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Dear Editor, 

We would like to submit the enclosed manuscript entitled “Probing the synthetic 

P-type zeolite to the efficient removal of heavy metal from aqueous solution” for 

publication as article in Journal of Hazardous Materials.  

Heavy metal contamination is a core environmental issue threatening human 

health and the adsorption technology is sustainable and economical for heavy metal 

removal. Zeolite is characteristic absorption material for removing heavy metal 

contributed to easily attained, recycling and less secondary pollution. To achieve 

further heavy metal adsorption capacity, surface functionalization and designing 

composites for zeolite are successfully performed. However, the tolerance quantities 

are not comparable with other absorbents and the preparation process is complicated. 

Importantly, many researches about zeolites do not provide the residual concentration 

of heavy metal after absorption and it is not sure the removal efficiency. Therefore, it 

is particularly desirable to develop an unmodified zeolite for eradicating heavy metal 

with great capacity. 

In this work, we sought out and firstly synthesized uniform octahedral zeolite 

Na6Al6Si10O32·12H2O without modification for purifying heavy metal to drinkable 

level. The maximum capacities of Pb
2+

, Cd
2+

, Cu
2+

, and Zn
2+

 were 649, 210, 90 and 

88 mg/g that were comparable with other absorbents and the reason why adsorbent 

affinity followed the order PbCdCuZn was discussed. Rapid adsorption was 

observed that Pb
2+

 concentration (7.5 ppm) could be reduced to 0.6 ppb in 2 min 

emphasized the superior effectiveness of Na6Al6Si10O32·12H2O. The ion exchange 

and the hydroxyl groups afforded the excellent performance. We also investigated the 

heavy metal removal of zeolite 13X and 4A for comparison and concluded the 

determining factor affecting absorption capacity: (1) phase purity, (2) cation exchange 

capacity, (3) pore size on the zeolite framework, (4) the OH groups of zeolites. The 

reusable zeolite that removal rate of Pb remained at 97.4% even after five 

regeneration recycles was therefore promising for practical water purification and 

industrialization.  
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The Journal of Hazardous Materials focuses on the environmental relevance and 

significance of the studied materials. In our study, we firstly prepared the pure zeolite 

Na6Al6Si10O32·12H2O with uniform octahedral shape used for environmental 

remediation and investigated the property of eradicating heavy metal in detail. 

According to the comparison of other zeolites, we proposed and verified the insights 

impacting the absorption capacity of zeolites. We believe our work is important and 

timely, and hence it will be of great interest to the readers of Journal of Hazardous 

Materials. 

Thank you for your consideration. 

Sincerely, 

Prof. Fuqiang Huang 

E-mail: huangfq@pku.edu.cn 

Beijing National Laboratory for Molecular Sciences and State Key Laboratory of 

Rare Earth Materials Chemistry and Applications, College of Chemistry and 

Molecular Engineering, Peking University, Beijing 100871, China 



Statement of novelty 

 

This work firstly prepared the pure zeolite Na6Al6Si10O32·12H2O with uniform 

octahedral shape through regulating the ratio of Al/Si/NaOH/H2O and investigated the 

property for eradicating heavy metal detailedly. The results proved the higher 

absorption capacities and faster absorption rates than other zeolites. It also explained 

the relationship between adsorbent affinity and physicochemical properties of the 

heavy metals. The performance of heavy metal removal of other zeolites was studied 

for comparison and we proposed and verified the insights impacting the absorption 

capacity of zeolites. Our work focused on the environmental relevance and 

significance of the materials, suited to Journal of Hazardous Materials. 
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ABSTRACT 1 

Zeolite is a characteristic material for removing heavy metals exhibiting by low 2 

tolerance quantities. It is particularly desirable although challenging to cultivate an 3 

unmodified and reusable zeolite for eradicating heavy metals with great capacity. 4 

Herein, we sought out and firstly synthesized the uniform octahedral zeolite 5 

Na6Al6Si10O32·12H2O for heavy metal ions trap, proven extraordinarily effective 6 

decontamination of M
2+

 (M = Pb, Cd, Cu, and Zn). The maximum capacities of Pb
2+

, 7 

Cd
2+

, Cu
2+

, and Zn
2+

 were 649, 210, 90 and 88 mg/g, and the distribution coefficients 8 

(Kd) was∼10
8
 mL/g for Pb

2+
 which emphasized the superior effectiveness of 9 

Na6Al6Si10O32·12H2O contrasted with other zeolites. Rapid adsorption was observed 10 

that Pb
2+

 concentration (7.5 ppm) was reduced to 0.6 ppb in 2 min. The removal 11 

mechanism was ascribed to the ion exchange and the hydroxyl groups thereby 12 

affording high adsorption capacity. We also investigated the heavy metal removal of 13 

zeolite 13X and 4A for comparison and concluded the determining factor affecting 14 

absorption capacity. The removal rate of Pb remained at 97.4% even after five 15 

regeneration recycles. The zeolite was therefore promising for practical water 16 

purification and industrialization. 17 

Key words: heavy metal; zeolite; uptake capacity; high efficiency18 



1. Introduction 1 

Heavy metal contamination, derived from batteries, electronics, electroplating, 2 

tanneries, petrochemicals, is becoming a core issue in environmental remediation due 3 

to toxicity and non-biodegradable, threatening human health via the entire food chain
 

4 

[1, 2]
. The adsorption in terms of high removal efficiency, renewable, environmentally 5 

friendly and the flexibility in design and operation is considered to be a sustainable 6 

and economical technology for heavy metal removal. Until now, various adsorbents 7 

have been established for investigating removal performance and the adsorption 8 

mechanism of which mainly depended on ion exchange, complexation, and 9 

electrostatic attraction. Contemplating that complexation and electrostatic attraction 10 

are dominated by a surface-based process, many efforts should be devoted to the 11 

synthesis of absorbents with preferred structure and functionalized with complex 12 

groups
[3-6]

. The layered double hydroxides (LDHs) functionalized with polysulfide 13 

[Sx]
2-

 and MoS4
2-

 anions improve metal uptake capacity owing to the interaction 14 

between heavy metal cations and sulfide anions
[7, 8]

. These absorbents are hard to 15 

prepare and inadequate for industrialization. Conversely, ion exchange is the 16 

reversible exchange of ions between the liquid phase and solid phase without any 17 

radical change of solid structure, which is widely utilized industrial technique in 18 

wastewater treatment as well as separation process due to reasonable cost and process 19 

simplicity. Diverse ion-exchange adsorbents, such as layered sulfides, zeolite
[9]

, 20 

resin
[10]

, clay
[11, 12]

, are established for water treatment. The layered sulfides 21 

KxBi4−xMnxS6, K2xMnxSn3-xS6, K2xSn4-xS8-x and K0.48Mn0.76PS3·H2O demonstrate 22 

excellent removal efficacy of heavy metals through ion-exchange
[13-16]

. The exchange 23 

capacity of KxBi4−xMnxS6 for Cd
2+

 and Pb
2+

 are 221 and 342 mg/g respectively and 24 

the Kd is ∼10
7
 mL/g. Unfortunately, the constancy and cycle property of sulfides is 25 

not impressive. Clay is a low-cost adsorbent, but they suffer from a weak affinity for 26 

heavy metals. Even though the ion exchange resin is a common absorbent for 27 

practical application, it will lead to secondary pollution.  28 

Amongst ion-exchange absorbents, zeolites are microporous crystalline 29 

aluminosilicates that are well known for its uniform channels and cavities, which is 30 

especially suitable for water treatment contributed to easily attained, recycling and 31 

less secondary pollution
[17]

. Notably, they are low cost and accessible in bulk. The 32 

adsorption capacities of natural zeolites for Pb
2+

, As
5+

, Cu
2+

, Zn
2+

 and Ni
2+

 are 125.2, 33 

20.31, 14.65, 13.54 and 11.68 mg/g respectively
[18]

. An interesting class of materials 34 



for the environmental remediation is the modified zeolites, which enhances sorption 1 

capacity by introducing complex functional groups
[19, 20]

. Besides, the synthesized 2 

zeolite has a bigger cation exchange capacity (abbreviate as CEC) than natural zeolite 3 

due to no impurities in the ion exchangers and hence the uptake capacities of 4 

synthesized zeolite NaX for Pb
2+

 and Cu
2+

 are better.
[21, 22]

 Despite these signs of 5 

progress, to the best of our knowledge, the existing zeolites still suffer from low 6 

sorption capacity and removal effectiveness compared to other absorbents. 7 

Herein, we seek out a zeolite Na6Al6Si10O32·12H2O (abbreviate as NASO) and 8 

successfully prepare the pure phase using hydrothermal method through regulating the 9 

ratio of Al/Si/NaOH/H2O, which is adept for water treatment. The synthesized NASO 10 

without any modification manifest highly effective decontamination of heavy metal 11 

ions M
2+

 (M = Pb, Cd, Cu, and Zn) from aqueous media and the maximum capacities 12 

of Pb
2+

, Cd
2+

, Cu
2+

 and Zn
2+

 are 649, 210, 90 and 88 mg/g which is much better than 13 

other zeolites. The NASO can diminish Pb
2+

concentration down to < 1 ppb at the low 14 

or massive concentration (4 and 130 ppm) and the Kd reached to ∼10
8
 mL/g. The 15 

removal rate of NASO for Pb
2+

 (200 ppm) still kept at 97.4% after 5 cycles, which 16 

proved the NASO was a top material known for the rapid separation of pollutants. 17 

Significantly, the low cost and easy preparation make the NASO be suitable for 18 

industrialization. 19 

2. Materials and methods 20 

2.1 Preparation of NASO (Na6Al6Si10O32·12H2O) 21 

All the chemicals used in the experiments were of analytical grade and used 22 

without further purification. NASO was synthesized using a facile hydrothermal 23 

method. Simply, solution A was prepared by dissolving Al(NO3)3·9H2O (0.45 g) in 10 24 

mL deionized water. Solution B was got by dissolving Na2SiO3·9H2O (0.68 g) in 10 25 

mL deionized water. The mixed solutions were prepared through the addition of 26 

solution B into solution A to form a homogeneous solution with vigorously magnetic 27 

stirring for 10 min. Subsequently, NaOH solution (0.23 g NaOH dissolving in 10 mL 28 

deionized water) was quickly added, and after 10 min further stirring the resultant 29 

solution was sealed in Teflon-lined stainless autoclave (50 ml). The autoclave was 30 

heated to 160 
o
C, kept for 24 h, and then samples were cooled to room temperature 31 

naturally. After that, the solid material was separated by centrifuging and sequentially 32 

washed with deionized water several times to remove the basic solution and then dried 33 

at 80 °C for 2 h. 34 

https://www.collinsdictionary.com/zh/dictionary/english-thesaurus/effectiveness


2.2 Batch absorption experiments 1 

The absorption experiments of heavy metal M
2+

 ions (M = Pb, Cd, Cu, and Zn) 2 

were performed at ambient temperature using the NASO material at the pH values of 3 

3-5 (natural pH values and adjusted with the aid of 1 wt% HNO3 solution). The 4 

individual heavy metal solution under various initial concentrations (5-1000 ppm) was 5 

prepared by dissolving Pb(NO3)2, Cd(NO3)2, Cu(NO3)2 and Zn(NO3)2 in deionized 6 

water respectively. All batch experiments were conducted through dispersing 0.01 g 7 

NASO into 10 mL aqueous solutions (V:m = 1000 mL/g) under stirring. The NASO 8 

particles were separated by a 0.2 μm nylon filter membrane and the residual solutions 9 

were taken to further analysis. The adsorption isotherms were established by adding 10 

NASO materials to the solution containing individual M
2+

 ions with various initial 11 

concentrations (5-1000 ppm) stirred for 24 h. The pH values of low M
2+

 concentration 12 

was 5 adjusted by 1 wt% HNO3 solution and the pH values of heavy M
2+

 13 

concentration was the natural pH about 3-4. Adsorption kinetic experiments for heavy 14 

metal M
2+

 ions under different contact time (2-240 min) were conducted.  15 

One measure of a sorbent’s affinity for a target metal ion is the distribution 16 

coefficient (Kd) measurement
[23]

. The Kd was the ratio of the amount of M
2+

 ions 17 

adsorbed by one gram of the sorbent to that remaining in solution calculated via the 18 

equation (1): 19 

 d  
      e  e 

m
                                

The removal capacity (qe) was given by the equation (2):  20 

 
e
  

        e    
  

 
                                

The removal % was obtained from the equation (3):  21 

 emo al    
     e     

  

                   

where C0 and Ce were the initial and equilibrium concentrations of heavy metal 22 

ions (ppm) after the absorption, respectively; V is the solution volume (L) and m is the 23 

adsorbent mass (g). 24 

2.3 Characterization  25 

Powder X-ray diffraction (XRD) measurements were performed on a Bruker D2 26 

phaser diffractometer, operating at 40 kV and 100 mA with Cu Ka radiation (λ = 27 

1.5406 Å). The scanning rate for phase identification was fixed at 5° min
-1

 with a 2θ 28 



range from 10° to 60°. The scanning electron microscopy (SEM) images and energy 1 

dispersive X-ray spectroscopy (EDS) analyses were attained by a Hitachi S-4800 2 

field-emission electron microscope. The zeta potential of sorbent was measured using 3 

a zeta plus (Brookhaven, USA) at various pH from 3 to 6. The X-ray photoelectron 4 

spectros-copy (XPS) was performed by an Axis Ultra Photoelectron Spec-trometer 5 

 Kratos Analytical Ltd.  using a monochromatized Al Kα anode    5 W,  5 mA, and 6 

15 kV). The C 1s peak at 284.8 eV was taken as an internal standard. The FTIR 7 

spectrum were recorded within the range 400-4000 cm
-1

 using an FTIR 8 

spectrophotometer (IR-Prestige 21, Shimadzu, Japan) with KBr as the matrix. 9 

The M
2+

 ions concentration in the range of 1-100 ppm before and after 10 

absorption were measured through a Leeman Prodigy 7 spectrometer inductively 11 

coupled plasma-atomic emission spectroscopy (ICP-OES). Standards of these ions 12 

were prepared by diluting the commercial ∼1000 ppm ICP standards, and the 13 

calibration was liner with maximum errors of 5%. The equilibrium concentrations of 14 

M
2+

 ions in the solutions for extra low concentration (at ppb level) were determined 15 

by inductively coupled plasma-mass spectroscopy (ICP-MS) using a PerkinElmer 16 

NexION 350X ICP-MS spectrometer.  17 

3. Results and discussion 18 

3.1 Structural analysis of NASO and heavy metal removal 19 

The structure of NASO was, shown in Figure 1(a), a three-dimensional 20 

framework built from corner sharing SiO4 and AlO4 tetrahedra linked through oxygen 21 

atoms and the dominated channel size was 8.8 Å. The isomorphous replacement of 22 

Si
4+

 by Al
3+

 produced negative charges in the lattice balanced via the exchangeable 23 

Na ions which were located at the channels. The XRD pattern and SEM image of 24 

NASO were depicted in Figure 1(b) and Figure 1S. It could be observed that all peaks 25 

were assigned to the Na6Al6Si10O32·12H2O (JCPDS card no. 71-0962) without 26 

forming any impurity phase and the NASO crystallizes in the tetragonal space group 27 

I-4 with a = 10.043 Å, c = 10.043 Å, V = 1012.96 Å
3
. The morphology of NASO was 28 

characterized as a uniform octahedral with clear crystal edges which confirmed that it 29 

was well crystallized in the range of 12-   μm. The uptake of heavy metal ions by 30 

NASO from solution in the same concentration (10 ppm) was conducted to explore 31 

whether it can be used for the removal of heavy metal ions. The results of SEM and 32 

EDS mapping suggested that the NASO owned the ability to adsorb heavy metal M
2+

 33 

(M = Pb, Cd, Cu, and Zn) as elucidated in Figure 1(c). Nevertheless, the octahedron 34 



was cracked referred as the introduction of heavy metals. Finally, the XRD patterns 1 

after the adsorption M
2+

 were presented in Figure 1(a) indicating no impurity phase.  2 

 3 

Figure 1. (a) The crystal structure of NASO; (b) XRD patterns of NASO before and 4 

after adsorption of 10 ppm M
2+

; (c) SEM images and EDS mapping for the NASO 5 

after adsorption of M
2+

 with 10 ppm concentration. 6 

3.2 Effect of initial pH 7 

  Solution pH, one key factor that affected the sorption of heavy metals 8 

significantly, determined the metal speciation and surface charge of the adsorbent
[24]

. 9 

Therefore, the Pb
2+

 removal rates of different initial concentration as a function of pH 10 

(3.0-6.0) were carried out in batch. At this pH range, precipitation was not the 11 

dominant process. From Figure 2(a), it was apparent that the Pb
2+

 sorption results 12 

were favored at larger pH values. The results were in agreement with the changing of 13 

zeta potential of NASO, which NASO charges became more negative at higher pH 14 

owing to the ionization of Si-OH and Al-OH groups shown in Figure 2(b)
[25]

. The 15 

main Pb
2+

 species were presented as Pb
2+

, Pb(OH)
+
 in the pH range of 2-6 at 25 

o
C

[26]
. 16 

The Pb
2+ 

ions predominate in solution at pH ≤ 5, the competition from H
+
 decreased 17 

the Pb
2+

 removal via ion exchange and the NASO could be dissolved slightly under 18 

low pH 2-3
[27, 28]

. Meanwhile, the more negative charges on the surface of NASO 19 

enhanced removal capacity at a bigger pH (Figure 2(a)). However, for pH= 6, the 20 

presence and adsorption of Pb(OH)
+
 might prevent Pb

2+
 diffusion to some sites within 21 

the porous structure
[29]

. Hence, the pH value was kept at 5.0, which was the same for 22 

Cd
2+

, Cu
2+

, and Zn
2+

. 23 



 1 

Figure 2. (a) Effect of initial pH value on removal rates of different Pb
2+

 2 

concentrations (10 and 200 ppm) by NASO; (b) zeta potential measurement plots of 3 

NASO at different pH values. 4 

3.3 Sorption isotherm toward M
2+

 and removal capacity 5 

Based on the above results, the NASO disclosed acceptable sorption for M
2+

 (M 6 

= Pb, Cd, Cu, and Zn). The batch sorption experiments at ambient temperature within 7 

a wide range of M
2+

 concentrations were conducted. The initial and residual 8 

concentrations of M
2+

 in the aqueous solution could be acquired through ICP 9 

measurements. As shown in Table 1 and Table S1, the M
2+

 ions captured by NASO 10 

increased significantly with the increasing of initial concentrations. On a broad range 11 

of initial concentration (4-400 ppm), the Pb
2+

 removal rates reached >99.9% and the 12 

Kd values ranged from 1.74 ×10
6
 to 5.15 × 10

8
 mL/g. The Kd represents the 13 

performance metrics of metal ion removal for any sorbent, and Kd values of 1.0 × 10
5
 14 

mL/g are considered excellent
[3, 30]

. The removal rates of Cd
2+

 were > 99.95% with the 15 

initial concentration of 10-100 ppm and the corresponding Kd values were about 16 

10
6
-10

7
 mL/g. For Cu

2+
, the removal rates were > 99.83% (Kd ≈   

5
-10

6
 mL/g) in a 17 

small range of 10-60 ppm. For Zn
2+

, the removal rates were relatively lower at >99.47% 18 

(Kd ≈   
5
 mL/g) with the initial concentration of 5-50 ppm.  19 

The uptake capacity of NASO, another significant aspect of sorbent’s 20 

performance metric, was calculated by Langmuir and Freundlich isotherms which 21 

were expressed as following (4-5):   22 

 e

 
e

  
 

 
ma 

 L

  
 e

 
ma 

                4  

ln  
e
  ln    

 

 
ln e               5   

where qe (mg/g) is the amount of the heavy metal absorbed at equilibrium 23 

concentration, Ce (mg/L) is the equilibrium concentration, qmax is the maximum 24 



theoretical sorption capacity of the adsorbent, KL (L/mg) and KF (mg/g (mg/L)
−1/n

) 1 

represent the Langmuir and Freundlich constants, respectively.  2 

Table 1. Adsorption isotherm data of NASO toward to Pb
2+

 ions. 3 

C0 (mg/L) Ce (mg/L) Kd (ml/g) qe (mg/g) Removal (%) 

3.9 0.00007 5.57 × 10
7
 3.90 100 

10.3 0.00002 5.15 × 10
8
 10.30 100 

40.8 0.0003 1.36 × 10
8
 40.80 100 

85.5 0.0004 2.14 × 10
8
 85.50 100 

131.2 0.0009 1.46 × 10
8
 131.20 100 

203.3 0.0077 2.64 × 10
7
 203.29 99.99 

400.4 0.2297 1.74 × 10
6
 400.17 99.94 

437.9 1.5886 2.75 × 10
5
 436.31 99.64 

603.3 38.402 1.47 × 10
4
 564.90 93.63 

799.0 147.664 4.41 × 10
3
 651.34 81.52 

m = 0.01 g, V = 10 mL, V:m = 1000 mL/g, Contact time: 24 h 

 4 

 5 
Figure 3. Sorption isotherms for adsorption of (a) Pb

2+
 and (b) Cd

2+
 by NASO; (c) 6 

The maximum capacities for Pb
2+

 and Cd
2+

 at different temperatures. 7 

The adsorption isotherms of M
2+

 on NASO were interpreted in Figure 3 and S2, 8 

and all the sorption parameters were concluded by the two isotherm equations 9 

presented in Table 2. The maximum Pb
2+

 removal capacity reached ∼649 mg/g and 10 

the correlation coefficient yielded to 0.998. The Langmuir isotherm model better 11 

described the equilibrium data, which implied that the adsorption of M
2+

 on NASO 12 

was typical monomolecular-layer adsorption with homogeneous binding sites. We 13 

also picked up the adsorption capacity of the NASO material for Cd
2+

, Cu
2+

 and Zn
2+

 14 

and found that the NASO had a maximum adsorption capacity ∼210 mg/g for Cd
2+

. 15 

The maximum adsorption capacities for Cu
2+

 and Zn
2+

 were relatively lower at 90 16 

mg/g and 88 mg/g respectively. The uptake capacities of Pb
2+

 and Cd
2+

 could be 17 

enhanced by increasing the operation temperature viewed in Figure 3(c) which was 18 

https://www.collinsdictionary.com/zh/dictionary/english-thesaurus/conclude


attributed to the bigger kinetic energy of cations at elevated temperature
[31]

. This was 1 

comparable for the other adsorbents as given in Table S2. 2 

Table 2. Adsorption isotherm data of NASO toward to Pb
2+

 and Cd
2+

 ions. 3 

Temperature 25 
o
C 35 

o
C 50 

o
C 

 Pb
2+

 Cd
2+

 Pb
2+

 Cd
2+

 Pb
2+

 Cd
2+

 

Langmuir 

qmax (mg/g) 649.4 209.2 671.1 277.8 709.2 295.8 

KL (L/mg) 0.9006 1.2225 0.2321 0.1439 0.2242 0.1556 

R
2
 0.9980 0.9825 0.9916 0.9414 0.9935 0.9643 

Freundlich 

KF (mg
1-n

L
n
/g) 378.9 100.8 198.9 48.8 131.9 53.4 

1/n 0.1288 0.2497 0.2599 0.3884 0.3564 0.3858 

R
2
 0.9315 0.8393 0.8337 0.9369 0.7249 0.8407 

The analysis of the uptake capacities of four metals at the same condition 4 

disclosed that adsorbent affinity followed the order PbCdCuZn, which was 5 

assigned to the physicochemical properties of the heavy metals including 6 

electronegativity, hydration radius, first hydrolysis constant and hydration enthalpy
[21]

. 7 

The difference in hydration radius of metals ions was one factor in the ion exchange 8 

process, the lower hydration radius of Pb (PbCuCdZn), presented in Table 3, 9 

could pass readily through the channels (8.8 Å) resulting in the biggest capacity. The 10 

larger hydration enthalpy  ΔHH2O) of metals (PbCdCuZn) would boost the 11 

adsorption capacity
[32]

. This was exactly what was observed in this study. The first 12 

hydrolysis constants could also be evidence for sorption ability and the higher 13 

logKMOH value exhibited greater sorption capacity
[33]

. The logKMOH values for four 14 

metals were PbCuZnCd listed in Table 3. Likewise, the Pauling electronegativity 15 

values followed as PbCuCdZn reflecting the Pb possessed the greatest ionic 16 

potential
[21]

. Hence the Pb had the strongest attraction to the NASO and the sorption 17 

ability was PbCuZn, which was consistent with the experimental results of sorption 18 

capacity. The abnormal Cd sorption capacity might be dominated by the hydration 19 

enthalpy that was greater than Cu and Zn.  20 

Table 3. The physicochemical parameters towards Pb, Cd, Cu and Zn. 21 

Metal 
Hydrated ionic 

radius (Å)
[34]

 

Electron-

egativity 

Hydration enthalpy 

 (ΔHH2O KJ/mol) 

Hydrolysis constant  

logKMOH+
[33]

 

Pb 4.01 2.33 -1479.9
[35]

 -7.71 

Cd 4.26 1.69 -1807
[36]

 -10.8 

Cu 4.19 1.90 -2009
[35]

 -8.00 

Zn 4.30 1.65 -2046
[36]

 -8.96 

3.4 Adsorption kinetics study 22 

The efficiency of NASO for heavy metal removal from aqueous solutions had 23 



been examined by studying the adsorption kinetics. The influence of contact time of 1 

M
2+

 ions with NASO was explored to determine adsorption rates and equilibrium 2 

times. As depicted in Table 4, Table S3 and Figure 4(a), the adsorption rate for 7.5 3 

ppm Pb
2+ 

was especially fast and the residual concentration could be limited to 0.6 4 

ppb within 2 min, the removal rate reached to 99.99% and Kd value was 10
7
 mL/g. 5 

Nevertheless, the 170 ppm Pb
2+

 could be eliminated to 4.313 ppm within 5 min and 6 

the adsorption equilibrium was acquired within 12 h. The ion exchange of zeolite 7 

occurred over two distinct stages: fast adsorption on the surface and diffusion in the 8 

interior of zeolite.
[37]

 Consequently, the 7.5 ppm Pb
2+

 was adsorbed quickly on the 9 

surface of NASO. With the increasing of Pb
2+

 concentration, the absorption rate was 10 

fast during the early stage owing to many active sites. Then it took more time to 11 

achieve adsorption equilibrium which might be due to the following reasons: (1) the 12 

lower Pb
2+

 concentration at the final stage reduced the driving force for ion exchange 13 

between NASO and Pb
2+

, (2) the Pb
2+

 diffusion in the interior took longer time. The 14 

capture rate for Cd
2+

 was a little lower than Pb
2+ 

under the same experimental 15 

conditions, the residual concentration and removal rate was up to 6 ppb (Kd = 10
5
 16 

mL/g) and 99.5% within 30 min respectively. The removal rate of Cu
2+

 achieved 99.5% 17 

within 60 min, but the subsequent capture became slower and needed more time to 18 

reach equilibrium. For Zn
2+

 ions, the removal rate was slow but still 98.5% in 120 19 

min.  20 

Generally, the adsorption rates were determined via Pseudo-first-order and 21 

pseudo-second-order models to reveal adsorption behaviors based on the experimental 22 

data. The two kinetic rate equations were as follows: 23 

Pseudo-first-order (6): 24 

ln  
e
  

t
  ln 

e
                              

Pseudo-second-order (7): 25 

 

 
t

  
 

   e
 
 

 

 
e

                                 

where qe (mg/g) is the amount of heavy metal absorbed at equilibrium concentration, 26 

and qt (mg/g) is the amount of heavy metal adsorbed at time t, while k1 (min
-1

) and k2 27 

(g/mg min
-1

) are the pseudo-first-order and pseudo-second-order adsorption rate 28 

constants respectively. From Figure 4(b), it was observed that the plots of t/qt vs t of 29 

the kinetics data toward four ions Pb
2+

, Cd
2+

, Cu
2+

, and Zn
2+

 exhibited perfect linear 30 

relations with high correlation coefficients R
2 

closed to 1. The calculated removal 31 



capacities (qe,cal) of Pb
2+

, Cd
2+

, and Cu
2+

 received from the pseudo-second order 1 

model were closer to the corresponding experimental values (qe,exp) as summarized 2 

in Table S4. The results indicated all data could be well described via the 3 

pseudo-second-order kinetic model, signifying that the M
2+

 removal was chemical 4 

adsorption. 5 

Table 4. Kinetics data of Pb
2+

 adsorption using NASO. 6 

C0 (mg/L) Time (min) Ce (mg/L) Kd (ml/g) qt (mg/g) 
t/qt  

(min•g/mg) 

7.5 2 0.0006 1.25 × 10
7
 7.499 99.99 

5 0.0009 8.33 × 10
6
 7.499 99.98 

10 0.0005 1.50 × 10
7
 7.500 99.99 

30 0.0006 1.25 × 10
7
 7.499 99.99 

 7 

  8 
Figure 4. Adsorption kinetics curves for Pb

2+
, Cd

2+
, Cu

2+
, and Zn

2+
: (a) removal % as 9 

a function of contact time; (b) pseudo-second-order kinetic plots for ion adsorption. 10 

3.5 Absorption mechanism 11 

As stated, the amount of Na
+
 ions in 1 g Na6Al6Si10O32·12H2O is 4.59 mmol. To 12 

keep the charge balance, the ion exchange equation was 2Na
+
 → Pb

2+
, Hence the 13 

theoretical maximum exchange amount of Pb
2+

 ions will be 2.29 mmol. However, the 14 

maximum removal capacity of Pb
2+

 is 3.14 mmol (649 mg/g). According to ICP 15 

analysis, the amount of Na in 0.01 g NASO was 0.0441mmol and the residual amount 16 

of Na in NASO absorbed by 200 ppm Pb
2+

 was 0.0202 mmol. Accordingly, we 17 

supposed that there were two components of Pb
2+

 adsorption: (1) Pb
2+

 ions were 18 

exchanged by Na
+
 ions; (2) Pb

2+
 reacted with the OH groups of the NASO. To better 19 

understand the adsorption mechanism, the infrared spectrum (400-4000 cm
-1

) and 20 

XPS analysis of NASO samples before and after Pb
2+

 adsorption were executed 21 

presented in Figure 5. As illustrated in Figure 5(a)(b), two peaks appeared at 139.6 eV 22 

and 144.3 eV assigned to Pb 4f7/2 and Pb 4f5/2 respectively, which advocated that Pb
2+

 23 

was successfully adsorbed on NASO. Additionally, the intensity of peak at 1071 eV 24 

https://www.collinsdictionary.com/zh/dictionary/english-thesaurus/execute


(Na 1s) decreased after Pb
2+

 adsorption, indicating that Na
+
 ions were exchanged by 1 

Pb
2+

 (Figure S3). In the FTIR spectra (Figure 5(c)), the bands at 446 cm
-1

, 929 cm
-1

 2 

and 742 cm
-1

 were corresponding to the bending vibration of Si(Al)O4 tetrahedra, 3 

symmetric stretching vibrations of Si-O-Si or Si-O-Al bridges and Al-OH bending 4 

vibration, respectively
[21]

. The strong vibration at 1006 cm
-1

 was correlated with 5 

Si(Al)-O asymmetric stretching
[38]

. The characteristic peaks at 1658 cm
-1

 and 3476 6 

cm
-1

 was associated with the bending vibration of -OH belonging to the water 7 

molecule
[17]

. After Pb
2+

 absorption, the intensities of peaks at 929 cm
-1

, 1658 cm
-1

 and 8 

3476 cm
-1

 reduced originated from the Pb-O vibrations, confirming the involvement 9 

of hydroxyl groups in the Pb
2+

 removal process. The above results proved the 10 

proposed absorption mechanism and the schematic diagram of the adsorption 11 

mechanism was given in Figure 6.  12 

 13 
Figure 5. (a) XPS spectra of Pb 4f before and after Pb

2+
 absorption; (b) deconvoluted 14 

Pb 4f spectra of Pb
2+

 adsorbed sample; (c) FTIR spectra of the NASO before and after 15 

adsorption of Pb
2+

; (d) Recycle performance of NASO towards Pb
2+

. 16 



 1 
Figure 6. Schematic diagram of the adsorption and desorption of M

2+
 on NASO. 2 

3.6 Comparison of the heavy metal removal efficiency of NASO with other zeolites  3 

To the best of our knowledge, the Pb
2+

 uptake capacity of NASO was the top 4 

among zeolites reported for heavy metal adsorption (Table 5). Based on the analysis 5 

of absorption mechanism, we proposed the heavy metal uptake capacity of zeolites 6 

depended on: (1) cation exchange capacity (CEC), (2) pore size on the zeolite 7 

framework, (3) phase purify the OH groups of zeolites and (4) phase purity. So, we 8 

investigated the cation capacity, zeta potential and Pb
2+

 uptake capacity of commercial 9 

zeolite 4A and 13X for comparison displayed in Figure 7 and Table 6.  10 

Table 5 The adsorption capacities of various zeolites for heavy metal ions 11 

Absorbent Metal qmax(mg/g) ref 

Faujasite zeolite Pb
2+

 351 [39] 

LTA zeolite Pb
2+

 514  

Zeolite A Pb
2+

 228 [40] 

Synthetic clinoptilolite Pb
2+

 182 [31] 

 Cd
2+

 45  

Synthetic NASO Pb
2+

 649 this work 

 Cd
2+

 210  this work 

Comparing with the pore size of three zeolites, it was apparent that all the 12 

unhydrated and hydrated M
2+

 ions could diffuse to the channels of zeolites, but the 13 

radius of hydrated ions was approximately the same as the channel size of zeolite 4A 14 

and they might exchange only with difficulty. Meanwhile, the lower zeta potential of 15 

NASO led to a greater uptake capacity of Pb
2+

 concerning zeolite 13X. Furthermore, 16 

the zeolite crystallinity and no impurity phase played important role in determining 17 

the heavy metal adsorption capacity. The NASO with much impurity phase prepared 18 

by using coal bottom ash revealed a low capacity of Pb
2+

 and Cd
2+

 (15.4 and 12.7 19 

mg/g)
[22]

. Because some of the present cations for the ion exchange process were 20 



components of impurities or they were located at inaccessible sites of the material 1 

structure, which were not suitable for ion exchange. On that account, the uptake 2 

capacities of heavy metal on the same type of zeolites were significant variation. 3 

 4 

Figure 7. Sorption isotherms for adsorption of Pb
2+

 by (a) 4A and (b) 13X; (c) zeta 5 

potential measurement plots of zeolite 4A, 13X and NASO at different pH values. 6 

Table 6 The adsorption capacities of various zeolites for heavy metal ions 7 

Zeolite Composition 

Pore 

size 

(Å) 

Theoretical 

CEC (mmol/g) 

zeta 

potential 

pH = 5 

Pb
2+

 

qmax 

(mmol/g) 

4A Na12Al12Si12O48·27H2O 4.2 5.4→2.7 Pb
2+

 -13.48 1.37 

13X Na2Al2Si2.46O8.9·6H2O 8 4.77→2.39 Pb
2+

 -9.28 2.61 

NASO Na6Al6Si10O32·12H2O 8.8 4.59→2.29 Pb
2+

 -18.2 3.14 

3.7 Competitive and effect of co-existing ions experiments 8 

Moreover, complex competitive eff ects of different heavy metals in the real 9 

wastewater should be considered and the competitive experiments were conducted 10 

through mixing four ions with the same concentration. The results, listed in Table S5, 11 

made known that the selectivity order was PbCuCdZn which was the same as the 12 

order of Pauling electronegativity. This indicated that NASO was very selective for 13 

ions with high electronegativity. Meanwhile, we also examined the influence of 14 

co-existing ions (100 ppm Na and 100 ppm Ca) on the absorption of single ion (10 15 

ppm) and mixed ions (10 ppm). For single Cd
2+

, Cu
2+

 or Zn
2+

 ion, the presence of Na 16 

and Ca caused a reduction in the adsorption capacity. Nevertheless, it had no effect on 17 

the adsorption of Pb
2+

 whatever it was single ion or mixed ion as shown in Table S6.  18 

3.8 Reusable capacity of NASO 19 

The reusability of absorption materials was an essential factor for practical 20 

application. Therefore, the desorption experiments were conducted to assess the 21 

regeneration feature of exhausted NASO via using a saturated NaCl solution as the 22 

eluting agent. The regeneration mechanism was ion exchange (Pb
2+
→ Na

+
) depicted 23 



in Figure 6. For the absorption of 200 ppm Pb
2+

, the Pb
2+

 removal rate of fresh 1 

adsorbents attained to 99.95%, and then a little loss of adsorption capacity (removal % 2 

= 97.4%) was observed after continuous four cycles in Figure 5(d), signifying that the 3 

NASO was repeatable and could be candidate for practical pollutant removal. 4 

4. Conclusion 5 

In conclusion, we found an unmodified and reusable zeolite 6 

Na6Al6Si10O32·12H2O for eradicating heavy metal accompanied by great capacity. The 7 

pure NASO with uniform octahedral shape was firstly prepared by regulating the ratio 8 

of Al/Si/NaOH/H2O. The maximum capacities of Pb
2+

, Cd
2+

, Cu
2+

, and Zn
2+

 were 649, 9 

210, 90 and 88 mg/g on NASO which was better than other zeolites as we have 10 

known. The NASO could diminish Pb
2+

concentration (4-130 ppm) down to < 1 ppb 11 

and the distribution coefficients (Kd) reached ∼10
8
 mL/g. Fast adsorption was 12 

observed that Pb
2+

 concentration (7.5 ppm) could be reduced to 0.6 ppb in 2 min. It 13 

also explained the relationship between adsorbent affinity and physicochemical 14 

properties of the heavy metals. The removal mechanism was accredited to the ion 15 

exchange and the hydroxyl groups on the surface of NASO. Based on the comparison 16 

of other zeolites, we proposed and verified the insights impacting the absorption 17 

capacity of zeolites. The presence of coexisting ions (Na and Ca) had no influence on 18 

the removal efficiency of Pb
2+

 and the removal rate of Pb
2+

 still kept 97.4% after five 19 

regeneration recycles. The NASO was thus a promising absorbent for practical 20 

pollutant treatment and industrialization. 21 
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Herein, we firstly synthesized the octahedral zeolite Na6Al6Si10O32·12H2O 

without modification for eradicating heavy metal ions, proven great absorption 

capacity. Rapid adsorption and stable recycling performance made the zeolite to be 

promising for practical water purification and industrialization. 
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 The synthetic NASO zeolite without modification for eradicating heavy metal. 

 The great absorption capacities for Pb and Cd are 649 and 210 mg/g. 

 Rapid purification for Pb wastewater to drinkable level is in 2 min. 

 Adsorption involves both ion exchange reaction and electrostatic interaction. 

 Easy preparation and stable recycling performance let it for practical application. 
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