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ABSTRACT 

NOVEL ENGINEERED POROUS MATERIALS FOR THE REMOVAL OF 
LEAD FROM WATER 

 

by 

Mohsen Hajipour Manjili 

 

The University of Wisconsin-Milwaukee, 2018 
Under the Supervision of Dr. Nidal Abu-Zahra and Dr. Marcia Silva 

  

The estimated average blood lead level for the population younger than 5 years in 

the United States is approximately 100 times higher than ancient background levels, 

indicating that substantial sources of lead exposure exist in the environment. This 

research is focused on the removal of lead from water with a functionalized zeolite. 

Functionalization improves adsorption behavior to achieve adsorbent materials with 

high capacity and stability with potential multiple re-uses.  

The lead sorption from water onto an Australian zeolitic mineral (clinoptilolite) 

unmodified and modified with sulfide-based reagents is investigated with batch and 

fixed bed column experiments. The effect of solution pH, functional groups’ 

concentration, and competing ions are studied on the adsorption behavior. 
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Functional groups stability and particles regeneration are also examined. The idea 

of functionalizing zeolite with sulfides for the removal of lead is able to develop a 

unique adsorbent material. The use of reactive sulfides attached to zeolite is a novel 

development. 

The functionalized zeolite was characterized by Fourier transform infrared 

spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron 

microscope (SEM) and energy disperse spectroscopy (EDS). The reactivity, sorption 

kinetics behavior, and retention isotherms for lead were determined to permit 

modeling and design of processes for optimum contaminant removal. 

The significance of this research work is realized by its ability to create an 

engineered mesoporous-macroporous medium for lead adsorption by incorporating 

the functionality into the natural zeolite; this is accomplished using sulfides-based 

reagents. Sulfide-based reagents are ideal candidates for heavy metal remediation 

applications because of their soft basic frameworks, which should show increased 

affinity toward softer Lewis acids. The functional design and data analysis are 

significant to the scientific community, and are fundamental for the water industry, 

as they provide the knowledge necessary for developing next-generation water 
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filtration media using zeolite materials. 
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Introduction 

The term heavy metal has particular application to elements having atomic weight 

between 53.5 and 200.6 g/mol such as cadmium (Cd), mercury (Hg), lead (Pb), and 

arsenic (As) [1]. 

Lead is a naturally occurring toxic heavy metal with significant adverse impacts on 

the environment, human health, and ecological systems. The United States 

Environmental Protection Agency (EPA) and the World Health Organization 

(WHO) list lead and its compounds as toxic pollutants. The maximum contaminant 

limit (MCL) of heavy metals, reported by the EPA [2] is summarized in Table 1. 

Human body and its organisms require known trace amounts of some heavy metals, 

such as cobalt, copper, iron, manganese, molybdenum, vanadium, strontium, and 

zinc. Excess levels of essential metals, however, can be detrimental to organisms, 

particularly humans [3]. 

The main sources of the heavy metals in the environment can be divided into three 

major groups: (a) natural sources of heavy metals, (b) agricultural sources of heavy 

metals, and (c) industrial sources of heavy metals [4]. 

Table 1. The maximum contaminant limit (MCL) of heavy metals, reported by US-EPA [2]. 
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Heavy metal Human Toxicity impacts MCL (ppm) water 

Arsenic 
 
 

Skin manifestation, 
visceral cancers, vascular 
diseases  

0.050 

Cadmium Kidney damage, renal 
disorder, human 
carcinogenic 

0.01 

Chromium  Headache, diarrhea, 
nausea, vomiting, 
carcinogen 

0.05 

Copper  Liver damage, Wilson 
disease, insomnia 

0.25 

Nickel  Dermatitis, nausea, 
chronic asthma, 
coughing, human 
carcinogen 

0.20 

Zinc  Depression, lethargy, 
neuroglial signs and 
increased thirst  

0.80 

Lead  Damage to fetal brains, 
disease of the kidneys, 
circulatory system, and 
nervous system  

0.006 

Mercury  Rheumatoid arthritis, and 
diseases of kidneys, 
circulatory system, and 
nervous system 

0.00003 

 

The EPA developed Surface Water Treatment Rules (SWTR) to improve the 

qualities of drinking water in November 2016. The regulations provide protection 
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from disease-causing pathogens and contaminants, as well as protection against 

disinfection byproducts (DBP) that can form during drinking water treatment. They 

also provide guidance documents to help public water utilities implement the 

contamination management rules [6]. The recommended treatment technologies 

remove or destroy pollutants in water. Federal laws require the EPA to provide a 

cost estimation for new drinking water standards. There are three major components 

of the final cost: treatment, monitoring, and administrative costs. Several 

engineering models have been developed to estimate the treatment costs using a 

bottom-up approach [7].  

Literature Review 

A naturally occurring low-cost material that is suitable for modification with a wide 

range of appropriate physical properties, would appear to have the greatest potential 

for the fabrication of filter materials to capture heavy metals from water.  

Natural zeolites are a class of hydrated aluminosilicate materials that are 

environmentally and economically desirable as adsorbent materials. They have 

attracted attention due to their unique characteristics such as environmentally sound 

and nontoxic, being available in big quantities in the world, having high sorption 
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capacity, being able to modestly adjust the pH of systems, not introducing additional 

pollution in the environment, providing adsorption sites with exchangeable cations 

for heavy metal ions and porosity for free metals, and having a great potential for 

modification [8]. Due to excess negative charge on the surface, the natural zeolite is 

a cationic exchanger. However, the zeolite can be chemically modified by inorganic 

salts or organic surfactants, and this generates a positively charged oxi-hydroxides, 

or surfactants micelles. As a result, the zeolite is enabled to bind to anions, as well 

[9].   

Zeolites have a great stability in various environmental condition and this can 

challenge other materials. Its high melting point (> 1,000°C) causes a high thermal 

stability. They also resist high pressures, do not dissolve in water or other inorganic 

solvents, and they do not oxidize in the air. Zeolites do not cause health problems, 

for example, from skin contact or inhalation (unless very fine). Since they are 

unreactive and based on naturally occurring materials, they do not have any harmful 

environmental impacts [10]. This project uses the zeolite that is a naturally occurring 

material as an adsorbent, it has advantages over other materials mentioned above, 

and additionally has a low-cost processing.  
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Prices for natural zeolites can vary based on the zeolite content and processing. Unit 

values collected through the United States Geological Survey (USGS) canvas of 

domestic zeolite producers, ranged from $85 per metric ton to $320 per metric ton 

[11]. The unmatched properties of zeolites and the possibility of adjusting acidic and 

basic sites, or incorporation of other elements in its framework, as well as structure 

modification open a wide range of application of zeolites. Zeolites belong to a well-

known family of crystalline aluminosilicates displaying a unique combination of 

properties such as high surface area, well-defined microporosity, high (hydro) 

thermal stability, and the ability to confine active metal species in their pores [12].  

The following section provides a detailed discussion of the zeolitic material 

properties.  

Zeolites  

Zeolites based on their ion-exchange properties, have been used as adsorbents and 

ion-exchangers for different environmental friendly applications and water 

treatment [13]. Different factors such as the process temperature, the solution pH, 

the solution initial concentration, the presence of competing cations and complex 

agents, and the process time can affect the uptake of the metal cations from solutions 
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[14]. 

The application of zeolites in the purification of wastewater and treatment of 

industrial urban wastewater is the subject of numerous studies.  

In addition to energy conservation, agriculture and aquaculture, odor control, mining 

and metallurgy, environmental pollution control is one of the main applications of 

the natural zeolites [15]. Ion exchange and molecular sieve properties are the two 

most important reasons which make the natural zeolite a potential choice in the 

environmental remediation processes [16, 17]. Traditionally, the ion exchange 

equilibrium in zeolites has been expressed by a thermodynamic equilibrium constant 

(K) for the exchange reaction between the ions in solution, and those exchanged on 

the zeolite sites [18, 19]. 

Adinehvand et. al [20] employed zeolite to capture zinc from water. They used 

natural zeolite (clinoptilolite), and sulfuric acid treated zeolite as the adsorbent. Due 

to the predominant role of hydrogen ions as an exchangeable ion in the zeolite, the 

acid treated zeolite showed higher adsorption results. In a study of pH effect, the 

maximum removal efficiency happened at a pH level of 6. pH affects the surface 
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electrical charge of the adsorbent as well as the existing zinc species. Therefore, 

different charge values and zinc species at different pH levels affected the adsorption 

process. In solutions containing heavy metals, natural zeolites prefer adsorbing H+  

better than adsorbing heavy metals ions[21, 22]. As a result, more H+ ions will be 

adsorbed under acidic conditions. At pH levels toward a neutral level, in a range of 

6.5 to 7.5, the free H+ ion concentration is lower, causing more heavy metal ions 

being adsorbed from the solution. An increase in pH from 2.5 to 3.5 showed an 

increase in adsorption capacity, qe, by 49%, 38% and 20% for Mn2+, Zn2+, and Cu2+; 

respectively [16]. 

Most of the aqueous solutions contain a mixture of heavy metal ions requiring 

investigation of the influence of competing cations on the individual adsorption 

characteristics by natural zeolite. Different adsorption mechanisms can be involved 

in the adsorption of each cation from solution [23]. Experiments were conducted 

[24] to study the effect of competing Ca2+ ions on the uptake of Pb2+, Zn2+, and Cd2+. 

Results showed that the Pb2+ uptake was only affected slightly, while Zn2+ and Cd2+ 

adsorption decreased strongly in the presence of Ca2+. Different preferences of the 

clinoptilolite for different cations were used to explain these findings. Due to a high 
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Si:Al ratio, clinoptilolite has a low structural charge density. So, cations with lower 

hydration energy are preferred to be adsorbed compared with cations with higher 

hydration energies [25].  

Surface treated zeolites were fabricated as filter materials by combining the cation 

adsorption property of natural zeolite and with anion adsorption property of 

functional groups. These materials have applications as decontamination agents for 

soil and water basins [26].  Mercury adsorption was found to be maximized for sulfur 

treated zeolites [27]. The adsorption capacity was increased from 0.084 mg Hg/g for 

natural zeolite to 0.092 mg Hg/ g for zeolite treated with organic sulfur compound 

at initial mercury solution concentration of 6.22 ppm. Results revealed highest 

mercury retention for the modified zeolites when it was in contact with the highest 

initial concentration of 62.19 ppm. The mercury adsorption isotherms showed the 

best fit to the Langmuir model, and the Langmuir maximum adsorption capacity (qm) 

of zeolite minerals increased from 2.15 to 10.23 mg Hg/g.  

Another study [28] focused on the application of natural zeolite from clinoptilolite 

group in the removal of mercury from industrial wastewater. They also showed that 
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the ion exchange mechanism was the dominating mechanism of the sorption with a 

maximum adsorption capacity of 1.21 meq/g sorbent. The adsorption behavior of 

natural and Fe-modified zeolites [29] was extensively studied. Due to its specific 

surface area and the presence of the amorphous Fe-oxide phase, for the range of 

concentrations studied, the percentage of total metal adsorption on the Fe-modified 

zeolite system was almost twice as high as natural zeolite. For Cu, Zn, and Mn 

concentrations up to 80 ppm, the Fe-modified zeolite system was capable of 

adsorbing more than 80% of the total concentration of the contaminants. On the other 

hand, for the metal concentrations up to 35 ppm, the adsorption reached almost 

100%. In the same concentration region, zeolite adsorbed between 45% and 80% of 

metals.  

Another study has been conducted by Luiz et al. [30] to investigate the adsorption 

features of zeolites combined with the magnetic properties of iron oxides to produce 

a novel magnetic adsorbent. The goal of the study was to fabricate a magnetic 

composite as an adsorbent material that can subsequently be separated from the 

medium by a simple magnetic process. They fabricated a zeolite: Fe oxide composite 

with a ratio of 3:1, and studied the adsorption of Cu2+, Cr3+, and Zn2+ from aqueous 
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solution. Selectivity sequence was found to be in the order of Cr+ < Cu2+ < Zn2+. The 

adsorption tests showed adsorption capacities of 49, 87, and 114 mg/g of  Cu2+, Cr3+, 

and Zn2+ for the fabricated adsorbent, respectively. For pure NaY zeolite, the 

adsorption capacities of Cu2+, Cr3+, and Zn2+ were 45, 88, and 111 mg/g, 

respectively; suggesting that the presence of Fe oxide in the composite is not 

inhibiting the adsorption of metals. 

Natural and NaCl modified clinoptilolite have been used as Zn ion sorbents [31] 

resulting in the modified clinoptilolite achieving up to 100% higher effective 

sorption capacity than the natural material. Due to dust formation during the natural 

clinoptilolite treatment, pore volume and pore surface area (0.0546 cm3 ·g-1 and 9.13 

m2 ·g-1) of the treated material are smaller to the natural one (0.0706 cm3· g-1 and 

14.5 m2 ·g-1). The average pore diameters of natural and modified clinoptilolite were 

measured to be 195 Å and 239 Å; respectively. This is evident that the treated 

clinoptilolite surface and pore openings are partially covered by the dust, resulting 

in pores clogging, causing a smaller ion exchange capacity and slower ion exchange 

rates. However, pore-clogging alone is not able to explain the effective performance 

of treated clinoptilolite compared to the natural form. Differences in surface charge 
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between the natural modified clinoptilolite at the same pH are proposed as another 

reason for the increase in the ion exchange rate.  

As an adsorbent, synthetic zeolites are found to be very effective in heavy metal 

removal from solutions. A comparison of the adsorption behavior for natural and 

synthetic zeolites shows that synthetic zeolites perform considerably better than 

natural zeolites, because of their higher aluminum content. There are also higher 

amounts of released sodium from the synthetic zeolite that can address the higher 

metal removal compared to the natural zeolite [32]. In their work, the synthetic 

zeolite was found to be very effective in removing 100%, 98.4%, 96.8% and 100% 

of Pb2+, Cu2+, Zn2+, and Cd2+, respectively. Whereas the percent removal of the 

natural zeolite was 89.2%, 53.4%, 41.8% and 45.0% for Pb2+, Cu2+, Zn2+ and Cd2+; 

respectively. It is notable that, due to hydronium ion exchange reducing the 

concentration of proton in solution, the pH level of the solution after contact with 

the synthetic zeolite increased to 8.5-9.0 regardless of the initial pH. 

Zeolite synthesized from coal fly ash showed a higher adsorption capacity for Pb by 

a factor of 3-5 times compared to natural zeolite, because of its higher affinity for 
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metal ions [33]. Artificial zeolites prepared from fly ash are capable of showing  high 

cationic exchange capacities, due to their large surface area and high residual carbon 

contents; conversion of fly ash into zeolites has become an important issue for waste 

management in recent years [34-38].  

Synthesized zeolites type A and X have been used as adsorbents to capture Cu2+ and 

Zn2+. The Si:Al molar ratio of zeolite A is between 1.0 to 1.2, and for zeolite X is in 

the 1.0-1.5 range. Zeolite X has bigger pore channels than zeolite A. For zeolite X, 

the adsorbed amount of Cu2+ was higher than that for Zn2+. The adsorption property 

is explained by (a) the nature of heavy metal cations and (b) the microstructure of 

zeolites [39].  

Zeolite A was synthesized and used as an adsorbent material to uptake Zn and Cd 

from wastewater solutions [40]. Investigations on the rate of uptake of both Zn and 

Cd ions indicated that 60-70% of the ultimate sorption of each ion occurred within 

the first 20 minutes of contact with saturation reached in around 45 minutes. The 

data also showed that the adsorbed amount of Zn2+ and Cd2+ increased with an 

increase in the temperature, indicating an endothermic nature of the process with the 
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time required to reach saturation remaining practically unaffected. This increase in 

sorption capacity with temperature suggests that the active surfaces available for 

sorption have increased with temperature. This was attributed to the change in pore 

size and enhanced rate of intraparticle diffusion of solute, as diffusion is an 

endothermic process. The kinetics study showed that the pseudo second-order 

sorption mechanism is predominant. The adsorption capacity of the synthesized 

zeolite at 333 K was calculated to be 421.01 and 353.19 mg/g for Zn2+ and Cd2+; 

respectively. 

Table 2 lists a selected number of studies investigating heavy metal removal from 

water by using different types of zeolites. In order to be comparable easier, all the 

results in Table 2 are converted to the same unit, mg/g. 

Table 2 Literature review of heavy metal removal from wastewater. 
Reference  Material  Results  

Li Liu, 2012 [41] Graphene Oxide (GO) 
108.342 mg/g Au  
80.775 mg/g Pd 
71.378 mg/g Pt 

Yang Yu, 2013 [42] 
 

GO modified zeolite 
(clinoptilolite) 

50 mg/g Natural zeolite 
55 mg/g GO zeolite 
67 mg/g GO/acid treated 
zeolite, cationic dye 
removal 
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Junyong, 2014 [43] 
 

Zeolite (synthesized)-
reduced graphene 
oxide (r-GO) 

53 mg/g methyl blue 

48 mg/g malachite green 

 

Vernon, 2006 [44] Fly ash zeolite 
(synthesized) 

0.000153 mg/g Pb  

0.000015 mg/g Hg  

Meili Yin, 2011[45] 

mesoporous zeolite 
nanocomposite 
(synthesized)  

25 mg/g Hg 

T. Gebremedhinhalie, 
2002 [27] 

Natural zeolite 
(clinoptilolite-
heulandite) 

Sulfide treated zeolite  

2 mg/g Hg 

  

10 mg/g Hg 

A. Chojnack, 2004 [28] Natural zeolite 
(clinoptilolite) 2.42 mg/g Hg  

Shunli Wan, 2016 [46] Hydrated manganese 
oxide on GO 

553 mg/g Pb 

 

J. Adinehvand, 2016 [20] Acid treated zeolite 
(clinoptilolite) 28 mg/g Zn 

Do-Gun Kim, 2015 [47] 

Nano Biogenic 
Manganese Oxide on 
natural zeolite 

 

98 mg/g Pb 

92.5 mg/g Cd 

89.57 mg/g Zn 

Mojgan Zendehdel, 2016 
[48] 

Hydroxyapatite/zeolite 
nanocomposite 
(synthesized)  

55.55 mg/g Pb 

40.16 mg/g Cd 
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Ruchi Shaw, 2016 [49] ZnO engineered 
zeolite (zeolite Y) 

78.85 mg/g Pb 

 

Sharifpour, 2015 [50] 
Sepiolite 

Zeolite 

31.5 mg/g Pb 

25.3 mg/g Pb 

Gupta, 2008 [51] 

Wyoming bentonite 

Georgia kaolinite 

31.1 mg/g Pb  

11.5 mg/g Pb 

Sprynsky, 2006 [21] Natural zeolite 
(clinoptilolite) 27.7 mg/g Pb 

Potgieter, 2006 [52] Palygorskite 62.1 mg/g Pb 

Bektas, 2004 [53] Turkish sepiolite  93.4 mg/g Pb 

Shaheen, 2012 [54] Clinoptilolite  1.2 mg/g Pb 

Corner, 2015 [55] Synthetic zeolite A4 0.4554 mg/g Pb 

Buasri, 2008 [56] Zeolite Clinoptilolite 52 mg/g mg/g Pb 

Payne, 2004 [57] Zeolite Clinoptilolite 25 mg/g mg/g Pb 

Dursun, 2007 [58] Natural zeolite 
(clinoptilolite) 0.0664 mg/g Pb 

Chibuzo, 2016 [59] Synthetic zeolite 200 mg/g Pb 

 

The improved and long-term chemical and physical stability of the modified zeolites, 

the combination of their sorption properties with low operational costs, and 
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regeneration of the contaminant loaded zeolitic materials have increased their 

environmental application possibilities. Although in some cases the adsorption 

capacity of the raw and modified natural zeolites cannot be compared with those of 

the synthetic materials, this drawback can be compensated by the low-cost of the 

natural zeolitic materials and their availability in big quantities all over the world.  

Removal Technologies for Heavy Metals from Water  

Several treatment technologies are available to capture heavy metals from 

contaminated solutions including sulfide precipitation, membrane filtration, bio-

remediation, and adsorption/ion exchange. Sulfide precipitation is the most common 

method for aqueous mercury removal. To remove this insoluble salt, additional 

treatment such as pH adjustment, coagulation, flocculation, and gravity settling, or 

filtration is necessary. Mercury re-solubility, difficulties monitoring sulfide levels, 

and residual sulfide in the effluent are some of the disadvantages of this method. 

Coagulation/coprecipitation is used as an alternative to sulfide precipitation. In this 

treatment, aluminum or iron salts are used as the coagulator [60]. Other innovations 

have used supported liquid membranes containing chemicals such as trioctylamine 

as a carrier and coconut oil as a diluent [61-63]. 
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Ion Exchange Materials Properties 

Ion exchange processes have received considerable interest because of their high 

efficiency and low operational costs. The most important advantages of ion 

exchange compared with chemical precipitation are the ability to recover the heavy 

metals, selectivity, and less by products [64]. There are numerous investigations of 

heavy metal removal by ion exchange resins [65-69]. In this process, a cationic or 

anionic specialized ion exchange material is used to remove metal ions from the 

solution. Commonly used ion exchangers are synthetic organic ion exchange resins 

made from polystyrene and divinylbenzene which are modified by an acid or alkali 

treatment. The resins are usually water-insoluble solid substances that can adsorb 

cations or anions from the solution with the release of other ions with the same 

charges into solution in an equivalent amount. It is notable that the valences of the 

exchanging ions have a strong effect on ion exchange equilibrium, and thus on the 

removal efficiency of any type of an ion exchange process [70].  

As an adsorbent, ion exchange resins are used in order to exchange contaminant 

cations and anions with hydrogen and hydroxyl ions; respectively. Resins are 

classified based on the type of functional groups they contain. Cationic exchangers 



19 
 

are categorized into two groups: (a) strongly acidic with functional groups derived 

from strong acids e.g., R-SO3H (sulfonic); (b) weakly acidic with functional groups 

derived from weak acids, e.g., R-COOH (carboxylic). Anionic exchangers are also 

categorized into two groups: (a) strongly basic with functional groups derived from 

quaternary ammonium compounds, R3-NH-OH; (b) weakly basic with functional 

groups derived from primary and secondary amines, R-NH3OH or R-R’-NH2OH. 

Preference of ions for resins is often expressed by the selectivity coefficient. For the 

cation A+ in a solution being exchanged with cation B+ on the ion exchanger: 

𝐴" +	𝐵 	⇄ 𝐵" + 𝐴		(1) 

the barred terms show the occupied position on the ion exchanger (solid phase) as 

opposed to the solution phase. For this exchange, an operational equilibrium 

constant can be defined as: 

𝐾+,
-, = 	

[𝐴][𝐵"]
[𝐴"][𝐵]

		(2) 

where [A+], [B+] are moles of A+, B+ per liter of liquid, and [𝐴], [𝐵] are moles of A+, 

B+ on resin per liter of resin; respectively. The superscript and subscript on the 

selectivity coefficient show the direction of the reaction. The superscript is the 

reaction side, and the subscript is the product side of the exchange reaction.  
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Adsorption  

Adsorption of pollutants on a solid surface of a material, an adsorbent, is now 

recognized as one of the most effective, comprehensive, and economic methods. 

Flexibility in design and operation, along with high quality treated effluent, and a 

possibility of recovering the adsorbent and pollutant itself are some advantages of 

this technique.  

Metal ion complexation references should be updated  

When a metal ion combines with an electron donor, the resulted substance is called 

to be a complex, or coordination compound. In a complex environment, there is 

always an atom in the center which is surrounded by multiple other molecules or 

ions [71]. Nitrogen, oxygen, and sulfur are common examples of these donor atoms 

[72]. Atoms may combine with a known maximum number of other atoms, 

molecules, or radicals. This number is called as the coordination number. For 

example, as shown in Figure 1, in hexamine platinic chloride, [Pt(NH3)6]Cl4, the six 

ammonia molecules are strongly attached to platinum atom. The chlorine atoms are 

less strongly attached to the atoms of the central complex. The weakly bounded 

groups may be easily exchanged under conditions that would not affect strongly 

attached atoms [72].  
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Figure 1. An example of complex ion. 
 

 
Table 3 shows the principal valence and coordination numbers of some metals.  

Table 3. Principal valence and coordination number of selected metals. 
M+ Coord. No. M2+ Coord. No. M3+ Coord. No. 

Cu+ 2,4 Mn2+ 4,6 Sc3+ 6 

Ag+ 2 Fe2+ 6 Cr3+ 6 

Au+ 2,4 Co2+ 4,6 Co3+ 6 

  Pb2+ 2,4 Au3+ 4 

  Cu2+ 4,6   

  Zn2+ 4,6   

 

The tendency for complex formation can be explained as the tendency for metal ions 

to fill up unoccupied orbitals, and therefore approach the electric configuration of an 

inert gas [72]. For example, if we consider trivalent cobalt, it has 14 electrons in its 
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two outer shells. So, a donation of 12 electrons by 6 ammonia molecules, the cobalt 

atom acquires the stable krypton configuration with 18 and 8 electrons in the M and 

N shells, respectively. As already discussed, the coordination number of the metal 

can be used to determine the number of molecules or ions of complexing agents that 

will be attached to a single metal ion.  

In some of the complexes, each ligand only forms one bond with the central metal 

ion, which a ligand is said to be unidentate. Some ligands, on the other hand have 

two or more lone pairs which can bond to the central metal ion. These are known as 

multidentate or polydentate ligands. Table 4 shows schematics of metal complex 

schematics. 

Table 4. Metal complexes schematics. 
Type of ligand Complex schematic  

Monodentate (Unidentate) 

 

Bidentate 

 



23 
 

Tridentate 

 

Quadridentate 

 

Hex dentate 

 

Lead Complexation Forms  

Among the different oxidation states of lead ion, the lead (IV) from is easily reduced, 

but the Lead (II) is stable and is the most common form of lead in the environment. 

Therefore, lead (II) attracted most interests to the coordination compounds involving 

the 2+ oxidation state [73].  
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Observed coordination numbers from 2 to 12 for lead (II), results in a large variety 

of configurations of its complexes and compound [74, 75]. Based on valence bonds 

theory, the inert electron pair can have the following forms: (a) occupy a hybrid 

orbital formed by mixing the 6S and 6P orbitals and becoming stereochemically 

active, or (b) be a pure s2 electron pair and thereby stereochemically inactive.  

There are two main structure types of lead (II) complexes that are identified as 

hemidirected and holodirected, introduced by Shimoni-Livny et al [76].  In the first 

one, the electron distribution around the metal ion is greatly uneven, on the other 

hand in the second one the electron distribution is symmetric. Figure 2 shows 

holodirected and hemidirected environment of Pb.   

 

Figure 2. Holodirected coordination environment of Pb (left) and hemidirected environment of 
(right) [77]. 

 
 
There are different parameters determining whether the attitude of the s2 electron 

pair is stereochemically active or inactive in a complex: (a) the stereochemical 

activity of the lone pair depends strongly on the nature of the donor atoms (soft or 
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hard), the charge of the donor, and also the interactions between coordinated ligands 

[72], (b) the denticity of the ligand and the charge of the donor atoms; in complexes 

with high denticity ligand hemidirected geometries were found in the presence of 

donor atoms with high affinity towards Pb (II). In fact, it has been observed that a 

soft donor atom such as sulfur, which is usually formed in holodirected Pb (II) 

complexes, was able to enforce a hemidirected structure, in cases that it was part of 

an anionic group in a polydentate molecule [72]. (c) another observation showed that 

the stereoactivity of the lone pair correlates with the coordination number. It was 

found that lead (II) compounds are hemidirected when the coordinating donor atoms 

are <6 in number, and holodirected if it is as high as 9-10. Both of these complex 

environment are seen for coordination numbers 6-8 [72].  

Theory of Adsorption  

Adsorption is a surface phenomenon in which molecules, atoms or ions are attracted 

to active sites on the surface of the adsorbent. Adsorption can be occurring in a form 

of a chemical or physical process, or a combination of both. Van der Waals forces 

are in charge for physisorption while chemisorption occurs via electrons 

redistribution between adsorbent and adsorbate with a resulting strong chemical 

bond [78-81].  

The adsorption process on a porous adsorbent is generally defined with three main 
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steps. First, the cation (or anion) is moving from bulk solution to the external surface 

of the adsorbent material (film-diffusion or external-diffusion). Next, the adsorbate 

transports within the pores of the adsorbent (internal diffusion). In this rate-limiting 

step, a small amount of adsorption occurs on the external surface. In the last step, 

the adsorbate is adsorbed on the inner surface of the adsorbent pores and capillary 

spaces. The interaction between the adsorbate, matrix, and surface of adsorbent 

influences these stages and the resulting metal adsorption. Parameters that could 

influence the adsorption process are: conductivity, the solution pH, the process 

temperature, ionic strength, initial concentration of cations and onions in the 

solution, adsorbent mass, adsorbent particle size, and presence of competitive ions 

of the adsorption matrix, chemical and physical properties of adsorbate such as ionic 

radius and solubility, and adsorbent surface chemistry and characteristics [82-85]. 

The selectivity can be considered as an important property of the adsorbent in 

adsorption process. Zeolites with higher Si:Al ratio, such as clinoptilolite, are more 

selective for cations with lower charge density (K+, NH4 +, Ag+, Cs+). Zeolites with 

lower Si:Al ratio, are more selective toward the high charge density cations (Na+, 
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Li+). With increasing the concentration of the solution, the difference in ion 

exchange affinities of different charges is reduced. If the solution contains different 

ions of the same charge, the selectivity increases with increasing the atomic number 

(Li+, Na+, NH4 +, K+). The selectivity of clinoptilolite toward alkali metals exist in 

the sequence: Cs+> K+> Rb+> Na+> Li+, and the alkaline earth metals: Ba2+> 

Sr2+> Ca2+> Mg2+. The selectivity sequence of clinoptilolite toward heavy metal 

ions (cations) is found as: Pb2+> Cd2+> Cu2+> Co2 +> Cr2 +> Zn2 +> Mn2 +> 

Hg2 + and selectivity by anions exists in the series: SO42-> I-> NO3-> HCrO4-> Br-

> Cl-> OH-  [86, 87]. 

Adsorption Kinetics and Mechanisms 

In order to investigate the adsorption mechanism of the studied adsorbents for 

removing lead, the rate of adsorption should be modeled by proper reaction models.  

In the past, several mathematical models have been developed to describe adsorption 

mechanisms. These models can generally be classified as adsorption diffusion 

models, and adsorption reaction models. Both models are used to discuss the kinetics 

process of adsorption, but they are quite different. In the diffusional models, the 
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assumption is based on the point that the diffusion is the rate-limiting step. There are 

two separate diffusions happening: the external mass transfer during which diffusion 

across the liquid film surrounding the adsorbent particles happens. And the internal 

mass transfer during which mass transfer into the interior of the particles happens. 

The effect of external mass transfer is eliminated by mechanical mixing in the batch 

experiments [88].  

In the adsorption models, the adsorption reaction is considered as the rate-limiting 

step. If the adsorbent and adsorbate are in contact for enough period of time, an 

equilibrium will be reached between the amount of contaminant on the adsorbent 

and the amount of contaminant in the solution. The equilibrium relationship is then 

addressed by adsorption isotherms. Adsorption isotherms are analysis method to 

relate the equilibrium concentration of a cation (or anion) on the solid phase, qe, to 

the concentration of the cation (or anion) in the liquid phase, Ce.  

Simple batch experiments are used to generate the adsorption isotherms. The 

equilibrium concentration, Ce, is determined by the remaining amount of the solute 

in the solution by analytical methods. The equilibrium concentration of the solute on 

the adsorbent, qe in mg/g is determined by equation (3): 
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𝑞3 = 	
(𝐶5 −	𝐶3)𝑉

𝑀
		(3) 

where C0 is the initial solution concentration in mg/L, V is the volume of the solution 

in liters, and M is the mass of adsorbent in gram.  

Langmuir Model  

The adsorption of metal ions is described by the Langmuir model using a reversible 

reaction shown in Equation (4): 

𝑆 + 𝑀	 ⇄ 𝑀𝑆		(4) 

where S is adsorption sites and M is the adsorbate. There are four assumptions in 

this model: (1) sorption occurs at localized sites and involves no interaction between 

the sorbed ions, (2) the energy of adsorption is not dependent on surface coverage, 

(3) maximum adsorption corresponds to a saturated monolayer of adsorbates on the 

adsorbent surface, and (4) the concentration of M is considered to be constant. The 

rate of desorption in this model is comparable to the rate of adsorption. This model 

is represented by Equation (5): 
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𝑞3 = 	
𝑞<𝐾=𝐶3
1 + 𝐾=𝐶3

		(5) 

where qm is the maximum adsorption per unit mass and KL is the affinity parameter 

[88,89].  

Freundlich Model  

The Freundlich isotherm is a model that has been derived empirically to address 

heterogeneous systems and is not restricted to monolayer formation. This isotherm 

can be written as Equation (6): 

𝑞3 = 	𝐾?𝐶3
@ AB 		(6) 

where KF and n are Freundlich isotherm constants, indicative of the extent of the 

adsorption and the degree of nonlinearity between solution concentration and 

adsorption, respectively [90].  

Pseudo Model (n-order) 

The Pseudo (n-order) model is described by the non-reversible reaction sown as 

Equation (7): 
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𝑛𝑆 + 𝑀	 → 𝑀𝑆A		(7) 

The metal ion uptake on the adsorbent surface is governed by an n-order equation. 

Then the sorption rate can be written as equation (8):  

𝑑𝑞H
𝑑𝑡

= 	𝑘K(𝑞3 −	𝑞H)A		(8) 

where qe and qt (mg/g) are the adsorption capacities at equilibrium and time t (min); 

respectively. kP is the Pseudo n-order rate constant for the kinetic model.  

Adsorbents 

Among different adsorbent materials, activated carbon (AC) has been used as the 

most common adsorbent for removing heavy metals from industrial effluent. 

However, its application (mainly in large adsorption systems) is limited due to 

several disadvantages such as high cost, and the difficulty in preparation and 

regeneration process [91, 92]. A growing number of studies in recent years have 

suggested various low-price sorbents [93-98]. These materials could potentially 

substitute AC in the water treatment process to remove heavy metals from water. 

Zeolites are valuable materials with an extensive application as adsorbents and 
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molecular sieves. Various zeolites have been used as a favorable material in 

environmental applications and wastewater treatments [93-98].  

A significant number of researchers have worked with zeolitic minerals, and have 

determined selective sequences of these minerals for a range of metals [27]. This 

mineral is selective to toxic metals. In some publications [99, 100], a thiol (thiols 

are sometimes referred as mercaptans because the thiolate group bonds very 

strongly with mercury compounds [101]) functional group has been tested to 

remove heavy metals from aqueous acidic solutions.  

AC is a well-studied material for the task of heavy metal removal from wastewater 

because of its exceptionally high surface area, a well-developed internal 

microporous structure as well as the presence of a wide spectrum of surface 

functional groups. The principle of adsorption of heavy metals on the activated 

carbon surface is attributed to bonding with van der Waals forces with the 

contribution of London dispersion forces [102]. A more acidic surface charge 

density that results in higher capacity for reduction of heavy metals such as lead, 

cadmium and mercury would be a good example. New technologies such as plasma 
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processing are being studied to modify the surface of AC.  In Plasma techniques 

there is the ability to create the desired charge on the surface of ACs. Also, their 

extraordinary properties and environmentally friendly nature, have made graphene 

an attractive material due to its potential applications in wastewater treatment. 

Because of its impermeability  to gases and liquids, graphene is considered as a 

proper water filtration material [103, 104]. 

Carbon nanotubes (CNTs) with a high specific surface area possess highly accessible 

adsorption sites and adjustable surface chemistry. Chemical bonding and 

electrostatic attraction cause metal ions to be adsorbed by CNTs [105]. Polymeric 

nanoadsorbents are another material that are utilizable for removing heavy metals 

from water. Tailored exterior branches can adsorb the heavy metals [106-108]. The 

costly CNTs production process and the need for additional technical devices (to 

make sure that there are no nanoparticles discharged into the aqueous environment) 

are the main concerns that offset their advantages [109].  

Zeolite are categorized as aluminosilicates containing micro-macro size pores. Their 

structure consists of [SiO4]4- and [AlO4]5- tetrahedra structures that are connected by 
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sharing oxygen atom.  [110, 111]. In addition, the negative potential that is resulted 

from the substitution of Si (IV) by Al (III) in the structure, is neutralized by the 

exchangeable cations. This results in the weakly connected cations and in the pores 

and channels of zeolite structure and causes the significant characteristics of zeolites 

to exchange cations of heavy metal with external medium or/and adsorb cations, 

anions, and organic compounds from the aquatic solutions [48]. In addition to the 

numerous types of natural zeolites, there are many more types of synthetic zeolites 

which are produced using different precursors [112-119].  

Pure natural clinoptilolite has an ideal chemical composition of 

|Na1.84K1.76Mg0.2Ca1.24(H2O)21.36| [Si29.84Al6.16O72] [120]. Multiple 

research work are available in the literature that are focused on the applications of 

zeolites in adsorption of heavy metals from water [28, 121]. 

Natural and synthetic zeolites can be modified chemically using acid/base treatment, 

impregnation, or ion exchange methods. Theoretically, it should be possible to 

modify a zeolite surface to produce an adsorbent with improved properties that is 

tailored for a specific function. Selecting a proper modification process to provide 



35 
 

selective removal is of great importance, since it may affect the mechanism and 

kinetic of adsorption process [122]. Acid/base treatment and surfactant impregnation 

by ion exchange are among the common methods to change the 

hydrophilic/hydrophobic properties for adsorption of various ions or organics [112].  

To improve the adsorption properties of zeolite, chemical modification with 

inorganic materials (NaCl, CaCl2, BaCl2, NH4Cl, FeCl3) or a cationic surfactant 

(hexadecyltri-methylammonium (HDTMA) - bromide) was used [123, 124]. After 

treating zeolite with a salt solution, such as sodium chloride, exchange of cations 

(H+ or Na+) from solution with exchangeable cations (Na+, K+, Ca2+, Mg2+) from 

the zeolite structure occurs. To remove anions from the water, the zeolite surface has 

to be modified with a solution of inorganic salts (for example FeCl3) whose 

adsorption on the zeolite surface leads to the formation of oxy-hydroxides, which 

then form stable complexes with anions in solution [125, 126]. Adsorbents 

functionalized with sulfur or organic compounds contacting sulfur have been 

reported in several publications [99, 127-129]. The presence of thiol groups in the 

adsorbent increased the loading capacities for heavy metals. This can be 
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addressed since the reaction between the heavy metal ions and the thiol groups is 

the most thermodynamically favorable.  

The main goal of this research is to increase the lead adsorption performance of 

natural zeolite by surface functionalization. The project is focused on developing an 

adsorbent by functionalizing zeolite with sulfide agents materials to increase the 

removal efficiency of heavy metals. Natural zeolite is used as the starting adsorbent 

material. Various functionalization processes derived from literature are selectively 

considered as reference methods prior to developing new modifications to further 

improve the material performance for metal ion removal.  
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Chapter 2 

 Research Objectives and Novelty 
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Research Principles 

The Maximum Contamination Level Goals (MCLG)1 set by the EPA for lead is 2 

ppb [130]. The limitations of commercial ion exchange resin beds, in terms of 

operational and regeneration costs, have opened a gateway to research and 

development of new filtration systems based on natural zeolite materials.   

The main goal of this research is to increase the lead adsorption performance of 

natural zeolite by surface functionalization. Due to its high specific surface area, low 

cost, and ease in chemical functionalization, zeolite is selected as the adsorbent base 

material in this research. Sulfide materials are chosen as the functionalization agents 

because of their high affinity to lead, as explained in Chapter One.  

Project Objectives  

The objectives of this research work are defined as: 

1- To investigate the relationship between the structure, properties, and 

performance of the fabricated adsorbents. 

                                                
1 Maximum Contaminant Level Goal (MCLG): The maximum level of a contaminant in drinking water at 
which no known or anticipated adverse effect on the health effect of persons would occur, and which 
allows for an adequate margin of safety. MCLGs are non-enforceable public health goals. 
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2- To determine the kinetic and isothermal parameters for the zeolitic adsorbent, 

in order to predict the conditions required for a continuous adsorption system. 

Project Hypothesis 

1- Functionalized zeolite will be used to remove lead from environmental waters.  

2- The modification of natural zeolite with sulfur-based reagents will improve 

zeolites lead-removal efficiency. 

3- Modifying the structure of zeolite will directly affect its performance in lead 

removal from environmental waters.  

Research Novelty and Significance 

The idea of functionalizing zeolite with sulfides for the removal of lead is to develop 

a unique adsorbent material. The use of reactive sulfides attached to zeolite is a novel 

development. This research evaluates the engineered zeolite particles and their 

subsequent enhancements for the removal of lead from water by using batch and 

fixed-bed column experiments.  

The significance of this research work is realized by its creation of an engineered 

mixture of mesoporous-macroporous medium for lead ion adsorption by 
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incorporating the functionality of sulfides into natural zeolite. The functional design 

and data analysis are significant to the scientific community, and are especially of 

interest to the water industry, as they provide the knowledge necessary for 

developing next-generation water filtration media using zeolite materials. 
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Chapter 3 

Materials and Methods and Experimental Design 
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Materials  

Escott zeolite (0.7-1.0 mm) was purchased from Zeolite Australia PTY (57.0 wt% 

clinoptilolite). Cystamine dihydrochloride (96%) (Sigma-Aldrich), Thioacetamide 

(Sigma Aldrich), Zinc Acetate Dihydrate (Acros Chemicals) were used without 

further modifications. NaCl, KCl, MgCl2, and CaCl2 (Sigma Aldrich) were used to 

prepare salt solutions. Lead Nitrate (99%) was purchased from Fisher Chemicals and 

was used to prepare initial solutions. Deionized water (DI-water) and ultra-high 

purity water were prepared in the laboratory. HNO3 and NaOH solution were used 

to adjust the solution pH. pH was measured by using OAKTON pH 700 benchtop 

meter equipped with a single junction pH electrode. 

Zeolite functionalization 

Cystamine Dihydrochloride Zeolite 

A 0.05 M solution was prepared by adding 2.25 g (10 mmol) of cystamine 

dihydrochloride crystals to 200 mL DI water. 10 g of sodium-treated zeolite (NaCl-

Z, see the supporting document) was added to the solution and refluxed at 85 °C for 

48 hours. Treated zeolite was washed with DI water and dried at 100 °C for 12 hours. 

Zinc Sulfide Zeolite 

A stoichiometric ratio of zeolite, zinc acetate dihydrate, and thioacetamide was 

sonicated in an aqueous medium. Ultrasonic irradiation was accomplished with a 
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high-intensity ultrasonic probe. A Pyrex beaker was used, which was kept in a water 

bath to control the temperature of the batch.  

Characterization of Materials  

The specific surface area, pore volume, and average pore radius of zeolite were 

measured by Brunauer – Emmett – Teller analysis (BET), Quantachrome 

Instruments. The FTIR spectrum of each sample was obtained at room temperature 

by using the Shimadzu FTIR Tracer-100 and LabSolution IR software. Infrared 

spectra were recorded in the range of 4000 to 400 cm-1. Thermogravimetric analysis 

(TGA) was performed using TA Instruments (Shimadzu DTG-60AH) from 25 °C to 

850 °C under nitrogen atmosphere. Scanning electron microscopy (SEM) and energy 

dispersive spectroscopy (EDS) were performed with a Hitachi S-4800 equipped with 

a Bruker EDS detector, generating images and providing chemical composition of 

the samples. Electron microscopy was performed under 15.0 kV accelerating voltage 

with an extraction current of 15 µA. Liquid chromatography mass spectroscopy (LC-

MS) was used to identify the lead complex when reacting with cystamine 

dihydrochloride (Shimadzu LCMS-2020). Lead concentration in the solution was 

analyzed by using the Inductively coupled plasma mass spectrometry (ICP-MS), 

Thermo Element 2 High Resolution with a lead detection limit of 0.1 ppb. All 

samples were diluted and acidified by putting 0.2% nitric acid before ICP-MS 
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analysis. Surface potential of the adsorbent was measured by Malvern Zetasizer nano 

series. Particles hardness was measured by TQC Hardness Pen. 

Adsorption Experiments  

In order to investigate the effect of the solutions’ pH on adsorption behavior, 

adsorption experiments were performed in initial lead concentrations of 560 ppb. 

The pH value of 560 ppb solutions were adjusted to 4,7, and 10 by using HNO3 and 

NaOH. In a batch experiment, 0.50 g of adsorbent was added to 100 mL of the 

solution and placed on a shaking table at 200 rpm for 4 hours. Samples were 

collected over time, and the residual concentration of lead was determined by ICP-

MS.  

Lead Sorption Isotherms 

Adsorption experiments were performed in six different initial compositions: 10, 25, 

50, 100, 250, and 500 ppm. The pH level in the initial solutions was adjusted to 5. 

Isotherm experiments were conducted by adding 0.20 g of adsorbent to 200 mL of 

the initial solutions while on the shaking table at 200 rpm. Samples were collected 

after 24 hours and the residual concentration of lead was determined by ICP-MS. 

Lead Sorption Kinetics  

In this experiment, 0.20 g of adsorbent was added to 1000 mL of Pb solution with a 

concentration of 12 ppm at pH 5. The batch was stirred on a shaking table for 72 

hours. The adsorbent materials were removed from the solution for a brief period of 
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time (about two minutes) and were then immersed in a fresh lead solution and stirred 

on a shaking table (200 rpm) for another 72 hours.  

Column Test and Particles Regeneration 

Column test was employed to saturate the adsorbent particles with Pb. A column 

with a height of 200 mm and an internal diameter of 10 mm was used in this test. 

The column was packed with 4.00 g of ZnS-Z to make a height of 50 mm. The 

column was then operated in such a manner that 1,000 mL of 100 ppm lead solution 

was constantly added to it by using a peristaltic pump (Cole-Parmer variable speed) 

and allowing it to flow along gravity in downflow mode with a constant flow rate of 

0.08 mL/s. 

Table 5 shows a summary of the experimental design for the two objectives of this 

work. 

Table 5. Summary of experimental design for the objectives. 

 
Solution pH 

test 

Solution 

concentration 

test  

Diffusion test 

Functional 

groups 

loading test 

Functional 

groups 

leaching test 

Interference 

test 
Column test 

Objective 1 
X X - X X X X 

Objective 2 

 

X X X - - - - 
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Chapter 4 

Results and Discussion 
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The idea of employing sulfur-based materials as the functionalizing agents is based 

on HSAB (hard and soft acids and bases) theory. Based on HSAB theory, soft acids 

will react faster with soft bases and form strong bonds with them; on the other hand, 

hard acids will react faster and form stronger bonds with hard bases [131, 132]. This 

theory is in a good agreement with experimental studies stating that hard-hard 

bindings are electrostatic and soft-soft bindings are covalent. Complexes of soft 

cations with soft anions are present because of a favorable enthalpy change [131, 

132]. As shown in Figure 3 lead is in the category of intermediate bases. Sulfur, on 

the other hand, is found to be in the soft acid’s category. Therefore, based on HSAB 

theory, strong affinity toward sulfur-based materials is expected for lead. In this 

study, zeolite is functionalized with cystamine functional groups and ZnS 

nanostructure.  

 

 

 

  

 Figure 3. Acid and base categories in the periodic table. 
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Zeolite processing 

Functionalizing zeolite with cystamine 

As discussed earlier, lead shows a high affinity for sulfur. In order to increase the 

adsorption capacity of raw zeolite toward lead, zeolite is functionalized with 

cystamine dihydrochloride as a sulfur-containing functional group. 

Zeolite physical properties  

BET analysis was conducted to investigate the porosity properties of zeolite. The 

specific surface area, pore volume, and average pore radius of zeolite were 

measured. Results are summarized in Table 6. Pore size distribution showed that the 

material is 86% mesoporous and 14% macroporous.  

Table 6. Porosity parameters of zeolite. 

Surface area, m2/g Pore volume, cm3/g Average pore radius, Å 

15.14 0.03 10.24 

The hardness of zeolite was measured to evaluate its strength while going over 

different steps relevant to transportation and handling of material. By using TQC 

hardness tester, the hardness of zeolite was evaluated as 30 N. This hardness is in a 

range of 6-7 Mohs hardness. Materials hardness and strength are directly related; 

with higher hardness, the materials more resistant against deformation.  

Zeolite Functionalization with Cystamine Functional Groups 
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Since the functionalization process of zeolite with cystamine dihydrochloride occurs 

via an ion exchange process, the most favorable exchangeable cation in zeolite 

structure was needed to be found. Na+, K+, Mg2+, and Ca2+ are the four exchangeable 

cations present in zeolite structure. To determine the most exchangeable cation in 

the zeolite structure, zeolite was first treated with NaCl, KCl, MgCl2, and CaCl2 salts 

separately. To do this, a 2 M solution of sodium salt (NaCl) was prepared by adding 

23.36 g of NaCl to 200 mL DI water. 10 g of CZ was added to the solution and 

refluxed at 85 °C for 48 hours. Treated zeolite was washed with DI water and dried 

at 100 °C for 12 hours. The process was repeated by using potassium salt (KCl), 

magnesium salt (MgCl2), and calcium salt (CaCl2).  

Na, K, Mg, and Ca amounts were evaluated in zeolite by EDS before and after the 

treatment. Results are shown in Table 7. 

Table 7. EDS analysis for CZ and salt treated zeolites. 
 Na/Si, wt%/wt% K/Si Mg/Si Ca/Si 

CZ 0.0135 ± 0.0034 0.0303 ± 0.0018 0.0145 ± 0.0062 0.1000 ± 0.0027 

Na-Z 0.0916 ± 0.0028 0.0810 ± 0.0083 0.0018 ± 0.0006 0.0247 ± 0.0004 

K-Z 0.0004 ± 0.0002 0.2046 ± 0.0462 0.0003 ± 0.0003 0.0139 ± 0.0004 

Mg-Z 0.0083 ± 0.0054 0.0680 ± 0.0277 0.0302 ± 0.0077 0.0626 ± 0.0097 

Ca-Z 0.0008 ± 0.0002 0.0260 ± 0.0022 0.0138 ± 0/0005 0.1293 ± 0.0025 
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As can be seen in Table 7, sodium’s content showed the most increase in zeolite 

structure after being treated by NaCl salt. It was concluded that Na is the most 

favorable exchangeable cation in zeolite structure and from that point, NaCl was 

selected as the pre-treatment agent for the functionalization process. The main goal 

of the pre-treatment step is to saturate the zeolite structure with its most favorable 

exchangeable cation, so that more contents of the cystamine functional group can be 

introduced to the zeolite structure.  

It has been observed that sulfur (as a soft donor atom) which is usually formed in 

holodirected Pb (II) complexes, is also able to enforce a hemidirected structure [4]. 

Both hemidirected and holodirected environment are found for coordination 

numbers 6-8 [4]. 

As explained in chapter one sulfur (as a soft donor atom) can form complexes with 

lead with coordination numbers of 6-8 [4]. Considering the theoretical coordination 

number 6-8 the Pb : cystamine ratio falls in the range of 1 : 3 to 1 : 4.  Because there 

are two sulfur atoms in cystamine dihydrochloride chemical formula. Table 8 shows 

the required number of mol of cystamine to adsorb one mole lead depending on the 

theoretical Pb : cystamine dihydrochloride ratio. It should be mentioned that after 

dissolving in water cystamine dihydrochloride (C14H12N2S2. 2HCl) transforms to 

cystamine (C14H12N2S2).  
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Table 8. Required number of sulfur atoms in lead adsorption. 

Pb : cystamine 

ratio 

mol pf Pb mol of required 

cystamine 

1 : 3 
1 

3 

1 : 4 4 

 

In order to validate the theoretical assumption and identify the actual Pb : cystamine 

ratio, a batch experiment was designed as follows: 200 mL of a 10 ppm lead solution 

was prepared and the pH level was adjusted to pH = 5. Next, 5 mL of a 0.008 M 

cystamine dihydrochloride solution was added to the batch (equal to 0.04 mmol 

cystamine dihydrochloride) as the adsorbent material. The batch was run for 24 

hours at 200 rpm at room temperature. Residual lead concentration was measured in 

the solution by using ICP-MS. The residual concentration was measured as 0.196 

ppm. Calculating the amount of lead which was adsorbed by cystamine revealed that 

the Pb : cystamine ratio equals 1 : 4. At this time LCMS was employed to identify: 

(1) the cystamine dihydrochloride from when dissolved in water and (2) the lead-

cystamine complex. In the cystamine dihydrochloride solution a component with a 

mass of 153.05 (m/z) was observed which is attributed to cystamine. In the lead – 
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cystamine dihydrochloride solution, a component with a mass of 657.87 (m/z) 

(3*153.05 + 1*207.20 ) was found which shows a Pb : cystamine ratio of 1 : 3. Based 

on these experiments and results, adsorption capacity is expected to be improved by 

an amount of 1 mmol lead for every 3 mmol of cystamine dihydrochloride (or 

cystamine) that is loaded on the zeolite. 

To functionalize the pre-treated zeolite with cystamine functional groups, a 0.05 M 

solution of cystamine dihydrochloride was prepared by adding 2.25 g (10 mmol) of 

cystamine dihydrochloride crystals to 200 mL DI water. 10 g of sodium treated 

zeolite (NaCl-Z) was added to the solution, and the mix was refluxed at 85 °C for 48 

hours. Treated zeolite (which is mentioned as CDHZ1 from this point on) was 

washed with DI water and dried at 100 °C for 12 hours. To verify if the pre-treatment 

process was required to introduce cystamine functional groups to the zeolite, the 

functionalization process was also repeated on the clean zeolite (CZ) (which is 

mentioned as CDHZ* from this point on). 

To assure that the functionalization goals were accomplished, the chemical 

composition of the functionalized zeolite was analyzed by using EDS. Results are 

listed in Table 9.   
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Table 9. EDS analysis for zeolite and cystamine functionalized zeolites.  
Na/Si K/Si Mg/Si Ca/Si S/Si 

CZ 0.0135 ± 0.0034 0.0303 ± 0.0186 0.0145 ± 0.0062 0.1000 ± 0.0027 0.0078 ± 0.0011 

CDHZ* 0.0132 ± 0.0098 0.0477 ± 0.0193 0.0145 ± 0.0039 0.0860 ± 0.0136 0.0230 ± 0.0096 

CDHZ1 0.0694 ± 0.0115 0.0298 ± 0.0140 0.0100 ± 0.0093 0.0231 ± 0.0024 0.0572 ± 0.0041 

 

As can be seen in Table 9, the sulfur amount (sulfur was considered as an element 

to identify cystamine functional group) in CDHZ1 is greater than that of CDHZ*. 

This confirmed that pre-treating zeolite with NaCl successfully allowed introduction 

of more cystamine functional groups to zeolite structure. Greater amounts of Na+, as 

the most favorable exchangeable cation in the zeolite structure, can address this 

observation. Another point that should be mentioned here is the Na content in NaCl-

Z and CDHZ1. The Na/Si value was decreased from 0.0916 in NaCl-Z to 0.0694 in 

CDHZ1. This verifies that cystamine groups have been introduced to the zeolite 

structure via an ion exchange with Na+ ions. Also, as shown in Figure 4, the 

functionalization does not lead to any observable surface changes as the 

functionalization is only a surface treatment technology. Figure 5 shows the sulfur 

distribution in functionalized zeolites structure.  

To quantify the amount of cystamine functional groups that are introduced to zeolite, 

the concentration of sulfur in the cystamine dihydrochloride solution was measured 

before and after the functionalization process by using ICP-MS. Calculations based 
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on the measured concentrations revealed that 57.21% of the cystamine groups have 

been successfully introduced to zeolite during the fabrication process. By 

considering the actual amount of loaded cystamine on zeolite, the adsorption 

capacity of the treated zeolite is expected to be improved as shown in Table 10. 

Table 10. Expected improvement in the zeolite’s adsorption capacity. 

mmol Cystamine  mmol Pb  mg Pb  

3 1 207.20 

0.57 0.19 39.37 

 

Figure 4. SEM images for: (a) CZ and (b) CDHZ1: no significant change in structure is seen after 
functionalization process. 
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Figure 5. Sulfur distribution on CDHZ1: sulfur distribution on CDHZ1. 
 

FTIR spectroscopy was used for cystamine functional group analysis of the CDHZ1. 

FTIR spectra were recorded in the range of 4000 to 400 cm-1. 

The FTIR spectra of CDHZ1 is shown in Figure 6. Clear Si-O-Si bands are found at 

1450 and 1000 cm-1. The peak at 780 cm-1 corresponds to Al-O-Si stretching 

vibrations. The peak at 2360 cm-1 and the broad peak at 1660 cm-1 are attributed to 

the O-H stretching and bending vibration of water molecules, indicating an 

entrapped water in the zeolite structure. 



57 
 

 

Figure 6. FTIR spectra of CDHZ1. 
 

 

As shown in Figure 6, the presence of cystamine ions is confirmed by the observation 

of bands assigned to C-H vibrations at 2850-2930 cm-1, and of stretching bands 

attributed to the S-H and C-S vibrations at 2555 and 686 cm-1 [120], respectively. 

Si-C and Si-O-Si bands were also observed at 1100 and 1024 cm-1, respectively. 

The thermogravimetric analysis, Figure 7, shows a water loss of (CZ = 3.31%, 

CDHZ1 = 2.83%) in the 60-150 °C. This water loss is due to the weakly bounded 

water. The TGA thermograms show another weight loss of (CZ = 2.18%, CDHZ = 

2.05%) in the temperature 150-250 °C, due to the water located in zeolite cavities, 

and bound to the non-framework cations. There is a third water of (CZ = 0.27%, 

CDHZ = 0.52%) in 450-500 °C corresponding to structural water [133]. An 

important weight loss of cystamine dihydrochloride in 200-300 °C is reported [134]. 
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CZ and CDHZ1 showed 3.1% and 5.76% weight loss respectively in 200-800 °C, so 

the difference is attributed to the decomposition of cystamine functional groups on 

CDHZ1. 

 
Figure 7. TGA plot of: (a) CZ and (b) CDHZ1. 

Equilibrium Adsorption Experiments for Lead  

Table 11 shows the list of experimental factors, and the range of each factor. 

Table 11. Experimental factors. 
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Factors  

 
Range  

Zeolite Particle size Fixed  0.7 – 1.0 mm 

Structure/type Fixed  Clinoptilolite  

dosage Fixed  0.20 g – 0.50 g 

Functional 

groups  

Functional groups/zeolite 

ratio 

Variable  1 mmol /g 

2 mmol/g 

Performance 

Initial concentration Variable 0.5 – 500 ppm 

Solution pH Variable 4 - 10 

Temperature Fixed  RT  

Contact time Variable   0.1 - 24 h 

 

Adsorption experiments were performed in ppb scale to investigate the initial 

solution pH on adsorption behavior of CDHZ1. The pH values of 560 ppb solutions 

were adjusted to 4,7, and 10 (by using HNO3 and NaOH solutions) to study the effect 

of initial solution pH on adsorbents’ removal efficiency. To do this, 0.50 g of CDHZ1 

was added to 100 mL of the solution while on the shaking table at 200 rpm for 4 

hours. Solutions at different pHs with CDHZ1 were sampled at minutes 3, 10, 30, 

90, 180, and 240. The residual concentration of lead was determined by ICP-MS.  
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Figure 8. Pourbaix diagram for Pb. 
 

The general reaction scheme for hydroxide formation of divalent metal cations, M2+, 

is described in Equation (9): 

𝑀M" ⇌ 𝑀(𝑂𝐻)" ⇌ 𝑀(𝑂𝐻)M5 ⇌ 𝑀(𝑂𝐻)QR			(9) 

As shown in Figure 8, Pb2+ is the predominant specie in the solution at pH < 8; at 

pH ³ 8 Pb(OH)+ cations begin to form and are the dominant species in this range. 

Lead starts to precipitate as Pb(OH)2 at pH ³ 9.5. 
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The effect of solution pH on the adsorption reaction can be interpreted in terms of 

(a) electrostatic interactions between charged adsorbent particles and the heavy 

metals ions and (b) Pb species at tested pH ranges. 

In order to investigate the electrostatic interactions between the surface of the 

adsorbent and Pb at different pH ranges, the zeta potential of the adsorbent surface 

was measured at pH = 4, pH = 7, and pH = 10. As can be seen in Figure 9, the zeta 

potential at CDHZ1 surface is a negative value at all the studied pH ranges and was 

decreased from -43.80 mV to -44.70 mV by increasing the solution pH from 4 to 10. 

The negative charge of CDHZ1 surface can be addressed by Si:Al ratio in the 

zeolite’s structure. The negative charge of zeolite is resulted from the isomorphous 

substitution of Si by Al.  

 

Figure 9. Zeta potential of CDHZ1 at different pH values. 
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Under all investigated conditions (pH = 3, 7, 10), the adsorbent is negatively charged 

which caused Pb2+ (at pH = 4) and Pb(OH)+ (at pH = 7) to electrostatically adsorb 

onto the adsorbent. This is not valid at pH = 10 because Pb(OH)2 is electrically 

neutral.  

As seen in Figure 10 fabricated materials in this research can effectively remove 

Pb2+ from contaminated waters in pH range of 4-7.  

 

 

Figure 10. pH effect on residual concentration of lead for CDHZ1. 
 

 

Increasing solution pH from 7 to 10 resulted in a decrease in the performance of 

CDHZ1. This can be attributed to the Pb(OH)2 precipitates formed in this pH range, 

shown in Figure 9. These precipitates limited the accessibility of the Pb2+ ions to the 

cystamine functional groups in CDHZ1 structure. Although the concentration of 

cystamine functional groups is a factor affecting the immobilization of Pb2+ ions, the 
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accessibility of metal ions to these binding sites is also a controlling factor in the 

process [120]. 

Adsorption Isotherms  

As explained earlier, the adsorption isotherm is used to address the interactive 

behavior between solutes, and adsorbent materials [135]. The fit of an isotherm with 

using the Langmuir equation, Equation 10, assumes that adsorption occurs at 

specific homogeneous sites within the adsorbent. A linear expression for Langmuir 

isotherm is:  

1
𝑞3
= 	

1
𝑞<TU𝐾=𝐶3

+	
1

𝑞<TU
	(10) 

where qe is the equilibrium concentration of lead on adsorbent (µg/g), Ce is the 

equilibrium concentration of lead in solution (µg/L), and qmax is the adsorption 

capacity of the adsorbent. KL is the Langmuir constant that evaluates the affinity 

between adsorbate and adsorbent [136]. Freundlich isotherm is one of the most 

common model in explaining the non-ideal and reversible adsorption process [137]. 

This model is not limited to the formation of a monolayer on the adsorbent surface, 

which means it can also be applied to multilayer adsorptions as well. With 

considering multilayer adsorption, the total adsorbed amount is the summation of 

adsorption on all sites, where stronger binding sites are occupied first until the 

adsorption energy is decreasing up to the completion of the adsorption process [138]. 
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Freundlich model is based on the relation between the adsorbed quantity (qe) and the 

remained solute concentration (Ce), equation (11): 

𝑞3 = 𝐾?𝐶3
@
A		(11) 

where KF is the constant of Freundlich isotherm (L1/nmg(1-1/n)/g), and 1/n is the 

Freundlich exponent [139, 140]. Equation (11) can be written in linear form as 

shown in Equation (12): 

𝑙𝑜𝑔𝑞3 = 	
1
𝑛
𝑙𝑜𝑔𝐶3 + 𝑙𝑜𝑔𝐾?	(12) 

A lead solution with initial concentrations of 10, 25, 50, 100, 250 and 500 ppm at a 

pH level of 5 have been employed for the batch tests. Lead removal tests were 

conducted by using 0.20 g of CZ and CDHZ1 over 24 hours to evaluate equilibrium 

residual concentration. Figure 11 shows the isotherm plot for CZ and CDHZ.  
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Figure 11. Isotherm plot of CZ and CDHZ1. 
 

In 1974 Giles and colleagues [141] proposed a general model for isotherms’ 

sorption. In their model, they categorized the isotherms in 4 cases which are now 

used as the 4 main shapes of isotherms. Figure 12 schematically shows the shape of 

these 4 isotherms.  
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Figure 12. The four main shapes of isotherms [142]. 
 

By comparing the results shown in Figure 11 with the four main types of isotherms, 

shown in Figure 12, it seemed that CZ and CDHZ1 fit within the H isotherm. H 

isotherm is considered as a case of the L isotherm, with the only difference that in 

isotherm H the initial slope is very high. In L and H models, the ratio between the 

residual concentration of the solute in the solution and adsorbed on the adsorbent 

decreases when the initial concentration of the solute increases. This suggests a 

progressive saturation of the adsorbent material [142].  

Figure 13 shows Langmuir and Freundlich models for CZ and CDHZ1. 
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Figure 13. Isotherm models: (a) and (b) show Longmuir model for CZ and CDHZ1, respectively. 
(c) and (d) show Freundlich model for CZ and CDHZ1, respectively. 

 
 
The adsorption equilibrium between the adsorbate and a surface is a measure of their 

interactions. The driving force for adsorption results from the specific affinity of the 

solute for the solid. This kind of attraction can be predominantly one of electrical, 

van der Waals (physisorption), or of a chemical nature (chemisorption). The 

isotherm constants and correlation coefficients were calculated for the mentioned 

isotherm models and listed in Table 12.  

 
Table 12. Isotherm constants for CZ and CDHZ1. 

 Parameters  CZ CDHZ1 
Langmuir R2 0.872 0.964 

KL, L/mg 0.617 1.376 
qmax, mg/g 25.707 44.843 

Freundlich R2 0.752 0.813 
KF, L1/nmg(1-1/n)/g 10.179 19.218 
1/n 0.209 0.204 
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As explained earlier in this section, adsorption capacity was expected to be improved 

by an amount of 39.37 mg after functionalizing zeolite with the cystamine functional 

groups that are loaded on the zeolite. Experimental values in Figure 11 showed an 

increase of 23.04 mg/g for the cystamine dihydrochloride zeolite, CDHZ1. This 

difference in calculated improvement in maximum adsorption capacity of CDHZ1 

(39.37 mg/g), and actual improvement in maximum adsorption capacity of CDHZ1 

(23.04 mg/g) was attributed to the accessibility of the functional groups for the Pb2+ 

cations. When CDHZ1 is added to a solution containing Pb2+ cations while stirring, 

the adsorbent comes in contact with the bulk of the solution, Figure 14. At first, Pb2+ 

ions react with the cystamine functional groups located at the edge of the pores of 

the microporous adsorbent. Adsorption of more Pb2+ on the adsorbent during the 

contact time can create a partial block against the entry of additional aqueous 

solution. As the number of inserted ions increases the blocking increases, resulting 

in harder access to the binding sites for more metal ions. This mechanism allows 

explaining the adsorption behavior of CDHZ1 and the differences found between the 

theoretical and actual maximum adsorption capacities by using the concentration of 

cystamine functional groups combined with their accessibility. Based on the 

explained mechanism, not all the binding sites can be expected to be accessible for 

Pb2+ cations. Comparing the theoretical adsorption capacity of CDHZ1 (69.97 mg/g 

CDHZ1) with that of the experimental value (54.50 mg/g CDHZ1), it was concluded 
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that 77.89% of the functional groups were accessible to Pb2+ cations. Also, 

functionalizing zeolite improved its adsorption capacity for lead by 173.24% 

compared with the adsorption capacity of zeolite.  

It needs to be motioned that although there is a theoretical cation exchange capacity 

of the zeolite, this number cannot be considered as the exchange capacity for lead 

ions. It reports the total amount of cations that can be exchanged. Experiments were 

performed to evaluate the actual amount of lead that zeolite is able to exchange with 

its exchangeable cations.   

 

Figure 14. Pb adsorption schematics on CDHZ1. 
   

Mechanism and Kinetics: Pseudo Model and Diffusion Studies 

To study the kinetics of metal ion uptake by CDHZ1 and investigate the contact time 

effect to find the equilibrium state, Pseudo model, first and second order was 

employed. As discussed in chapter 1, the Pseudo first-order and Pseudo second-order 

models can be formulated in Equations (13) and (14), respectively: 

ln(𝑞3 −	𝑞H) = 	 ln 𝑞3 −	𝐾K@𝑡		(13) 

𝑡
𝑞H
= 	

1
(𝐾KM𝑞3M)

+	\
1
𝑞3
] 𝑡		(14) 
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where qt is adsorption capacity at time t, Kp1 and Kp2 are the Pseudo first-order and 

Pseudo second-order adsorption rate constant (min-1), respectively. 1000 mL Lead 

solution with a concentration of 12 ppm at pH the level of 5 was used for a batch 

test. Lead removal tests conducted using 0.20 g of CDHZ1 and solution was sampled 

at hours: 0.5, 1.5, 3, 6, 12, 24, 48 and 72. Figure 15 shows the Pseudo plots for CZ 

and CDHZ1. Calculated parameters are listed in Table 13.  

 

Figure 15. Pseudo isotherm models: (a)-(b) Pseudo first order model before and after the 
interruption, (c)-(d) Pseudo second order model before and after the interruption, respectively. 

 
Table 13. Pseudo model parameters. 

  CZ CDHZ1 
Pseudo first order 
Before interruption 
 

R2 0.734 0.841 

Pseudo second order 
 

R2 0.995 0.997 
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The rate-determining step of the adsorption process is established to be a diffusion 

of the counter ions, rather than an actual chemical exchange reaction at the fixed 

ionic groups [143]. In a sorption experiment, there are two potential rate determining 

steps: interdiffusion of ions in the adsorbent (particle diffusion), and interdiffusion 

of ions in the liquid film (film diffusion) [144]. There are two other rate-determining 

steps that have been investigated: counter ion exchange across the interface between 

ion exchanger and solution, and actual chemical exchange reaction. The first one is 

very unlikely due to theoretical reasons and is not supported by experiments. The 

second one has been ruled out for the ordinary ion exchange process [144]. Figure 

16 schematically shows particle diffusion and film diffusion in an adsorption 

process. 

 

Figure 16. Diffusion model schematics. 
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Using Fick’s first law in diffusion, Equation (15): 

𝐽 = 𝐷
𝑑𝐶
𝑑𝑋

		(15) 

Where J is diffusion flux (mol m-2 s-1), D is the diffusion coefficient (m2 s-1), C is 

concentration (mol m3), and X is position (m) [145]. Faster mixing speeds in batch 

tests increase the concentration gradient between solution and particle; this causes 

an increase in diffusion’s flux. Faster mixing speed also makes the film thinner; this, 

again causes an increase in diffusion’s flux. Faster mixing speeds shorten the 

required time to the equilibrium state by increasing the diffusion’s flux. In other 

words, mixing speed does not affect the adsorption capacity, it affects the required 

time to reach the equilibrium state.  

Following discussion explains the specifications of particle diffusion control process 

and film diffusion control process: 

In particle diffusion: (1) the film diffusion is much faster than particle diffusion, (2) 

concentration gradients exist only in the beads, (3) exchange flux is proportional to 

the concentration of fixed charges, interdiffusion coefficient in the beads, and 

inversely proportional to the radius of the beads. In film diffusion: (1) particle 

diffusion is much faster than film diffusion, (2) concentration gradients exist only in 

the film, (3) exchange flux is proportional to solution concentration, interdiffusion 
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coefficient in the film, and inversely proportional to the film thickness [143].. To 

distinguish between particle diffusion and film diffusion in the adsorption process, 

interruption test [143] was employed as an experimental method. To do this, after 

letting the batch (with same experimental design as explained earlier for the kinetics 

study) run for 72 hours, the particles were removed from the solution for a brief 

period of time (without any actions on the particles) and then re-immersed the 

particles in a fresh lead solution (1,000 mL of 12 ppm concentration at a pH level of 

5). The batch was run for another 72 hours while the solution was sampled at hours: 

0.5, 1.5, 3, 6, 12, 24, 48 and 72. The short time between the two batches gives enough 

time for the concentration gradient in the particles to disappear, so: (1) with particle 

diffusion control, the adsorption rate immediately after re-immersion is greater than 

that prior to the interruption, (2) with film diffusion control, no concentration 

gradients in the particles exist, and the rate depends on the concentration difference 

across the film. Figure 17 shows the interruption test results for CZ and CDHZ1.  
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Figure 17. Interruption test results for: (a) CZ, (b) CDGHZ1. 
 
 

As can be seen in Figure 17, the ion exchange rate was found to be greater than prior 

to the interruption immediately after reimmersion, which confirms the ion exchange 

process to be as a particle diffusion-controlled process. With the obtained evidence 
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of a particle diffusion control process, analysis of the experimentally gathered data 

was performed using the following particle diffusion Equation (16) [27, 144, 146]: 

𝑞H
𝑞3
= 	

6
𝑟
b𝐷𝑡
𝜋
+ 𝐶		(16) 

where t is contact time (s), r is the radius of the adsorbent particle (equal to 0.5 mm 

in this work), and D is apparent diffusion coefficient. qt /qe was plotted versus t1/2 

and shown in Figure 18. The plots show a linear trend with an intercept close to zero 

for CZ and CDHZ, thus this model is likely to be the dominant rate controlling step.  

 

Figure 18. Particle diffusion model plot. 
 
 

Calculation results of the kinetic models mentioned above showed that the Pseudo 

second-order had the best linearity for Pb adsorption, and according to the R2 values, 

is the kinetic mechanism for lead adsorption.  
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Diffusion of Pb2+ into CDHZ1 was faster than CZ (due to greater diffusion 

coefficient value), as can be seen in Table 14. This can be addressed by considering 

the presence of other components in CZ (impurities of the natural zeolite) that can 

affect the pass of Pb2+ through the CZ structure, since this adsorbent material was 

not pretreated before the adsorption test, or it was more difficult for Pb2+ ions to be 

exchanged with exchangeable cations in the natural zeolite structure.  

Table 14. Particle diffusion parameters. 
 CZ CDHZ 

R2 0.986 0.991 

C 0.210 0.188 

D (cm2 s-1) 7.01*10-9 9.37*10-9 

 

Effect of Cystamine Loadings on Removal Efficiency  

As shown in the previous section, the adsorption capacity of CZ was increased from 

31.46 to 54.50 mg/g for CDHZ1. At this point, cystamine functional group’s 

concentration is assumed to be in a direct relationship with the adsorption capacity 

of the functionalized zeolite. In order to investigate this assumption, zeolite was 

functionalized in a way that greater amounts of cystamine groups were introduced 

to the zeolite’s structure. To functionalize the pre-treated zeolite (NaCl-Z) with 

cystamine functional groups, a 10 mM solution of cystamine dihydrochloride was 
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prepared by adding 4.50 g (20 mmol) of cystamine dihydrochloride crystals to 200 

mL DI water. 10 g of sodium treated zeolite (NaCl-Z) was added to the solution and 

refluxed at 85 °C for 48 hours. Treated zeolite was washed with DI water and dried 

at 100 °C for 12 hours. This material is called as CDHZ2. EDS analysis was 

employed to investigate the chemical composition of CDHZ2 adsorbent.   

Table 15. EDS analysis for CDHZ1 and CDHZ2.  
Na/Si K/Si Mg/Si Ca/Si S/Si 

CZ 0.0135 ± 0.0034 0.0303 ± 0.0186 0.0145 ± 0.0062 0.1000 ± 0.0027 0.0078 ± 0.0011 

CDHZ1 0.0694 ± 0.0115 0.0298 ± 0.0140 0.0100 ± 0.0093 0.0231 ± 0.0024 0.0572 ± 0.0041 

CDHZ2 0.0499 ± 0.0350 0.0448 ± 0.0350 0.0059 ± 0.0038 0.0353 ± 0.0072 0.0762 ± 0.0045 

 
As can be seen in Table 15 the sulfur amount (as an element to quantify the amount 

of cystamine functional group) in CDHZ2 is greater than that of CDHZ1. This proves 

that functionalizing zeolite with a more concentrated cystamine dihydrochloride was 

successfully able to increase the amount of cystamine functional groups on the 

zeolite. 

To evaluate the effectiveness of increased loadings of cystamine dihydrochloride on 

zeolite (from 1 mmol to 2 mmol), a batch test with the following specifications was 

designed: 200 mL of a 100 ppm lead solution was prepared, and the pH level was 

adjusted to pH = 5. Next, 0.20 g of CDHZ2 was added to the batch as the adsorbent 

material. The batch was mixed for 24 hours at 200 rpm at room temperature. 

Residual lead concentration was measured in the solution by using ICP-MS. The 
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residual concentration was measured to be 51.26 ppm. No significant improvement 

in adsorption capacity can be found when comparing the results with the same batch 

by using CDHZ1 (54.09 ppm residual concentration of lead). As explained earlier, it 

was assumed that the concentration of cystamine groups on zeolite structure can play 

a critical role in improving the adsorption capacity of the adsorbent. What the 

observed results suggest is that although the concentration of the cystamine groups 

on zeolite was increased, only a small number of Pb2+ ions were able to access the 

binding sites. In other words, the results demonstrated that the concentration of the 

cystamine groups is not the only parameter that affects the Pb2+ adsorption capacity 

of cystamine functionalized zeolite. And the adsorption of the Pb2+ is also affected 

and controlled by their accessibility to the active sites [120, 128].  

Leaching of Cystamine Groups from Functionalized Zeolites  

In this section, the leaching of cystamine groups from CDHZs is investigated. There 

are two possible reasons that cystamine groups might be leached off from the 

CDHZs: (1) leaching of cystamines from CDHZs because of a loose connection, and 

(2) leaching of cystamines from CDHZs during the Pb2+ adsorption tests. To quantify 

the amount of lost cystamines because of any of the mentioned reasons, first the 

amount of sulfur that is present in CDHZs structure (because of cystamine groups) 

was calculated as shown below and summarized in Table 16. 
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Cystamine dihydrochloride formula = C4 H4 Cl2 N2 S2, molar weight = 225.20 g/mol. 

There are two sulfurs in one structure unit, which is 2*32.06 g sulfur in 1 mole 

cystamine dihydrochloride.  

Table 16. Cystamine dihydrochloride and sulfur loadings on zeolite. 
 Cystamine 

dihydrochloride loading 

on adsorbent  

S loading on adsorbent, 

mg/g zeolite 

CDHZ1 1 mmol 64.14  

CDHZ2 2 mmol 128.26 

 

To examine the first possibility of leaching cystamines, 0.20 g of CDHZ1 added to 

200 mL of Ultra-high purity water for 24 hours at 200 rpm. The amount of sulfur in 

the batch was measured by using ICP-MS. Results are listed in Table 17. 

Sulfur concentration in the batch was converted to sulfur loss as µg Sulfur/g Zeolite, 

by using Equation (17): 

𝑆𝑢𝑙𝑓𝑢𝑟	𝑙𝑜𝑠𝑠(gh	i
h	j

) = 𝑠𝑢𝑙𝑓𝑢𝑟	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑖𝑛	𝑏𝑎𝑡𝑐ℎ qgh
=
r ∗ 𝐵𝑎𝑡𝑐ℎ	𝑉𝑜𝑙𝑢𝑚𝑒	(𝐿) ∗ @

vwxj	<Tyy	(h)
 (17) 

Since the batch volume of 0.20 L, and adsorbent mass in the batch equals to 0.20 g, 

these two cancel out and the value of sulfur loss (µg S/g Z) equals to the 

concentration of sulfur in the batch.  

Sulfur loss percent was also calculated by using Equation (18): 

𝑆𝑢𝑙𝑓𝑢𝑟	𝑙𝑜𝑠𝑠	𝑝𝑒𝑟𝑐𝑒𝑛𝑡 = 	 y{|}{~	|�yy
�A�H�T|	y{|}{~

∗ 100  (18) 
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Table 17. Sulfur concentration in Ultra-high purity water batch. 
 Initial sulfur in 

adsorbent, mg /g  

Sulfur loss, mg/g Sulfur loss, % 

CDHZ1 64.14 75.16 * 10-3 0.12 

 

To calculate the number of mol of cystamine groups that was lost, Equation (19) was 

used: 

𝑚𝑜𝑙	𝑜𝑓	𝑡ℎ𝑖𝑜𝑙	𝑙𝑜𝑠𝑠 = y{|}{~	|�yy
M∗<�|T~	<Tyy	�}	y{|}{~

  (19) 

𝑡ℎ𝑖𝑜𝑙	𝑙𝑜𝑠𝑠	𝑝𝑒𝑟𝑐𝑒𝑛𝑡 = 	
𝑚𝑜𝑙	𝑡ℎ𝑖𝑜𝑙	𝑜𝑓	𝑙𝑜𝑠𝑠
𝑖𝑛𝑖𝑡𝑖𝑎𝑙	𝑡ℎ𝑖𝑜𝑙	𝑚𝑜𝑙

∗ 100			(20) 

 

Table 18 shows the cystamine groups loss in Ultra-high purity water batch. 

Table 18. Cystamine groups loss in Ultra-high purity water batch. 
 Initial cystamine in 

adsorbent, mol 

Mol of cystamine 

loss 

Cystamine loss, % 

CDHZ1 1*10-3 1.17 *10-6 0.12 

 

To quantify the amount of cystamine loss in an adsorption batch, this time 0.20 g of 

CDHZ1 was added to 200 mL of a 10 ppm lead solution at pH =7, and mixed for 24 

hours at 200 rpm at room temperature. The amount of sulfur in the batch was 

measured by using ICP-MS. Results are listed in Table 19. 

Table 19. Sulfur concentration in lead removal batch. 
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 Initial sulfur in 

adsorbent, mg /g  

Sulfur loss, mg/g Sulfur loss, % 

CDHZ1 64.14 89.75 * 10-3 0.14 

 

Percent loss of cystamine in lead removal batch is shown in Table 20. 

Table 20. Cystamine groups loss in lead removal batch. 
 Initial cystamine in 

adsorbent, mol 

Mol of cystamine 

loss 

Cystamine loss, % 

CDHZ1 1*10-3 1.40 * 10-6 0.14 

 

As shown earlier, 0.12% of the cystamine loss is due to the loose connection between 

cystamine groups and zeolite structure, which means only 0.02% of cystamine 

functional groups are lost in the lead adsorption batch.  

ZnS-Z Fabrication 

Nowadays, sonochemical methods have been proven as a useful technique for 

generating novel materials [147]. Ultrasound has its chemical effects from acoustics 

cavitation, which is basically formation, growth and impulsive collapse of bubbles 

in the liquid. Localized hot spots are formed as a result of the implosive collapse of 

the bubbles, through an adiabatic compression within the gas phase of the collapsing 

bubble. The extreme conditions resulted from bubble collapse have made the 

opportunity to prepare amorphous metals, carbides, oxides, sulfides, and composite 
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nanoparticles [148-155]. Zinc sulfide nanoparticles were grown on zeolite 

microstructure by using sonochemical methods in an aqueous batch containing zinc 

source and sulfur source.  

Zn2+ was introduced to the silica structure via sonochemical process [148] in two 

possible ways: (1) the reactivity of surface -OH groups and solute radical groups, 

and (2) the chemical reactivity of Si-O- nucleation sites which are formed due to 

ultrasonic breakage of the strained siloxane link toward the solute radicals. Since the 

zeolite used in this study includes 67 wt% of silica in its structure, similar reactions 

were expected to occur as shown in Figure 19. 

 

 

Figure 19. ZnS-Z fabrication schematic. 
 

Zeolite Functionalization with Sulfide Nanostructures  
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A stoichiometrically equal ratio of zeolite, zinc acetate dihydrate and thioacetamide 

was mixed in a 4L round-bottom flask and sonicated in an aqueous medium. 

Ultrasonic irradiation was carried out with a high intensity (20 KHz) ultrasonic probe  

(QSONICA). The reaction vessel was kept in a water bath to maintain the 

temperature of the batch below 80°C. The reactant quantities and experimental 

parameters for the sonochemical preparation of ZnS functionalized zeolite (ZnS-Z) 

are summarized in Table 21. 

Table 21. Reactant amounts and experimental parameters for sonochemical preparation of ZnS-
Z. 

reactant quantities, g Sonication 

time, h 

Batch 

temperature 

Zeolite Zinc acetate 
dihydrate 

thioacetamide DI-water  

4.50 21.53 7.51 3000 3 < 80 °C 

 

In order to make sure that the functionalization process was successful, SEM 

imaging and EDS analysis were performed. As shown in Figure 20, the 

sonochemical treatment was able to form ZnS nanoparticles on the zeolite. The EDS 

pattern of ZnS-Z, Figure 21, shows the presence of Zn and S peaks. The measured 

amounts of Si, Zn, and S by using the EDS are summarized in Table 22. The 

variation of Zn:S ratio from 1:1 was related to the presence of Z in zeolite structure 

prior to the sonochemical process.  
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Figure 20. SEM images of ZnS-Z: ZnS nano particles. 
 

 

Figure 21. EDS plot for ZnS-Z: zinc and sulfur in ZnS-Z. 
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Table 22. Atomic percent of O, Si, Zn, and S in CZ and ZnS-Z.  
Element C, wt.% 

CZ ZnS-Z 

O 52.26 49.12 

Si 30.81 27.33 

Zn 3.85 6.59 

S 0.23 5.26 

 

Effect of Competing Ions on ZnS-S’ Removal Efficiency 

The sorption of Pb, Hg, and Ni onto ZnS-Z was investigated as a function of their 

initial concentration in a mixed system by varying the metal concentrations from 1 

to 25 ppm at room temperature while keeping all other parameters constant. Results 

are shown in Table 23. Distribution coefficient (Kd) is defined as the ratio of the 

metal concentration on the adsorbent (solid phase) to that in the solution at the 

equilibrium state [54, 156, 157]. Such coefficient is a useful index for comparing 

adsorption capacities of ZnS-Z for a particular ion under the same experimental 

condition.  

Higher Kd values indicate high metal retention by the adsorbent (solid phase) 

through chemical reactions [156-161]. The distribution coefficient (Kd) was 

calculated over the whole range of the initial concentrations of Pb, Hg, and Ni. Also, 

an average Kd was calculated to obtain a comparable value for each metal, so that 

the selectivity sequence of the metal ions has been established.  
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Kd is illustrated as a function of metal ions concentration in Table 23. Data in this 

table shows that with the increase in initial concentration the removal percentage of 

the metal ions is decreased. This shows that changes occur in the nature of adsorption 

sites involved in the sorption process, based on the metal ions concentration level 

[162]. The higher Kd values resulted in the experiments with lower metals 

concentrations associated with the adsorption sites of high selectivity, with relatively 

strong bonding energies. Otherwise, adsorption becomes unspecific at higher metal 

concentrations, when bonding sites become progressively occupied, and this results 

in lower Kd values [162-164]. Increasing the metal concentrations may also result in 

saturation of adsorption sites and decreasing the adsorption capacity.  

According to the distribution coefficient values, the selectivity sequence of Pb, Hg, 

and Ni by ZnS-Z was obtained as Hg > Pb > Ni. Mercury showed the highest Kd 

values followed by lead and nickel, Table 23. This behavior is attributed to 

differences in metal characteristics and affinity for adsorption sites [165]. Hg has a 

greater affinity to ZnS-Z functional groups since it is a soft Lewis acid; compared 

with Ni2+ and Pb2+ which are borderline Lewis acids. The sorption preference found 

by ZnS-Z for Pb over Ni is explained by: (a) the greater hydrolysis constant, (b) the 

higher atomic weight, and (c) the higher ionic radius (smaller hydrated radius). 
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Table 23. Removal efficiency and distribution coefficient at equilibrium time. 

 

Pb Hg Ni 

Removal 
efficiency, % 

Kd 
Removal 

efficiency, % 
Kd 

Removal 
efficiency, % 

Kd 

1 74.00 2.85 87.00 6.69 14.00 0.16 

5 52.00 1.08 80.40 4.10 13.60 0.15 

10 21.00 0.26 69.80 2.31 7.40 0.08 

25 2.08 0.02 26.80 0.37 6.00 0.06 

Kd, average  1.05  3.37  0.11 

 

ZnS-Z Particles Regeneration 

In this section, four adsorption/desorption cycles were conducted for Pb, to 

investigate the adsorption/desorption behavior of ZnS-Z once it has been regenerated 

three times. Column test was employed to saturate the adsorbents particles with Pb. 

A column with a height of 200 mm and an internal diameter of 10 mm was used. 

The column was packed with 4.00 g of ZnS-Z to make a height of 50 mm. the column 

was then operated in such a manner that 1000 mL of 100 ppm lead solution was 

constantly added to it by using a peristaltic pump and allowing it to flow along 

gravity in down-flow mode with a constant flow rate of 0.08 mL/s. The rate of flow 

was monitored by measuring the amount of lead solution in mL flowing per minute 

at regular time intervals. Once the column was started, samples were collected at 

different time intervals. The process was continued until the whole 1000 mL lead 

solution is passed the column. Samples were taken to ICP-MS to measure the lead 

concentration in the samples. Figure 22 shows schematics of the column test set up. 
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Figure 22.  Column test schematic. 
 
 
The main design parameters of this system are the contact time, and linear velocity 

which are shown in Equations (21-23): 

𝑐𝑜𝑛𝑡𝑎𝑐𝑡	𝑡𝑖𝑚𝑒 =
𝐵𝑒𝑑	𝑣𝑜𝑙𝑢𝑚𝑒	(𝑚Q) ∗ 60	(𝑚𝑖𝑛ℎ )

𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒	(𝑚
Q

ℎ )
= 0.82min 		(21) 

𝑙𝑖𝑛𝑒𝑎𝑟	𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 	
?|��	~TH3	\�

�

� ]∗	
�

��	���

i{~}T�3	T~3T	(<�)
= 0.06	𝑚/𝑚𝑖𝑛	 (22) 

𝑠𝑝𝑎𝑐𝑒	𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 	
?|��	~TH3	(�

�

� )

+3�	��|{<3	(<�)
= 73.38	ℎ𝑟R@  (23) 

In Table 24 all the parameters of the column test are listed. 
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Table 24. Column test parameters. 
Parameter  Value  

Particles diameter, mm 0.70 – 1.00  

Column height, mm 200  

Bed height, mm 50 

Bed diameter, mm 10 

Flow rate, mL/sec 0.08 

Contact time, min 0.82 

Linear velocity, m/min 0.06 

Space velocity, hr-1 73.38 

Influent concentration, ppm 100 

 

The desorption was completed by using a 10% HNO3 solution [166]. After the 

desorption step, particles were re-functionalized according to the sonochemical 

process explained earlier in this paper. Figure 23 shows Ct/C0 (Ct is Pb concentration 

in effluent at time t, C0 is the effluent initial concentration) plots against time.  
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Figure 23. Regeneration cycles for Pb removal by using ZnS-Z. 
 

As seen in Table 25 during the first four cycles of adsorption/desorption, the 

regenerated ZnS-Z retained its removal efficiency. One main reason that accounts 

for this behavior is the fact that re-functionalization step can modify ZnS-Z structure 

by introducing functional groups to the particles. During the adsorption and/or 

desorption process, ZnS-Z can possibly lose some of its functional groups, so the re-

functionalization step helps the particles to regain their functional groups. No 

reduced regeneration efficiency was found up to four cycles.  

Table 25. Removal efficiency for regenerated ZnS-Z particles. 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Removal 

efficiency, % 
63 61 61 59 
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Chapter 5 

Application of Isotherm Models to Predict: Equilibrium Concentration, 
Removal Efficiency, Adsorption Capacity, and Required Amount of 
Adsorbent 
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In this chapter, equations are developed to predict the equilibrium concentration 

(Ce), the removal efficiency (R%), the adsorption capacity (qe), and the required 

amount of adsorption (M). Isotherm models used as explained in this chapter. 

Langmuir Isotherm  

In Langmuir model, the solid is assumed to have an adsorption capacity as qmax. In 

this model: (a) all adsorption sites are assumed to be identical, (b) each site adsorbs 

one molecule of the adsorbate material, and (c) all sites are independent energetically 

[142]. Holding these assumptions true, the following reaction can be considered as 

shown in Equation (24): 

Free site + solute « surface complex  

And Langmuir isotherm is equation (25): 

1
𝑞3
= 	\

1
𝐾=𝑞<TU

]
1
𝐶3
+	

1
𝑞<TU

			(25) 

Where qe is adsorbate mass adsorbed per unit adsorbent mass at equilibrium (mg/g), 

KL is Langmuir isotherm constant (L/mg), Ce is adsorbate concentration at 

equilibrium (mg/L), and qmax is the maximum adsorption capacity (mg/g). Maximum 
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adsorption capacity, qmax can also be expressed as Nt, which is a measure of the total 

number of functional groups available per gram of adsorbent. 

Lead solution with initial concentrations of 10, 25, 50, 100, 250 and 500 ppm at a 

pH level of 5 were employed for the batch tests. Lead removal tests were conducted 

by using 0.20 g of ZnS-Z in 200 mL of the solution. The solution was mixing over 

24 hours at 200 rpm at room temperature to reach the equilibrium state. Figure 24 

shows the isotherm plot for lead removal experiments. 

 

Figure 24. Isotherm plot for lead removal tests by using ZnS-Z at pH = 5. 
 

 
In Equation (25), 1/qe can be plotted as a function of 1/Ce. When the data shows a 

good linearity, the adsorption process is considered to follow Langmuir isotherm. 

KL and qmax can be calculated by using slope and intercept, respectively. 
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Figure 25 shows the Langmuir model plot for removal batch tests at pH = 5. 

Calculated parameters are listed in Table 26.  

 

Figure 25. Langmuir plot for lead removal tests by using ZnS-Z at pH = 5. 
 

 
Table 26. Langmuir model parameters for lead removal tests by using ZnS-Z at pH = 5. 

Parameter Value 

R2 0.826 

qmax, mg/g 30.487 

KL, L/mg 0.879 

 
 
In this study, the mass balance in the batch was also used as shown in Equation (26) 

[140]: 

𝑉. 𝐶5 = 	𝑉. 𝐶3 + 	𝑉. 𝐶3y	(26) 
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Where C0 is the initial concentration of the solute, 𝐶3y is the concentration of the 

solute on adsorbent at the equilibrium. Equilibrium adsorption capacity qe can be 

expressed in terms of solution volume, V, and adsorbent mass, M, as Equation (27): 

𝑞3 = 	
𝑉. 𝐶3y

𝑀 = 	
𝑉(𝐶5 −	𝐶3)

𝑀 	(27) 

Substituting Equation (27) in Equation (25), gives the following second-order 

function in which Ce is one argument variable, Equation (28): 

𝐾=𝐶3M +	\1 +	
𝐾=. 𝑞<TU.𝑀

𝑉 −	𝐾=. 𝐶5] . 𝐶3 −	𝐶5 = 0	(28) 

All variables other than Ce were considered as constants, and Ce can explicitly be 

solved [167, 168]: 

𝐾= = 𝑎	(28.1) 

\1 +	
𝐾=. 𝑞<TU

𝑉 − 𝐾=. 𝐶5] = 𝑏	(28.2) 

𝐶5 = 𝑐	(28.3) 

𝐶3 = 	
−𝑏	 ±	√𝑏M − 4𝑎𝑐

2𝑎 	(28.4) 

The calculated Ce is a function of C0 and M for a specific V with parameters KL and 

qmax. Once KL and qmax were obtained from the conducted set of adsorption 

experiments (Table 26), equilibrium solute concentrations were calculated for the 
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given initial solute concentration and adsorbent mass in a fixed volume. Calculated 

values were plotted versus the experimental values of equilibrium concentration 

(Ce), and is shown in Figure 26.  

 

Figure 26. Calculated versus experimental values of Ce, by using Langmuir model. 
 

 
As shown in Figure 26, calculated values for equilibrium concentrations, Ce, are in 

agreement with the experimental values.  

After finding Ce, removal efficiency, R, can also be calculated as a function of C0 

and M by using Equation (29). 

𝑅 = 	
𝐶5 −	𝐶3
𝐶5

	(29) 
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Also, for a given C0 and target removal efficiency, the model equation to predict the 

required mass of adsorbent can be obtained by using Equation (30): 

𝑀 =	
𝑉. 𝑅

𝐾=. 𝑞<TU. (1 − 𝑅)
+	

𝑉. 𝑅
𝑞<TU

. 𝐶5	(30) 

Modified Langmuir Equation 

If one investigates the Langmuir model in generate detail, and considers its 

theoretical background that can be explained as a reversible adsorption and 

desorption process for A species, the equation will be expressed as Equation (31): 

𝐴 + 𝑉	 ⇌ 𝐴T�	(31) 

Where V and Aad are the vacant and occupied sites, respectively. The respective rates 

for adsorption and desorption can be expressed by Equations (32-33): 

𝑟T = 	𝑘T𝐶(1 − 𝜃)		(32) 

𝑟�	 = 	 𝑘�𝜃  (33) 

Where C is solute concentration and q is surface coverage. This coverage q also can 

be defined as q/qmax, where q is the adsorption capacity and qm is maximum 

adsorption capacity, respectively. 
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When in equilibrium, ra = rd, yielding the Langmuir isotherm, modelled in Equations 

(34-35): 

𝜃3 = 	
𝐾=𝐶3

1 + 𝐾=𝐶3
	(34) 

Or  

𝑞3 = 	
𝑞<𝐾=𝐶3
1 +	𝐾=𝐶3

	(35) 

Where KL = Ka / Kd is the Langmuir equilibrium constant. 

Equation (32) shows that the rate of adsorption depends on the fraction of available 

vacant sites, and the concentration of the solute. This means that the forward 

adsorption rate approaches zero when the available vacant sites are being occupied 

by the adsorbate, or in other words, when the adsorbent is saturated by solute, q = 1. 

In equation (32) the term (1-q) is the limiting factor for the adsorption rate. On the 

other hand, in equation (33), it shows that the desorption rate only depends on the 

surface coverage, q, without the concentration of the solute being considered as a 

factor. Following the statistical rate theory [169, 170] differences in chemical 

potential (µs - µb) of solute in adsorbent phase (µs) and solution phase (µb) is the 
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driving force of the desorption reaction. Therefore, solute concentration is a 

parameter affecting the desorption process. For example, if we consider two systems 

with adsorbents that have similar surface coverage and are in contact with solutions 

of differing solute concentrations, C1 < C2. According to the Langmuir model the 

desorption rate in these two systems should be similar since the rate of desorption 

only depends on surface coverage, q. However, the solute chemical potential in 

solution µb is not identical between the two systems. The tendency of the solute to 

be desorbed from the adsorbent’s surface is greater in the system with a lower solute 

concentration in the solution, system 1. Thus, it can be concluded that desorption is 

affected by the solution’s solute concentration. As soon as the bulk solution is 

saturated by the solute (Cs), there will be no further unidirectional desorption 

occuring, so it can be said that desorption is possible in an unsaturated solution, with 

its highest rate of desorption at C = 0. The lowest rate, on the other hand, is when C 

® Cs. This leads to the conclusion that the rate of desorption is proportional to Cs – 

C, as shown in Equation (36):  

𝑟� = 	𝑘�(𝐶y − 𝐶)𝜃	(36) 
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Equating Equations (32) and (36) at equilibrium yields Equations (37) and (38): 

𝜃3 = 	
𝐾�=𝐶3

(𝐶y − 𝐶3) + 𝐾=𝑃3
	(37) 

Or, 

𝑞3 = 	
𝑞<𝐾�=𝐶3

(𝐶y − 𝐶3) +	𝐾�=𝐶3
	(38) 

Where KML is the modified Langmuir equilibrium constant, and Cs is solute 

solubility in water. It is important to note that KML is a dimensionless constant. 

Finally, the linear form of this equation can be written as Equation (39): 

1
𝑞3
=

𝐶y
𝐾�=𝑞<𝐶3

+
(𝐾�= − 1)
𝐾�=𝑞<

	(39) 

Plotting 1 / qe versus 1 / Ce yields a straight line with a slope of Cs/KMLqm and an 

intercept value of (KML-1) / KMLqm. The shape of this plot will be identical to the 

Langmuir model plot, because the qe and Ce values are determined experimentally 

and regardless of the model which is used to fit the data. Cs values are available in 

[171]. Since in this study lead solutions were prepared by using lead nitrate, 

Pb(NO)3, the solubility of lead nitrate in water at room temperature was used to 

calculate the Cs value for lead. Lead nitrate solubility in water at room temperature 



101 
 

equals 597 g/L [171], and this equals 373.485 g/L lead ions. Calculated values of the 

modified Langmuir model are listed in Table 27. 

Table 27. Calculated values of the modified Langmuir model for ZnS-Z at pH = 5. 
Parameter Value 

R2 0.826 

Cs, mg/L 373.485 * 103 

qm, mg/g 30.497 

KML 3.287 * 105 

 

As can be seen in Tables 23-24, calculated values of qm are very close: 30.497 versus 

30.497 for Langmuir and modified Langmuir models, respectively. This can be 

addressed by considering the range of solute concentration at which the experiments 

were carried out. The most concentrated solution had a concentration level of 500 

ppm (500 mg/L), while the solubility of the solute was 373.485 * 103 mg/L. Which 

means the solubility of the solute is about 747 times and 830 times larger than initial 

and equilibrium concentrations of the solute respectively. It can be concluded that 

the tendency of the solute to be desorbed from the adsorbent’s surface is high in the 
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system where the equilibrium concentration is negligible compared to the saturation 

concentration of the solute.  

Freundlich Isotherm 

Freundlich isotherm is the most commonly used model that explains the non-ideal 

and reversible adsorptions [137]. This model is not limited to the formation of a 

monolayer on the adsorbent surface, so it can be applied to multilayer adsorption 

systems. Considering multilayer adsorption, the total quantity adsorbed is the 

summation of adsorption on all sites, where sites possessing greater binding activity 

are occupied first until the adsorption energy has decreased to the point of adsorption 

process completion [138]. The Freundlich model is based on the relation between 

the adsorbed quantity (qe) and the concentration of remaining solute (Ce) [172], 

equation (40): 

𝑞3 = 	𝐾?. 𝐶3
@ AB 	(40) 

Where KF is the constant of the Freundlich isotherm constant (𝐿@/A𝑚𝑔(@R
�
�)/𝑔), and 

1/n is the Freundlich exponent (n = the index of heterogeneity). Equation (40) can 

be written in linear form as shown in equation (41): 
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𝑙𝑜𝑔𝑞3 = 	
1
𝑛
𝑙𝑜𝑔𝐶3 + 𝑙𝑜𝑔𝐾?	(41) 

Like the Langmuir adsorption isotherm, Equation (41) was used to evaluate whether 

or not the adsorption process satisfies the Freundlich isotherm. To do this, the data 

from the batch experiments were employed. Figure 27 shows the Freundlich 

isotherm plot for lead removal experiments. 

 

Figure 27. Freundlich plot for lead removal tests by using ZnS-Z at pH = 5. 
 

 
Calculated parameters for the Freundlich isotherm are listed in Table 28. As can be 

seen in Figure 27 and Table 28 the experimental results showed appreciable 

linearity, R2 = 0.910, meaning that the adsorption process was considered to follow 

Freundlich isotherm. 
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Table 28. Freundlich isotherm constants for ZnS-Z at pH = 5. 
Parameter  Value 

R2 0.910 

1/n 0.251 

KF 11.145 

 

Reformulating the Freundlich isotherm with mass balance in the system can be 

expressed as Equation (42): 

 ���
�
. 𝐶3

@/A +	𝐶3 −	𝐶5 = 0	(42) 

In which, Ce is the argument variable. Again, Ce is a function of C0 and M for a 

specific V with parameters KF and 1/n. 

Once KF and 1/n were obtained from the conducted set of adsorption experiments 

(Table 28), equilibrium solute concentrations were calculated for the given initial 

solute concentration and adsorbent mass in a fixed volume. Calculated values were 

plotted versus the experimental values of equilibrium concentration (Ce), and is 

shown in Figure 28. 
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Figure 28. Calculated versus experimental values of Ce, by using Freundlich model. 
 
 
As shown in Figure 28, calculated values for equilibrium concentrations, Ce, are in 

agreement with the experimental values.  

The required mass of the adsorbent for the desired removal efficiency can also be 

derived as equation (43): 

𝑀 =	
𝑉
𝐾?

𝑅
(1 − 𝑅)@/A 𝐶5

(@R@/A)	(43) 

pH-dependent Model 

As described in the following section, all experiments were carried out at a constant 

pH level. Therefore, all the derived equations are only valid for the pH level at which 

the experiments are conducted. In order to develop a model with the ability to predict 

the equilibrium residual concentration at different pH levels, experiments were 
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conducted to generate adsorption isotherm data across multiple pH values. All the 

data sets were able to be fitted to the Langmuir model, and KL values were calculated 

across the experimental range of pH values. Considering the KL value as a criterion 

for the affinity between adsorbent and adsorbate, it was assumed that the value of 

KL could vary with the change of solution pH. To obtain the relationship between Ka 

and pH: log (Ka) values were plotted against pH. The linear relationship is described 

using Equation (44): 

𝐿𝑜𝑔𝐾T = 𝑚 ∗ 𝑝𝐻 + 𝑑	(44) 

Where m and d are line fitting parameters. 

Substituting Equation (44) in Equation (28) will give: 

(10<∗�x"�)𝐶3M +	 1 +	
(10<∗�x"�). 𝑞<TU

𝑉
− (10<∗�x"�). 𝐶5¡ . 𝐶3 −	𝐶5

= 0	(45) 

This analytical equation can be used to describe variation in adsorption at differing 

pH values using a consistent set of isotherm parameters.  

To verify the hypothesis, the data set were generated by performing lead adsorption 

tests on ZnS-Z at pH levels of 3 and 4. The data were fitted with the Langmuir model 

and are shown in Figure 29. The estimated values of KL are summarized in Table 

29. 
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Figure 29. Langmuir plots for lead removal tests by using ZnS-Z: (a) pH = 3, (b) pH = 4. 
 

Table 29. Langmuir isotherm parameters for lead adsorption on ZnS-Z at pH = 3 and pH = 4. 

  pH = 3 pH = 4 
Langmuir isotherm R2 0.961 0.820 

qmax, mg/g 18.780 19.223 
KL, L/mg 0.130 0.270 
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To establish a relationship between KL and pH, Log(KL) values were plotted against 

pH values as shown in Figure 30.  

 

Figure 30. Langmuir constant (KL) vs. pH for lead adsorption on ZnS-Z. 

 

The R2 value for the linear fit was 0.98 and the linear equation is shown in Equation 

(46): 

Log(𝐾=) = 	0.41pH	– 	2.14	(46) 

Substituting Equation (46) in Equation (45): 

(105.¨@∗�xRM.@¨)𝐶3M +	q1 +	
©@5�.ª�∗«¬�.�ª®.¯�°±.�

�
− (105.¨@∗�xRM.@¨). 𝐶5r . 𝐶3 −

	𝐶5 = 0	(47)  

To validate the ability of Equation (47) to predict the equilibrium residual 

concentration, predictions for experimental adsorption data was carried out. These 

predictions were compared with the experimental data of lead adsorption on ZnS-Z 
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at multiple pH values of 3, 4, and 5; the results are summarized in Figure 31. This 

figure shows that Equation (47), as a prediction model, was able to predict 

experimental data at different pH levels. Predictions were conducted for 6 different 

initial concentrations and showed an excellent match with experimental data. 

 

Figure 31. Predicted versus experimental values of Ce: (a) pH = 3, (b) pH = 4, (c) pH = 5. 
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Chapter 6 

Conclusions  
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Zeolite was functionalized by sulfide-based materials (as functional groups) to 

remove lead from aqueous solutions. The effect of multiple factors such as solution’s 

initial concentration, solution pH, contact time, and functional groups content on the 

structure, properties, and performance of the functionalized zeolites were 

investigated. ICP-MS was used to determine the lead residual concentration. The 

research led to the following conclusions: 

1. Treating zeolite with different salts confirmed that sodium ion is the most 

exchangeable cation in the zeolite’s structure. Zeolite is successfully 

functionalized by cystamine dihydrochloride with a loading amount of 0.57 

mmol cystamine per g zeolite. 

2. Functionalizing zeolite improved its adsorption capacity for lead by 173.24% 

compared with the adsorption capacity of zeolite. The analysis of cystamine 

functional group’s concentration on the adsorption capacity of CDHZ show 

that the concentration of the cystamine groups is not the only parameter that 

affects the Pb2+ adsorption capacity of cystamine functionalized zeolite. The 

adsorption of the Pb2+ is also affected and controlled by their accessibility to 

the active sites. 

3. By using adsorption isotherms and mass balance in the adsorption process, 

the equilibrium residual concentration for lead adsorption is successfully 

predicted for a known adsorption test. 
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4.  The relationship between the Langmuir constant (KL) and the solution pH is 

determined, so an isotherm based analytical model is proposed to predict the 

equilibrium residual concentration and removal efficiency at multiple pH 

values. 

 

Future work  

The knowledge that is gained from this work can be applied to improve the heavy 

metal removal capacity of the functionalized zeolite toward a vast range of heavy 

metal ions. One or a combination of the following methods can be helpful to reach 

this goal: 

1. Introducing different functional groups to zeolite which are capable of binding 

to a vast range of heavy metal ions. 

2. Introducing suitable functional groups to the existing functionalized zeolites 

to improve their adsorption capacity toward other heavy metals such Hg, Ni, 

Cd, etc.  
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