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Abstract  

The practical applications of nano-scale zero valent iron (nZVI) particles in flow-

through treatment systems are limited due to unfavorable mechanical and hydraulic 

properties caused by their tiny size. On the other hand, nZVI, when dispersed within suitable 

host material, can overcome these limitations to have synergistic improvement in its 

adsorption capacity. This study aims to synthesize, characterize, validate the performance of 

hybrid cation gel exchanger dispersed with nZVI particles, named as C100-Fe0, for selective 

trace Pb(II) removal from contaminated water. C100-Fe0 had Fe content of approximately 

22% w/w as determined by double acid digestion method. The characterization studies 

revealed that nZVI particles of size range 20 nm were well dispersed throughout the gel 

phase of the polymeric resin beads; XANES spectral analysis confirmed the presence of zero 

oxidation state of Fe nanoparticles within both the newly synthesized and regenerated C100-

Fe0. Equilibrium batch studies demonstrated that Pb(II) adsorption capacity was unaffected 

by the presence of high concentration of competing ions such as Na+and Ca2+ ions whereas, 

presence of SiO2 decreased the capacity. The batch adsorption isotherm fitted well with 

Freundlich model.  During column study with C100-Fe0, breakthrough of USEPA 

permissible limit of 15 µg/L was observed after the passage of 4,200 bed volumes of 

challenge water (NSF/ANSI Std.53) having Pb(II) concentration of 150 µg/L. More than 87% 

of adsorbed Pb (II) could be recovered within 15 bed volumes during regeneration with acid. 

Wide availability and low price of iron salts as well as of cation exchange resins, combined 

with the possible reusability make C100-Fe0 an attractive option for use in the field for 

removal of Pb(II) from contaminated water. 

 

Key words: Lead, Nanoscale Zero Valent Iron, Adsorption, XANES, EXAFS 



  

3 

 

1. Introduction 

The problem of heavy metal contamination in the environment is a major concern due 

to their toxicity and tendency to accumulate and bio-magnify within the food chain, causing 

wider damage to the ecosystem. Most of these heavy metals can be extremely toxic even at 

trace concentrations. Lead (Pb2+) is one such toxic heavy metal that is released to the 

environment in large quantities every year. The sources of lead released into the environment 

can be both natural weathering processes and anthropogenic activities namely, electroplating, 

battery manufacturing, mining. In human being, lead is known to be accumulated mainly in 

kidneys, muscles, bones, nervous, and blood circulatory system causing several 

manifestations such as abdominal pain, fatigue, depression/mood changes, diminished 

cognitive performance and hand dexterity[1-4]. The USEPA (EPA, 2013) has set a 

permissible limit of 15 µg/L in drinking water while Thailand Pollution Control Department 

(PCD) has set the standard of lead in the drinking and industrial effluents as 50 and 200 µg/L, 

respectively.   

In order to comply with the regulatory limits, various technologies relying on 

conventional methods such as chemical precipitation, ion-exchange, and reverse osmosis 

have been adopted [5-7]. However, each of these methods suffers from one or more of the 

following drawbacks: high cost, generation of voluminous sludge, and poor removal 

efficiency due to high solubility product values of precipitating salts. In contrast, removal 

using adsorption shows higher efficiency and better economics as a result of potential for 

selective removal, regeneration and reuse of the adsorbent, and recovery of metals from 

wastewater.  

Nanoscale zero-valent iron (nZVI) particles have shown good potential for removal of 

various metals such as Co2+, Cu2+, Pb2+, Ni2+ from contaminated water and wastewater [8]. 

However, bare nZVI particles also suffer from disadvantages such as formation of 
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aggregates, reduction in specific surface area, production of a less negative redox potential, 

high pressure drop in fixed-bed column operations, low-to no- reusability, lack of durability 

and mechanical strength. In order to solve this problem, several attempts have been made to 

immobilize the n-ZVI into porous host materials. For the last 5 years, nZVI supported various 

materials have been widely investigated. They can be classified as (1) natural minerals such 

as pillared clay [9], pumice granular [10, 11], acid activated sepiolites [12, 13], 

montmorillonite [14-16], kaolin [17], bentonite [18, 19], zeolite [20, 21], biochar [22, 23], 

and char coal [24]; (2) biomaterials namely, aquatic plant Azolla filiculoides [25], walnut 

shell [26], macroporous alginate [27, 28]; and (3) synthetic materials such as anion exchange 

resin [29], chelating resin [30], mesoporous silica carbon [26], activated carbon[31, 32], 

cationic resin [33], graphene oxide [34, 35] , magnesium (hydr)oxide [36, 37], layered double 

hydroxide [38, 39], titanate nanotube [40], carbon nanotube [41], and porous carbon sheet 

[42]. However, most of the studies focused onto the basic equilibrium batch study only. They 

lacked the use of column experiments as well as in depth study about the phase change and 

adsorption mechanism to elucidate interaction between Pb2+ and nZVI. 

From the previous studies, it was understood that toxic heavy metal cations can be 

concentrated inside a cation exchanger having negatively charged (SO3
-) fixed functional 

groups due to the Donnan membrane effect [43]. Therefore, the dispersion of nZVI inside a 

cation exchanger host should have improved potential to remove the target heavy metals.  

Note that, the cation exchangers alone can be used for the removal of heavy metal ions such 

as Pb2+, Cu2+, Ni2+, etc. However, most of contaminated water has, apart from these heavy 

metal ions, other competing cations such as Ca2+, Na+, etc. at a much higher concentrations 

compared to these heavy metal ions. Therefore, unless there is presence of any specific 

interaction other than electrostatic interactions for these trace heavy metal ions, it is not 

possible to effectively remove the target heavy metal cations from the background of the 
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other commonly occurring cations. Chelating resins with specific functional groups such as 

iminodiacetic acid exhibit high selectively toward heavy metals compared to these competing 

cations. However, they have limited applications, primarily due to the high cost of these 

chelating resins.  

This research was taken up to develop a reusable gel cation exchange resin containing 

nano-scale zerovalent iron (C100-Fe0) for trace lead removal from the natural water sources. 

To the best of our knowledge, this is the first instance to show that impregnating nZVI into a 

gel type cation exchange resin as a host material improves the target Pb2+removal capacity 

from contaminated water. The mechanism behind the superior Pb2+ removal by a hybrid 

cation exchanger impregnated with nanoscale zero valent iron (C100-Fe0) is illustrated in the 

Fig. 1. In the presence of dissolved oxygen or other oxidants, nZVI gets oxidized to Fe2+/Fe3+ 

and subsequently, there is a formation of Fe2+/Fe3+ oxide layer as shell on the top of the core, 

which is still Fe0 or zero valent iron. Because of high density of negatively charge fixed 

functional groups (SO3
-), Pb2+ ions are attracted inside the hybrid material due to the Donnan 

membrane effect and then get adsorbed onto the surface of iron oxide on the dispersed nZVI, 

through the formation of inner sphere complex. The objectives of this study were to: (1) 

synthesize a reusable gel cation exchange resin containing nano-scale zero valent iron (C100-

Fe0), (2) perform characterization of the C100-Fe0 through XRD, SEM-EDX, TEM, XANES, 

EXAFS and pHpzc analyses, (3) investigate the effects of pH and competing ions, on the 

adsorption, equilibrium, and kinetics, and (4) assess the lead removal efficiency and 

reusability through fixed-bed column runs. 

Space for Fig.1 

 

Fig. 1 Diagram of a reusable gel cation exchanger containing nano-scale zero valent iron 
(C100-Fe0). 
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2. Materials and methods  

2.1 Materials and chemicals 

Analytical grade chemical reagents namely, lead nitrate (Pb(NO3)2), iron (III) chloride 

hexahydrate (FeCl3.6H2O), sodium borohydride (NaBH4), absolute ethanol (C2H6O), sodium 

hydroxide (NaOH), and hydrochloric acid (HCI) were  used in this study. The pH was 

adjusted by using 0.1 M sodium hydroxide (NaOH) or 0.1 M nitric acid (HNO3), depending 

on the requirement. The cation exchange resins (C100 and C145) and granular activated 

carbon (FILTRASORB 600) used in this study were kindly provided by M/S Purolite and 

Calgon Carbon Company, respectively.  Table 1 provides salient properties of the cation 

exchanger used in the study; however, no particular endorsement is implied; similar cation 

exchange resin and GAC from other manufacturers can also be used. 

Table 1. Salient properties of polymeric cation exchangers 

Properties Purolite C100 Purolite C145 
Structure Polystyrene crosslinked with divinylbenzene 

 
 Gel  Macroporous  
Functional group Sulfonic acid Sulfonic acid 
Reversible swelling, Na+>H+ 8% 6 % 
Exchange capacity 2 (eq/L) Na+ form 1.5 (eq/L) Na+ form 
Moisture retention Na+ form 44-48 % 55-60% 
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2.2 Preparation of hybrid nano-adsorbents 

 For the synthesis of different hybrid materials, cation exchangers (C100 and C145) 

and granular activated carbon (GAC) were used as support material in which nano-scale zero 

valent iron particles (nZVI) were immobilized in situ via two steps as shown in eq. 1-3. First, 

Fe3+ ions were incorporated within the porous support via adsorption and/ or ion exchange at 

the respective functional groups of the porous support. Next, the adsorbed Fe3+ ions were 

reduced to Fe0 by subjecting the porous support material to NaBH4 solution. Briefly, 10 g of 

cation exchange resin or GAC was added to 80 mL of 5% w/v of FeCl3·6H2O solution kept in 

a 250 mL polyethylene bottle. The mixtures were shaken in a gyratory shaker for 3 hours at 

room temperature 24±1.0 ºC, and then the resultant solution was filtered to separate the solid 

beads or GAC before they were air dried for 12 hrs. The dried resin or GAC was then 

transferred into 80 mL of 0.5% NaBH4 solution kept in a beaker and the mixture was shaken 

for 1 hr. The cation exchange resin or GAC which was now expected to get impregnated with 

nZVI dispersed within, was drained, washed with deoxygenated DI water, and was stored in 

ethanol solution so as to prevent it from any further oxidation .  

3R�SO�
��Na������������������ + Fe���aq� 	↔ R�SO�

���Fe
������������������� + 3Na��aq�     (1) 

R�SO�
���Fe

������������������� + 3NaBH� 	↔ 	3R�SO�
��Na������������������ + Fe��	�aq� + 3BH�

��aq�	    (2) 

4Fe��	�aq� + 3BH�
��aq� + 9H�O	 ↔ 4Fe��s� + 3H�BO�

��aq� + 6H��g� + 12H
��aq�  (3) 

2.3 Characterization studies  

 Characterizations of C100-Fe0 were performed by X-ray diffraction (XRD, Bruker D8 

Advance), scanning electron microscope with energy dispersive X-ray (SEM-EDX, Hitachi 

S3000N), transmission electron microscope (TEM, JEOL JEM-2010F), and pH point of zero 

charge (pHpzc). For XANES and EXAFS experiments, the Fe K-edge spectra were measured 
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in the fluorescence mode with a 4-channel Si drift detector at the SUT-NANOTEC-SLRI 

XAS beamline (BL5.2), Synchrotron Light Research Institute (Public Organization), 

Thailand. For the acquisition of all spectra, a Ge (220) double crystal monochromator with an 

energy resolution (∆E/E) of 2 x 10-4 was used to scan the synchrotron X-ray beam.  

2.4 Batch equilibrium experiments 

The batch experiments were conducted in order to investigate the effect of support 

materials (cation exchange resin (C100 and C145) and granular activated carbon (GAC)), 

loading cycles (1 to 4 cycles), solution pH (pH 4 to 7), and competing background ions (Ca2+, 

Na+, SiO2). The effect of support materials on the removal capacity was studied to find the 

most suitable supporting material for achieving highest lead removal efficiency. In this 

experiment, 0.2 g of each parent and hybrid materials were added into 0.5 L of solution 

containing Pb2+ ions at concentration of 15.0 mg/L and having pH of 5.0±0.5 along with the 

presence of  100 mg/L each of Ca2+and Na+ used as background concentrations of co-

occurring ions. After shaking for 38 hrs, the Pb2+ uptake capacities (q) of different hybrid 

materials were calculated based on mass balance and were represented as mg Pb2+/g of hybrid 

adsorbent. Eq. 4 shows the mass balance based approach to calculate the equilibrium 

adsorption capacity.  

� = 	
!�"#�"$�

%
       (4) 

where q is lead uptake capacity (mgPb2+/g adsorbent), V is the volume of test 

solution, Co and Ce are the initial and equilibrium concentrations of Pb2+ in the aqueous 

solution, respectively and m is the mass of the adsorbent used. The hybrid adsorbent that 

demonstrated highest Pb2+ uptake capacity was used for further batch and fixed-bed column 

investigations concerning effect of number of Fe loading cycles, characterization studies, 
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effect of solution pH, competing ions, and adsorption and desorption equilibrium and 

kinetics.   

The effect of Fe loading cycles on the Pb2+ uptake capacity was investigated to 

optimize the preparation process of the hybrid adsorbent. For this study, the hybrid 

adsorbents prepared by varying the number of Fe loading cycles were chosen and their 

equilibrium Pb2+ adsorption capacity was determined by subjecting the same mass of 

adsorbent to solution containing 10 mg/L Pb2+ at pH 5.0±0.5 with 100 mg/L each of Ca2+ and 

Na+ ions. In order to determine the effect of solution pH on the adsorption capacity, the same 

amount of adsorbents was exposed to different identical solutions of same Pb2+ concentration 

but with pH varying from 4 to 7. The pH of the solutions was adjusted periodically during the 

course of batch experiment until stable using 0.1 M sodium hydroxide (NaOH) and/ or 0.1 M 

nitric acid (HNO3).  Effect of competing ions on the adsorption capacity was determined by 

subjecting the same mass of adsorbent to solutions containing Pb2+ concentration of 10 mg/L 

but with varing concentrations (50-200 mg/L) of the background competing entities such as 

Ca2+, Na+ and SiO2 while the pH was maintained at 5.0±0.5. 

In order to obtain adsorption equilibrium data for hybrid ion exchanger for adsorption 

of Pb2+, 1.0 g of C100-Fe0 was added into each of the 8 bottles containing solutions at Pb2+ 

concentrations of 5, 20, 40, 80, 100, 150, 200, and 400 mg /L at pH 5.0±0.5 and the contents 

were shaken in a gyratory shaker at a speed of 100 rpm for 72 hours until equilibrium is 

attained. All samples were analyzed in duplicate with control. The equlibrium adsorption 

capacity was measured using eq. 4. Adsorption capacities of C100-Fe0 at different 

equilibrium concentrations  can be described by Langmuir and Freundlich sorption models 

indicated in equations 5 and 6, respectively;      
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q = 	
&'()

�*�'()�
            (5) 

q = K,C.

/

0       (6) 

where Q is the maximum lead uptake capacity (mgPb2+/g), b is the Langmuir 

adsorption constant (L/mg), Kf is the Freundlich constant indicated the relative adsorption 

capacity of the adsorbent (mg/g), and 1/n is the adsorption intensity. Pb2+ concentrations in 

the solutions were measured using Flame Atomic Absorption Spectrophotometer (FAAS) 

(Perkin Elmers, model AAnalyst 800). Before measurement, 10 mL of aqueous sample was 

acidified with 1.0 mL of 1.0 N HNO3. For the kinetic study, 0.2 g of C100-Fe0 was added to 

0.5 L of solution containing 10 mg /L Pb2+ at pH 5.0±0.5 in 1.0 L beaker. The contents were 

continuously stirred using a jar test apparatus. Aqueous samples were collected at 

predetermined time intervals up to 400 minutes after the start of the experiment. The Pb2+ 

adsorption rate by C100-Fe0 over time was calculated and fitted with the intraparticle 

diffusion model (Eq. 9) to explain the diffusion behavior.  

2.5 Fixed-bed Column Runs and Regeneration 

Fixed-bed column runs for all experiments were performed using an epoxy coated 

glass column with 11 mm diameter (Kimble Chase), a constant flow pump (Watson Marlow 

505U) and a fraction collector (Eldex U200). Synthetic contaminated solution representing 

the natural water containing 150 µg/L of Pb2+ at pH 6.5 was prepared by following 

NSF/ANSI Std. 53 and used as feed water in fixed-bed column experiments. The effluent 

samples were collected by a fraction collector, and then Pb2+ contents were measured using a 

Graphite Furnace Atomic Adsorption Spectrophotometer (GFAAS) (Perkin Elmers, model 

AAnalyst 800). The regeneration was performed by the passage of a solution containing 2% 
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HNO3 and 1% FeCl3.6H2O, followed by another solution having 0.5% NaBH4 was used to 

regenerate the exhausted materials. Fig. . . . 2 shows a schematic diagram of the experimental 

setup containing fixed-bed column used for adsorption and regeneration runs. Typically, 

results of the column studies have been represented as a plot of normalized concentration i.e. 

fraction of concentration in the outlet, (C/C0) vs. bed volumes (BVs). Note that BV 

represents the volume of water passed through the column per volume of the bed (C100-Fe). 

Space for Fig.2 

Fig. 2 Schematic diagram of the test setup for fixed-bed column runs and regeneration.  

3. Results and Discussion 

3.1 Selection of porous host for hybrid adsorbent: effect on the Pb
2+

 adsorption capacity 

Fig. 3 shows the comparison between the Pb2+ adsorption capacities of different types 

of porous host materials and the hybrid adsorbents prepared by dispersing nZVI inside the 

host material. The same mass of each of the adsorbents were exposed to contaminated 

solutions of identical volume and composition. Fig. 3 indicates that for all the host material, 

the hybrid material always showed better adsorption capacity than its virgin version. The 

highest Pb2+ uptake capacity was observed for the hybrid adsorbent C100-Fe0 which showed 

a capacity of approximately 22.5 mg Pb2+/g adsorbent whereas C145-Fe0 showed the second 

highest uptake capacity of approximately 18 mgPb2+/g adsorbent. Both the granular activated 

carbon (GAC) and its hybrid version showed much lower adsorption capacity. The results 

showed that dispersing nZVI in the porous host material helped improve Pb2+uptake capacity. 

A closer look in Table 1 reveals that the ion exchange capacity of the parent cation 

exchanger C100 is higher than that of C145. This means that, compared to C145, C100 shall 
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have much higher Donnan inclusion effect for cations, resulting in higher concentrations of 

partitioning of Pb2+ inside the cation exchanger. Therefore, given the same loading of nZVI 

inside the hybrid cation exchanger and other parameters being the same, C100 should result 

in higher equilibrium uptake of Pb2+ as compared to C145. The results also proved the above 

logical disposition. C100-Fe0 demonstrated maximum uptake rate; it was considered for further 

experiments.   

Functional group of the parent material can play an important role to enhance target 

pollutant removal capacity. In our earlier work, we found that arsenic and fluoride removal 

were greatly enhanced when hydrated Zr(IV) oxide nanoparticles were dispersed into the 

polymeric anion exchanger containing high density of fixed positively charge quaternary 

amine (R4N
+) functional groups [44-46]. Based on the Donnan membrane principle, the 

hybrid nanoadsorbent could be engineered by using the suitable supported materials to 

achieve the synergistic adsorption effects [47]. The result from Fig.3 confirmed that the Pb2+ 

uptake capacity from cation exchange based adsorbent was significantly greater than non-

functional group GAC assuming the nZVI content in both material was not significant 

different. 

Space for Fig.3 

Fig.3 Batch equilibrium tests for lead removal using various adsorbents. 

3.2 Effect of multiple loading cycles  

Fig. . . . 4    shows the effect of multiple Fe0 loading cycles on the Fe0 content on the C100-

Fe0 and also on the Pb2+ adsorption capacity of the hybrid adsorbent.  As can be expected, the 

Fe0 content of the hybrid adsorbent increased with the increase in the number of Fe loading 

cycle from 1 to 4. However, the incremental benefit of higher number of loading cycles 



  

13 

 

became smaller as the number of loading cycles increased. After 4 cycles of loading, the Fe0 

content reached to 225 mg Fe0/g adsorbent. Pb2+ uptake capacity also followed the same 

trend as the Fe0 loading; it reached to almost a constant value of 13 mg Pb2+/g adsorbent. It 

may be noted that the sorption capacity did not increase in proportion to the increase in Fe-

loading on the hybrid ion exchanger. The overall adsorption capacity did not increase in 

proportion to the increase in the Fe-loading on the hybrid ion exchanger. The overall 

adsorption capacity depends on the surface area available for adsorption. Obviously, more Fe 

loading should mean more nZVI inside the ion exchanger. However, higher Fe loading does 

not necessarily mean that there was an increase of available surfaces for adsorption. There 

might be aggregation of nZVI nanoparticles inside the hybrid ion exchanger, resulting in 

lower adsorption capacity than expected. 

Space for Fig.4 

Fig. 4 Effect of nZVI loading cycles on the amount of iron dispersed within the hybrid cation 

exchanger and on the corresponding Pb2+ uptake capacity.  

3.3 Characterization of the hybrid adsorbent C100----Fe
0
 

C100-Fe0 was characterized through studies conducted using different imaging 

techniques. Fig. 5 shows the results of scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDX) study done on C100-Fe0.  .  .  .  The SEM image in    Fig. 5A 

shows that C100-Fe0 were spherical bead-like in shape, having size range of approximately 

500 µm. Fig.    5B shows the morphology of the gel type C100-Fe0 in 10,000X magnification 

as obtained from the SEM study. An estimate of Fe content as obtained by EDX study of 
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C100-Fe0 is shown in Fig. 5C. The study revealed that the Fe content was approximately 

10% by weight. 

Space for Fig.5 

Fig. 5 (A) Enlarged view photograph of the C100-Fe0 (~500 µm diameter bead); (B) SEM of 

gel-type C100-Fe0 (10,000X); (C) Energy dispersive X-ray spectroscopy (EDX) spectrum of 

the material (10% Fe w/w) including iron mapping. 

Fig. 6 shows a transmission electron microscopy (TEM) micrograph of the interior of 

C100-Fe0. The size distribution Fe0 was studied using the Image J program and is also 

included in Fig 6. It shows that 97% particles were below 100 nm in size and about 50% of 

the particles had size of 20 nm or less. Fig. 7 shows the XRD diffractograms of C100-Fe0. 

The XRD results of fresh and used C100-Fe0, when compared with that of the standard 

crystalline Fe2O3, did not show any appearance of definite peak in XRD analysis. It implied 

that C100-Fe0 had amorphous phase. The amorphous structure exhibits higher surface area as 

compared to the crystalline structure, which might result in high adsorption capacity.  

Space for Fig.6 

Fig. 6 Transmission electron microscopy (TEM) of C100-Fe0. 

Space for Fig.7 

Fig. 7 Comparison of XRD diffractograms between a freshly prepared C100-Fe0 and used 

C100-Fe0 with standard Fe2O3. 

In order to reveal the valence states and local structure of Fe atoms in samples, 

XANES and EXAFS data were carefully analyzed. The normalized XANES and EXAFS data 

were processed after background subtraction in the pre-edge and post-edge regions using the 

Athena software which is included in an IFEFFIT package [48, 49]. Fig. 8 shows the XANES 
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spectra for C100-Fe0 samples and the same was compared with that of Fe0, Fe2+ and Fe3+ 

standard samples. From XANES results, it can be concluded that the new synthesized 

material (C100-Fe0) had a mixed Fe oxidation state of zero (Fe0) and 2 (Fe2+). The XANES 

spectra of used C100-Fe0 resembled more with Fe3+ standard, suggesting that in the used 

adsorbent there was a structural change to the solid particles causing transformation of Fe0 

and Fe2+ to the  trivalent state of Fe (Fe3+). The XANES spectra of the regenerated C100-Fe0 

matched with the freshly prepared C100-Fe0 suggesting that after regeneration, Fe3+ at the 

surface again transformed back to its original state.  

Space for Fig.8 

Fig. 8 XANES spectra for C100-Fe0 samples comparing with Fe0, Fe2+ and Fe3+ standards. 

Additionally, in order to confirm an existence of Pb substitutions in C100-Fe0 

structure, EXAFS results at Fe K-edge were carefully analyzed as presented in Fig. 9A. 

Similar works were reported using EXAFS and DFT techniques to elucidate the sorption 

mechanism between U(VI), Cu(II), and Sr(III) on graphene oxides (GO) through the 

formation of inner or outer sphere complexes [50-52]. In this study, EXAFS was used to 

confirm the presence of Pb(II) bonded with the surface of Fe(III) (hydr)oxide shell. The inter-

atomic distances between Fe-Fe, Fe-O, and Fe-Pb were approximately found out (no phase 

shift correction) at 1.50 Å (peak A), 2.70 Å (peak B) and 3.30 Å (peak C), respectively. 

Especially, there is a broad peak at point C; the observed Fe-Pb bond distances are similar to 

the reports [53, 54] found in open literature on Fe-As bond distances which are in a range of 

3.12 Å for edge sharing and 3.65 Å for corner or isolated bidentate sharing complexes. Thus, 

it might be concluded that Pb2+ adsorption on C100-Fe0 was a strong adsorption leading to 

formation of inner-sphere type complexes rather than outer-sphere type weak complexes 

where the mean distance of Pb atom from oxygen only surface was reported to be 
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approximately 4.2 Å [55]. Fig. 9B illustrates a schematic of the proposed Pb2+ adsorption 

mechanism onto the surface of iron oxide through the formation of bidentate inner-sphere 

complex. 

Space for Fig.9 

 Fig....    9 (A) EXAFS results at Fe K-edge and (B) Proposed mechanism of Pb2+ adsorption 

onto the surface of iron oxide through the formation of bidentate inner-sphere complex. 

3.4 Batch studies 

Fig. . . . 10A    shows a plot of the change in pH value (∆pH) versus initial pH recorded 

before and long after a known mass of adsorbents was added to solutions having different pH 

values. The point of inflection or the initial pH value at which there is no change in the final 

pH value of the solution after the addition of the adsorbent is known as the point of zero 

charge (pHPZC) of the adsorbent, a pH at which the net charge on any surface becomes equal 

to zero. It may be observed that the parent C100 and hybrid adsorbent C100-Fe0 exhibited 

pHPZC values equal to 6.6 and 2.8, respectively. The inference is that the surface of C100-Fe0 

becomes the negatively charged at pH > 2.8, rendering the adsorbent with capability of 

attracting positively charged moieties over a broad range of pH. At elevated pH, the 

dissolution kinetics of oxygen in water is high, so conversion of Fe0 into Fe3+ shall also be 

favored. During service cycle, the nZVI dispersed inside the C100-Fe0 was oxidized 

primarily by H2O forming “core shell structure” as shown in the eq. 7-8. 

Fe� + 3H�O	 → Fe
���aq� + 1.5	H��g� + 3OH

��4��  (7) 
 

Fe���aq� + 3H�O	 → Fe�OH���s� + 3H
��4��   (8) 
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Note that nZVI has a standard reduction potential of -0.440 V and is able to release 

electron quickly due to its large surface area. Since Pb(II) has standard reduction potential (-

0.126) slightly higher than metallic iron, reduction of Pb(II) to Pb0 as shown in eq. 9 is 

slightly occurred.  

Pb���aq� + 	Fe��s� → Fe���aq� + Pb��7�   (9)  

 

 Most of Pb2+ removal mechanisms come from adsorption onto the iron oxide occured 

on the shell of nZVI particles. Based on the point of zero charge (PZC) of C100-Fe0, 

amorphous hydrated Fe(III) oxide (HFO) nanoparticles can be approximated as a diprotic 

acid with the following two acid dissociation constants (pKa) as shown in eq. 10-11: 

≡ FeOH�
� 	↔				≡ FeOH + H��aq�				     (10) 

≡ FeOH	 ↔				≡ FeO� +H��4��     (11) 

At the pH greater than 2.8 (pHPZC), the charge at the surface of HFO on the shell of 

core nZVI will deprotonated to ≡FeO-. Lead ions can be strongly adsorbed onto the surface of 

HFO nanoparticles via both Coulombic and LAB interactions. Under acidic conditions 

maintained during regeneration, the surface of ferric oxide formed on the shell structure of 

nZVI becomes protonated to FeOH2
+ thereby forcing Pb2+ out of the surface through 

electrostatic repulsion, causing Pb2+ to desorb from the hybrid adsorbent. Hence, the solution 

pH is likely to be an important process parameter which should control the Pb2+ adsorption 

capacity of the adsorbent. We varied the solution pH from 4 to 7 so as to assess the Pb2+ 

uptake at different pH. Fig.10B shows the results of the study. Pb2+ uptake capacity increased 

with the increase in pH, and reached the highest value of approximately 14.5 mgPb2+/ g 

adsorbent at pH 7. The pH was not increased beyond this point as practically it becomes 

expensive to raise the pH by adding alkali from outside.  

Space for Fig.10 
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Fig.... 10    (A) ∆ pH versus initial pH of C100-Fe0 in 0.1 M NaCl solution at 298 K. (B) Effect 

of pH of C100-Fe0.... 

The real life use of the adsorbent shall demand a high degree of selectivity for the 

adsorption of Pb2+ because of the possible presence of other naturally occurring competing 

species in surface water, groundwater, or industrial wastewater.  Three competing species 

(Na+, Ca2+, and SiO2) were chosen to investigate such effect under varying concentration up 

to 200 mg/L. The result of the study is shown in Fig....11. It may be observed that the presence 

of Na+ and Ca2+did not affect Pb2+ uptake capacity of C100-Fe0 whereas SiO2 affected the 

adsorption capacity. Pb2+ ions, being d-block element, can make stable inner sphere 

complexes with hydrated ferric oxide surface via Lewis acid-base (LAB) interaction while 

Na+ and Ca2+ having outer electronic configuration like inert gases, cannot make inner sphere 

complexes with the ferric oxide surfaces. So, due to higher LAB interaction, the adsorption of 

Pb2+ is favored over Na+ and Ca2+ ions. Therefore, the presence of competing species such as 

Na+ and Ca2+ at higher concentrations could not interfere with the uptake of trace Pb2+ ions. 

Dissolved silica at high concentration is known to react with hydrated ferric oxide surface in 

the pH range between 5 and 6, to form surface groups such as FeSiO3(OH)4 and 

FeSi2O2(OH)5 [56], which either interfere with the LAB or the electrostatic interactions 

between the hydrated ferric oxide and Pb2+ ions. At higher silica concentrations the sorption 

density on the ferric oxide surface is much higher, resulting in stronger interference. 

Space for Fig.11 

Fig. 11    Effect of competing ions on Pb(II) removal capacity.  

The adsorption isotherms of C100-Fe were fitted with Langmuir as well as Freundlich 

models and all parameters were estimated and summarized in Fig. 12. The Freundlich 
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adsorption isotherm model showed a much better fit with the experimental results obtained. 

This indicates that the adsorption is not a monolayer sorption as postulated in Langmuir’s 

model; rather, it is a result of multilayer adsorption. Comparison of Pb2+ adsorption capacity 

on different hybrid nZVI materials in the literature is provided in Table 2. Although high 

capacity hybrid nanoadsorbent can be synthesized, powder form adsorbents were hardly 

applied using fixed-bed columns. 

Space for Fig.12 

Fig. 12 The comparison of Pb(II) adsorption by C100-Fe0 between Langmuir and Freundlich 

Models (Non Linear).Fig. 13A shows the change in the aqueous phase concentration of Pb2+ 

over time and Fig. 13B showed the normalized fractional uptake (F) of Pb2+ by C100-Fe0 

versus time. Note that Pb2+ adsorption onto C100-Fe0 reached equilibrium at time of about 5 

hrs after the beginning of the experiment. The detail of the intraparticle diffusion model was 

described extensively in eq. 12 [57].		 	

9 =
:;

:<
= 1 − ∑

?@�@�*� .AB�
CD$EEFG

H ;

IH
�

J�J@�KG
H@H

L
MN* 																						   (12) 

The solid lines in Fig. 13A and 13B represent the model predictions of the 

intraparticle diffusion control kinetics. The best-fit effective intraparticle diffusivity, Dff was 

computed to be equal to12x10-5 cm2/s. This diffusivity parameter (Dff) obtained from C100-

Fe0 hybrid nanoadsorbent is higher than other hybrid polymeric supporting nanoparticles 

materials namely, 5 x 10-11 cm2/s [58], 8 x 10-11 cm2/s [59], 9 x 10-11 cm2/s [44].  

Space for Fig.13 

Fig. 13 (A) Aqueous lead concentration versus time during the batch kinetic test using C100-

Fe0, (B) fractional lead uptake (qt /q∞) versus time (t) from the batch kinetic test result in (A).  

3.5 Fixed-bed column runs  
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In order to examine the performance of C100-Fe0 in comparison to the other 

adsorbents, series of column runs were performed with the challenge solution containing 150 

µg/L of Pb2+ along with the background of competing ions through fixed bed columns 

containing different types of adsorbents under otherwise similar conditions. The time history 

plot of the outlet Pb2+ concentrations measured during the column runs are shown in Fig. 

14A. The adsorbents used were C100, GAC, C100-Fe0 and GAC-Fe0. The column containing 

C100-Fe0 ran for the longest; it could treat contaminated water containing 150 µg/L Pb2+ to 

produce treated water having concentration below the USEPA drinking water standard (< 15 

µg/L) at around 4,200 BVs whereas the parent cationic material (C100) could treat Pb2+ only 

until 1,800 BVs. For other two materials (GAC and GAC-Fe0), GAC-Fe0 could treat the 

contaminated water until 600 BVs whereas the GAC broke through at around 500 BVs.  

Fig. 14 B, in the inset of Fig. 14, shows the profile of Pb2+ concentration in the 

effluent of the column with respect to BVs of regenerant when the exhausted column was 

regenerated following the protocol indicated in the material and methods section. During 

regeneration, almost 89 % of adsorbed Pb2+ ions could be recovered within approximately 15 

BVs. After regeneration, C100-Fe0 was put in operation again under the identical condition as 

before. There is a chance that at low pH the iron oxide shell may partially get dissolved 

through formation of Fe3+ ion. However, even if such dissolution might have occurred, the 

liberated Fe3+ ion would have been strongly held back within by the cation exchanger through 

heterovalent ion exchange. To keep the dissolution of iron oxide coated onto the nZVI to as 

low as possible, diluted HNO3 was used for regeneration. The regenerant also contained fresh 

FeCl3 solution, which was followed up by NaBH4 solution to deposit more nZVI. The 

regenerated adsorbent could still treat Pb2+ for approximately 3,800 BVs in the second run 

which was slightly less than the previous one. This suggests that the adsorbent can be reused 
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for number of cycles without any significant drop in the Pb2+ removal capacity. The spent 

regeneration solution containing high concentration of Pb2+ and Fe3+ can be disposed of 

safely by co-precipitation method. 

Space for Fig.14 

Fig. 14 (A) Pb(II) removal on fixed-bed column runs using four different materials, namely, 

hybrid cation (C100-Fe0), hybrid granular activated carbon support nZVI (GAC-Fe0
), 

commercial cation exchange resin (C100), and commercial granular activated carbon (GAC) 

(B) Regeneration of C100-Fe0. 

4. Conclusion 

The experimental results showed that hybrid C-100 cation exchange resins dispersed 

with nano-scale iron particles in its pores could demonstrate high capacity for selective 

removal of Pb2+ ions from a synthetic wastewater containing naturally occurring competing 

cations. The hybrid resin, C100-Fe0 was prepared in the laboratory from inexpensive raw 

materials through simple synthesis process. The highest Pb2+ uptake capacity found at pH 7.0. 

Out of the known competing species, only SiO2 was observed to affect the Pb2+ removal 

capacity of C100-Fe0. The fixed-bed column runs confirmed that when subjected to a 

synthetic wastewater solution containing 150 µg/L of Pb2+, the C100-Fe0 column could treat 

4,200 BV of wastewater before reaching a breakthrough concentration corresponding to 

USEPA drinking water standard at 15 µg/L. The study also revealed that the hybrid adsorbent 

was regenerable and there was no significant loss in its capacity after regeneration.  
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Fig. 1 Diagram of a reusable gel cation exchanger containing nano-scale zero valent iron (C100-Fe0). 

 

 

 

Fig. 2 Schematic diagram of the test setup for fixed-bed column runs and regeneration.  
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Fig.3 Batch equilibrium tests for lead removal using various adsorbents 
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Fig. 4 Effect of nZVI loading cycles on the amount of iron dispersed within the hybrid cation 

exchanger and on the corresponding Pb2+ uptake capacity.  
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Fig. 5 (A) Enlarged view photograph of the C100-Fe0 (~500 µm diameter bead); (B) SEM of gel-type 

C100-Fe
0
 (10,000X); (C) Energy dispersive X-ray spectroscopy (EDX) spectrum of the material (10% Fe 

w/w) including iron mapping. 

 

Fig. 6 Transmission electron microscopy (TEM) of C100-Fe
0
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Fig. 7 Comparison of XRD diffractograms between a freshly prepared C100-Fe
0
 and used C100-Fe

0
 

with standard Fe2O3. 
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Fig. 8 XANES spectra for C100-Fe
0
 samples comparing with Fe

0
, Fe

2+
and Fe

3+
 standards. 

 Fig. 9 (A) EXAFS results at Fe K-edge and (B) Proposed Pb adsorption onto the surface of iron oxide 

through the formation of bidentate inner-sphere complex. 
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Fig. 10 (A) Δ pH versus initial pH of C100-Fe
0
 in 0.1 M NaCl solution at 298 K. (B) Effect of pH of C100-

Fe
0
. 
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Fig. 11 Effect of competing ions on Pb(II) removal capacity.  
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Fig. 12 The comparison of Pb(II) adsorption by C100-Fe
0
 between Langmuir and Freundlich Models 

(Non Linear). 
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Fig. 13 (A) Aqueous lead concentration versus time during the batch kinetic test using C100-Fe0, (B) 

fractional lead uptake (qt /q∞) versus time (t) from the batch kinetic test result in (A).  
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Fig. 14 (A) Pb(II) removal on fixed-bed column runs using four different materials, namely, hybrid 

cation (C100-Fe
0
), hybrid granular activated carbon support nZVI (GAC-Fe

0
), commercial cation 

exchange resin (C100), and commercial granular activated carbon (GAC) (B) Regeneration of C100-

Fe0. 
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Highlights 

• A new lead selective adsorbent (C100-Fe
0
) has been prepared with size range 20 nm.  

• The material is reusable, durable and can be synthesized onsite. 

• The inner-sphere surface complexes between lead and iron were observed by EXAFS. 

• Lengthy fixed-bed column runs were used to validate the performance and reusability of 

C100-Fe
0
. 
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Fig. 1 Diagram of a reusable gel cation exchanger containing nano-scale zero valent iron (C100-Fe0). 

 

  


