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Abstract 

Study of Pb desorption processes from clay minerals by chelating ligands is crucial to better 

understand the fate and transport of Pb in soil and sediment environments. In this study, Pb 

desorption from a Pb-loaded montmorillonite (MMT) was studied as affected by 

ethylenediaminetetraacetic acid (EDTA) and its two alternative eco-friendly chelating agents, i.e., 

methylglycine diacetic acid (MGDA) and glutamic-N,N-diacetic acid (GLDA) at two 

concentrations of 0.25 and 1.0 mM. The impacts of a 30-day residence time on the rate and quantity 

of Pb desorption were also evaluated. The result showed that Pb desorption kinetics was biphasic 

with an initial rapid phase, lasting for about 3 h, followed by a slow phase, lasting to 12 h. The 

degree of Pb desorption from Ca-MMT was proven to be governed by the nature and concentration 

of the chelating ligands presented in the systems. The capacity of the ligands to desorb Pb from 

Ca-MMT was in the order EDTA >> MGDA > GLDA, according to the decreasing order in the 

stability constants of their complexes with Pb ions. The aging of the MMT systems caused a 

significant reduction in both Pb desorption quantity and rate parameters. The results suggest that 

EDTA would have a more serious Pb-mobilizing impact than GLDA and MGDA in contaminated 

soil and sediments which contain Ca-MMT as a major clay constituent. 

 

Keywords: Chelating agents; Pb complexation, Pb desorption; Residence time.  
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1. Introduction 

Lead (Pb) is among the most toxic heavy metals released into the environment, mostly from 

anthropogenic activities, such as vehicular traffic, mining, smelting, heating, and improper waste 

recycling and disposal (Natasha et al. 2020). Lead ions entering the soil can be absorbed by plants 

or leached into the surface and ground waters and eventually accumulate in the human body 

through the food chain and water intake, causing various toxic effects on nervous, renal, digestive, 

and reproductive organs (Meena et al. 2020).  

In soil and sediment systems, Pb ions are predominantly adsorbed by clay particles (Carocci 

et al. 2016). Therefore, Pb bioavailability, mobility, and toxicity in soils and sediments depend on 

the desorption quantity and rate of the pre-adsorbed Pb on the clay minerals (Strawn &Sparks 

1999). Montmorillonite (MMT) is a typical mineral found in many soils and sediments, controlling 

the mobility and bioavailability of metals through adsorption-desorption reactions (Murray, 2006). 

There are some reports on the adsorption of Pb by MMT, in which chemical binding of Pb ions on 

surface hydroxyl groups and electrostatic attraction of Pb cations on the permanent negatively 

charged sites have been proposed as the main mechanisms for Pb adsorption on MMT surfaces. 

(Li et al. 2012, Parsadoust et al. 2020, Zhang &Hou 2008a, Zhu et al. 2011). However, desorption 

processes of Pb from MMT, which is important in predicting the fate and transport of Pb in soil 

and subsurface systems, and the factors controlling the desorption processes, have not been studied 

adequately. 

Residence time of metal ions in soil and sediment systems is one of the most important 

factors which determine the adsorption reversibility of metals. Desorption of metal ions from the 

minerals usually decreases with increasing the contact time between the ions and the minerals 

(Garman et al. 2007, Srivastava et al. 2007). Slow diffusion and trapping of the metal ions into the 
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mineral lattice and internal spaces, movement of the ions to sites with higher binding energies, and 

surface precipitation are the suggested processes responsible for the reduction of metal desorption 

with time (Barrow et al. 2012). However, studies that describe the influence of aging on Pb 

desorption behavior from MMT are scarce. 

Organic ligands, especially the chelating ligands, can also affect Pb desorption processes 

from minerals (Đolić et al. 2015). Various natural and synthetic organic ligands enter the soil and 

water bodies and significantly enhance desorption of Pb from the mineral surfaces with a potential 

risk for metal contamination of groundwater or uptake by plants (Shahid et al. 2012). The chelating 

ligands form stable complexes with both aqueous and surface‐bound metal cations, making them 

more mobile and available for plant uptake. Ethylenediaminetetraacetic acid (EDTA) and its 

biodegradable alternatives such as glutamic-N,N-diacetic acid (GLDA) and methylglycinediacetic 

acid (MGDA) are the chelating ligands widely used in various applications, including water 

softening, textile manufacturing, cosmetic formulations, food processing, polymer production, 

metal plating, gas sweetening, and pulp and paper manufacturing (Hart 2000, Raynie 2020). As a 

result, these ligands are discharged into the environment with the sewage water of industrial and 

domestic origin (European Chemical Bureau 2004). Moreover, these ligands are applied for soil 

washing and chelant-assisted phytoremediation practices to mobilize metals in contaminated soils 

(Guo et al. 2018, Qiao et al. 2017). The enhancing role of EDTA in desorbing Pb from MMT has 

been revealed in some studies (Saha et al. 2003, Shahid et al. 2014, Zhang &Hou 2008b) however, 

our knowledge regarding the role of GLDA and MGDA in Pb desorption from MMT is limited.  

Characterization of Pb desorption processes from clay minerals, particularly in aged 

systems, is of interest because this information is necessary to better understand the fate, transport, 

and ecological risk of the metals in soil and sediment environments. Therefore, this study was 
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performed to compare the impacts of EDTA and its eco-friendly alternatives, i.e., GLDA and 

MGDA, on Pb desorption from aged and non-aged Pb-contaminated MMT clay.  

 

2. Materials and methods 

2.1. Materials 

Montmorillonite STx-1b (Gonzales County, Texas, USA) was purchased from Source Clay 

Repository of Clay Minerals Society (Purdue University, USA) and applied in this study.  

N, N-bis(carboxylatomethyl)-L-glutamate tetrasodium (Na4GLDA, CAS Number: 51981-

21-6) and methyl-glycine diacetate trisodium (Na3MGDA, CAS Number: 164462-16-2) were both 

from TCI Chemical Co. (Tokyo, Japan), ethylenediaminetetraacetate disodium dihydrate 

(Na2EDTA.2H2O, CAS Number: 6381-92-6) from the Samchun Chemical Co. Inc. (Gyeonggi-do, 

Korea). Lead nitrate (Pb(NO3)2) was purchased from Merck (Darmstadt, Germany).  

 

2.2. Lead adsorption 

To obtain Pb adsorption isotherms, 0.2 g MMT samples were added to centrifuge tubes with 

20 mL of 0.005 M CaCl2 solution containing 0, 0.1, 0.2, 0.3, 0.4, 0.7, 1.0, 1.5, 2 and 2.5 mmol Pb 

L-1 in triplicate. For each Pb concentration a control was also run without MMT addition. 

Subsequently, the samples were shaken at 25 °C in orbital incubator-shaker set at 180 rpm. After 

24 h of shaking, the suspensions were centrifuged at 2500 rpm for 10 min and the separated 

supernatants were tested for their pH values and analyzed for Pb concentrations using a Perkin 

Elmer 3030 atomic absorption spectrometer (AAS) with a detection limit of 0.005 mg L−1. The Pb 

adsorbed on each clay sample was estimated from the difference between the initial and 

equilibrium Pb concentrations using a mass balance calculation as follows: 
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where, q is the quantity of Pb adsorbed (mmol kg−1); C0 and Ce are the initial and final Pb 

concentrations (mmol L−1), respectively, V represents the experimental solution volume (L), and 

M is the clay mass (kg).  

The adsorption data were subsequently fitted by the Langmuir model shown as follows: 
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where, qe (mmol kg-1) is the amount of Pb adsorbed on the MMT at equilibrium, Ce (mmol L-1) is 

the Pb concentration at equilibrium, qm (mmol kg-1) is adsorption capacity of the clay, and KL (L 

mmol-1) is a constant related to the adsorption affinity. 

The PHREEQC geochemical model (version 2.18.00) was applied to estimate the dominant 

Pb species in equilibrium solutions. The saturation index (SI) was also calculated according to Eq. 

3, to determine if the solutions were supersaturated with respect to the Pb minerals. 

)log(
spK

IAP
SI                                                                         (3) 

where, IAP is the ion activity product and Ksp is the solubility product constant of the mineral. A 

negative SI value indicates under-saturation, while a positive SI value represents super-saturation, 

with respect to a given mineral. 

 

2.3. Preparation of Pb-loaded MMT samples 

A series of Pb-loaded MMT samples were prepared using the batch method. 

Montmorillonite (0.2 g) samples were placed into 50 mL polypropylene centrifuge tubes and 

treated with 20 mL of 0.005 M CaCl2 background solutions containing 2.5 mmol L−1 of Pb. The 

samples were shaken for 24 h in an orbital incubator-shaker set at 25 °C and 180 rpm. 
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Subsequently, the solutions were separated from the Pb-loaded MMT samples using centrifugation 

at 2500 rpm for 10 min, and collected in 25 mL vials. The clay residues remaining in the centrifuge 

tubes were carefully washed with deionized water to remove the entrained Pb ions from the clay 

samples, and the rinsates were combined with the previously-collected supernatants to make up a 

final volume of 25 mL. The Pb concentrations in the supernatants were determined using the AAS. 

Finally, the Pb adsorbed on each clay sample was estimated from the difference between the initial 

and final Pb concentrations using a mass balance calculation from Eq. 1. 

 

2.4. Effects of chelating ligands on Pb desorption 

The impacts of GLDA, MGDA, and EDTA chelating agents on Pb desorption kinetics from 

MMT were studied in triplicates. The Pb-loaded mineral samples were extracted with 20 mL of 

0.005 M CaCl2 solutions containing 0, 0.25, and 1 mM GLDA, MGDA, and EDTA ligands. The 

samples were shaken at 180 rpm and 25 °C in the incubator-shaker for selected periods of 0.25, 

0.5, 1, 1.5, 3, 6, 12, and 24 h before being centrifuged. At the end of each shaking time, Pb 

concentration in the supernatants was determined using the AAS. Finally, the amounts of Pb 

desorbed from the clay samples were calculated and plotted versus time for each system.  

 

2.5. Effect of aging on Pb desorption 

 To determine the aging effect on Pb desorption, a set of Pb-loaded minerals was incubated 

for 30 days at 25 °C and 60% water holding capacity. The aged samples were then treated with 20 

mL of 0.005 M CaCl2 solution containing 0, 0.25, and 1 mM of GLDA, MGDA, and EDTA ligands 

for different periods, as described above for nonaged samples. At the end of each shaking time, Pb 
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concentration in the supernatants was determined using the AAS. Finally, the amounts of Pb 

desorbed from the clay samples were calculated and plotted versus time for each system.  

The pseudo-first-order, pseudo-second-order, Elovich, parabolic diffusion and power 

function models were examined to describe the kinetic data, among which the pseudo-second-

order was found to be the best fitted model and hence was applied in this study. The pseudo-

second-order model was introduced by Eq. (2) below (Ho &McKay 1999):
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where, qt and qe represent the Pb desorbed (mmol kg−1) at time t (h) and equilibrium, respectively, 

and k2 (kg mmol−1 h−1) is the pseudo-second-order rate constant. The “initial desorption rate” (h) 

(mmol kg−1 h−1) was also obtained using the Eq. 3, derived from the pseudo-second-order model: 

  
2
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The instantaneous Pb desorption rate at unit time (DR1) was also calculated for each system 

from the slope of the fitted pseudo-second-order model determined using the first derivative of the 

curve (Eq. 4) at t=1 h: 
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2.6. Statistical analysis and curve fitting methods 

The Curve fitting and graph preparations were carried out using the Graph Pad Prism 

(version 5.04, San Diego, California, USA). Adequacy of the kinetic models describing the time-

dependent Pb desorption data was evaluated by two goodness-of-fit criteria, namely the 

determination coefficient (R2) and absolute sum of squares (ASS). 
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One-way ANOVA with repeated measures followed by the Tukey's multiple comparison 

analysis in Graph Pad Prism statistical package were used to examine if the quantity of Pb desorbed 

from the MMT in nonaged and 30-day-aged samples in the presence of GLDA, MGDA, and EDTA 

ligands were significantly different from each other. 

 

3. Results and Discussions 

3.1. Lead adsorption on MMT 

Lead adsorption isotherm data were significantly (R2=0.98, P<0.01) fitted by the Langmuir 

model (Fig. 1). The maximum Pb adsorption capacity of MMT, estimated from the Langmuir qm 

parameter, was 143.3 mmol kg−1 and the Langmuir affinity constant (KL) was 7.93 L kg-1. 

Speciation calculations showed that the SI values for all systems were negative (Table 1), 

confirming that the equilibrium solutions were all under-saturated with respect to the Pb-bearing 

minerals. This finding might be because of the high adsorption capacity of MMT which reduces 

the Pb concentrations in solutions to low levels enough to restrict the formation of any precipitate. 

The free Pb2+ ion was the major species (82%) and PbCl+ was the second most predominant (17%) 

Pb species in the equilibrium solutions (Table 1). 

The equilibrium pH value of the MMT suspensions decreased with increasing Pb adsorption 

(Fig. 1), suggesting the replacement of protons of the -OH functional groups on the mineral edge 

surfaces by the Pb ions through inner-sphere complexation and subsequent release of H+. In 

addition, hydrolysis of Pb2+ during adsorption can be an important source of H+ released as 

described by the following surface complexation reaction (Bargar et al. 1997): 

≡S-OH + Pb2+
(aq) + H2O ↔ ≡S-O-Pb(OH)+ + 2H+ 
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where, S represents the MMT’s constituent cations (i.e., Al3+, Si4+, Mg2+, and Fe3+) and S-OH is a 

surface functional group.  

 

3.2. Lead desorption pattern 

The Pb desorption data from MMT is shown in Fig. 2. As can be seen, the Pb 

desorption was biphasic, with a fast initial phase that lasted for about 3 hours, followed by a much 

slower phase that spanned the rest of the experimental period. The kinetic behavior observed was 

similar to our previous kinetic study on Cd desorption from palygorskite and sepiolite clay 

minerals (Shirvani et al. 2007). The Pb desorbed during the initial 3-hour period was at least 68% 

of the total Pb desorbed from MMT. The initial faster Pb desorption phase most likely indicated 

the desorption of exchangeable Pb ions from the adsorption sites of lower bonding energy on 

MMT’s surfaces (Kandpal et al. 2005). The high abundance of weakly-adsorbed Pb ions at the 

initial phase generates a greater driving force of the concentration gradient at the mineral−liquid 

interface, leading to an enhanced Pb desorption rate (Li et al. 2012). The slower desorption 

phase may be attributed to Pb release from specific surface sites with higher desorption activation 

energy as well as various diffusion-limited desorption reactions (Sparks 2018).  

The total quantity of Pb desorbed after 24 h from the MMT sample was 13.0 mmol kg-1 

representing about 10% of the total Pb (131.7 mmol kg-1) loaded on the MMT (Fig. 2). This finding 

indicates that some reactions involved in the Pb sorption processes may be irreversible or very 

slowly-reversible, which can be attributed to the strong Pb binding to the high-affinity sites on the 

clay surfaces or diffusion into the clay interlayer spaces (Strawn &Sparks 1999). Similarly, 

Undabeytia et al. (2002) contributed the high irreversibility of Cu adsorption on montmorillonite 

to the large affinity of the metal ions for edge site positions. Tang et al. (2009) and Wang et al. 
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(2011) also showed that Pb sorption on kaolin was almost irreversible, with only less than 5% of 

the adsorbed Pb being able to be desorbed.  

The time-dependent Pb desorption data were successfully described by the pseudo-second-

order model, according to the significant R2 values presented in Tables 2 and 3. This finding 

suggests that surface desorption rather than bulk diffusion may be the rate-limiting step in the Pb 

release process (Avila et al. 2010).  

 

3.3. Ligand effects on Pb desorption 

The presence of GLDA, MGDA, and EDTA significantly (P<0.05) increased the quantity 

of Pb desorbed from MMT into the solution. However, EDTA had a significantly higher ability to 

remove Pb from the MMT compared with GLDA and MGDA. For instance, the total quantity of 

Pb desorbed (DQt) from MMT was 13.04 mmol kg−1 in the ligand-free system, which significantly 

(P<0.05) increased to 17.16, 27.59, and 33.72 mmol kg−1 with 0.25 mM of GLDA, MGDA, and 

EDTA, respectively (Fig. 3). These values reveal that only 9.1%, 12.0%, 19.3%, and 23.5% of the 

sorbed Pb were desorbed in the absence and presence of 0.25 mM of GLDA, MGDA, and EDTA, 

respectively, within the 24-h period.  

In the presence of 1.00 mM of the ligands, the highest Pb desorption percentage was induced 

by EDTA (92.9%), followed by MGDA (58.9%), and then GLDA (46.6%), 

which were significantly (P<0.05) different from each other (Fig. 3). The noticeably greater 

effectiveness of EDTA compared with GLDA and MGDA in Pb desorption was presumably 

related to the ability of EDTA to form remarkably more stable chelates with Pb ions. Ligands 

EDTA, MGDA, and GLDA have a 1:1 stability constant with Pb of 1018, 1012.1, and 1010.5, 

respectively (Kołodyńska 2011). The formation of stable non-adsorbing chelates in the solution 
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lowers the free metal ion activity, leading to metal ion desorption from the solid surfaces (Violante 

2013).  Moghal et al. (2019) also reported that the desorption efficiency of Pb by EDTA from soils 

was in the range of 69–93%. 

The maximum Pb desorption quantity at equilibrium (qe) determined by the fitted pseudo-

second-order model was 12.93 mmol kg−1 in control (ligand-free) system, which increased to 

15.46, 25.50, and 34.19 mmol kg−1 in the presence of 0.25 mM of GLDA, MGDA, and EDTA, 

respectively (Table 2). The corresponding qe values in the presence of 1.00 mM of the ligands 

were 66.17, 82.69, and 128.5 mmol kg−1, respectively (Table 3). Hence, the Pb desorption potential 

of the ligands from MMT followed the order EDTA >>MGDA >GLDA. These findings may 

implicate a much higher Pb mobilizing effect of EDTA compared to those of GLDA and MGDA 

in contaminated soils and sediments containing high amounts of MMT.  

The Pb desorption rate from MMT was also affected by the chelating ligands. The initial Pb 

desorption rate (h) estimated from the pseudo-second-order model in the presence of 0.25 mM 

GLDA, MGDA, and EDTA was 33.46, 69.67, and 78.32 mmol kg−1 h−1, respectively, which was 

higher than that obtained in the ligand-free system as 31.76 mmol kg−1 h−1 (Table 2). The 

corresponding “h” values at the ligand concentrations of 1.00 mM were 83.19, 205.1, and 660.5 

mmol kg−1 h−1, respectively (Table 3), indicating the extremely high Pb desorption rate induced 

by EDTA. The Pb desorption rate at t=1 h (DR1) was also the highest in the systems affected by 

EDTA, followed in decreasing order by the systems containing MGDA, GLDA, and no ligand, 

respectively (Tables 2 and 3). In general. the enhancing effect of the ligands on Pb desorption rate 

was in the order of EDTA >> MGDA> GLDA, which is in accordance with the order of the 

complexation capacity of the ligands. The higher Pb desorption rate from MMT in the presence of 

EDTA could indicate a higher potential of Pb pollution hazard in MMT-rich metal polluted soils. 
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From a phytoextraction point of view, however, the greater values of Pb desorption rate constants 

obtained in the systems receiving ligands suggest more rapid resupply of Pb from soil minerals 

following local depletion through plant uptake during ligand-assisted phytoextraction practices. 

 

3.4. Aging effects on Pb desorption 

Incubating the Pb-loaded MMT samples for 30 days caused a decrease not only in the 

proportions of Pb desorbed but also in Pb desorption rates. The effect of aging on the Pb desorption 

kinetics from MMT in the presence of GLDA, MGDA, and EDTA ligands is shown in Fig. 2. 

Similar to the case of nonaged systems, the kinetic patterns of Pb desorption from the aged samples 

showed an initial rapid desorption phase lasting for about 3 h, which may be referred to as the Pb 

ions retained by the low-energy surface sites (Strawn &Sparks 1999), followed by a slower phase 

over the remaining 24 h. Indeed, extending the release time from 3 h to 24 h only slightly increased 

the amounts of Pb desorbed from MMT.  

The DQt values obtained for the systems with and without the aging process (Fig. 3) showed 

statistically significant (P<0.05) differences, indicating that the maximum amount of Pb desorbed 

remarkably declined after aging. For example, the DQt value in the ligand-free system decreased 

from 13.04 mmol kg-1 in the nonaged sample to 2.75 mmol kg−1 in the aged sample, indicating 3.7 

times lower Pb desorption after aging. The aging treatment also caused the DQt value to be 

significantly (P<0.05) decreased by 5.2, 4.8, and 5.6 times in the presence of 0.25 mM of GLDA, 

MGDA, and EDTA, respectively (Fig. 3). The DQt values in the systems containing 1.00 mM of 

the chelating ligands also showed a decreasing trend with aging (Fig. 3). This finding can be 

attributed to the transfer of Pb ions from low-energy sites to high-energy sites and the movement 

of Pb ions to the less accessible sites for ligands during the 30 days of incubation (Sparks 2018).  
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The aging process also affected the quantity of Pb desorbed at equilibrium (qe). The qe value 

estimated from the pseudo-second-order model was 15.46, 25.50, 34.19 mmol kg−1 at 0.25 mM of 

GLDA, MGDA, and EDTA ligands, respectively, which reduced to 3.08, 3.69, 9.75 mmol kg−1, 

respectively, after the aging process (Table 2). At the concentration of 1.00 mM of the ligands, the 

qe value decreased from 66.17, 82.69, and 128.5 mmol kg−1 to 13.67, 25.08, and 69.74 mmol kg−1, 

respectively, after 30 days of incubation (Table 3), indicative of the increasing Pb retention 

irreversibility with time.  

The rate of Pb desorbed from the MMT was significantly decreased due to the sample aging 

(Tables 2 and 3). For example, in the ligand-free systems, aging caused decreases of h value from 

30.42 to 5.66 mmol kg−1 h−1 and DR1 value from 9.22 to 1.82 mmol kg−1 h−1, suggestive of a 

significantly higher irreversible or slowly-reversible fraction of the sorbed Pb in the aged systems 

compared to the nonaged ones.  

Aging also reduced the rate parameters in the presence of the chelating ligands at both 

concentrations of 0.25 and 1.00 mM. The enhancing effect of the ligands on Pb desorption in the 

aged systems was quite similar to that observed in the nonaged systems followed the order: 

EDTA> MGDA> GLDA, obeying the order of their formation constants of the complexes formed 

with Pb ions. For example, at a concentration of 0.25 mM of the GLDA, MGDA, and EDTA 

ligands, the initial rate (h) value decreased from 33.46, 69.67, and 78.32 mmol kg−1 h−1 to 9.96, 

12.52, and 30.42 mmol kg−1 h−1, respectively, after aging (Table 2). The same decreasing effects 

of aging on the Pb desorption rate were also observed in the systems containing 1.00 mM of the 

chelating ligands (Table 3). Hence, Pb is more slowly desorbed from MMT into the solution phase 

after aging.  
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4. Conclusion 

This study explored the impacts of EDTA, MGDA, and GLDA ligands on Pb desorption 

from the aged and nonaged MMT. The results showed biphasic kinetics in Pb desorption processes 

and substantial irreversibility in Pb retention by MMT. The results also reveal that aging 

significantly reduced both the quantity and rate of Pb desorption from MMT. Although GLDA and 

MGDA ligands enhanced the Pb desorption, they have a rather smaller ability compared to EDTA 

to desorb Pb from MMT. Hence, it is expected that these eco-friendly ligands will have a 

considerably lower potential than EDTA to mobilize toxic Pb ions from soils and sediments 

containing MMT as a major component. 
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Figure captions 

 

Figure 1. Experimental Pb adsorption isotherm data (fitted by the Langmuir equation, qm=143.3 

mmol kg-1, KL=7.93 L kg-1, R2=0.98, P<0.01) and changes of pH value as a function of 

equilibrium Pb concentration in montmorillonite suspensions. (adsorbent dose, 10 g L-

1; temperature, 25 °C).  Error bars are too small to be visible.  

 

Figure 2. Effects of GLDA, MGDA, and EDTA at two concentrations of 0.25 mM (A and B) 

and 1.00 mM (C and D) on time-dependent Pb desorption from nonaged (A and C) and 

aged (B and D) Pb-loaded montmorillonite. Symbols represent experimental data and 

lines represent fitted pseudo-second-order kinetic model. Error bars are too small to be 

visible. 

  

Figure 3. The total quantity of Pb desorbed (DQt) from the non-aged and aged Pb-loaded 

montmorillonite in the presence of GLDA, MGDA, and EDTA ligands at two 

concentrations of 0.25 mM (A) and 1.00 mM (B). Each bar is the mean ± SD of the 

results from three replications. Different lower-case letters in each diagram indicate 

significant differences at p ≤ 0.05 (Tukey test) in DQt 
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Table 1. Dominant soluble Pb species in equilibrium solutions and saturation indices estimated by PHREEQC speciation 

program. Values in parenthesis represent percentage of total soluble Pb. 

Pb concentration (mM) 

1.31 0.93 0.47 0.19 0.11 0.031 0.028 0.023 0.022 

Pb2+  

(82.0%) 

Pb2+ 

 (82.0%) 

Pb2+  

(82.0%) 

Pb2+ 

(82.1%) 

Pb2+ 

(82.1%) 

Pb2+  

(82.2%) 

Pb2+  

(82.1%) 

Pb2+  

(82.0%) 

Pb2+  

(81.7%) Dominant 

soluble 

species 
 

PbCl+ 

(17.9%) 

PbCl+ 

(17.8%) 

PbCl+ 

(17.8%) 

PbCl+ 

(17.7%) 

PbCl+ 

(17.6%) 

PbCl+ 

(17.7%) 

PbCl+ 

(17.6%) 

PbCl+ 

(17.6%) 

PbCl+ 

(17.6%) 

Pb(OH)2 

Saturation 

Index 
-6.69 -6.44 -6.34 -6.34 -5.58 -5.13 -4.17 -3.26 -2.28 

PbCO3 

-6.78 -6.53 -6.43 -6.43 -5.67 -5.22 -4.26 -3.35 -2.37 
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Table 2. Constants, determination coefficients (R2) and absolute sum-of-squares (ASS) 

values for the pseudo-second-order model fitted to the Pb desorption data from the nonaged 

Pb-loaded montmorillonite in the absence or the presence of the ligands at two concentrations 

of 0.25 and 1 mM.a 

Chelating ligand 

Model parameter 

Ligand 

concentration 

(mM) EDTA  MGDA  GLDA  
No 

ligand 

34.19  25.50  15.46  12.93 qe (mmol kg-1) 

0.25 

0.067  0.01  0.14  0.19 k2 (kg mmol−1 h−1) 

78.32  69.67  33.46  31.76 h (mmol kg-1 h-1) 

23.88  18.64  10.64  9.22 DR1 (mmol kg-1 h-1) 

0.97  0.91  0.91  0.98 R2
 

1.84  2.62  1.56  0.50 ASS 

            

 

128.5  82.69  66.17  12.93 qe (mmol kg-1) 

1.00 

0.04  0.03  0.19  0.19 k2 (kg mmol−1 h−1) 

660.5  205.1  83.19  31.76 h (mmol kg-1 h-1) 

107.7  60.22  36.89  9.22 DR1 (mmol kg-1 h-1) 

0.95  0.97  0.96  0.98 R2
 

9.38  4.38  4.05  0.50 ASS 
aAll R2 values are significant at P<0.001; qe: the quantity of Pb desorbed at equilibrium; k2: 

the pseudo-second-order rate constant; h: the initial desorption rate, DR1: the Pb desorption 

rate at t=1 hour. 
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Table 3. Constants, determination coefficients (R2) and absolute sum-of-squares (ASS) values 

for the pseudo-second-order model fitted to the Pb desorption data from the 30-day aged Pb-

loaded montmorillonite in the absence or the presence of the ligands at two concentrations of 

0.25 and 1 mM.a 

Chelating ligand 

Model parameter 

Ligand 

concentration 

(mM) 
EDT

A 
 MGDA  

GLD

A 
 No ligand 

9.75  3.69  3.08  2.66 qe (mmol kg-1) 

0.25 

0.32  0.92  1.05  0.8 k2 (kg mmol−1 h−1) 

30.42  12.52  9.96  5.66 h (mmol kg-1 h-1) 

7.39  2.85  2.36  1.82 DR1 (mmol kg-1 h-1) 

0.94  0.94  0.96  0.97 R2
 

0.78  0.29  0.20  0.17 ASS 

         

             

69.74  25.08  13.67  2.66 qe (mmol kg-1) 

1.00 

0.074  0.018  0.099  0.8 k2 (kg mmol−1 h−1) 

499.2  114.1  18.41  5.66 h (mmol kg-1 h-1) 

58.43  20.68  7.88  1.82 DR1 (mmol kg-1 h-1) 

0.98  0.99  0.97  0.97 R2
 

2.59  0.73  0.60  0.17 ASS 
a All R2 values are significant at P<0.001; qe: the quantity of Pb desorbed at equilibrium; k2: the 

pseudo-second-order rate constant; h: the initial desorption rate, DR1: the Pb desorption rate at 

t=1 hour. 

 

 


