noticeable pKa value for the carboxylic acid resin was found to be 5.47 [36]. The increase in the pH of the solution not only promoted an increase in the degree of ionization of the carboxylic acid groups, but also lowered the energy of the activation required by the resin to bind Cr(III) ions.




3.9. FT-IR Analysis of Cr(III) Exchange Mechanism


Figure 8a depicts the results of the FT-IR spectroscopic analysis of the carboxylic and sulfonic acid resins before and after the Cr(III) ion exchange. The IR-spectra for the Amberlite IRC-50 (Na+) resin before the Cr(III) exchange show a characteristic peak occurring at 1392 cm−1, attributed to the C-O symmetric stretching vibration in the carboxylic functional group of the virgin resin [36,37,38]. After the loading of Cr(III), the C-O peak at 1392 cm−1 was shifted to 1384 cm−1, suggesting the involvement of the COO− group in the Cr(III) adsorption. Similar results for binding mechanisms have also been suggested elsewhere [14]. The FTIR spectra of the sulfonic acid resin Amberlyst-15 (Na+) before and after the exchange of Cr(III) are presented in Figure 8b. The spectrum of the virgin resin before the exchange of Cr(III) shows characteristic peaks at 1005, 1030, 1095, and 1123 cm−1, assigned to the S=O stretching vibrations of the sulfonic functional group, as well as the in-plane bending vibrations of an aromatic ring attached to the sulfonic acid group. Peaks at 1128 and 1091 cm−1 were found to exhibit a lower intensity after Cr(III) adsorption, whereas peaks at 1010 and 1039 cm−1 were found to undergo a smaller shift, only by a few less cm−1, reflecting the exchange of Cr(III) ions with SO3−. A similar mechanism for metal ion sorption by sulphonic acid resins was also found elsewhere [35,36,37,38].





4. Conclusions


From the explanation above, it can be inferred that the functionality and matrix structure of resins have a significant impact on their ability to remove Cr(III) ions from aqueous solutions. The overall exchange capacity of the sulfonic acid resin was found to be greater than that of the carboxylic resin due to its strong acidic character. However, at very low metal ion concentrations, the carboxylic acid resin performed well as compared to Amberlyst-15, which showed a better performance at higher metal ion concentrations. The carboxylic resin was found to be more selective towards H+ ions co-sorption in comparison to the sulfonic resin, and this co-sorption was found to be greater at low metal ion concentrations and solution temperatures. A close agreement between the qe,cal, and qe,exp values, the statistical analysis (RMSE and SSE), and the absolute average relative distribution (AARD) statistical model proved that Langmuir models showed the best fitting for the adsorption data. The greater KL values for the carboxylic resin indicated a comparatively strong electrostatic interaction of Cr(III) with the COO− functional groups rather than SO3−. Studies using FT-IR measurements proved that weak electrostatic interactions of the metal ion with the carboxylic and sulfonic acid groups were present in the resins.
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Figure 1. Kinetic curves for Cr(III) exchange at 293 and 333 K. 
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Figure 2. Kinetic curves for pH changes during Cr(III) exchange at 293 and 333 K. 
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Figure 3. Cr(III) adsorption isotherms at different temperatures. 
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Figure 4. ∆pH versus Cr(III) exchange X(mmol/g) for different resins. 
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Figure 5. ∆pH versus Ci (mmol/L) for different resins. 
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Figure 6. AARD for different isotherm models. 
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Figure 7. Fitting of the pseudo-Ist order (a) and pseudo-IInd order (b) equations to kinetic sorption data. 
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Figure 8. (a) FT-IR spectra of Amberlite IRC-50 (Na+) before and after Cr(III) exchange, and (b) FT-IR spectra of Amberlyst-15 (Na+) before and after Cr(III) exchange. 
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Table 1. Langmuir, Freundlich, and D–R isotherm parameters for Cr(III) exchange on Amberlite IRC-50 (Na+) and Amberlyst-15 (Na+).
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Models

	
Amberlite IRC-50 (Na+)

	
Amberlyst-15 (Na+)




	

	
Temperature

	
Temperature






	

	

	
293 K

	
313 K

	
323 K

	
333 K

	
293 K

	
313 K

	
323 K

	
333 K




	
Langmuir

	
qe,exp

	
0.62

	
0.65

	
0.72

	
0.80

	
0.97

	
1.12

	
1.18

	
1.23




	

	
qe,cal

	
0.60

	
0.67

	
0.74

	
0.80

	
1.29

	
1.40

	
1.45

	
1.49




	

	
KL

	
80.077

	
377.14

	
104.02

	
0.71

	
0.373

	
0.57

	
0.67

	
0.79




	

	
R2

	
0.874

	
0.811

	
0.710

	
0.685

	
0.76

	
0.82

	
0.86

	
0.88




	

	
RMSE

	
0.073

	
0.107

	
0.149

	
0.152

	
0.093

	
0.076

	
0.081

	
0.099




	

	
SSE

	
0.05

	
0.104

	
0.178

	
0.210

	
0.076

	
0.046

	
0.054

	
0.079




	
Freundlich

	

	

	

	

	

	

	

	

	




	

	
qe,cal

	
0.64

	
0.69

	
0.73

	
0.79

	
0.96

	
1.10

	
1.18

	
1.24




	

	
KF

	
0.56

	
0.65

	
0.69

	
0.75

	
0.40

	
0.54

	
0.59

	
0.64




	

	
N

	
2.49

	
10.95

	
9.40

	
8.29

	
2.49

	
2.79

	
2.87

	
2.99




	

	
R2

	
0.85

	
0.77

	
0.65

	
0.64

	
0.70

	
0.76

	
0.79

	
0.81




	

	
RMSE

	
0.078

	
0.118

	
0.155

	
0.16

	
0.131

	
0.129

	
0.136

	
1.146




	

	
SSE

	
0.056

	
0.12

	
1.20

	
0.23

	
0.138

	
0.135

	
1.148

	
1.171




	
D-R

	

	

	

	

	

	

	

	

	




	

	
Qe, cal

	
0.61

	
0.69

	
0.74

	
0.81

	
1.03

	
1.15

	
1.20

	
1.26




	

	
E

	
8.88

	
12.51

	
8.08

	
8.87

	
0.90

	
1.39

	
1.58

	
1.81




	

	
R2

	
0.87

	
0.81

	
0.70

	
0.70

	
0.95

	
0.97

	
0.97

	
0.95




	

	
RMSE

	
0.28

	
0.33

	
0.29

	
0.39

	
0.56

	
0.61

	
0.65

	
0.68




	

	
SSE

	
0.74

	
1.00

	
0.69

	
1.56

	
2.58

	
3.03

	
3.38

	
3.72











 





Table 2. Kinetic parameters of the pseudo-Ist- and pseudo-IInd-order equation for Cr(III) exchange on different macroporous resins.
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	Kinetic Model
	T (K)
	k1 (min)−1
	R2
	SSE
	RMSE





	Pseudo-Ist-order
	
	
	
	
	



	Amberlite IRC-50 (Na+)
	293
	0.13
	0.99
	
	



	
	333
	0.31
	0.98
	0.01
	0.11



	Amberlyst-15 (Na+)
	293
	0.22
	0.98
	
	



	
	333
	0.67
	0.99
	0.02
	0.15



	Pseudo-IInd-order
	T (K)
	k2(mmolg−1∙min−1)
	R2
	SSE
	RMSE



	Amberlite IRC-50 (Na+)
	293
	0.21
	0.98
	
	



	
	333
	0.75
	0.98
	0.05
	0.23



	Amberlyst-15 (Na+)
	293
	0.44
	0.99
	
	



	
	333
	2.47
	0.99
	0.04
	0.20
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
qe(mmolig)

s

o T G5
& o) 61
Py
¥ g 5%

qdmmolig)
$ z g 28 8

© oo 2 ) 3
Py
¥ hon o )

1)
Time (min )

o

T % o % & %

Time (min )






media/file4.png
pH change

—#— Amberlite.IRC-50(Na+) (293K)
5.5 o |—®— Amberlite.IRC-50(Na+) (333K)
—d— Amberlyst-15(Na+) (293K)
—w— Amberlyst-15(Na+) (333K)

<

10 20 30 40 50 60

Time (mint)





nav.xhtml


  water-15-03655


  
    		
      water-15-03655
    


  




  





media/file16.png
% Transmittance

28
26 4 Before adsorption (a) B efore Adsorption (b)
After Adsorption 26 - After Adsorption
1091 cm’
24 4
®
=
S 22-
=
= 1392 cm’ E, 20 -
23 S 18-
=
21 1 il
20 o 1392 cmdf 14 1
1384 o™’ . * f
‘o 384 am 12 1126 cm 1035cm™ 1006 cm
1 ) 1 ) L) L L L) L)
1500 1450 1400 1350 1300 1150 1100 1050 1000

Wavenumber (cm™’) Wavenumber (cm™)





media/file2.png
X(mmol/g)

0.7

o
(=}]
1

o
(3]
1

0.4 -

0.3

0.2 -
—— Amberlite.IRC-50(Na+) (293K)
—&— Amberlite.IRC-50(Na+) (333K)

0.1 —A— Amberlyst.15(Na+) (293K)
—v— Amberlyst.15(Na+) (333K)

0-0 ] | | | | | | | | | | |

0 10 20 30 40 50 60
Time (min)





media/file5.jpg
X (mmol/g)

1.2
1.0
0.8
0.6 (=m= Amberlite.IRC-50(Na+) (293K)
Amberlite IRC-50(Na+) (313K)
IRC-50(Na+) (323K)|
0.4 =y~ Amberlite.IRC-50(Na+) (333K)

=&~ Amberlyst.15(Na+) (293K)
=4~ Amberlyst.15(Na+) (313K)
0.2 b Amberlyst.15(Na#) (323K)
(=®= Amberlyst.15(Na+) (333K)

0.0
0 2 4 6 8 10 12

Ce (mmol/L)

14





media/file3.jpg
6.0

55

pH change
I R o
5 & & w o @ o

o

(—=— Amberite.IRC-50(Na+) (293K)|
(—e— Amberite.IRC-50(Na+) (333K)
—A— Amberlyst-15(Na+) (293K)
|—¥— Amberlyst-15(Na+) (333K)

10 20 30 40
Time (mint)

50

60





media/file1.jpg
X(mmol/g)

=
3

0.6

05

04

03

02
—s— Amberiite IRC-50(Na+) (293K)
—e— Amberiite.IRC-50(Na+) (333K)

0.1 \—A— Amberlyst.15(Na+) (293K)
—v— Amberlyst.15(Na+) (333K) |

0.0

[ 10 20 30 40 50 60
Time (min)





media/file7.jpg
0.4

—=— Amberite.IRC-50(Na+) (293K)|
—e— Amberlite.IRC-50(Na+) (333K)
|—A— Amberlyst.15(Na+) (293K)
|—v— Amberlyst.15(Na+) (333K)

06 0.8 1.0
X(mmol/g)

12





media/file10.png
—— Amberlite.IRC-50(Na+) (293K)
—&— Amberlite.IRC-50(Na+) (333K)
—d— Amberlyst.15(Na+) (293K)
—w— Amberlyst.15(Na+) (333K)

[ 2

|

C.(mmol/L)






media/file12.png
10 -

Lang'muir

Freundlich
MODELS

DR






media/file9.jpg
—=— Amberlite. IRC-50(Na+) (293K)
—e— Amberite.IRC-50(Na+) (333K)
=—— Amberlyst.15(Na+) (293K)
—v— Amberlyst.15(Na+) (333K)

0 2 4 6 8 10 12 14