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Abstract 

Coal fly ash-derived zeolites have attracted considerable interest in the last decade due to their 

use in several environmental applications such as the removal of dyes and heavy metals from 

aqueous solutions. In this work, coal fly ash-derived zeolites and silver nanoparticles-impregnated 

zeolites (nanocomposites) were synthesized and characterized by TEM/EDX, SEM/EDX, XRD, XRF, 

porosimetry (BET), particle size analysis (PSA) and zeta potential measurements. The synthesized 

materials were used for the removal of Hg2+ from aqueous solutions. The results demonstrated 

that nanocomposites can remove 99% of Hg2+, up to 10% and 90% higher than the removal 

achieved by the zeolite and the parent fly ash, respectively. Leaching studies further demonstrated 

the superiority of the nanocomposite over the parent materials. The Hg2+ removal mechanism is 

complex, involving adsorption, surface precipitation and amalgamation.   
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1. Introduction  

Coal is one of the world’s most abundant and widely spread fossil fuels, with global proven 

reserves accounting for nearly 1000 billion Mg. It is still the most used type of fuel in many 

developing and developed countries such as South Africa (93%), Poland (92%), China (79%), India 

(69%) and the USA (49%) (Bukhari et al., 2015). According to Yao et al. (2015) coal-fired electricity 

generation accounted for 29.9% of global electricity production in 2011 and it is projected to reach 

approximately 46% by 2030. The top-ten countries that produce high amount of coal annually are 

China, USA, Russia, India, Germany, Poland, Indonesia, Australia, and South Africa; Kazakhstan 

rounds out the list with 120 million Mg/year (World Coal Institute, 2005). Coal consumption data 

reveal that nearly 5% of world coal consumption is by Eurasian states and Kazakhstan is amongst 

the three leading CIS states with a massive 22% consumption (Bukhari et al., 2015).  

Coal fly ash (CFA) is a by-product from combustion of coal in electric power stations. The amount 

of annually produced CFA is enormous and thus it requires attention and research on possible 

recycling routes as it can cause serious environmental and health problems (Blissett and Rowson, 

2012; Franus et al., 2015). Several efforts have been undertaken globally to effectively reprocess 

this waste and convert it into value-added products, such as synthetic zeolites which find several 

applications in agriculture, medicine, industry and in environmental engineering such as the 

removal of heavy metals and other contaminants from water and gas purification (Franus, 2012; 

Jha and Singh, 2014; Tauanov et al., 2017; Wdowin et al., 2014a). Modified forms of CFA-derived 

synthetic zeolites and their composites with metals, metal oxides and hydroxides further expand 

the potential application fields (Goscianska et al., 2018; Zhang et al., 2018a; Zhang et al., 2018). 



There are several commonly applied methods for CFA conversion into zeolites, namely 

conventional hydrothermal synthesis, fusion-assisted hydrothermal synthesis, multi-step 

treatment, microwave-irradiation and sonication. All synthesis methods involve several steps of 

crystalline phase formation from amorphous CFA, including dissolution, condensation, nucleation 

and crystal growth (Bukhari et al., 2015). The advantage of conventional hydrothermal treatment 

is the simplicity of production, however it may produce a mixture of zeolites depending on 

reaction conditions, i.e. time, temperature, alkaline concentration, etc. Although the multi-step, 

microwave- and ultrasound-assisted methods produce single-phase zeolites faster and with high 

yields, they require high temperature treatment (>773 K), sonication for a certain duration or 

several steps, which entail additional costs (Belviso, 2017).  

The contamination of water resources with heavy metals, particularly with Hg2+and its species, is a 

serious global environmental threat. Mercury, due to its volatility, chemistry and bioaccumulation 

properties, is considered as one of the most toxic elements that severely affect human beings and 

the environment (Yu et al., 2016). According to current regulations of the US Environmental 

Protection Agency and the European Union the maximum concentration of mercury in drinking 

water is 2 mg/m3 and 1 mg/m3, respectively (AMAP/UNEP, 2013; The European Parlament and the 

Council of the European Union, 2013). A variety of methods for the removal of mercury from 

wastewater have been studied, including the application of electrochemical treatments 

(electrocoagulation, electroflotation, electrodeposition), physicochemical processes (chemical 

precipitation, ion exchange) and adsorption (activated carbon, carbon nanotubes, rice husk, etc.) 

(Azimi et al., 2017). Of all these methods adsorption by utilization of waste materials is of utmost 

interest, as is a low-cost and effective method for the treatment of polluted water and gases. 

There are numerous publications on the removal of elemental mercury from flue gas (Liu et al., 

2018; Shao et al., 2016; Wdowin et al., 2015, 2014b; Yang et al., 2018), however limited studies 

were conducted on Hg2+ ions removal from water, particularly with utilization of CFA, synthetic 



zeolites and composites.  Table 1 summarizes the adsorbents used for the removal of mercury 

from water and their efficiency. It should be noted that most of the experiments presented in 

Table 1 were carried out at pH 4.0 or higher, which in combination to high mercury concentration 

may result in precipitates and insoluble complexes rendering the adsorption results questionable.    

Table 1. Adsorbents for the removal of Hg2+ from aqueous phase  

Adsorbent type 

Initial 
concentration of 

Hg2+ [g/m3] 

Volume of 
the Hg2+ 

solution 
[cm3] 

 
pH 

Adsorbent 
dosage, [g] 

Removal of 
Hg2+ [%] 

References 

Activated carbon from 
organic sewage sludge  

 
200 

 
100 

 
5.0 

 
4-10 

 
83-100 

 
(Zhang et 
al., 2005) 

 
Weathered coal 

 
3 

 
100 

 
6.0 

 
0.8 

 
>99 

 
(Meena et 
al., 2004) 

 
Chitosan-coated 
Magnetite nanoparticles 
  

6.2 50 
 

5.0 0.67 >99 (Rahbar et 
al., 2014) 

Ag/graphene 
 

100 100 5.0 0.1 98 (Qu et al., 
2017) 

Ornamental rock solid 
waste 
 

10 125 2-8 2 >90 (Dos 
Santos et 
al., 2015) 

Flower-like titanate 
nanomaterial 
 

100 50 5.0 0.01 98 (Liu et al., 
2015) 

Linde Type A CFA derived 
zeolite  
 

10 10 2.5 0.1-1.0 94 (Attari et 
al., 2017) 

ZSM-5-mesoporous/HAPT 
 

2 100 2-12.5 0.02 94 (Abbas et 
al., 2018) 

 
Ag-X CFA derived zeolite  13.2-575 100 5-6 10 90 (Czarna et 

al., 2016) 

 

Among the several metal and metal-oxide containing composites silver and silver oxide 

nanoparticles (NPs) containing zeolite composites have attracted considerable attention owing to 

the unique property of silver to form amalgam with mercury. Although some other noble metals 

also form amalgams they are considerably more expensive than silver. There are some studies on 

utilization of zeolites derived from CFA for mercury removal, however the research on NP-

impregnated CFA-derived zeolites for the removal of mercury from aqueous and gaseous phases is 



very limited. In this paper the synthesis of CFA-derived zeolites and novel silver NPs-impregnated 

zeolite nanocomposites is presented, along with full characterization of the derived materials and 

a study on the removal of Hg2+ from aqueous solutions. Moreover, a possible mechanism of the 

mercury removal by the nanocomposite material is proposed. 

 

2. Materials and methods 

2.1. Materials and synthesis  

The CFA used in the present study is derived from the electrostatic precipitators of Oskemen city 

power plant (Karazhyra CFA, East Kazakhstan, 252 MW) and labelled as K-CFA. All chemical 

reagents used were of analytical grade. Synthetic zeolites (K-ZFA) were produced through a 

conventional hydrothermal alkaline treatment of K-CFA at 383 K, in a 1-dm3 heavy-walled thermal 

and chemical resistant reactor using 3 mol/dm3 aqueous NaOH (Sigma-Aldrich) as an activation 

agent. The stirring speed was kept constant at 125 rpm, while an incubation period of 48 h was 

selected in all cases after which the final mixtures were filtered and washed several times for the 

removal of excess NaOH. The solid residues were dried at 343K overnight and the products 

obtained were stored in a tightly closed container for characterization and further experiments.  

The K-ZFA was then loaded with silver nanoparticles (Ag NPs) to obtain the nanocomposite 

materials used for mercury removal from aqueous solutions. The Ag NPs impregnation into the 

structure of zeolites consisted of two main steps: ion exchange and reduction. Initially, zeolite 

samples were fully dried at 573 K for 3 h to remove any remaining water molecules in their 

structure. Then, a slightly modified ion-exchange reaction was conducted by mixing 10 cm3 of 0.01 

mol/cm3 aqueous solution of AgNO3 (Sigma-Aldrich) with 1 g of zeolite and left to react for 12 h 

(Golubeva et al., 2013). Finally, the obtained Ag-exchanged zeolite slurry was dried at 403 K for 3 

h. The obtained Ag+-ZFA was then annealed for 3 h at 773 K, followed by 4 h of silver ions 

reduction using NaBH4 as the reducing agent, thus producing nanocomposites with various Ag NPs 



loadings (Ag-ZFA). The reaction container was covered with aluminium foil and stored in dark 

place to prevent oxidation of silver ions. The same procedure was carried out without adding 

AgNO3 solution (R-ZFA) to investigate the effect of reduction on the zeolite structure.  

 

2.2. Characterization of materials 

Chemical analysis of both fly ash and produced zeolites, with and without Ag NP impregnation, 

was done using X-Ray fluorescence (XRF, PANalytical). Their mineralogical composition was 

identified by X-Ray diffraction (XRD) using a Bruker D8-Focus diffractometer with Ni-filtered CuKα 

radiation (k = 1.5406 A°), at 40 kV and 40 mA. The morphological characteristics of the materials 

were studied by using Scanning Electron Microscopy (SEM) on JEOL 6380LV Scanning Electron 

Microscope, operating in LV mode at 20 kV equipped with a backscattered electron detector. Spot 

and area analyses were carried out using a Si(Li) Energy-Dispersive X-ray spectrometer (INCA X-

sight, Oxford Instruments) connected to SEM. The nanoscale investigation was performed with a 

high-resolution JEOL JEM-2100 LaB6 transmission electron microscope (HRTEM), operating at 200 

kV. The samples (~0.2 g) were suspended in alcohol and treated with ultrasound to disaggregate 

the agglomerated particles. A drop from the suspension was then placed on a 300-mesh carbon 

coated copper grid and air-dried overnight. The grain microstructure was also studied using a 

bright field detector in scanning (STEM) mode. Elemental analysis was carried out using an Oxford 

X-Max 100 Silicon Drift Energy Dispersive X-ray spectrometer connected to TEM, with a probe size 

ranging from 2 to 5 nm in STEM mode. The porous structure was determined using low 

temperature nitrogen adsorption measured on Autosorb-1 porosimeter (Quantochrome, UK). The 

average pore size and total pore volume were calculated from the experimental data using the in-

built software. The specific surface area (SSA) was calculated using the BET equation. The particle 

size distribution (PSD) was derived using a particle size analyzer in the wet dispersion mode 



(Malvern Mastersizer 3000). The zeta-potential at different pH values (from 2 to 12) was studied 

using a Zetasizer (Malvern Zetasizer Nano ZS).  

 

2.3. Batch adsorption kinetics 

A volume of 100 cm3 of 10 g/m3 Hg2+solution at pH 2.0 was mixed with 0.75 g of solids in a batch 

reactor without agitation at room temperature. The initial adjustment of pH was done with HNO3. 

The mercury solutions were prepared by dissolving analytical grade HgCl2 in ultra-pure water. 

After certain time intervals, 0.1 cm3 of samples were taken from adsorption containers for 

analysis. The total sampling volume was kept lower than 2% of initial volume in all experiments. A 

mercury analyzer (RA-915 M by Lumex) with a pyrolysis technique and detection limit of 1 mg/m3 

for a sampling volume of 0.01-0.2 cm3 was used for the determination of total mercury. Two 

blanks were used; one with the same initial concentration of mercury and volume without solids 

and the second with deionized water with solids. Blank experiments showed that the Hg2+ losses 

due to adsorption on container walls and/or volatilization are limited to an average of 6.5%. All 

experiments were carried out in duplicate and the average standard deviation was 1.3%.     

 

2.4. Leaching experiments  

The retention of Hg2+ions after adsorption on the solids was studied by running leaching 

experiments under strong acidic (pH 2.0) and neutral (pH 7.0) conditions. The amount of 0.75 g of 

each adsorbent was placed in a container filled with 50 cm3 Hg2+solution with initial concentration 

of 150 g/m3. The tightly closed containers were left for 6 days without any stirring at room 

temperature. After that, all samples were filtered, thoroughly washed with deionized water until 

neutral pH and dried in a vacuum oven at 70oC. The dried adsorbents were divided and placed into 

two separate containers for the leaching experiments: one container with 0.3 g adsorbent was 



filled with 50 cm3 deionized water at pH 2 and the other container with 50 cm3 deionized water, at 

pH 4. The initial pH adjustment was done with HNO3. The samples were withdrawn after 6 and 12 

d from each container and analyzed for leached Hg2+ ions. All the leaching experiments were 

carried out in duplicate.  

 

2.5. Adsorption capacity 

Samples of K-ZFA and Ag-ZFA were studied by the method of repeated batch equilibrations in 

order to estimate the maximum adsorption under the studied concentration of 10 g/m3. A 

measured quantity of zeolite (0.25 g) was added to a container with known volume (50 cm3) and 

concentration (10 g/m3) of Hg2+solutions at room temperature. The initial pH was adjusted to 2.0 

and aliquots for mercury analysis were sampled after 3 d. Then, the old solution was replaced with 

freshly prepared Hg2+ solution with the same concentration, volume and pH until no further 

uptake from the materials was observed (Inglezakis et al., 2002).  

 

3. Results and discussion  

3.1. Synthesis and Characterization 

The chemical composition of the initial K-CFA and the produced zeolitic material K-ZFA are 

presented in Table 2. K-CFA mainly contains silicon and aluminium (a total of 75 wt.%), with a Si/Al 

ratio of about 1.65. This observation together with the low content of CaO (2.8 wt%), MgO (0.7 

wt%) and SO3 (0.2 wt.%) is indicative of the bituminous coal source burning (type F). The Fe2O3 

concentration is relatively high, reaching 16 wt.%. K-ZFA contained higher amount of Na2O than K-

CFA because of the hydrothermal treatment with sodium hydroxide solution, whereas at the same 

time the initial K2O content in CFA (1.3 wt.%) was diminished as it was replaced by sodium ions, 



reaching 0.12 wt.%. The silver impregnation in the zeolite structure is evident and its 

concentration reached 5 wt%.   

 

Table 2. Chemical composition CFA and Zeolites a, wt.%  

Compounds 

Material type 
 

K-CFA K-ZFA Ag-ZFA 

Na2O 0,678 4,447 3,405 

MgO 0,716 0,708 0,646 

Al2O3 25,761 30,888 28,245 

SiO2 49,802 32,488 30,959 

SO3 0,237 0,086 0,047 

K2O 1,324 0,15 0,119 

CaO 2,798 2,39 2,089 

TiO2 1,636 1,258 1,142 

Cr2O3 0,033 3,104 3,359 

MnO 0,216 0,411 0,463 

Fe2O3 16,076 23,066 22,389 

Co3O4 0,028 0,061 0,06 

NiO 0,032 0,432 0,383 

CuO 0,042 0,028 0,025 

ZnO 0,052 0,04 0,033 

SrO 0,195 0,206 0,167 

Y2O3 0,012 0,013 0,018 

ZrO2 0,06 0,074 0,07 

Ag2O 0 0 5.056 

BaO 0,143 0,119 0,109 

CeO2 0,126 0 0,055 

Cl 0,026 0,03 0 

 aThe results of analysis are presented for elements as oxides 

 

The mineralogical composition of both K-CFA and K-ZFA produced is presented in the 

corresponding XRD patterns of Fig. 1. Regarding K-CFA, three major phases were identified: mullite 

(3Al2O3 . 2SiO2), quartz (SiO2) and spinel magnetite (FeOFe2O3), in which other oxides such as Mg, 

Mn, Ca or Si oxides, are found as inclusions.  



 

Fig. 1. XRD spectra of K-CFA, K-ZFA and Ag-ZFA    

 

A substantial amount of an amorphous matrix in the K-CFA sample (due to relatively rapid cooling) 

was observed in the range of 15o-35o, where the glassy phase is revealed through the 

characteristic diffused wide band. In case of the zeolites, it is obvious that during the 

hydrothermal process two new zeolitic phases were developed. Analcime was observed as the 

major phase, whereas phillipsite-Na was also present as the minor zeolite. Simultaneously the 

content of mullite and quartz has been significantly decreased mainly due to their partial 

dissolution and the consequent zeolite phases growth. The spectra obtained for the 

nanocomposite Ag-ZFA confirmed the presence of the metallic Ag NPs in the zeolitic matrix, by the 

characteristic peaks of silver at 38.18o, 44.33o and 64.52o.  

The zeolification process and the zeolite crystal development on the fly ash particles were also 

observed under the scanning electron microscope. The corresponding micrographs of Fig. 2 



revealed that the initial fly ash was predominantly granular and spherical in shape, with the 

particle size in the range from 5 to 30 μm.  

  

K-ZFA K-ZFA  

 

 

 

 
Ag-ZFA  

 
Ag-ZFA 

 

Fig. 2. SEM image of the K-ZFA crystal growth and SEM/EDX analysis of Ag-ZFA   

 

The aluminosilicate and silicate compounds (mullite, amorphous glass and quartz) acted as the 

substrate for the zeolitic phases growth and transformed into sodium aluminates and silicates. 

They provided the required nucleation sites for zeolite evolution and led to the partial 

development of needle-like or fibrous Na-P1 zeolite on and inside the fly ash spheres, with an 

approximate length of 1-2 µm. The high Na+ concentration seems to have acted as the stabilizer of 

the sub-micron building units of the forming zeolite crystalline structure. The detection of finer 

configurations could be attributed to the presence of small amount of amorphous or sodalite 



nature formations, during zeolitic transformation with lower Al content. On the other hand, the 

presence of Ag NPs in the zeolitic samples did not significantly affect their structure. No metallic 

silver agglomeration was observed, indicating a uniform matrix with well dispersed metallic 

particles of silver.  

The presence of metallic silver detected by XRD analysis, was also corroborated by Transmission 

Electron Microscopy imaging. Fig. 3 shows the TEM images of ZFA after impregnation with silver 

NPs. The metallic silver NPs can be observed well dispersed in the zeolitic matrix, with low degree 

of agglomeration, ranging from 5 to 40 nm. In most cases the particles are well defined and 

spherical with an average size of 10 nm. The EDX elemental composition analysis also confirmed 

the presence of silver.  

 

  

Fig. 3. TEM/EDX analysis of Ag-ZFA    

 

The results of BET analysis (Table 3) show, as expected, that the initial raw CFA had the lowest 

specific surface area. It is widely known that synthetic zeolites produced from CFAs have a surface 

area ranging from 40 to 260 m2/g possessing a microporous structure (Derkowski et al., 2006; 

Wang et al., 2015; Wdowin et al., 2014b). The resulting surface areas are in general agreement 

with he published values and SSA of the K-ZFA reached a maximum of 56 m2/g. The Ag-ZFA, on the 

other hand, showed a considerable increase of BET surface area reaching a maximum of 105 m2/g, 

which is attributed to the effect of Ag NPs impregnated in the zeolite microstructure that 



facilitated the surface enhancement. The SSA of spherical Ag NPs with the size of 5 nm is ca. 2 

m2/g, assuming their density is equal to the density of the bulk silver (10.49 g/cm3).  Therefore, the 

SSA enhancement in the presence of Ag NPs has a more complex origin. The reduced zeolite (R-

ZFA) has about 64% lower specific surface area that can be attributed to the effect of the elevated 

temperature during annealing, which probably led to destruction of the initial finer pore structure 

and a shift to wider pore sizes.  

 
Table 3. BET surface areas of materials    

Material type 
BET surface area,  

m2/g 
Average pore size, 

nm 
Total pore volume,  

cm3/g 

K-CFA 18 ± 15 10 ± 2.0 0.04 ± 0.02 
K-ZFA 
R-ZFA 

56 ± 12 
38 ± 8.0 

14 ± 0.2 
15 ± 0.1 

0.25 ± 0.01 
0.16 ± 0.09 

Ag-ZFA 105 ± 12 15 ± 3.9 0.22 ± 0.07 

 

The results of the particle size distribution analysis (PSD) are presented in Table 4. Both R-ZFA and 

Ag-ZFA exhibited a lower average grain size than K-CFA and K-ZFA. In K-ZFA samples 90 wt.% of the 

particles have sizes smaller than 65.8 μm, with 50 wt.% of it below 25.5 μm. The corresponding 

values in Ag-ZFA were at 55.7 μm and 13.2 μm, respectively. This result could be attributed to the 

agglomeration phenomena of the finer particles of the as produced zeolite, which have been 

eliminated after annealing, mainly due to the removal of crystalline water at higher temperatures. 

This could affect the loading kinetics, as the adsorption rate is faster when the particle size is 

smaller.   

 
Table 4. PSD analysis of materials 

PSD K-CFA K-ZFA Ag-ZFA R-ZFA 

Dv(10), µm    22.0 ± 2.4 5.7 ± 0.3 2.44 ± 0.01 1.75 ± 0.05 
Dv(50), µm 
Dv(90), µm  

   57.4 ± 0.03 
   161 ± 5.7 

25.5 ± 0.8 
65.8 ± 0.8 

13.2 ± 0.02 
55.7 ± 0.05 

8.04 ± 0.03 
     41.5 ± 4.4 

 

 

 



3.2. Adsorption kinetics  

In the course of kinetic experiments pH increased from 2.0 to 3.5 for the K-CFA and around 6.25 

for the rest of samples while the conductance decreased from 2680 µS/cm to 840 µS/cm for K-CFA 

and to ca. 750 µS/cm for the rest of the samples. Approximately the same final pH and 

conductance values were observed for the K-ZFA reference reactors, i.e. K-ZFA in ultra-pure water. 

Thus, the drop in the conductance can be attributed to cation exchange mostly between H+ in the 

solution and Na+ on the surface owing to the significant difference in their conductivities, which is                             

34.96 mS m2/mol and 5.01 mS m2/mol at 298 K, respectively (Atkins and Paula, 2009).  

According to the adsorption kinetics results, Ag-NPs containing composite reached an equilibrium 

removal of 99% in just one day, ZFA 91.3% in 14 days, R-ZFA 77.5% in 21 days and the lowest 

removal was demonstrated by CFA, 9.7% reached in 29 days. Thus, both the removal rate and 

maximum removal at equilibrium follow the same order: Ag-ZFA > K-ZFA > R-ZFA >> K-CFA (Fig. 4). 

This order correlated with the BET surface area order of the materials, demonstrating adsorption 

as the predominant removal mechanism.  

 

 

Fig. 4. Adsorption kinetics of Hg2+ from aqueous solutions.  



As it is shown PSD analysis the average particle size of the nanocomposite is lower than this of the 

zeolite, which contributes to very high adsorption rates in the former. Note that even though R-

ZFA has the smallest particle size it demonstrates much slower kinetics in comparison with Ag-ZFA, 

which shows that the adsorption rate is not determined by the particle size alone. Thus, surface 

area and particle size alone cannot explain the results. Another contributing factor could be the 

result of the redox reactions between Ag°/Ag+ (+0.80 V) and Hg2+/Hg° (+0.85 V) (Henglein and 

Brancewicz, 1997; Sumesh et al., 2011). In this work, we support the hypothesis that there are 

three co-existing mechanisms, namely surface adsorption, Hg2+ reduction to Hg° followed by 

surface precipitation and formation of the silver amalgam or alloy (AgxHgy). Several studies 

conducted in the field of selective sensors for the detection of Hg using Ag NPs-containing 

substrates report amalgamation reactions between the two metals (Deng et al., 2015; Panichev et 

al., 2014). Furthermore, the study of Pang and Ritchie (1982) describes two different mechanisms, 

namely  dissolution and displacement reactions, where the precipitated mercury amalgamates 

with the precipitated silver.    

As shown in Fig. 5, a distinctive decrease of Ag NP major peaks and formation of AgCl on XRD of 

Ag-ZFA after adsorption with 10 g/m3 HgCl2 solution was observed, which supports this 

hypothesis. The Ag NP peak disappearance upon interaction with mercury was also observed by 

Sumesh et al. (2011), where the authors revealed the formation of paraschachnerite Ag3Hg2 that 

has an orthorhombic crystal structure. The Hg2+ reduction and amalgamation were also observed 

by  Henglein and Brancewicz (1997) and Henglein (1998) and who suggested the following 

reactions Hg2+ and Ag NPs:    

Agm + (m/2) Hg2+ → mAg+ + (m/2) Hg    

Agn + Hg2+ → Ag(n-2)Hg + 2Ag+             



 

Fig. 5. XRD spectra of ZFA and Ag-ZFA with Hg (II)  

 

The study of the samples loaded with mercury under the TEM (Fig. 6 and 7) revealed the nature of 

the new formation. In case of samples loaded with mercury, the metallic Ag particles have been 

significantly reduced in quantity and in size, presenting a distribution with an average size of 10-20 

nm. Mercury, except being absorbed and bound in the zeolite matrix, was also detected as 

metallic Hg, always coexisting with Ag, presenting fluid formations, not dispersed but mainly 

agglomerated, developing dark long fibrils or non-transmitted large spots.     

 

  

Fig. 6. TEM and EDX analysis of Ag-ZFA sample loaded with Hg (II) 



   

STEM micrograph Hg – Mercury Ag – Silver 

Fig. 7. TEM mapping of Ag-ZFA with Hg (II)  

 

Another factor that possibly affects the Hg2+ removal is the surface charge of the materials. This 

can be studied by measuring their point of zero charge (pHZPC), which determines the 

electrophoretic mobility where the net charge of the particle is zero. According to the results, the 

pHZPC of ZFA and Ag-ZFA is about 4.5 (Fig. 8).  

 

    

Fig. 8. Zeta potential values (mV) at different pH: ZFA (left) and Ag-ZFA (right)   

 

These data imply that at any pH lower than 4.5, where most mercury is removed from solution, 

both materials have a positive surface charge that should repeal positively charged Hg2+ cations. 

However, an overlooked aspect in the related literature is the speciation of ions in solutions, 

especially in the presence of complexing agents such as Cl- ions. The speciation of the system 

studied is presented in Fig. 9. Evidently, at the pH < 4.5 the predominant species is a neutral 



soluble HgCl2.Thus, the surface charge is not expected to affect the uptake of Hg species under 

these conditions.  

 

Fig. 9. Speciation of 10 g/m3 Hg2+ solution (0.05 mmol Hg2+, 0.1 mmol Cl-) [Diagram created by Medusa software]  

 

3.3. Leaching experiments and adsorption capacity 

It is important to study the leaching levels of adsorbed mercury since the ultimate goal of the 

research is to safely store the adsorbed metal in either an ionic state or an amalgam/alloy. 

According to the results, the Ag-ZFAs showed impressive storing capability, as the leaching of 

adsorbed Hg2+ is less than 1% in both strongly acidic and neutral conditions. The amount of 

leached  Hg2+ is 4- to 8-fold lower than in respective parent zeolite (Table 5).   

Table 5. Leaching experiment of Hg2+ under strong acidic and neutral mediaa  

Adsorbent type 
Total  

adsorbed Hg  
Leached Hg  
after 12 d  

Leached Hg  
after 12 d  

[mg] [mg] [%] 

CFA (pH 7.0) 0.92 0.015 1.63 
CFA (pH 2.0) 0.95 0.065 6.84 
ZFA (pH 7.0) 6.06 0.195 3.22 
ZFA (pH 2.0) 5.88 0.215 3.66 
R-ZFA (pH 7.0) 4.25 0.230 5.41 
R-ZFA (pH 2.0) 4.14 0.365 8.82 
Ag-ZFA (pH 7.0)  7.69 0.060 0.78 
Ag-ZFA (pH 2.0)  7.69 0.070 0.86 

             aThe experimental conditions: 0.75 g of material in 50 cm3 of 150 g/m3 HgCl2 solution 



Similar studies were conducted in (Derkowski et al., 2006) where authors observed significantly 

higher leaching in CFAs compared to ZFAs. Hence, these silver NP-containing materials can be 

safely stored and utilized in natural systems, possibly with some pre-treatment. These results also 

support the hypothesized amalgamation mechanism in the nanocomposite material. Finally, the 

adsorption capacity of the zeolite and Ag-nanocomposite at 10 g/m3 was measured to be 0.4 and 6 

mg/g, respectively. The results reveal that the silver-containing composite has a much higher 

adsorption capacity than the parent zeolite.  

4. Conclusions 

The novel CFA-derived nanocomposite with Ag NPs in the range of 5 and 40 nm, its parent K-CFA 

and synthetic zeolite K-ZFA were successfully applied for Hg2+removal from water. The adsorption 

kinetics of Hg2+ on K-ZFA, Ag-ZFA and respective reduced material R-ZFA has shown that the 

nanocomposite demonstrate a strong (<99%) and fast adsorption (<24 h) compared with parent K-

ZFA and K-CFA. The characterization on XRD, TEM/EDX and mapping of post-adsorption materials 

has shown that the dominating mechanisms of mercury uptake in zeolites is physical adsorption, 

whereas in nanocomposites a combination of adsorption, redox reaction producing Hg° and finaly 

amalgamation take place. The hypothesis of amalgamation reaction explains the superiority of the 

nanocomposite and is supported by the leaching experiments as well. This preliminary study 

demonstrated the ability of the fly ash derived nanocomposite to remove Hg2+ from water at 

relatively low loading of Ag NPs. The removal is much faster and leachability much less than this of 

the parent zeolite justifying the use of silver in the nanocomposite. Nevertheless, further 

experiments are needed in order to better understand the mechanism of Hg2+ uptake and evaluate 

the costs and benefits of using Ag NPs in CFA-derived nanocomposite materials.    
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