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ABSTRACT 

This study evaluates the regeneration performance and long-term operability of a continuous-flow, dual fixed-bed 

ion-exchange system for the simultaneous removal of lead (Pb²⁺) and nitrate (NO₃⁻) from water. Two acrylic columns 

(total height 45 cm; internal diameter 3.0 cm), each packed with 40 g of resin, were operated in series at pH 7.0 ± 0.1: a 

strong-acid cation exchanger (Purelite C100) for Pb²⁺ and a strong-base anion exchanger (Resinex™ NR-1) for NO₃⁻. 

Packed-bed heights were 8.0 cm (≈56.6 mL) for the cation column and 9.0 cm (≈63.6 mL) for the anion column. A 12-

run Box–Behnken design investigated inlet concentration (40–80 mg L⁻¹), temperature (25–60 °C), and flow rate (40–

100 mL min⁻¹) before and after regeneration with 10% (w/w) NaCl. Under optimized conditions (≈43 °C; 60 mL min⁻¹; 

40 mg L⁻¹), Cycle 1 removals were 82.5% (Pb²⁺) and 92.3% (NO₃⁻). After six regeneration cycles, removals declined 

moderately to 70.2% and 83.6%, respectively, indicating good reusability with a slower efficiency decay for the anion 

resin. Quadratic response-surface models fit the data well (adjusted R² = 0.973 for Pb²⁺; 0.999 for NO₃⁻); concentration 

and flow were dominant negative factors, while elevated temperature mitigated mass-transfer limitations. A 10% NaCl 

protocol is therefore an effective baseline for routine regeneration, with scope for further capacity retention via longer 

brine contact, occasional deep-clean steps, or tailored regenerant dosing. 

Keywords: regeneration of resin; ion exchange; lead removal; nitrate removal; purelite C100 resin regeneration; resinex™ 

NR-1 resin regeneration; water purification; continuous flow 

1. Introduction 

Ion exchange (IX) is a widely used water treatment technology 

that replaces unwanted ions in water with more desirable ones using 

synthetic resins. It is efficient, adaptable, and cost-effective, making it 

essential for removing contaminants like nitrates, lead, and hardness 

ions in both industrial and municipal systems[1,2]. 

Ion exchange sustainability relies on effective resin regeneration, 

as resins lose capacity when saturated with exchanged ions. 

Regeneration typically using strong acids for cation resins and strong 

bases for anion resins restores performance, extends resin lifespan, 

lowers costs, and reduces environmental impact[3,4]. 

Stricter environmental regulations and growing water scarcity 

have heightened the emphasis on sustainable treatment practices. 

Regeneration efficiency is now a critical metric, affecting resin lifespan, 

water quality, and chemical waste generation. While conventional 

methods are effective, they often require high chemical inputs and 

produce substantial brine waste, driving the development of innovative 
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approaches that reduce chemical use, recycle regenerants, and enhance overall sustainability[5,6]. 

Recent advances in ion exchange technology include selective resin formulations, alternative regenerants, 

and techniques like counter-current regeneration and low-concentration dosing. These innovations enhance 

regeneration efficiency and environmental compatibility, positioning resin regeneration as a vital element of 

system design and performance optimization rather than merely routine maintenance[7,8]. 

This study presents the fundamental principles and mechanisms of ion exchange resin regeneration, 

emphasizing its impact on operational longevity, economic viability, and environmental compliance. By 

reviewing conventional methods alongside emerging innovations, it establishes a foundation for evaluating 

regeneration strategies in both experimental and practical water treatment contexts. 

2. Principles of ion exchange and regeneration 

Understanding the functional group chemistry of ion exchange resins is essential for optimizing their 

performance in water treatment systems. The efficiency of ion exchange is largely determined by the type, 

density, and chemical stability of the resin’s active sites. In this study, two resins were utilized: Purelite C100, 

a strong acid cation resin, and Resinex NR-1, a strong base anion resin, each containing distinct functional 

groups that facilitate the exchange of cations or anions in aqueous solutions[9,10]. 

2.1. Purelite C100 cation exchange resin 

Pure lite C100 is a gel-type strong acid cation exchange resin composed of a cross-linked polystyrene-

divinylbenzene (PS-DVB) matrix functionalized with sulfonic acid groups (–SO₃H). These sulfonic groups are 

highly ionized in solution, regardless of pH, making them extremely effective for cation exchange under a 

wide range of conditions from acidic to neutral and mildly basic environments[11]. Table 1 Show Purelite C100 

properties. 

Operation reaction is: - 

2 R–SO₃⁻Na⁺ + Pb²⁺ ⇌ (R–SO₃⁻)₂Pb+2 + 2 Na⁺                                                     …...(eq.1) 

Regeneration reaction: - 

(R–SO₃⁻) ₂Pb + 2 Na⁺ ⇌ 2 R–SO₃⁻Na⁺ + Pb²⁺                                                       ……(eq.2) 

Table 1. Purelite C100 properties. 

Structure of Polymers Divinylbenzene crosslinked gel polystyrene 

Appearance Sphere-shaped beads 

Functional Group Sulfonic Acid 

Ionic Form Na⁺ form 

Total Capacity (min.) 2.0 eq/L (43.7 Kgr/ft³) (Na+ form) 

Moisture Retention 44 to 48 % 

Specific Gravity 1.29 

Range of Particle Size 300 - 1200 µm 

Temperature Limit 120 °C (248.0 °F) 

Reversible Swelling, Na → H (max.) 9 % 

Uniformity Coefficient (max.) 1.7 

Table 1 show the properties of Purelite C100 is a strong-acid cation-exchange resin made from 

divinylbenzene-crosslinked polystyrene and supplied in the Na⁺ form as small spherical beads (300–1200 µm, 

uniformity coefficient ≤ 1.7). It has a total capacity ≥ 2.0 eq/L, moisture retention of 44–48%, specific gravity 

of ~1.29, and a maximum operating temperature of 120 °C, with reversible swelling ≤ 9% during Na↔H 
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cycling. The high density and strong acidity of its sulfonic groups provide fast ion-exchange kinetics and high 

capacity, making the resin well suited for water softening, heavy-metal (e.g., Pb²⁺) removal, and industrial 

demineralization[12]. 

2.2. Resinex NR-1 anion exchange resin 

Resinex NR-1 is a strong base anion exchange resin based on a similar PS-DVB structure, but 

functionalized with quaternary ammonium groups (–N⁺(CH₃) ₃Cl⁻). These groups are permanently ionized and 

capable of exchanging a broad spectrum of anions over the entire pH scale[13]. Table 2 Show the properties of 

Resinex™NR-1. 

Table 2. Resinex™NR-1 chemical and physical features[14]. 

Resinex™NR-1 Chemical and Physical Features 

polystyrene divinylbenzene Type Crosslinked 

milky white, spherical beads Form microporous 

Quaternary amine, Type 1 Functional group 

count 95% min. Whole bead 

Cl- Ionic form, as shipped 

0.42 - 1.25 mm Bead size 

1.60 max. Uniformity coefficient 

680 kg/m3 Bulk density, as shipped 

1.08 g/cm3 Real density 

50 - 60% Water retention 

1.15 eq/l min Total capacity (Cl- form). 

20% max. Volume change Cl- –> OH- 

0 - 14 Stability, pH 

Resinex™ NR-1 is a strong-base anion-exchange resin of crosslinked polystyrene–divinylbenzene, 

supplied as milky-white, spherical, microporous beads in the Cl⁻ form (≥95% whole beads). It uses Type-I 

quaternary ammonium functional groups, remains stable across pH 0–14, and shows a total capacity ≥1.15 

eq/L (Cl⁻ form). Bead size is 0.42–1.25 mm with a uniformity coefficient ≤1.60; water retention is 50–60%, 

bulk density ~680 kg/m³, and true density ~1.08 g/cm³. The resin exhibits ≤20% reversible volume change on 

Cl⁻→OH⁻ conversion. High selectivity of the quaternary ammonium sites for nitrate and related oxyanions 

enables efficient removal in drinking-water treatment, with strong-base character ensuring sustained ionization 

and rapid exchange under neutral to alkaline conditions[14]. 

Exchange Reaction (example): 

R–N⁺(CH₃) ₃ Cl⁻ + NO₃⁻ ⇌ R–N⁺(CH₃) ₃ NO₃⁻ + Cl⁻                                               ……(eq.3)   

Regeneration Reaction: 

 R–N⁺(CH₃) ₃ NO₃⁻ + Cl⁻ ⇌ R–N⁺(CH₃) ₃ Cl⁻ + NO₃⁻                                                                      ……. (eq.4) 

2.3. Selectivity coefficients of ion exchange resins 

The performance of ion exchange resins in multi-ion systems is largely governed by selectivity 

coefficients, which quantify the resin's relative preference for exchanging one ion over another. These 

coefficients are influenced by factors such as ionic charge, hydrated radius, resin type, and solution conditions 

(e.g., pH, ionic strength). A higher selectivity coefficient indicates a stronger affinity of the resin for a specific 

ion, affecting both the order of ion removal and the difficulty of regeneration[15]. 
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Pure lite C100, a strong-acid cation-exchange resin, follows the selectivity sequence Pb²⁺ ≫ Ca²⁺ > Mg²⁺ > 

Na⁺, indicating a markedly stronger affinity for divalent and especially heavy-metal cations than for 

monovalent sodium. This preference arises from the higher charge density and strong electrostatic interaction 

of Pb²⁺ with the resin’s sulfonate (–SO₃⁻) groups, enabling Pb²⁺ to displace Na⁺, Mg²⁺, or even Ca²⁺ at low 

concentrations. The result is excellent performance for lead removal from contaminated water, with the 

practical implication that robust regeneration conditions are required to reverse Pb²⁺ loading and maintain long-

term capacity[11]. 

PureliteC100 strong affinity for divalent cations particularly Pb²⁺ complicates regeneration, as displacing 

tightly bound ions requires a high activity of competing Na⁺ supplied by concentrated NaCl brine; by mass 

action, the excess Na⁺ drives desorption and restores exchange sites. Sustained performance therefore depends 

on optimizing regenerant parameters (concentration, volume, contact time) to limit capacity fade. In contrast, 

Resinex™ NR-1 (strong-base, Type-I quaternary ammonium) follows a pronounced oxyanion selectivity 

sequence, NO₃⁻ > SO₄²⁻ > HCO₃⁻ > Cl⁻. Its preference for nitrate arises from nitrate’s relatively small hydrated 

radius and lower charge density, which facilitate rapid diffusion and stable binding. Regeneration of NR-1 

typically employs NaOH, using a high OH⁻ concentration to reverse these affinities and elute adsorbed 

anions[16]. 

Understanding selectivity coefficients is essential not only for predicting ion exchange behavior in 

complex water matrices but also for designing efficient regeneration strategies that extend resin life and 

minimize chemical use. 

3. Regeneration methods 

 

Figure 1. Regeneration process. 

Effective regeneration of ion exchange resins is critical for restoring resin capacity, maintaining system 

performance, and extending operational lifespan. The choice of regeneration method depends on the resin type, 

system design, operational scale, and water quality. This section discusses key regeneration techniques, 

focusing on co-current and counter-current approaches, as well as batch versus continuous modes, highlighting 

modifications aimed at improving efficiency and sustainability[17]. This study employes two types of 

regeneration as shown in Figure 1. 

3.1. Modified co-current regeneration 

Conventional co-current regeneration, where the regenerant flows in the same direction as the influent as 

shown in Figure 2, is simple but less efficient. Modifications such as partial bed regeneration and stepwise 
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regenerant addition improve contact efficiency. Using softened water during regeneration further enhances 

resin performance by preventing scaling, reducing regenerant losses, and prolonging resin life particularly for 

cation resins like Purelite C100. Overall, modified co-current regeneration offers a practical balance of 

simplicity, efficiency, and cost-effectiveness, making it well-suited for smaller systems or applications with 

limited process flexibility[17,18]. 

 

Figure 2. Schematic Co-Current Regeneration. 

3.2. Counter-Current regeneration variants 

Counter-current regeneration involves introducing the regenerant flow opposite to the service flow as 

shown in Figure 3. This method enhances regeneration efficiency by ensuring that the freshest regenerant 

contacts the most exhausted resin, resulting in more complete ion displacement and less regenerant waste. 

Recent advancements include up flow packed-bed systems, where regenerant is introduced from the 

bottom of the resin bed moving upward. This orientation promotes better distribution, reduces channeling, and 

increases resin utilization. The improved contact between regenerant and resin beads yields higher throughput 

and lower salt usage compared to traditional downflow systems. 

The counter-current approach is widely recognized for its superior regenerant efficiency and operational 

cost savings, especially in large-scale and continuous flow systems. It is often preferred in industrial 

applications targeting stringent water quality requirements[19]. 

 

Figure 3. Counter-Current Regeneration. 
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3.3. Regeneration steps 

 The choice of 10% NaCl is supported by literature and industrial practice.  Pure lite guidelines emphasize 

that achieving at least ~3% NaCl concentration within the resin beads requires an external brine concentration 

of around 10% to drive efficient ion displacement [23]. Similarly, Veolia’s ion exchange handbook recommends 

10% sodium chloride solution as the practical standard, noting that while higher dosages slightly increase 

capacity, the benefits plateau and lead to unnecessary chemical consumption [24]. Waterworld Magazine reports 

that 8–12% NaCl is typical for regeneration, with 10% being the norm, ensuring both efficiency and cost-

effectiveness [25]. Finally, general references confirm that residential and industrial ion exchange systems 

commonly employ ~10% brine as an established regeneration standard [26]. 

Thus, 10% NaCl represents an optimal compromise: it provides sufficient regenerant strength to desorb 

multivalent cations such as Pb²⁺ and strongly bound anions like NO₃⁻, while avoiding excessive chemical use, 

minimizing operational costs, and reducing environmental impact. The regeneration steps shown in Figure 4 

below.  

 

Figure 4. Schematic illustrates regeneration steps. 

4. Results and discussion   

      A continuous ion-exchange system was used. The brine solution was preheated in a water bath, then 

pumped through a flowmeter into a cation-exchange column (Pure lite® C100) to regenerate and replace (Pb²⁺) 

with (Na+2). An anion-exchange column (Resinex™ NR-1) was also used to replace (NO₃⁻) with (Cl-). The 

experiment followed a Box–Behnken design with 12 runs, testing three variables—contaminant concentration 

(40, 60, 80 ppm), flow rate (40, 70, 100 mL/min), and temperature (25, 40, 60 °C)—at constant pH (7.1) and 

resin dose (40 g), as shown in Table 3. (Pb²⁺) concentrations were measured using an AA-7000 atomic 

absorption spectrophotometer (Shimadzu), and (NO3⁻) levels with a T60 UV-visible spectrophotometer (PG 

Instruments). As shown in Table 3, the removal efficiency was evaluated before and after the regeneration 

process. 



7 

Table 3. Displays the Box-Behnken design runs, along with the consequent elimination performance and the defined values for the 

operational variables. 

 Before Regeneration After Regeneration 

run 
Initial 

Concentration 
Temperature Flow rate 

NO3- 

Removal 

efficiency 

Pb+2 

Removal 

efficiency 

NO3- 

Removal 

efficiency 

Pb+2 

Removal 

efficiency 

 mg/l C ml/min % % % % 

1 40 60 70 94.8 74.9 87.22 70.22 

2 40 25 70 94 76.6 86.48 69.8 

3 40 42.5 40 95.2 81.8 87.58 75.26 

4 60 25 40 94.1 76.91 86.57 70.76 

5 60 60 100 94.2 63.5 86.66 61.1 

6 80 25 70 90.8 70.11 83.54 61.87 

7 60 60 40 95.9 74.6 88.24 68.63 

8 60 25 100 94 71.1 86.48 65.41 

9 80 42.5 40 91.74 76.71 84.4 68.77 

10 80 60 70 91.6 63.9 84.27 60.33 

11 80 42.5 100 90.96 64.1 83.68 62.88 

12 40 42.5 100 93.66 79.1 86.37 73.42 

Table 3 (Box–Behnken design) summarizes how initial concentration (mg L⁻¹), temperature (°C), and 

flow rate (mL min⁻¹) affect removal of NO₃⁻ and Pb²⁺ before and after regeneration. NO₃⁻ removal remained 

consistently high typically ≥90% pre-regeneration with only minor declines post-regeneration. Pb²⁺ removal 

was more variable (≈63–82% pre-regeneration) and showed a more noticeable decrease after regeneration. 

Peak performances for both ions occurred at moderate feed concentrations and flow rates, indicating an interior 

optimum within the tested ranges rather than at extremes. The post-regeneration drops, especially for Pb²⁺, 

suggests partial capacity loss due to incomplete desorption of strongly bound species, underscoring the need 

to fine-tune regenerant strength, volume, and contact time to sustain long-term efficiency. 

4.1. Effect of Operating Parameters on NO₃⁻ Removal efficiency 

4.1.1. Interaction effect between concentration and flow rate on NO₃⁻ removal 

Figure 5 illustrates the interaction effect between initial concentration and flow rate on NO₃⁻ removal 

efficiency. The plot shows that at lower flow rates, NO₃⁻ removal remains high across different concentrations, 

indicating sufficient contact time for effective adsorption. However, as the flow rate increases, the removal 

efficiency tends to decrease, especially at higher concentrations. This suggests that higher flow rates reduce 

the residence time, limiting the interaction between the adsorbent and the contaminant. The figure highlights 

that optimal NO₃⁻ removal occurs at lower flow rates and moderate initial concentrations, emphasizing the 

importance of balancing these two parameters for maximum performance. 
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Figure 5. Interaction effect between concentration and flow rate on NO₃⁻ Removal. 

4.1.2. Interaction effect between concentration and temperature on NO₃⁻ removal 

Figure 6 demonstrates the interaction effect between initial concentration and temperature on NO₃⁻ 

removal efficiency. The figure indicates that at lower concentrations, temperature has a relatively minor effect 

on removal efficiency. However, at higher concentrations, increasing the temperature improves NO₃⁻ removal. 

This trend suggests that higher temperatures may enhance the diffusion rate of NO₃⁻ ions and increase the 

activity of the adsorbent surface. The interaction shows that the negative impact of high concentration can be 

partially offset by operating at elevated temperatures, highlighting the synergistic role of temperature in 

improving removal efficiency under higher pollutant loads.  

 

Figure 6. Interaction effect between concentration and temperature on NO₃⁻ Removal. 
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4.1.3. Interaction effect between flow rate and temperature on NO₃⁻ Removal 

Figure 7 illustrates the interaction effect between flow rate and temperature on NO₃⁻ removal efficiency. 

The results show that at lower flow rates, NO₃⁻ removal remains consistently high across different temperatures, 

indicating sufficient contact time for adsorption. However, as the flow rate increases, removal efficiency 

decreases, particularly at lower temperatures. This suggests that low temperatures combined with high flow 

rates negatively impact the adsorption process due to reduced ion mobility and limited interaction time. In 

contrast, higher temperatures help mitigate the negative effect of increased flow rate, likely by enhancing 

diffusion and adsorption kinetics. Overall, the figure highlights that optimal NO₃⁻ removal is achieved at high 

temperatures and low flow rates. 

 

Figure 7. Interaction effect between flow rate and temperature on NO₃⁻ Removal. 

4.1.4. Effect of concentration on NO₃⁻ removal after regeneration 

Figure 8 shows the effect of initial concentration on NO₃⁻ removal efficiency after regeneration. The 

figure reveals a general decrease in removal efficiency as the concentration increases. At lower concentrations, 

the regenerated adsorbent maintains high removal performance, indicating sufficient active sites are still 

available. However, as concentration rises, the efficiency drops, suggesting that the regenerated material has a 

reduced adsorption capacity, possibly due to incomplete regeneration or saturation of adsorption sites. This 

trend highlights that after regeneration, the system performs better under lower contaminant loads, and its 

effectiveness declines with higher concentrations. 
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Figure 8. Effect of Concentration on NO₃⁻ Removal. 

4.1.5. Effect of flow rate on NO₃⁻ Removal after regeneration 

Figure 9 illustrates the effect of flow rate on NO₃⁻ removal efficiency after regeneration. The data show that as the flow 

rate increases, the removal efficiency gradually decreases. At lower flow rates, the regenerated adsorbent performs more 

effectively, likely due to longer contact time between the solution and the adsorbent, allowing for better adsorption. In 

contrast, higher flow rates reduce the residence time, limiting the interaction and resulting in lower removal efficiency. 

This trend emphasizes the importance of maintaining controlled flow conditions after regeneration to maximize NO₃⁻ 

removal performance. 

 

Figure 9. Effect of flow rate  on NO₃⁻ Removal. 

4.1.6. Effect of temperture on No3- removal after regeneration 

Figure 10 displays the effect of temperature on NO₃⁻ removal efficiency after regeneration. The figure 

indicates that as temperature increases, the removal efficiency also improves. This positive trend suggests that 

higher temperatures enhance the adsorption kinetics and promote better diffusion of NO₃⁻ ions to the active 

sites of the regenerated adsorbent. At lower temperatures, the efficiency is reduced, likely due to slower 

molecular movement and limited interaction with the adsorbent surface. Overall, the figure highlights that 

elevated temperatures can help compensate for the slight loss in adsorbent performance after regeneration, 

leading to more effective NO₃⁻ removal. 
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Figure 10. Effect of Temperture on No3- removal after regeneration. 

4.2. Effect of Operating Parameters on Pb+2 Removal Efficiency 

4.2.1. Interaction Effect Between Concentration and Temperature on Pb+2 Removal 

 

Figure 11. Interaction effect between concentration and temperature on Pb+2 Removal. 

Figure 11 illustrates the interaction effect between initial concentration and temperature on Pb²⁺ removal 

efficiency. The figure shows that at lower concentrations, Pb²⁺ removal remains relatively high regardless of 

temperature. However, as concentration increases, temperature plays a more significant role higher 

temperatures lead to improved removal efficiency. This suggests that at elevated concentrations, increased 

temperature enhances the mobility of Pb²⁺ ions and improves the adsorption capacity of the material. The 



12 

interaction indicates a synergistic effect where temperature can partially offset the negative impact of high Pb²⁺ 

concentrations, emphasizing the importance of thermal conditions in optimizing heavy metal removal. 

4.2.2. Interaction Effect Between Concentration and Flow Rate on Pb+2 Removal 

 

Figure 12. Interaction effect between concentration and flow rate on Pb+2 Removal. 

Figure 12 presents the interaction effect between initial concentration and flow rate on Pb²⁺ removal 

efficiency. The figure shows that at low flow rates, Pb²⁺ removal remains relatively high across varying 

concentrations due to sufficient contact time between the solution and the adsorbent. However, at higher flow 

rates, the removal efficiency decreases, particularly at elevated concentrations. This trend suggests that higher 

concentrations require more time for effective adsorption, which is not achieved at faster flow rates. The 

interaction highlights that both high concentration and high flow rate negatively impact Pb²⁺ removal, stressing 

the need to optimize these parameters to maintain effective performance. 

4.2.3. Interaction Effect Between Flow Rate and Temperature on Pb+2 Removal 

 

Figure 13. Interaction effect between flow rate and temperature on Pb Removal. 
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Figure 13 illustrates the interaction effect between flow rate and temperature on Pb²⁺ removal efficiency. 

The results show that at low flow rates, Pb²⁺ removal remains relatively high across different temperatures, 

indicating sufficient contact time for effective adsorption. However, at higher flow rates, removal efficiency 

decreases, particularly at lower temperatures, due to reduced residence time and slower ion mobility. As 

temperature increases, the negative effect of high flow rate is partially mitigated, suggesting that elevated 

temperatures enhance adsorption kinetics. This interaction highlights that optimal Pb²⁺ removal after 

regeneration is achieved at high temperatures and low flow rates. 

4.2.4. Effect of Concentration on Pb+2 Removal Efficiency after Regeneration 

Figure 14 illustrates the effect of initial concentration on Pb²⁺ removal efficiency after regeneration. The 

figure shows a clear decline in removal efficiency as the concentration increases. At lower concentrations, the 

regenerated adsorbent maintains relatively high performance, indicating that the available active sites are 

sufficient for effective Pb²⁺ adsorption. However, at higher concentrations, the efficiency drops significantly, 

likely due to saturation of adsorption sites and incomplete regeneration of the material. This trend suggests 

that the regenerated adsorbent is more effective at treating low-concentration solutions and may require 

improved regeneration methods or more frequent replacement when treating higher contaminant loads. 

 

Figure 14. Effect of Concentration on Pb+2 removal efficiency. 

4.2.5. Effect of Temperature on Pb+2 Removal Efficiency after Regeneration 

Figure 15 illustrates the effect of temperature on Pb²⁺ removal efficiency after regeneration. The graph 

shows that as temperature increases; the removal efficiency also improves. At lower temperatures, the 

performance of the regenerated adsorbent is limited, likely due to reduced ion mobility and slower adsorption 

kinetics. In contrast, higher temperatures enhance the diffusion of Pb²⁺ ions and activate more adsorption sites, 

leading to better removal efficiency. This trend indicates that operating at elevated temperatures can 

significantly improve the performance of regenerated adsorbents, helping to maintain effective Pb²⁺ removal 

across multiple regeneration cycles. 
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Figure .15  Effect of Temperature on Pb+2 removal efficiency. 

4.2.6. Effect of flow rate on Pb+2 Removal Efficiency after Regeneration 

Figure 16 illustrates the effect of flow rate on Pb²⁺ removal efficiency after regeneration. The figure 

shows a clear decreasing trend in removal efficiency as the flow rate increases. At lower flow rates, the 

regenerated adsorbent performs more effectively, likely due to longer contact time between the Pb²⁺ ions and 

the adsorption sites, allowing for better uptake. However, as the flow rate increases, the contact time is reduced, 

leading to insufficient adsorption and lower removal efficiency. This trend emphasizes the importance of 

maintaining a slower flow rate when using regenerated adsorbents to ensure optimal Pb²⁺ removal performance. 

 

Figure 16. Effect of flow rate on Pb+2 removal efficiency.  

4.3. Statistical Results 

Experimental data analyzed using Design Expert Software (Version 12) are shown in Table 3. ANOVA 

results (Tables 4 and 5) confirm that the quadratic response surface models for nitrate (NO3
-) and lead (Pb²⁺) 

removal are statistically significant (p < 0.05) and reliable. The models demonstrate excellent predictive 
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accuracy, with high adjusted R² values of 0.9990 for NO₃⁻ and 0.9734 for Pb²⁺. These models effectively 

support optimization of removal efficiencies. 

4.3.1. ANOVA for Quadratic model (Aliased) For No3- 

Table 4. Represents No3- removal efficiency. 

Source Sum of Squares df Mean Square F-value p-value  

Model 27.30 8 3.41 385.58 0.0002 significant 

A-concentration 17.29 1 17.29 1953.36 < 0.0001  

B-Temperature 1.38 1 1.38 155.68 0.0011  

C-Flow rate 1.62 1 1.62 183.05 0.0009  

AB 0.0000 1 0.0000 0.0028 0.9610  

AC 0.0600 1 0.0600 6.78 0.0801  

BC 0.5550 1 0.5550 62.71 0.0042  

A² 5.18 1 5.18 585.79 0.0002  

B² 0.0338 1 0.0338 3.82 0.1457  

C² 0.0000 0     

Residual 0.0266 3 0.0089    

Cor Total 27.33 11     

Factor coding is Coded. 

Sum of squares is Type III - Partial 

The Model F-value of 385.58 implies the model is significant. There is only a 0.02% chance that an F-

value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, BC, A² are significant 

model terms. Values greater than 0.1000 indicate the model terms are not significant. If there are many 

insignificant model terms (not counting those required to support hierarchy), model reduction may improve 

your model. 

Final Equation in Terms of Coded Factors 

NO₃⁻ Removal = 

+87.12  

-1.47 *A 

+0.4150 *B 

-0.4500 *C 

-0.0025 *AB 

+0.1225 *AC 

-0.3725 *BC 

-1.61 *A² 
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-0.1300 *B² 

+0.0000 *C² 

The equation in terms of coded factors can be used to make predictions about the response for given levels 

of each factor. By default, the high levels of the factors are coded as +1 and the low levels are coded as -1. The 

coded equation is useful for identifying the relative impact of the factors by comparing the factor coefficients. 

4.3.2. ANOVA for Quadratic model (Aliased) For Pb+2 

Table 5. Represents Pb+2 removal efficiency. 

Source Sum of Squares df Mean Square F-value p-value  

Model 242.98 8 30.37 13.71 0.0272 significant 

A-concentration 143.14 1 143.14 64.61 0.0040  

B-Temperature 4.40 1 4.40 1.98 0.2537  

C-Flow rate 49.95 1 49.95 22.55 0.0177  

AB 0.1560 1 0.1560 0.0704 0.8079  

AC 4.10 1 4.10 1.85 0.2669  

BC 0.6084 1 0.6084 0.2746 0.6365  

A² 1.22 1 1.22 0.5527 0.5111  

B² 35.87 1 35.87 16.19 0.0276  

C² 0.0000 0     

Residual 6.65 3 2.22    

Cor Total 249.62 11     

Factor coding is Coded. 

Sum of squares is Type III - Partial 

The Model F-value of 13.71 implies the model is significant. There is only a 2.72% chance that an F-

value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, C, B² are significant model 

terms. Values greater than 0.1000 indicate the model terms are not significant. If there are many insignificant 

model terms (not counting those required to support hierarchy), model reduction may improve your model. 

Final Equation in Terms of Coded Factors 

Pb+2 Removal Efficiency% = 

+70.87  

-4.23 *A 

-0.7413 *B 

-2.50 *C 

-0.1975 *AB 

-1.01 *AC 
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-0.3900 *BC 

-0.7825 *A² 

-4.24 *B² 

+0.0000 *C² 

The equation in terms of coded factors can be used to make predictions about the response for given levels 

of each factor. By default, the high levels of the factors are coded as +1 and the low levels are coded as -1. The 

coded equation is useful for identifying the relative impact of the factors by comparing the factor coefficients. 

4.4. Experiment design  

Under the defined experimental setup, optimal operating conditions were established to enhance ion-

exchange performance. A lead nitrate feed of 40.45 mg L⁻¹ was treated at pH 7.0 ± 0.1, temperature 42.8 °C, 

and flow 60 mL min⁻¹. Two fixed-bed columns (40 g resin each) were arranged in series: a strong-acid cation 

exchanger (Pure lite C100) targeting Pb²⁺ and a strong-base anion exchanger (Resinex™ NR-1) targeting NO₃⁻. 

Durability and reusability were evaluated over six regeneration cycles; each cycle comprised 15 min of service, 

regeneration with 10 % (w/w) NaCl. Cycle 1 was defined as the baseline, achieving removal efficiencies of 

82.5 % for Pb²⁺ and 92.3 % for NO₃⁻; subsequent cycles are reported relative to this baseline. A gradual decline 

in performance was observed with repeated reuse, consistent with incomplete desorption and partial occupation 

of high-affinity sites: Cycle 2 Pb²⁺ 80.9 %, NO₃⁻ 91.5 %; Cycle 3 Pb²⁺ 78.6 %, NO₃⁻ 89.8 %; Cycle 4 Pb²⁺ 

76.3 %, NO₃⁻ 88.2 %; Cycle 5 Pb²⁺ 72.9 %, NO₃⁻ 85.2 %; Cycle 6—Pb²⁺ 70.2 %, NO₃⁻ 83.6 % as shown in 

Figure 17. Overall retention at Cycle 6 remained high≈ 85 % of the Cycle 1 level for Pb²⁺ and ≈ 91 % for NO₃⁻ 

indicating that the applied brine protocol sustained robust functionality across multiple regenerations, with the 

anion resin exhibiting a slower efficiency decay than the cation resin under identical conditions. both resins 

demonstrated good reusability, though further optimization of regeneration conditions is recommended for 

sustained efficiency[20]. 

The findings confirm that 10% NaCl is effective for short-term regeneration, allowing Pure lite C100 and 

Resinex NR-1 to sustain satisfactory performance under continuous flow with periodic regeneration. However, 

the gradual decline in removal efficiency suggests that for extended or industrial use, the regeneration process 

requires enhancement. Potential improvements include extending the contact time with the regenerant, 

increasing NaCl concentration, or implementing occasional deep-cleaning procedures with alternative 

chemicals to better restore resin functionality[21,22].In summary, the ion exchange system showed excellent 

initial removal efficiency and maintained stable regeneration performance across four cycles, with no signs of 

fouling or flow obstruction. The results validate that the combination of Pure lite C100 and Resinex NR-1 

resins, under optimized operational conditions of flow rate, temperature, and pH, can consistently and 

effectively remove Pb²⁺ and NO₃⁻ from aqueous solutions. 
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Figure 17. Removal efficiency across six regeneration cycles. 

5. Conclusion 

Operating a continuous dual fixed-bed system (Purelite C100 , Resinex™ NR-1) at neutral pH with 40 g 

per column achieved high initial removals 82.5% for Pb²⁺ and 92.3% for NO₃⁻ under optimized conditions 

(43 °C, 60 mL min⁻¹, 40 mg L⁻¹). Across six regenerations with 10% NaCl, performance declined moderately 

to 70.2% (Pb²⁺) and 83.6% (NO₃⁻), indicating good reusability, with the cation bed more regeneration-sensitive 

due to stronger Pb²⁺ binding. Response-surface/ANOVA results confirmed well-fitting quadratic models and 

identified inlet concentration and flow rate as the dominant negative drivers via contact-time limitations, while 

elevated temperature improved kinetics and partially offset high-load effects. Overall, a 10% NaCl protocol is 

an effective, practical baseline for routine operation; capacity retention can be further sustained by extending 

regenerant–bed contact time, incorporating occasional intensified (deep-clean) steps, or applying condition-

based adjustments to regenerant strength/volume. For scale-up, operating at moderate concentration and flow 

with elevated temperature and adopting condition-based regeneration is recommended, with future work 

comparing counter-current versus co-current modes and exploring hybrid regenerants to enhance Pb²⁺ 

desorption. 
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