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Removal of Arsenic from water using synthetic Fe7S8 

nanoparticles

Jesus Cantu, Louis E. Gonzalez, Jacqueline Goodship, Monica Contreras, Meera Joseph, 
Cameron Garza, T.M. Eubanks, and J.G. Parsons*

Department of Chemistry University of Texas Rio Grande Valley 1201 West University, Dr. 
Edinburgh TX 78539

Abstract

In the present study, pyrrhotite was used to remove arsenite and arsenate from aqueous solutions. 

The Fe7S8 was synthesized using a solvothermal synthetic method and it was characterized using 

XRD and SEM micrographs. Furthermore, the particle size for the nanomaterial Fe7S8 was 

determined to be 29.86 ± 0.87 nm using Scherer’s equation. During the pH profile studies, the 

optimum pH for the binding of As (III) and As (V) was determined to be pH 4. Batch isotherm 

studies were performed to determine the binding capacity of As(III) and As(V), which was 

determined to be 14.3 mg/g and 31.3 mg/g respectively for 25°C. The thermodynamic studies 

indicated that the ΔG for the sorption of As(III) and As(V) ranged from −115.5 to −0.96 kJ/mol, 

indicating a spontaneous process was occurring. The enthalpy indicated that an exothermic 

reaction was occurring during the adsorption in which the ΔH was −53.69 kJ/mol and −32.51 

kJ/mol for As(III) and As(V) respectively. In addition, ΔS values for the reaction had negative 

values of −160.46 J/K and −99.77 J/K for the adsorption of As(III) and As(V) respectively which 

indicated that the reaction was spontaneous at low temperatures. Furthermore, the sorption for 

As(III) and As(V) was determined to follow the second order kinetics adsorption model.

Keywords

Arsenic sorption; Fe7S8; thermodynamics; kinetics; isotherms

1 Introduction

Inorganic and organic forms of arsenic exist ubiquitously in nature. There are two commonly 

encountered oxidation states of arsenic: As (III) and As (V), wherein As (III) is 25–60 times 

more toxic than As (V) [1]. Elevated concentrations of arsenic in the environment have been 

attributed to arsenical herbicides, the combustion of fossil fuels, and the release of arsenic 

during mining and smelting operations [2, 3]. Arsenic released though different 

anthropogenic and natural processes can potentially contaminate groundwater, surface water, 
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terrestrial, and marine environments, which can have lethal effects on organisms. In 

addition, arsenic has also been linked to the development of various forms of cancer such as 

skin, bladder, liver, and lung [4]. Aside from being carcinogenic, arsenic has also been 

linked to non-cancerous multi-systemic health issues such as dermal diseases, cardiovascular 

disease, hypertension, and diabetes mellitus [4, 5]. This phenomenon has made arsenic a 

major concern in both environmental and human health. As a result of the potential human 

and environment health issues associated with arsenic the search for more efficient methods 

to remove arsenic contaminants from potable water has become a major research focus. In 

addition, the U.S. Environmental Protection Agency (EPA) reduced the maximum arsenic 

contaminant level from 50 ppb to 10 ppb in response to the serious known adverse health 

effects in 2001 [3].

Currently, there are various technologies used to remove arsenic from the environment 

which include: adsorption, anion exchange, and precipitation. Current anion-exchange resins 

are generally non-specific and very expensive. As well there are issues with the use of 

precipitating agents for water treatment, such as adding a chemical to water during the 

treatment which has to be removed. In addition, the use of precipitating agents in water 

treatment also generates toxic sludge, which had to be treated and disposed of in the correct 

manner. However, adsorption technology has shown much promise for the remediation of 

contaminates from water. Adsorption technologies based on metal oxides and metal sulfides 

have shown much promise in the remediation of heavy metals from water.

Many different materials have been studied for their potential to remove ions from water for 

example; aluminum oxide/oxyhydroxides, water treatment residuals, zero valent iron 

nanoparticles, iron oxides, granulated ferric oxide (GFO), iron oxyhydroxides, manganese 

oxides, activated carbon, red mud, activated carbon, transition metal sulfides, and many 

other supported and unsupported materials have been investigated [3, 6–26]. These different 

materials have been shown to have high binding affinities for metals ions including As(III)/

As(V) [3,6–26]. However, Iron based materials have shown much promise and due to their 

magnetic properties have been the focus of much research.

In recent studies, magnetite (Fe3O4) has shown much promise in being able to remove both 

As(III) and As(V) from aqueous solution [3]. Luther et al., showed that Fe3O4 had a 

capacity of 8.2 mg/g and 5.6 mg/g for As(III) with 1 hour and 24 hour contact times, 

respectively [3]. The binding capacity for As(V) with the Fe3O4 nanomaterial was found to 

be 6.7 mg/g and 4.7 mg/g for the one hour and 24 hour contact times, respectively [3]. 

Makris et al. found that Fe based water treatment residuals showed a high affinity for the 

binding of both As(III) and As(V) with capacities up to 15 mg/kg [26]. Garcia et al., 

extended this study to include mixtures of Fe3O4, MnFe2O4, and Mn3O4 nanomaterials [18]. 

The binding capacity of As(III) to the different mixtures: the pure Fe3O4 showed a binding 

capacity of 17.1 mg/g; the 25% Mn into the Fe3O4 lattice showed a slight increase in the 

binding capacity for to 23.8 mg/g; the 50% substituted showed the maximum binding 

capacity of 41.5 mg/g; the 75% Mn substituted Fe3O4 capacity was 16.7mg/g; and the pure 

Mn3O4 had a binding capacity of 13.5 mg/g. The As(V) binding capacities for the same 

materials was determined to 7.0 mg/g, 7.9 mg/g, 13.9 mg/g, 8.2 mg/g, and 7.5 mg/g for the 

Fe3O4, 25% Mn:Fe, 50% Mn:Fe, 75% Mn:Fe, and the pure Mn3O4 nanomaterials, 
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respectively. The manganese studies raise some concern as manganese is potentially an 

endocrine disrupting chemical and it has been shown that manganese oxides undergo 

reductive dissolution in reaction with arsenic [27].

Alternatively, iron sulfides have shown promising results for removing arsenic. For example, 

the interaction of pyrite (FeS2) with As shows surface reactions between arsenic and pyrite 

to produce arsenian pyrite (Fe(SAs)2) and arsenopyrite (FeAsS). The aforementioned 

products precipitate under most reducing conditions and are stable. Another benefit 

witnessed in pyrite nanofiltration is the stabilization of arsenic contaminated soil and 

sediments [9]. Since arsenic adsorption in anoxic environments strongly correlates with 

formation of iron sulfide minerals, such as pyrite, much research has gone into iron 

derivatives’ application as a material to remove arsenic in anoxic environments. However, 

research has shown that the efficiency of the removal of arsenic depends on factors such as 

particle size, time, interferences, pH, temperature, and the oxidation state of the arsenic. 

Results from particle size studies have revealed a 200 fold increase in the adsorption of 

arsenic by pyrite nanoparticles when the particle size of pyrite was decreased from 300nm to 

12nm [10]. Previously investigated reactions have shown that the concentration of As (III) 

was directly proportional to pH with optimum binding at the pH range of 7–10. However, 

the optimum binding for As (V) occurred in a pH range of 4–6 with moderate to high levels 

of irreversibility [9]. Compared iron oxide based materials; it was found that As (III) had a 

higher binding affinity to iron sulfides than As (V) [3]. Greigite (Fe3S4) is; quite similar to 

magnetite in which both compounds share the same amount of atoms and similar properties, 

both are magnetic, and may provide a higher binding affinity and capacity for As(III) and 

As(V) [13]. Another Iron sulfide which has ferromagnetic properties is pyrrhotite (Fe7S8), 

which is stable and easily synthesized [28].

In the present study, pyrrhotite, (Fe7S8), was synthesized and utilized for the removal of 

arsenite and arsenate from aqueous solutions. The nanoparticles were synthesized by mixing 

30mM iron (III) chloride hexa-hydrate and 60mM thiourea in a mixture of ethylene glycol 

H2O; the mixture was then autoclaved at high temperatures. The synthesized materials were 

characterized using X-Ray Diffraction which showed the correct phase with an average 

particle size of 29.86 ± 0.87nm. Studies were performed to determine the effect of pH, time, 

temperature, binding capacity, the kinetics, and thermodynamics of the binding process. As 

well studies were performed to observe the effects of potentially interfering anions naturally 

found in water on the arsenic binding process.

2. Experimental

2.1 Synthesis of the nanomaterial

Solvothermal synthesis of the pyrrhotite (Fe7S8) nanomaterial was performed using a 

synthesis method similar to Zhang and Chen [29]. In brief the synthesis of the Fe7S8 

nanomaterial was performed using 30mmol of iron(III) chloride (FeCl3·6H2O, Acros 

Organics) and 60mmol of thiourea (Acros Organics) dissolved in a mixture of 60mL of 

ethylene glycol (Acros Organics) and 20mL of Millipore water. The resulting solution was 

added to Teflon lined autoclaves at approximately 80% of the total volume capacity. The 

autoclaves were sealed, placed in an oven, and reacted at 180 °C for 1 h. Subsequent to the 
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reaction the autoclaves were cooled naturally to room temperature and filtered using a 

Buchner funnel. The filtered nanomaterial was then washed with acetone and methanol to 

remove any contaminants/byproducts formed during the reaction.

2.2 X-Ray Diffraction analysis

The X-ray diffraction analysis of the Fe7S8 nanoparticles was performed using a Rigaku 

Miniflex Diffractometer. The Fe7S8, NPs were ground to a fine powder with a mortar and 

pestle and placed in to a sample holder. The XRD patterns were collected using the 

following conditions a start angle of 20° and stop angle of 60° in a step width of 0.05° in 2θ, 

and a counting time of 5s. The average grain size of the nanomaterials was determined using 

Scherrer’s equation and a Gaussian fitting of three independent diffraction peaks. The fitting 

of the X-ray diffraction pattern were performed using a Le Bail fitting procedure with fixed 

intensities of the diffraction lines in the FullProf 2001 Suite of programs and 

crystallographic data from the literature [30].

2.3 SEM

SEM was performed using a Zeiss LS10 EVOSEM microscope with a working voltage of 20 

kV, an operating current of 2.5 A, and a working distances of 6.0 mm and 4.5 mm for the 

low and high magnification pictures, respectively. In addition, the samples were sputter 

coated using an Au target to enhance sample conductivity.

2.4 pH profile

The binding of As (III) and As (V) to Fe7S8 nanoparticles was investigated from pH 2 to 6 

using 300 ppb solutions. pH adjustment of the 300 ppb solutions of both As (III) and As (V) 

was performed using either diluted nitric acid or sodium hydroxide. All reactions were 

performed in triplicate for statistical purposes. Aliquots consisting of 4.0 mL of the pH 

adjusted 300 ppb solutions of As (III) or As (V) were transferred into 5 mL polyethylene test 

tubes, which contained 10 mg of the dried nanomaterial. The solutions and nanomaterials 

were equilibrated on a rocker at room temperature for 1 h. In addition, control samples 

containing only the pH-adjusted solutions of either As (III) or As (V) ions were also reacted 

in triplicate, for statistical purposes. Subsequent to equilibration, the samples and controls 

were centrifuged at 3500 rpm for 15 min and the supernatant was saved for analysis using a 

Perkin Elmer AAnalyst 800 (Perkin Elmer, Shelton, CT) operated in GFAAS mode, for the 

determination of the amount of arsenic remaining in the solution.

2.5 Time dependency

Time dependency studies were performed similarly to the pH study to determine the 

minimum time required for the binding of both the As (III) and As (V) ions to the Fe7S8 

nanomaterial. Solutions consisting of As (III) or As (V) at 300ppb, pH adjusted to 4 were 

reacted with 10mg of Fe3S4 at various time intervals. Aliquots consisting of 4 mL of either 

As (III) or As (V) were equilibrated at room temperature on a rocker for 5, 10, 15, 20, 30, 

60, 90, 120, and 240 min with the nanomaterials. Again control samples consisting of only 

the As (III) and As (V) solutions were used as controls and treated the same as the reaction 

samples. All of the reaction and control samples were performed in triplicate for statistical 
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purposes. After equilibration, the samples and control samples were centrifuged at 3500 rpm 

for 15 min and the supernatants were stored for GFAAS analysis.

2.6 Thermodynamic studies

Thermodynamics studies were conducted to determine the ΔG, ΔH, and the ΔS for the 

binding of both As (III) and As (V) binding to the Fe7S8 nanomaterial. The thermodynamic 

studies were performed using a total As concentration of 300 ppb. The pH of the solutions 

was adjusted to the previously determined optimum binding pH of 4. Aliquots consisting of 

4.0 mL of the solutions were added reaction tubes containing 10 mg of Fe3S4, and 

equilibrated for 1 hour on a rocker at varying temperatures of 4°C, 21°C, and 45°C. In 

addition, control solutions consisting of the arsenic solutions without the nanomaterials were 

also made and treated the same as the reaction samples. All reaction and controls samples 

were performed in triplicate for statistical purposes. After equilibration, the samples were 

centrifuged at 3500 rpm for 15 min and the supernatants saved for analysis using GFAAS.

2.7 Kinetic studies

Studies were performed using 300 ppb of either As (III) or As (V) at different time intervals 

and temperatures, to better understand the mechanisms of binding. The pH of the solutions 

was adjusted to a pH of 4 using either dilute nitric acid or dilute sodium hydroxide. Aliquots 

of 4.0 mL of the solutions were added to the test tubes containing 10 mg of Fe3S4. The 

samples were equilibrated on rockers at varying temperatures of 4°C, 21°C, and 45°C at the 

following time intervals 5, 10, 15, 20, 30, 60, 90, 120, and 240 min. In addition, control 

solutions consisting of only the As(III) or As(V) were treated the same as the reaction 

samples. Subsequent to equilibration the samples and controls were centrifuged at 3500 rpm 

for 15 minutes and the supernatants were stored for GFAAS analysis. Furthermore, the 

samples and the control samples were prepared and analyzed in triplicate for statistical 

purpose.

2.8 Activation energy studies

The kinetic data allowed for the determination of the activation energy (Ea) of the binding of 

both As(III) and As(V) to the Fe7S8. An Arrhenius plot was constructed by plotting the Ln k 

(rate constant) against 1/T (in kelvin). The linearized form of the Arrhenius equation is given 

below in Eq. (1):

(1)

where k is the rate constant for the reaction at a given temperature, Ea is the activation 

energy for the process, R is the gas constant (8.314), T is the temperature given in Kelvin, 

and A is the frequency factor for a given reaction.

2.9 Interference studies

The binding of the As(III) and As(V) ions in the presence of various common anions was 

performed as possible interferences to the binding process was investigated. The interference 

studies consisted of performing reactions with various concentrations of Cl−, NO3
−, SO4

2−, 
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and PO4
3− added to 300ppb solutions of either As (III) or As (V) and pH adjusted to 4. 

Aliquots consisting of 4.0mL of a solution containing 300ppb and either 1000, 100, 30, 3, 

or .3ppm of the possible interfering ion were reacted with 10mg of Fe7S8 and equilibrated 

on a rocker for 1 h at room temperature. The reaction controls consisted of either the As(III) 

or As(V) with the possible interfering ions present in the solution without the nanomaterial. 

After the reaction was complete, the samples and controls were centrifuged at 3500 rpm for 

5min and the supernatants were saved for analysis by GFAAS. All reactions and controls 

were conducted in triplicate.

2.10 Capacity studies

Capacity studies were performed using various concentrations of As (III) and As (V), using 

an isotherm model to determine the binding capacity of the nanomaterial. The 

concentrations consisted of 3, 30, 100, 300, and 1000 ppm of either As (III) or As (V). The 

solutions were then added to test tubes containing 10 mg of pyrrhotite (Fe7S8). Each 

concentration was performed in triplicate and the controls reactions consisting of only the 

arsenic solutions were prepared and treated same as the samples. The solutions were 

equilibrated on a rocker for 1 hr subsequently centrifuged at 3500 rpm for 15 minutes. The 

supernatants were then decanted and saved for analysis using ICP-OES.

2.11 GFAAS analysis

Supernatants collected from the pH profile, interference studies, thermodynamic, time 

dependency, and kinetic studies were analyzed using a Perkin Elmer AAnalyst 800 atomic 

absorption spectrometer with Winlab32 software. The operational parameters of the GFAAS 

are presented in Table 1. All sample determinations were obtained from calibration curves 

with R2 values of 0.99 or better.

2.12 ICP-OES analysis

A Perkin Elmer Optima 8300 ICP-OES (Perkin Elmer, Shelton CT) with the Winlab 32 

software. The operational parameters of the ICP-OES are presented in Table 2. All samples 

were diluted to fit within the values used for the calibration of the instrument. All of the As 

concentrations were obtained from calibration curves with R2 value of 0.99 or better.

2 Discussion

3.1 X-Ray Diffraction

As can be seen in Fig. 1 the X-ray diffraction pattern was determined to consist of a mixture 

of two phases; the primary phase was determined to be Fe7S8 or pyrrhotite and the minor 

phase was determined to have been Fe3S4 (greigite). The pyrrhotite phase was determined to 

be approximately 90% of the mixture and the greigite phase was the remaining 10%. Based 

on the calculated composition of the two phases present in the sample the observed binding 

in the sample will be attributed to the Fe7S8 phase. The refined parameters for the Fe7S8 

phase was in a monoclinic space group C2/C with the following lattice parameters a= 

12.00185 Å, b= 6.88438 Å, c= 13.18790 Å, with α= γ=90 and β=119.419, which matched 

close to the literature values [31]. The refined parameters for the Fe3S4 phase was 

determined to be in a cubic with space group F D 3 M with the following lattice parameters 
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a=b=c= 9.96841Å and α= β=γ= 90, which were found to follow very closely to the literature 

values [32]. The overall Χ2 for the fitting was determined to be 0.611 showing an excellent 

agreement between the fitting and the experimental data. The respective Bragg peaks for 

each of the phases are shown at the bottom of the diffraction pattern. The Bragg peaks for 

the Fe7S8 phase are the higher Bragg peaks where are the Fe3S4 peaks are the lower Bragg 

peaks. Furthermore, the average grain size for the Fe7S8 phase was determined to be 23.3 

nm based on the 023 (35.04°) diffraction peak. The greigite phase was determined to have an 

average grain size of 18.7 nm, based on the 400 (36.04°) diffraction peak. All other 

diffraction peaks for the phases were either multiple diffraction peaks from both phase or 

were multiple peaks from an individual phase.

3.2 SEM

Fig. 2 shows the SEM images of the synthesized Fe7S8 material which consists of rag-like 

sheets/platelets, spherical particles and some irregular, and some rod shaped particles, 

consisting of various shapes and sizes. The particles were somewhat clustered, which was 

due to the lack of using a surfactant to stabilize the particles during the synthesis. Upon 

closer inspection (Figure 2 B) the larger clusters are composed of smaller particles 

approximately 30 nm diameters. Surfactants were not used during the synthesis process to 

provide a clean metal sulfide surface for the reaction to occur to study the interaction of the 

As(III) and As(V) ions.

3.3 pH studies

Fig. 3 shows the binding of As(III) and As(V) to Fe7S8 from a pH 2 to pH 6, respectively. 

As can be seen in Fig. 3, the binding of As(III) at pH 2 was approximately 51% and 

increased to approximately 100% at pH 3, the binding of the As(III) remained thereafter. On 

the other hand, the binding of As(V) was unaffected with changes in pH. As (V) binding 

remained constant between 90–99% bound across the pH range of interest. From the results, 

it was observed that the percent binding had stabilized from pH 4 to pH 6; pH 4 was then 

selected as the optimal binding pH for all further studies. The pH profile studies are in 

agreement with, other studies in the literature for arsenic binding to other metal sulfides/

oxides nanomaterials [8–18]. For example, FeS2 nano-adsorbents have shown a similar trend 

in binding, the higher the pH the higher the amount of As bound. Some other examples with 

similar trends include FeS, Fe2O3, and Fe3O4. A study conducted by Garcia et al. showed 

the adsorption of As (III) and As (V) to Fe3O4 and Mn3O4. In the study, the binding of As 

(III) and As (V) to Fe3O4 was observed to not be pH dependent. However, the adsorption of 

As to pure Mn3O4 was observed to decrease as the pH increased; which was attributed 

Mn3O4 having a PZC around 4.5, which would decrease the binding of with the ions [15]. 

FeS (macanite), has been shown to have a pHi.e.p or PZC of approximately 3.5, which would 

show similar behavior to the Mn3O4 nanomaterials and similar binding was observed in the 

current study [33].

3.4 Time dependency studies

The binding of the arsenic ions to Fe7S8 nanomaterials as a function of time is shown in Fig. 

4. As can be seen in Fig. 4, the binding of As (III) to Fe7S8 occurred within the first 5 

minutes with 90% of the total As bound and a slight increased to 99% at the 60 minute 
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contact time. The binding remained relatively constant afterwards up to a contact time of 

240 minutes. A similar trend was observed for As (V), within the first 5 minutes, 

approximately 90% of As(III) had bound to the nanomaterial and minor increase of 10% of 

arsenic binding occurred throughout the study. A direct relationship was observed between 

the arsenic ions and the time the samples were equilibrated. These binding trends have been 

observed in the literature for the binding of As(III) and As(V) to various transition metal 

oxide nanomaterials [3, 11,13,15–18].

3.5 Kinetics Studies

The kinetics data are shown in Fig. 5 and was found to plot a straight line using a plot of the 

adsorption of arsenic (Qt) against time. The plot of the adsorption of the arsenic against time 

giving a straight line indicates a zero order reaction was occurring between the adsorbent 

and the arsenic ions, within the first 20 minutes of contact. After the first 20 minutes of 

contact the adsorption of metal ions per g of nanomaterial was not changing, as was 

observed in the time dependency studies. A zero order reaction would be indicative of a 

ligand exchange or an ion exchange reaction. The rate constants were determined and are 

shown in Fig. 4. According to the results the rate constants, k, increases as temperature 

increases indicating an endothermic reaction was occurring for the binding of both the As 

(III) and As (V) to the Fe7S8 nanomaterial. Lien et al showed that the kinetics of adsorption 

can follow zero order at low concentrations between arsenite and zero-valent iron 

nanoparticles [34].

3.6 Capacity studies

The results from the capacity studies are shown in Table 3 for 1 h contact time for As(III) 

and As(V) binding to Fe7S8 nanomaterial. The capacity studies were conducted at room 

temperature (25°C). Both As(III) and As(V) binding to the nanomaterial was determined to 

follow the Langmuir isotherm model and were fitted using the Langmuir isotherm equation. 

The correlation coefficients for the linear fittings of the data shown in Table 3 are 0.99 or 

better (R2). The data present in Table 4 shows high binding capacities of the Fe7S8 

nanomaterial for both As(III) and As(V) at a pH of 4. From the present study, As (V) 

showed a higher binding capacity to the nanomaterial than As (III). The As(V) binding 

capacity was approximately 2 times the binding capacity observed for the As(III). The 

observed As(III) binding capacity was 14.3 mg/g and the As(V) binding capacity was 31.3 

mg/g within 1 h of contact time.

In recent studies, the adsorption of arsenic to different metal oxide nanoparticles was within 

the range of the present study, where the absorption capacity for As(III) was 2–30 mg/g and 

for As(V) it was 3–30 mg/g [3,11,14,15,17,26]. Whereas FeOOH (Goethite) has been shown 

to have capacities of 11.2 and 12.2 mg/g for the binding of As(III) and As(V), respectively 

[22]. In addition, manganese oxides have shown to capacities in the same rages as the Fe7S8 

in the current study (15). Mn3O4 has been shown to have binding capacities of around 7.0 

and 13.5 mg/g for As(V) and As(III), respectively [15]. Another example, of a materials 

with a similar binding capacity is titanium dioxide in the anatase form has a capacity of 30.5 

mg/g for As(V) and a capacity of 30.0 mg/g for As(III) [17]. The capacity of titanium 

dioxide changes with respect to its particle size, where the smaller the particle size, the 
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higher the capacity of the nanomaterial. In addition, FeS has shown low binding capacities 

for As(III) of approximately 1.05 mg/g where as FeS2 has shown binding capacitie of 17.3 

mg/g, which is comparable to the Fe7S8 in the current study [35]. Similarity on iron sulfide 

coated sand binding capacities of 41.7 mg/g were observed and binding capacities of 137.0 

mg/g have been observed at a pH 5.0 [36].

3.7 Interferences studies

Fig. 6–9 show the results from the individual interference studies for chloride, nitrate, 

sulfate, and phosphate, respectively, while Fig. 10 shows the results for the combined 

interferences and its effects on the binding of arsenite and arsenate. As can be seen in Fig. 6, 

the adsorption of As(III) and As(V) to Fe7S8 in the presence of the Cl− anion remained 

unaffected throughout the analysis in which the binding of arsenic increased as the 

concentration of Clincreased. Fig. 7 shows the effect of the NO3
− anion on the binding of 

arsenic to pyrrhotite. It can be seen NO3
− had little to no effect on the adsorption of As(III) 

to the Fe7S8 nanomaterial remaining above an 85% binding. On the other hand, the 

adsorption of As(V) to Fe7S8 slightly increased as the concentration of NO3
− increased.

As can be seen in Fig. 8, the SO4
2− had little to no effect on the binding of As (III) and As 

(V) to Fe7S8 in which the percent of arsenic bound to the nanomaterial remained constant at 

100% however in the presence of 1000 ppm of SO4
2−, the percent binding of As (III) 

dropped to approximately 95%. Fig. 9 shows the effect of PO4
3− on the binding of arsenic to 

Fe7S8. In the present study, the data shows that at low concentrations of PO4
3− the binding 

of As (III) and As (V) to Fe7S8 was unaffected remaining above 80 % binding. However, as 

the concentration of the PO4
3− anion increased, the percent bound of As (III) and As (V) 

decreased until the concentration of PO4
3− reached 1000 ppm in which the percent binding 

of As(III) and As(V) to the nanomaterial decreased to approximately 55% and 35 %, 

respectively.

The combined interference study, refer to Fig. 10, showed that the of binding of As(III) was 

generally unaffected by the presence of the combination of Cl−, NO3
−, SO4

2−, and PO4
3− in 

solution; except when the concentration of each of the anions was 1000 ppm in the 

combined interference study where percent binding of As(III) was observed to decrease by 

approximately 10%. On the other hand, the binding of As(V) was unaffected throughout the 

study, where it remained at 100% bound to the nanomaterial. Throughout the individual 

interference studies, there was little to no effect on the adsorption of As(III) and As(V) with 

the exception of the PO4
3− anion where it greatly affected the of As(V) at high 

concentrations. The combined interference studies, again, had small effects on the binding of 

As(III) but did not affect the adsorption of As(V) to Fe7S8. The lack of observed reduction 

in the binding of the As(III) and As(V) in the presence of all the interfering ions maybe a 

synergistic effect of all the ions in solution. The interferences may actually be interfering 

with each other in solution and not affect the arsenic ions and may actually enhance the 

arsenic binding. In other studies investigating the binding of As(III) and As(V) to different 

nanomaterials PO4
3− has been shown to be the largest interference on the binding process [3, 

11, 14,15, 17, 23–25]. In addition, the other interferences investigated in the present study 

behaved similarly with the binding of arsenic to oxide materials [3, 11, 14, 15, 17,].
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3.8 Thermodynamic studies

The data obtained from the thermodynamic studies was used to determine Gibbs free energy, 

entropy, and the enthalpy in the system are shown in Table 4. The change in the Gibbs free 

energy was calculated for both As(III) and As(V) at various temperatures. The relationship 

between ΔG, ΔH, and ΔS and the relationship between ΔG and the Ln Kd are shown in 

equations 2 and 3, respectively.

(2)

(3)

In which ΔG is the change in Gibbs free energy; R is the gas constant (8.314 J·K−1·mol−1); T 

is the absolute temperature in Kelvin; Kd is the distribution coefficient; ΔS is the change in 

entropy; ΔH is the change in enthalpy. By plotting the Ln Kd against 1/T (in K) the ΔH of 

the reaction can be determined from the slope of the line and from the intercept of the plot 

the ΔS can be determined, as shown in Fig. 10. The calculated thermodynamic parameters 

are shown in Table 4. According to the results, the binding system gets less spontaneous as 

the temperature increases, which does not correlate to previous studies involving the 

adsorption of arsenic with metal sulfides and metal oxides [12–14]. For example, A. 

Goswami et al. studied the adsorption of arsenic to copper (II) oxide. From the study, the ΔG 

for the sorption process was between −16.07 and −5.48 kJ/mol and was temperature 

dependent [13]. In the present study, ΔG the sorption process was 7.95 kJ/mol (277 K), 6.73 

kJ/mol (295 K), and 4.71 kJ/mol (318 K) for As (III) and 6.12 kJ/mol (277 K), 4.62 kJ/mol 

(295 K), and 0.80 kJ/mol (318 K). The ΔG values obtained in the current study are small and 

close to zero indicating the reaction are also in equilibrium. Goswami et al. observed a 

similar relationship between ΔG and the reaction temperature, where the change in ΔG 

becomes smaller with an increase in temperature indicating an endothermic reaction was 

occurring [13, 37]. The adsorption Pb2+ with phosphate modified kaolinite clays also 

showed an endothermic reaction, the ΔG decreases with increasing temperature [37].

The ΔH and ΔS were both determined by plotting Ln Kd against 1/T (in K) from the plot ΔH 

was determined from the slope of the line and the ΔS was determined from the intercept of 

the plot. Fig. 12 shows the thermodynamic plot at three different temperatures (277, 298, 

and 318 K) for the binding of both As(III) and As(V) to the nanoparticles. The ΔH and ΔS 

values for the binding of arsenic to the Fe7S8 nanoparticles are presented in Table 4. The 

values for the enthalpy indicate that the process for the binding of arsenic was endothermic 

confirming the results of the type of reaction obtained from the Gibbs free energy studies. 

Furthermore, the binding of As(III) had a much larger ΔH than the binding of As(III), where 

As(V) had a ΔH of 27.2 kJ/mol while As(III) had a ΔH of 42.5 kJ/mol indicating that the 

binding of As(V) is less more endothermic than As(III) binding. However these values for 

the enthalpy of binding indicate that the reaction occurs through different process for the 

arsenic(III) and arsenic(V). The binding of arsenic(III) occurs through physisorption as 

indicated through the enthalpy of binding being less than 40 kJ/mol [38]. Whereas the 
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enthalpy of binding for the arsenic(V) indicate that the reaction occurs through 

chemisorption because the enthalpy of binding is greater than 40kJ/mol [38]. However, the 

ΔH arsenic(V) is only 7 kJ/mol over the energy for chemisorption, so the process for As(V) 

binding maybe a combination of both sorption types. On the other hand, the ΔS for the 

binding of both As(III) and As(V) were both positive values indicating an increase in the 

entropy of the system after binding. The increase in the entropy of binding is linked to the 

release of ions from the surface of the nanomaterials, and to disruption in the water 

molecules surrounding the particles and ions after binding occurs. The data also indicates 

that the binding of the arsenic(V) to the nanomaterial is more favorable as the entropy of the 

system increase by almost double that observed with arsenic(III) binding. The different 

binding mechanisms observed for both the arsenic(III) and arsenic(V) help to explain why 

the ions have different binding capacities.

The data from the activation energy studies indicate that the energy required for the binding 

to occur are very close arsenic(III) and arsenic(V). The arsenic(III) ions require 

approximately 5 kJ/mol of energy for the binding to occur over the arsenic(V), as can be 

seen in Table 4. The similarities in the activation energies indicates that arsenic(III) is 

slightly less favorable than As(V). In other words more energy is required to start the 

binding process than arsenic(V),but also may be indicating both ions go through the 

physisorption. The binding of cadmium(II) ions to pyrite had activation energy of 12.09 

kJ/mol which is in the range of the activation energies observed in the present study, which 

suggest that chemisorption is the driving force of the adsorption [39]. The activation energy 

for the binding process of chemisorption has also been shown to range from 8 to 80 kJ/mol 

[40]. The less favorable binding of arsenic(III) to the nanomaterials was also expressed 

through the adsorption capacities, arsenic(III) was lower by approximately a factor of two. 

The combination of energy differences in the energy of binding, the differences in the 

enthalpy of binding, and the difference in the entropy increase, all suggest that the binding of 

arsenic(III) is less favorable to the Fe7S8 nanomaterials and thus would have a lower binding 

capacity compared to arsenic(V).

4 Conclusions

The binding of As(III) and As(V) to the Fe7S8 was determined to be almost pH 

independent… The As(III) had low binding at pH 2 and increased dramatically to pH 3 to 

approximately 100%. Binding of both As(III) and As(V) ions was found to occur with the 

first 20 minutes of contact with the Fe7S8 nanomaterial and remained constant thereafter. 

The binding of both As(III) and As(V) was determined to follow zero kinetics, which was 

more than likely due to the low concentrations and the ratio of adsorption sides to ions. The 

arsenic was found to be endothermic the ΔG for the binding of both As ions was slightly 

positive, but the ΔG were close to zero indicating that the reaction was very close to 

equilibrium. The ΔS was shown to increase with the binding. Whereas the ΔH and the Ea 

indicated that the binding of As(III) was occurring through chemisorption. The ΔH and the 

Ea for the binding of the As(V) indicated that the binding may be occurring through a 

combination of both chemisorption and physisorption. The As(V) showed a binding capacity 

approximately twice that of the As(III), which were 31.3 and 14.3 mg/g, respectively.
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Highlights

As(III) and As(V) binding was pH independent.

As(III) and As(V) adsorption was zero order and exothermic

Fe7S8 had a lower binding capacity for As(III) than As(V)

Activation energy of the binding process was higher for As(III) than As(V)

PO4
3− interfered with As binding whereas Cl−, NO3

−, and SO4
2− had no effect
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Figure 1. 
Powder X-ray diffraction pattern collected for the synthesized iron sulfide nanomaterial.
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Figure 2. 
SEM images of the synthesized Fe7S8 nanomaterial.
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Figure 3. 
pH dependence of the adsorption of As(III) and As(V) binding to the Fe7S8 nanomaterial.
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Figure 4. 
Time dependency for the adsorption of As(III) and As(V) binding to the Fe7S8 nanomaterial.
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Figure 5. 
Kinetics plot for the adsorption of As(III) (A) and As(V) (B) binding to the Fe7S8 

nanomaterial at 45°C, 22°C, and 4°C.

Cantu et al. Page 20

Chem Eng J. Author manuscript; available in PMC 2017 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Effect of Cl− interference adsorption of As(III) and As(V) binding to the Fe7S8 

nanomaterial.
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Figure 7. 
Effect of NO3− interference adsorption of As(III) and As(V) binding to the Fe7S8 

nanomaterial.
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Figure 8. 
Effect of SO4

2− interference adsorption of As(III) and As(V) binding to the Fe7S8 

nanomaterial.

Cantu et al. Page 23

Chem Eng J. Author manuscript; available in PMC 2017 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Effect of PO4

3− interference adsorption of As(III) and As(V) binding to the Fe7S8 

nanomaterial.

Cantu et al. Page 24

Chem Eng J. Author manuscript; available in PMC 2017 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Effect of combined interferences Cl−, NO3

−, SO4
2−, and PO4

3− adsorption of As(III) and 

As(V) binding to the Fe7S8 nanomaterial at 45°C, 22°C, and 4°C.
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Figure 11. 
Thermodynamics plot of the binding of As(III) and As(V) binding to the Fe7S8 nanomaterial 

at 45°C, 22°C, and 4°C.

Cantu et al. Page 26

Chem Eng J. Author manuscript; available in PMC 2017 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
Arrhenius plot for the adsorption of As(III) and As(V) binding to the Fe7S8 nanomaterial.
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Table 1

GFAAS parameters used for the analysis of As(III) and As(V) concentrations in solution after reaction with 

the nanoadsorbent at a λ 19.37 nm.

Temperature (°C) Ramp time (s) Hold time (s)

Pre-dry 110 1 30

Dry 130 15 30

Char 1200 10 20

Atomization 2000 0 5

Clean out 2400 1 2
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Table 2

ICP-OES parameters used for the analysis of As(III) and As(V) concentrations in solution after reaction with 

Fe7S8 nanomaterial.

Parameter Setting

λ 193.7 nm

RF power 1500 W

Nebulizer Gemcone (low flow)

Plasma Flow 15 L/min

Auxiliary Flow 0.2 L/min

Nebulizer Flow 0.55 L/min

Sample Flow 1.50 mL/min

Injector 2.0 mm Alumina

Spray Chamber Cyclonic

Integration Time 20 seconds

Replicates 3
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Table 3

Binding capacity of the Fe7S8 nanomaterial for arsenic(III) and arsenic(V) using the Langmuir isotherm.

Arsenic Form Equation R2 Capacity (mg/g)

As(III) Y=0.3267X+.0698 0.99 14.3

As(V) Y= 0.078X+.0319 1.0 31.3
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Table 4

Calculated Thermodynamic Parameters for the adsorption of arsenic(III) and arsenic(V) to the Fe7S8 

nanomaterial.

Arsenic Form Ea (kJ/mol) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol)

As(III) 19.1 7.59(277K) 27.2 70.50

6.73 (295 K)

4.71(318K)

As(V) 14.1 6.12(277K) 42.5 131.03

4.62 (295 K)

0.80 (318K)
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