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HIGHLIGHTS 

 Zero-valent Fe0 based nanomaterials removed arsenic better than the magnetite-based ones. 

 Arsenic removal by nanohybrids was higher than their bare iron counterparts (nanoscale Fe0 and 

magnetite) 

 Graphene oxide-nano Fe0 was the most efficient nanohybrid for As(III) and As(V) removal (pH 3-9) 

 Graphene oxide-nano Fe0 nanohybrid has potential for field applications for water treatment 

 

Graphical Abstract  

 

ABSTRACT: Graphene oxide supported magnetite (GM) and graphene oxide supported nanoscale zero-valent iron (GNZVI) 

nanohybrids were compared for arsenic removal at a wide pH range (3-9). While already published work reported high process 

efficiency for GM and GNZVI, they cannot be compared one-on-one given the non-identical experimental conditions. Each 

researcher team used different initial arsenic concentration, solution pH, and adsorbent dose. This study evaluated GM and GNZVI, 

bare magnetite (M), and bare nanoscale zero-valent iron (NZVI) for aqueous arsenic removal under similar experimental conditions.  

GNZVI worked more efficiently (>90%) in a wide pH range (3-9) for both As(III) and As(V), while GM was efficient (>90%) only 

at pH 3 for As(V) and As(III) removal was maximum of ~80% at pH 9. GNZVI also exhibited better aqueous dispersibility with a 

zeta potential of 21.02 mV compared to other adsorbents in this experiment. The arsenic removal based on normalized iron content 

indicated that the nanohybrids recorded improved arsenic removal compare to bare nanoparticles, and GNZVI worked the best. In 

NZVI-based nanomaterials (GNZVI and NZVI), electrostatic attraction played a limited role while surface complexation was 

dominant in removal of both the arsenic species. In case of M-based nanomaterials (GM and M), As(V) removal was controlled by 

electrostatic attraction while As(III) adsorption was ligand exchange and surface complexation. GNZVI has the potential for field 

application for drinking water arsenic removal.   
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1. Introduction 

Arsenic is a naturally occurring carcinogenic 

metalloid presents in inorganic forms in 

groundwater and typically present in two oxidation 

states, As(III) or arsenite and As(V) or arsenate 

(ATSDR, 2007). Most of the arsenic present in 

groundwater is from geogenic sources (Amini et 

al., 2008; Podgorski and Berg, 2020) while the  

anthropogenic sources include some pesticides 

used in the past and industrial discharge (Murcott, 

2012). World Health Organization (WHO) and the 

United States Environmental Protection Agency 

(USEPA) have set maximum contaminant level 

(MCL) of total inorganic arsenic in drinking water 

as 10 µg/L (USEPA, 2001; WHO, 2003). More 

than 200 million people in 50 countries are affected 

by groundwater arsenic contamination and the 

number is increasing rapidly (Murcott, 2012; 

Podgorski and Berg, 2020; WHO, 2018).   

Adsorption has become a widely adapted 

technology for efficient removal of aqueous arsenic 

with the added advantages of ease of 

implementation and economic viability. While the 

selection of the right adsorbent is always 

challenging (Lata and Samadder, 2016),  iron (Fe)-

based metal-oxide nano-adsorbents were 

extensively studied for arsenic remediation in the 

last two decades. Nano-adsorbent have high 

specific surface area and good selectivity to 

remove both the inorganic arsenic species, and 

exhibited rapid reaction rates (Siddiqui et al., 2019; 

Wong et al., 2017). The major problem associated 

with these nanomaterials is their agglomeration 

that reduces their contaminant (arsenic) removal 

efficiency and, thus, limit their application. 

Synthesis of these nanomaterials on a suitable 

support medium reduces their agglomeration and 

significantly improves their arsenic removal 

efficiency (Liu et al., 2020) . Graphene oxide (GO) 

is one of the most promising support media 

extensively used by researchers (Sherlala et al., 

2018; Yang et al., 2017). Graphene oxide is a 2D 

of carbon sheet with several functional groups (  ̶

COOH,  ̶ OH, C=O).  The metal ions nucleate onto 

the GO surface and nanoparticles can be 

synthesized as well dispersed entities on the GO 

sheet. There are reported work on graphene oxide 

supported iron nanoparticles (aka graphene oxide 

iron nanohybrids) for arsenic removal. Most of the 

studies used graphene oxide magnetite (GM) 

nanohybrids as the adsorbent (Chandra et al., 2010; 

Hoan et al., 2016; Mishra and Ramaprabhu, 2012; 

Sheng et al., 2012; Yoon et al., 2016; Yoon et al., 

2017). There are also report on graphene oxide 

supported nanoscale zero-valent (GNZVI) 

nanohybrids (Wang et al., 2014a). While each 

reported work had high process efficiency with 

>99% arsenic removal, they cannot be compared 

one-on-one given the non-identical experimental 

conditions. Each researcher team used different 

initial arsenic concentration (0.1-25 mg/L), 

solution pH (5.5-7.0), and adsorbent dose (0.1-0.4 

g/L) (Table 1). Further, each of the reported 

nanohybrid had different iron content which might 

have significantly affected the arsenic removal 

efficiency. While both the materials (GM and 

GNZVI) appears to be efficient, there is no 

reported comparison of the nanohybrids under 

similar experimental conditions. Further, a 

comparative analysis of the mechanisms of arsenic 

removal by the two nanohybrids is imperative to 

better understand the materials and their potential 

applications for drinking water arsenic removal. 

In this study, we evaluated GM and GNZVI, bare 

magnetite (M), and bare nanoscale zero-valent iron 

(NZVI) for aqueous arsenic removal under similar 

experimental conditions and amount of arsenic 

removal has been normalized with amount of iron 

present in each nanomaterial.  The efficiency of 

arsenic removal by each nanomaterial has been 

evaluated and the removal mechanism(s) 

elucidated.  
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Table 1. Experimental conditions for arsenic removal by graphene oxide supported iron nanomaterials.  

Adsorbents pH* Arsenic conc.  

(mg/L) 

Adsorbent  

dose (g/L) 

Source 

Magnetite-rGOǂ 7 3-7 0.2 
(Chandra et al., 

2010) 

Magnetic-GO 6.5 25 0.4 (Sheng et al., 2012) 

NZVI-Reduced GO 7 15 0.4 (Wang et al., 2014a) 

GN-α-FeOOH Aerogel 8-9 5 0.05 (Andjelkovic et al., 

2015) 

β-FeOOH@GO-COOH 6.5 1 3 (Chen et al., 2015) 

Fe3O4-GO 7 0.15-1 0.1 (Yoon et al., 2016) 

Fe3O4-non-oxidative GO 7 1 0.1 (Yoon et al., 2017) 

FeOx GO 6.5 0.1 0.8 (Su et al., 2017) 

Fe2O3 nanocubes-GO aerogel 5 5 0.5 (Yu et al., 2019) 

*pH at which the experiment was conducted; ǂrGO: Reduced graphene oxide 

 

 

2. Experimental methods  

 

2.1. Materials and supplies 

Graphene oxide (4 g/L in water, monolayer 

content >95%) was from Graphenea (Spain). 

Iron(II) chloride tetrahydrate (FeCl2·4H2O, >98% 

pure), iron(III) chloride hexahydrate (FeCl3·6H2O, 

97-99%), ammonium hydroxide (NH4OH, 30%), 

ferrous sulfate (FeSO4·7H2O, >99.5%), sodium 

borohydride (NaBH4, >97%), and other chemicals 

from VWR (USA). All chemicals were reagent 

grade and used as received unless otherwise 

specified. A 1000 mg/L standard stock solution 

(Environmental Express, USA) was used to 

prepare various As(III) and As(V) 

solutions by diluting with deoxygenated deionized 

(DDI) water.   

2.2. Material synthesis 

Preparation of GM and M: Graphene oxide-

magnetite (GM) nanohybrids were prepared as per 

Yoon et al. (2016). Briefly, 200 mg GO (i.e., 50 mL 

of 4 mg/L GO solution received from the 

manufacturer) was mixed within 150 mL DDI 

water in a 250 mL glass bottle and ultra-sonicated 

(FS30, Fisher Scientific) for 1 h to disperse the GO. 

Then the GO solution was transferred into a 300 

mL round-bottom reaction flask. The reaction flask 

was placed in an oil bath connected to a 

temperature controller assembly (ACE Glass Inc., 

USA). The oil bath assembly along with the 

reaction flask was placed on a magnetic stirrer and 

continuously stirred. The content in the reaction 

flask was purged with nitrogen gas (N2) for 30 min 

to deoxygenate the GO solution. Separately, two 

solutions of FeCl2·4H2O (0.4 g) in 0.5 M HCl (10 

mL) and FeCl3•6H2O (1.04 g) in DDI water (20 

mL) were prepared in two 50 mL centrifuge tubes, 

and then combined together to get an iron solution 

with a FeCl2:FeCl3 molarity ratio of ~2:1. The 

mixed iron solution was added slowly to the GO 

solution in the reaction flask (with continued N2 

purging and stirring). As the pH of the solution was 

adjusted to 10 by dropwise addition of 30% 

NH4OH, the solution became blackish in color. To 

facilitate nanoparticle formation, the solution in the 

reaction flask was cooked for 2 h at 75-80 oC with 

continued N2 purging and stirring (the open top of 

the reaction flask was wrapped with an aluminum 

foil to reduced evaporation losses). The black-

colored solution was then transferred to two 50 mL 

centrifuge tubes and centrifuged at 3000 rpm for 5 

min. The nanomaterials precipitated and the 

supernatant was decanted. The nanoparticles were 

then washed two times each first with DDI water 

and then with ethanol (analytical grade) to remove 

unreacted chemicals. Washing was done by filling 

up the tubes with DDI water or ethanol and 

centrifuging them at 3000 rpm for 5 min and then 

decanting out most of the liquid. The washed 

nanomaterials were dried at 40 oC under nitrogen 

environment in a vacuum oven (VWR, USA) for 

40 h. The dried nanomaterials (GM nanohybrids 

here) were ground into powder using an agate 

pestle and mortar. The powdered nanohybrid was 

stored in 20 mL glass vials with the headspace 

flushed with N2 gas. For bare magnetite (M) 
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preparation, the same procedure was used without 

the addition of GO.   

Preparation of GNZVI and NZVI: 

Graphene oxide supported nanoscale zero-valent 

(GNZVI) nanohybrids were synthesized after 

others (Wang et al., 2014a) with modifications to 

optimize the pH and borohydride dosing. GO (62.5 

mL of 4 g/L GO solution received from the 

manufacturer = 250 mg) in DDI water (62.5 mL) 

was exfoliated by ultra-sonication. The GO 

solution was then transferred into a round-bottom 

reaction flask (300 mL) and placed on a 

temperature-controlled oil bath put on a magnetic 

stirrer for continuous stirring. To deoxygenate the 

GO solution, the content in the reaction flask was 

purged with N2 gas for 30 min. On the side, a 

FeSO4·7H2O solution (2.25 g in 50 mL DDI water) 

was prepared in a volumetric flask (50 mL) and 

poured into the GO solution very slowly, and the 

new solution was continuous stirred and purged 

with N2 gas for ~30 min. By dropwise addition of 

1 M NaOH or HCl, the pH of the GO-Fe solution 

was adjusted to 6.1 before an aqueous solution of 

NaBH4 (0.99 g in 30 mL of DDI) was added 

dropwise to the reaction flask with continuous 

stirring and N2 purging on. When the solution 

turned blackish, the solution temperature was 

raised to and maintained at 60 ºC for 4 h for the 

reaction to complete (a black colored product was 

formed). The black-colored product was 

transferred to 50 mL centrifuge tubes for 

centrifugation (3000 rpm). After centrifugation, the 

supernatant was decanted, and the black product 

was washed with amount of DDI water and then 

with ethanol (two times each). The resulting black 

solids were vacuum-dried (40 h, 40 oC, and under 

N2 environment). The dried nanomaterials were 

GNZVI nanohybrids. The nanohybrids were 

ground using an agate pestle and mortar, and the 

powers were stored in a 20 mL glass bottle with the 

headspace flushed with N2 gas. For bare NZVI 

synthesis, the same procedure was used but without 

the addition of GO as per our previously published 

method (Bezbaruah et al., 2013). 

2.3. Characterization 

Scanning electron microscopy (SEM): The GM, M, 

GNZVI, and NZVI samples were characterized 

with a JEOL JSM-7600F field emission scanning 

electron microscope (JEOL USA Inc., Peabody, 

Massachusetts) operated at 2 kV. The samples of 

nanomaterials were placed on carbon adhesive tabs 

(Ted Pella, Redding, California USA) attached to 

aluminum mounts and the excess material blown 

off with a stream of dry N2 gas.  Images were 

obtained with a JEOL JSM-7600F.  Energy 

dispersive spectroscopy (EDS) data were obtained 

using an UltraDry silicon drift X-ray detector and 

NSS-212e NORAN system 7 X-ray microanalysis 

system (Thermo Fisher Scientific, Madison, 

Wisconsin). 

Transmission electron microscopy (TEM): 

For TEM analysis, the specific powdered 

nanomaterial was placed in 100% ethanol and 

sonicated.  A drop of the suspension was placed on 

a lacey-carbon support film on a 300-mesh copper 

TEM grid (Ted Pella, Redding, California USA) 

for 30 sec, then wicked off with a filter paper and 

allowed to air dry.  High-Resolution TEM data 

were obtained using a JEOL JEM-2100 LaB6 

transmission electron microscope (JEOL USA, 

Peabody, Massachusetts) ran at 200 kV.  

X-ray photoelectron spectroscopy (XPS): 

The XPS analyses (K-Alpha XPS, ThermoFisher 

Scientific) were done for the nanomaterials. 

Powdered samples were packed into small wells of 

3 mm diameter and 3 mm deep. High-resolution 

scans were made for Fe2p, As3d, C1s, and 

O1s.  The settings were: Pass energy = 50 eV, 

Dwell Time = 50 ms, spot size = 400 μm, Step size 

= 0.1 eV for a total of 10 scans per sample.  The 

flood gun was also turned on to prevent charging 

the samples. Peak fitting was accomplished with 

Avantage XPS program. 

Zeta potential (ζ): Zeta potential was 

measured with Zetasizer Nano ZS (Malvern, UK) 

at pH 7.5. The pH was adjusted to 7.5 by dropwise 

addition of 0.1 N HCl/NaOH after putting 

nanomaterial in the DDI water.  

Point-of-zero-charge (PZC):  PZC values 

were determined for the four materials used. We 

prepared a 0.01 M NaCl solution and adjusted the 

pH to the required value (pH 2-12) using 0.1 M 

NaOH or HCl. A measured amount (20 mg) of the 

nanomaterials was dispersed in 20 mL NaCl 

solution with different initial pH (Balistrieri and 

Murray, 1981; Lataye et al., 2006). The initial (0 h) 

and the final (48 h) pH values were recorded, and 

the PZC for each material was calculated by 

plotting initial pH vs. change in pH (dpH = Initial 

pH  Final pH). PZC of the adsorbent is the pH 
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when surface change on the material is zero and 

represented by the point where the plot (initial pH 

vs dpH) intersects the X-axis. 

2.4. Experimental design 

The primary objective of this study was to compare 

the four selected nanomaterials namely Graphene 

oxide-magnetite nanohybrid (GM), graphene 

oxide-nanoscale zero-valent iron nanohybrid 

(GNZVI), bare nano magnetite (M), and bare 

nanoscale zero-valent iron (NZVI), and screen out 

which one of these materials work most efficiently 

for the removal of aqueous As(III) and As(V). 

As(III) and As(V) were tested in separate batches. 

Amber glass vials (40 mL) fitted with a plastic cap 

and silicon septum were used as batch reactors. 

Each batch reactor contained 30 mL of arsenic 

solution (5 mg/L) with 10 mg of adsorbents (~333 

mg/L). The reactors were rotated in a custom-made 

end-over-end shaker (28 rpm) for 24 h at room 

temperature (222 oC). After 24 h, the reactors 

were withdrawn from the shaker and the content 

was filtered using 0.22 µm nylon housing single- 

   

   
Fig. 1. TEM micrographs of: (a) GO sheet (dotted outline), (b) NZVI, (c) M, (d) GM, (e) GNZVI, and (f) HRTEM 

of GNZVI (core-shell structured NZVI particles trapped between GO layers). 

 

use syringe filters (VWR, USA). The filtrate was 

acidified with concentrated HNO3 (15.8 N) and 

kept in refrigerator for later analysis. The arsenic in 

the filtrate was measured using a graphite furnace-

atomic absorption spectrophotometer (GF-AAS, 

Perkin Elmer AAS 900H). The percent removal 

efficiency of adsorbents was calculated as percent 

arsenic removal (= (C0 – Ce)/ C0*100% where C0 

is the initial and Ce is the equilibrium arsenic 

concentration).  

The nano-based adsorbents (333 mg/L) 

used in our experiments did not contain the same 

amount of iron. While GNZVI and GM contained 

GO, their bare counterparts NZVI and M did not, 

and the amount of iron in each material was 

different. So, 333 mg of each material used in the 

batch studies did not contain the same amount iron 

(Fe). Therefore, we determined the total iron 

content in the nanomaterials for the comparison of 

their removal efficiencies based on the mass of iron 

(Fe) present. Here, 50 mg of an adsorbent was 

digested with 15 mL of 7M HCl by first shaking 

(250 rpm) for 2 h in a 50 mL test tube and then 

keeping it in a water bath for 1 h at 80 ºC. The 

digested sample was filtered using a membrane 

filter (0.22 µm, VWR, USA) and the iron 

concentration in the filtrate was measured using 

Flame AAS (Perkin Elmer AAS 900H). The 

amount of arsenic adsorbed (qe, mg/g) as per unit 

(a) (b) (c) 

(d) (f) (e) 
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iron mass was determined as qe = (C0 – Ce) *V/m, 

where V is the volume of solution (L), and m is the 

mass iron in the adsorbent (g).  

2.5. Quality control and statistical analysis 

All experiments were conducted in triplicates and 

the average values are reported here along with the 

standard deviations. All data analysis and graphical 

representation was done in OriginLab (OriginPro) 

software. ANOVA analysis was done to determine 

statistically significant differences in data sets and 

Tukey’s pairwise comparison was used to identify 

the data that were significantly different. 

3. Results and discussion 

3.1. Material characterization 

The four adsorbents and bare GO were 

examined under TEM. The GO sheets appeared as 

crumbled in nature and paper-like structures with 

irregular shape (Fig. 1a). The bare nanoparticles  

 

 

  

  

 
 

Fig. 2. SEM-EDS of fresh (a) NZVI, (b) GNZVI (c) M (d) GM.  

 

Element Weight % Atomic % 
C 6.02±0.35 13.32±0.77 
O 34.98±1.08 58.14±1.80 
Fe 57.80±2.79 27.52±1.33 

 

Element Weight % Atomic % 

C 7.77±0.32 24.79±1.23 

O 6.51±0.81 15.59±1.91 

Fe 84.76±3.26 58.18±2.22 

 

Element Weight % Atomic % 
C 8.26±0.45 17.27±0.95 
O 34.16±29.23 53.65±1.61 
Fe 51.83±2.44 23.32±1.10 

 

NZVI 

GNZVI 

M 

Element Weight % Atomic % 
C 14.39±0.78 28.10±1.52 
O 33.86±1.19 49.64±1.74 
Fe 49.62±2.35 20.84±0.99 

 

GM 

(a) 

(b) 

(c) 

(d) 
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NZVI GNZVI M GM 

    

(a) (b) (c) (d) 

    

 

 

   Fig. 3. High resolution-XPS spectrum of Fe2P and O1s obtained from (a) NZVI (b) GNZVI (c) M (d) GM 
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(NZVI and M) exhibited spherical 

morphology and were agglomerated (Fig. 1b-c). 

The particle size of NZVI ranged between 12.3 and 

70.5 nm (n = 20) and for M, it was 6.7 to 20.9 nm 

(n = 20). On the nanohybrids, the iron nanoparticles 

(NZVI or M) were well dispersed on the GO 

surface (Fig. 1d-f).  The particles were not only 

deposited on the surface of GO, but some of the 

particles were also sandwiched inside the GO 

layers. The particle size of NZVI deposited on GO 

in GNZVI  (Fig. 1e-f) was 18.1-95.6 nm (n = 31), 

and for GM (Fig. 1d), it was 5.5-12.5 nm (n = 22). 

Similar morphologies of nanohybrids were 

reported by others (Das et al., 2020; Wang et al., 

2014a; Yoon et al., 2016). The SEM-EDS data for 

bare NZVI (Fig. 2a) indicated the presence of 

84.76% Fe and low oxygen (6.51% O) indicating 

the presence of elemental Fe (Fe0) in the NZVI 

particle with a thin oxide layer (core-shell 

structure). The presence of a very thin (2-4 nm) 

oxide layer on NZVI was reported by others as well 

(Krajangpan et al., 2012; Martin et al., 2008).  

In bare M (Fig. 2c), the oxygen content 

was found to be high (34.98%) and the Fe content 

(57.80%) was relatively low indicating the 

formation of iron oxides. Once nanoparticles were 

deposited on the GO surface (in both GNZVI and 

GM), the total oxygen (O) content increased and 

carbon (C) showed up prominently (Fig. 2b-d) as O 

and C also came from the GO sheets and the 

functional groups present.   

XPS analyses of fresh NZVI (Fig. 3a) 

show the presence of both Fe2p and O1s spectra 

suggesting that the surface layer had both Fe2O3 

and FeOOH. The Fe2p spectrum represents 

characteristic peak for Fe (2p3/2 and 2p1/2) and the 

shake-up satellite peaks indicate the existence of 

Fe(II) and Fe(III). A small peak for metallic iron 

(Fe0) was also observed. The existence of a large 

fraction of iron oxides and a relatively small 

amount of elemental iron (Fe0) confirms that the 

NZVI surface was largely made up of iron oxides. 

This is in conformity with core-shell structure of 

NZVI which is also observed in our HRTEM 

micrographs (Fig. 1b) and reported by others 

(Tucek et al., 2017; Martin et al., 2008). The Fe2P 

peaks of GNZVI (Fig. 3b) look similar to those of 

NZVI sample except that there is no Fe0 peak. The 

lack of Fe0 peak may be due to the thin metal oxide 

layer and/or GO layer between which nanoparticles 

were trapped as that might have prevented the XPS 

beam from reaching the Fe0 core. However, the 

core-shell structure is apparent in the HRTEM 

micrographs of GNZVI (Fig. 1f). Both Fe2+ and 

Fe3+ are present in the GNZVI with the peak 

positions suggesting the presence of both Fe2O3 

and FeOOH with the O1s peaks indicating a higher 

concentration (~53.3%) of bounded OH.  In M 

(Fig. 3c), the Fe2p3/2 and Fe2p1/2 peaks confirm that 

both Fe2+ and Fe3+ are present, and Fe3O4 formation 

is confirmed from the characteristic peaks of 

Fe2p3/2 at ~710.63 eV and ~724.08 eV and the peak 

of O1s at ~730.27 eV (Chandra et al., 2010; Yoon 

et al., 2016). The satellite peak situated at ~719.32 

eV is the characteristic peak of Fe3+ in γ-Fe2O3 

(Grosvenor et al., 2004) suggesting that the M 

(Fe3O4) nanoparticles were partly transformed to 

maghemite (Fe3O4 + 2H+  γ-Fe2O3 + Fe2+ +H2O). 

The O1s peaks confirm the dominance (~79%) of 

Fe-O. The peaks from GM (Fig. 3d) are similar to 

those from the M indicating the presence of a 

majority of Fe3O4. The XPS analyses confirmed the 

successful synthesis of the four nanomaterials. 

3.2. Dispersion behavior  

Zeta potential (ζ) is the interfacial potential 

difference between charged material surface and 

the counter ions in the surrounding diffuse layer 

and is a measure of dispersibility of nanomaterials 

in aqueous phase. Particles ζ > |±25| mV make a 

stable suspension (ISO, 2000). The ζ values were 

measured for NZVI, M, GNZVI, and GM as well 

for bare GO in DI water (Table 2). GO with a high 

negative ζ (41.76±2.27 mV) remained well 

disperse (stable) in water. The high ζ values of GO 

can be attributed to the presence of many functional 

groups ( ̶COOH, ̶ OH, C ̶ O ̶ C, C=O) on the GO 

surface which led to the negative surface charge 

upon ionization in water (Gao, 2015). The bare 

nanoparticles (NZVI and M) showed very low 

positive ζ (13.74±0.59 mV for NZVI and 

10.18±0.72 mV for M), and they agglomerated and 

settled down easily. Both the nanohybrids recorded 

higher ζ (GNZVI: 21.02±0.77 mV and GM: 

17.44±0.85 mV) than its bare counter parts 

leading to stable dispersions. There was, however, 

a reduction of ζ values in the nanohybrids 

compared to bare GO possibly due to the decrease 

in functional group and positive charge of iron 

nanoparticles during metal ion nucleation and  
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Table 2. Zeta potential (ζ ) at pH 7.5 and point of zero charge (PZC) the nanomaterials used in this study. 

Material PZC Mean ζ (mV) 

GO NM -41.76±2.27 

NZVI 8.4 13.74±0.59 

M 4.3 10.18±0.72 

GNZVI 8.05 -21.02±0.77 

GM 4.8 -17.44±0.85 

NM: Not measured as GO showed no significant arsenic adsorption; *pH of the test solution during ζ measurements 

 

because of the presence positive changes on the 

nanoparticles surface.  As the metal ions got 

attached to the functional groups on the GO 

surface, some negative charges present on the GO 

got neutralized leading to the decrease in net ζ 

values but the values were still relatively high 

compared to bare particles (NZVI and M) to 

achieve much better stable dispersions. 

Solution pH plays an important role in the 

arsenic removal process by iron-based materials 

(Wang et al., 2014b; Yoon et al., 2016). The PZC 

(pH dependent surface charge properties) values 

for the four adsorbents varied from 4.3 to 8.4 

(Table 2) with the nanohybrids having the PZC 

values as 8.05 (GNZVI) and 4.8 (GM). The surface 

of the adsorbent is positively charged at pH below 

the PZC and negatively charged at pH above PZC, 

and that may major play a role in arsenic removal.  

The speciation of the arsenic oxyanions is also 

 

 

 

 

  

 

 

 

 

 

 

 

 

  

Fig. 3. Speciation of aqueous arsenic at different pH (modified after Ben Issa et al., 2011) 

 

changed with solution pH (Fig. 4). The dominant 

As(V) species present in aqueous solution are 

H3AsO4 (at pH<2.2), H2AsO4
− (pH 2.2-6.9), 

HAsO4
2− (pH 6.9-11.5), and AsO4

3− (pH > 11.5). 

On the other hand, As(III) species are present in 

aqueous media as neutral H3AsO3 (pH<9.2) and 

H2AsO3
̅  (pH>9.3). 

3.4. Arsenic removal 

3.4.1. As(III): GNZVI and NZVI removed >99% 

As(III) (initial concentration, C0 = 5 mg/L) at pH 

3-9 (Fig. 5a). There was no significant difference 

in As(III) removal by the two nanomaterials (Two-

way ANOVA, p = 0.05). The PZC values for both 

GNZVI and NZVI were > 8, yet the removal 

efficiency did not change over the wide pH range 

and that leads us to think that surface complexation 

might have played a major role in As(III) removal 

here.  

For GM and M, there was an increase in 

As(III) removal efficiency with the increase in pH 

(Fig. 5a). Others (Chandra et al., 2010; Yoon et al., 

2016) also reported similar observations. Above 

As(III) As(V) 
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the PZC, M (PZC = 4.3) and GM (4.8) become 

negatively charged while As(III) remains mostly 

neutral (no charge) at pH < 9.2 and without any 

dominant repulsive force between the adsorbent 

and As(III), arsenic is still adsorbed onto GM and 

M. Here, As (III) removal is achieved potentially 

via surface complexation and ligand exchange.  

Others (Morin et al., 2009) suggested that: (1) 

There are some vacant tetrahedral site on the 

magnetite surface (111), and As (III) can fit into 

those sites by forming stable 3C tridentate, 

hexanuclear, corner-sharing surface complexes, 

and (2) a portion of As(III) precipitates as 

amorphous Fe-As complex on the surface of 

magnetite. In ligand exchange process, the surface 

hydroxyl groups are replaced by arsenite ion. The 

amount of surface hydroxyl groups increases with 

the increase pH (Su et al., 2017) and thus 

contributing towards increased As(III) removal at 

higher pH (Kumar and Jiang, 2017).  

3.4.2. As(V): Both the NZVI based adsorbents, 

GNZVI and NZVI recorded 87-98 % of As(V) 

removal (C0 = 5 mg/L) over a wide pH range (3-9) 

(Fig. 5b). The maximum As(V) removal efficiency 

(>98%) was achieved at pH 5-7 (Fig. 5b). In our 

experimental pH range As(V) is present as 

negatively charged oxyanions (H2AsO4
− and 

HAsO4
2−). Now, the surfaces of GNZVI (PZC 

8.05) and NZVI (PZC 8.4) are positively charged 

when the solution pH is below there PZC value. 

The negatively charged arsenic ions can be easily 

adsorbed onto the positively charged material 

surface through the columbic attraction. The 

material surfaces remain positive surface due to 

protonation of surface hydroxyls present on the 

iron oxide shell of NZVI. With the increase in 

solution pH, the amount of positive surface charges 

would decrease, and the arsenic adsorption onto the 

surface should decrease. However, there was no 

significant reduction in As(V) removal (Two-way 

ANOVA, p = 0.05) at pH 3 through 9 and that 

indicates that electrostatic attraction is not the only 

driving force for As(V) removal by GNZVI and 

NZVI. Similar findings were also reported by 

others literature (Wang et al., 2014a; Wu et al., 

2017).   

 

 

 

Fig. 5. Arsenic removal at different pH by four nanomaterial: (a) As(III); note: plots for GNZVI and are 

overlapped as both have similar removal efficiencies; (b) As(V). Initial arsenic concentration = 5 mg/L, 

Adsorbent dose = 333 mg/L Reaction Time = 24 h. The vertical errors bars represent standard deviations. The 

data points joined by straight lines for ease of reading only and the do not represent trendlines. 

The NZVI is highly reactive, the Fe0 reacts with 

water to continuously form iron oxide corrosion 

products such as FeOOH, Fe3O4, and Fe2O3. As(V) 

reacts with freshly generated iron oxide via inner 

sphere surface complexation forming monodentate 

or bidentate complexes. While electrostatic forces 

play a role at pH below the PZC, arsenic 

interactions with iron corrosion products on the 

surface of the NZVI particles apparently play the 

important roles in the As(V) removal process at all 

pH values. While the surface positive charge 

decreases with the increase in pH and electrostatic 

As(V) adsorption goes down, the increased As(V) 

complexations onto surface corrosion products 

offset the reduction, and so a consistent high 

(a) 
(b) 
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arsenic removal over a wide pH range was 

observed in this study.  

For GM and M, As(V) removal decreased 

as the pH increased (Fig. 5b). At pH 3, ~90% As(V) 

removal was achieved with GM and ~99% with M, 

and the removal decreased when pH was raised to 

9 (only 22% removal by GM and 51% by M). 

Given that GM and M was relatively more effective 

at pH below their PZC (4.8 for GM and 4.3 for M), 

we can infer that electrostatic force was dominant 

in arsenic removal. At pH higher than PZC, there 

was a net decrease in positive surface charge on the 

nanomaterials and so negatively charged As(V) 

ions were not attracted. Further, at high pH, the 

competition between As(V) species (H2AsO4
− or 

HAsO4
2−) and OH ions for adsorption sites might 

have affected arsenic removal.  

 
Table 3. Arsenic removal by the nanomaterials used in this study. 

Material Particle Size 

(nm)+ 

pH* 

 

Fe content 

mg/g 

As Loading 

mg/g** 

As(III) As(V) 

NZVI 12.3-70.5 3-9 0.59 26 32-36 

M 6.7-20.9 
As(III): 9 

As(V): 3 
0.66 11.1-14.7 16.1-30.5 

GNZVI+ 18.1-90.5 3-9 0.43 36 43-49 

GM+ 5.5-12.5 
As(III): 9 

As(V): 3 
0.44 23-29 10.4-41.7 

*pH at which >90% arsenic removal was achieved; **mg of As per g of Fe; +Size of the NZVI or M 

particles deposited on the graphene sheet 

 

3.4.3. Comparison of the nanohybrids: 

Comparison between nanohybrids and 

nanoparticles: In our study, we used 333 mg/L of 

each adsorbent (GNZVI, NZVI, GM, and, M) 

without normalizing for the amount of Fe present. 

We determined the Fe content in the four 

adsorbents (Table 3) to calculate the amount of 

arsenic adsorbed per unit mass of Fe (Fig. 6a-b). 

The Fe mass normalized data indicate significant 

improvement in arsenic removal when iron 

nanoparticles (NZVI, M) are decorated on GO 

surface (Table 3, Fig. 6a-b). GNZVI removed 10 

mg more As(III) per g of material across all pH (3-

9) compared to NZVI, and for As(V), the 

improvement was 11-13 mg at different pH values. 

As(III) removal by GM improved by 11.9-14.3 mg 

compared to that by M, and the improvement was 

~11.2 mg for As(V). Higher arsenic removal by the 

nanohybrids (GZVI and GM) was achieved 

possibly because of their effective dispersion 

(reduced agglomeration) in aqueous media which 

ensured improved interaction with the arsenic 

species.  

Comparison between GNZVI and GM 

nanohybrids: Comparison of arsenic removal by 

GNZVI and GM indicates that GNZVI is 

significantly (p = 0.05) more efficient than GM. 

Analysis based on normalized Fe content (Table 3, 

Fig. 6a-b), GNZVI removed ~36 mg As(III)/g of 

Fe and 43-49 mg As(V)/g, while GM removed 23-

29 mg As(III)/g and 10-42 mg As(V)/g. 
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Fig. 6.  Efficacy of arsenic removal based on iron mass present in the four nanomaterials: (a) As(III) and (b) As(V)  

It is known that iron oxides are responsible for 

arsenic adsorption (iron oxide + arsenic  arsenic-

iron complex) onto iron nanoparticles (Bezbaruah 

et al., 2013; Kanel et al., 2006; Rashid et al., 2020; 

Tucek et al., 2017; Wang et al., 2014b).  Higher 

removal by the NZVI-based material is achieved 

possibly because of the continuous corrosion to 

leading to fresh iron oxide formation on the 

nanoparticle surface (shell).    

 

3.4.4. Post arsenic sorption XPS analyses of the 

nanohybrids:  

The nanohybrids (GNZVI and GM) so far worked 

better than their bare counterparts (NZVI and M), 

and so XPS spectra were collected after the 

graphene oxide-iron (GNZVI and GM) sorbed 

arsenic (As(V)/As(III)). The As(V)-sorbed GNZVI 

show a strong  peak at ~ 45.57 eV (Fig. 7a, As 3d 

spectra) which is the characteristic peak for As(V). 

This indicate that As(V) was sorbed onto the 

surface of GNZVI and the oxidation state remained 

unchanged. In the case of As(III)-sorbed GNZVI 

(Fig. 7b, As3d spectra), dual oxidation (III/V) 

states of adsorbed arsenic were observed with 

As(V) being more noticeable than As(III). This 

indicates that most of the As(III) got oxidized to 

As(V) as they reacted with the surface iron oxide 

layer of the iron nanoparticles present in GNZVI. 

The adsorption and oxidation of As(III) on the 

GNZVI surface happened simultaneously. The 

deconvolution of O1s spectrum of arsenic-sorbed 

GNZVI show reduction in surface bound OH 

concentration in case of As(V) (Fig 7a) and 

increase in concentration for As(III) (Fig. 7b) 

compared to pristine GNZVI. This reveals that 

arsenic species reacted with surface bound oxide 

and hydroxide of the iron nanoparticles present in 

GNZVI and formed inner-sphere arsenic-iron 

complex. Similar observations were recorded by 

others for iron nanoparticle and arsenic reaction. 

(Das et al., 2020; Kanel et al., 2006; Wang et al., 

2014a; Tucek et al., 2017). For As(V)-sorbed GM, 

the characteristic peak  of As(V) is present at ~ 

45.67 eV (Fig. 7c, As3d spectra) confirming the 

adsorption of As(V) onto the GM surface, and the 

oxidation state remained unchanged. In case of 

As(III)-sorbed GM (Fig. 7d, As3d spectra),  both 

As(III) and As(V) peaks can be seen with As(III) 

being more noticeable than As(V). This indicate 

most of the sorbed As(III) did not get oxidized but 

only a smaller fraction was oxidized to As(V). Iron 

in GM is present in both Fe2+ and Fe3+ oxidation 

states, and the surface bound Fe2+ induces 

oxidation of As(III) to As(V) either though Fenton 

reaction (Liu et al., 2015) or  via the formation of 

Fe(III) oxide-Fe(II)-As(III) surface complexation 

(Amstaetter et al., 2010; Yan et al., 2012). In O1s 

spectrum for As(III) and As(V) sorbed GM, the 

concentration of Fe-O and surface bound hydroxyl 

changed compared to pristine GM. This also 

indicates that the arsenic species adsorbed onto 

surface iron oxide layer via surface complexation.  

3.5. Environmental Significance 

Both NZVI and magnetite are iron-based 

nanomaterials which are promoted as promising 

adsorbents for aqueous arsenic remediation.  

(a) (b) 
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(a) As(V)-sorbed GNZVI (b) As(III)-sorbed GNZVI 

 

 

 

 

 

 

(c) As(V)-sorbed GM (d) As(III)-sorbed  GM 

    
Fig. 7. As3d and O1s XPS spectra for arsenic-sorbed GNZVI and GM.  XPS spectra for GNZVI after (a) As(V) sorption, (b) As(III) sorption; and XPS 

spectra for GM after (c) As(V) sorption, (d) As(III) sorption.  
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However, one of the major important aspects of its 

applicability is their efficiency in real water 

environments which is overlooked by many. 

Arsenic is predominately present in As(V) 

oxidation state and our results suggest that  

magnetite-based nanomaterials work most 

efficiently (>90%) at pH blow 4 for As(V) 

removal. So, at typical groundwater pH (6.5-8.5), 

M based materials cannot potentially perform to its 

full potential unless pH adjustment is made or an 

increased adsorbent dosing is added at addition 

cost to the treatment process. On the contrary, 

NZVI-based nanomaterials worked equally 

effective at all environmentally relevant pH (3-9).  

Besides, arsenic removed per unit mass of Fe 

present in NZVI-based nanomaterials is much 

better than in M-based nanomaterials. NZVI-based 

materials, specifically the GNZVI, hold promise 

for field applications for the treatment of 

groundwater contaminated with either or both 

As(III) and As(V). While M-based nanomaterials 

may not be effectively and easily used to treat 

groundwater (pH 6.5-8.5), it may find applications 

in industrial wastewater or mining drainage water 

arsenic treatment where solution pH is very low.  

Manufacturing of iron nanomaterials is an energy 

and cost intensive process compared to bulk iron 

based adsorptive media. While iron nanomaterials 

are far more efficient and effective and required in 

less amount, the major roadblock for their actual 

application is their high production cost. In this 

study, the synthesized GNZVI has exhibited better 

iron use efficiency (i.e., amount of arsenic removed 

per unit mass of Fe) and that is expected to lead to 

cost saving in terms of materials needed and the 

size of treatment units. This will make the GNZVI-

based water treatment systems very sustainable and 

efficient. magnetite-based nanomaterials work 

most efficiently (>90%) at pH blow 4 for As(V) 

removal. So, at typical groundwater pH (6.5-8.5), 

M based materials cannot potentially perform to its 

full potential unless pH adjustment is made or an 

increased adsorbent dosing is added at addition 

cost to the treatment process. On the contrary, 

NZVI-based nanomaterials worked equally 

effective at all environmentally relevant pH (3-9).  

Besides, arsenic removed per unit mass of Fe 

present in NZVI-based nanomaterials is much 

better than in M-based nanomaterials. NZVI-based 

materials, specifically the GNZVI, hold promise 

for field applications for the treatment of 

groundwater contaminated with either or both 

As(III) and As(V). While M-based nanomaterials 

may not be effectively and easily used to treat 

groundwater (pH 6.5-8.5), it may find applications 

in industrial wastewater or mining drainage water 

arsenic treatment where solution pH is very low.  

Manufacturing of iron nanomaterials is an energy 

and cost intensive process compared to bulk iron 

based adsorptive media. While iron nanomaterials 

are far more efficient and effective and required in 

less amount, the major roadblock for their actual 

application is their high production cost. In this 

study, the synthesized GNZVI has exhibited better 

iron use efficiency (i.e., amount of arsenic removed 

per unit mass of Fe) and that is expected to lead to 

cost saving in terms of materials needed and the 

size of treatment units. This will make the GNZVI-

based water treatment systems very sustainable and 

efficient. 

4. Conclusions 

This study has, for the first time, compared four 

frequently reported iron-based nanomaterials for 

arsenic removal under the same experimental 

conditions, and selected the best candidate for 

potential field application to remove arsenic from 

water. The nanoscale zero-valent iron (NZVI)-

based material showed better removal performance 

over a wide range of pH (3-9) for both As(III) and 

As(V). The authors explored the potential 

mechanisms of arsenic removal by NZVI-based 

nanomaterials and opined that arsenic removal was 

controlled by electrostatic forces and surface 

complexation.  The magnetite (M)-based 

nanomaterials worked better (>90%) at low pH (pH 

< 4) only for As(V) with the removal being 

controlled by electrostatic interactions. On the 

other hand, As(III) removal by M-based 

nanomaterials increased with increase in pH as the 

process was controlled by ligand exchange and 

surface complexation. The deposition of 

nanoparticles on GO surface (to form nanohybrids) 

improved arsenic removal significantly in both the 

nanohybrids (GNZVI and GM) compared to their 

base counterparts (NZVI and M), and this 

happened because of better dispersion of iron 

nanoparticles on GO surface providing better 

interaction between arsenic species and 

nanomaterial reactive surfaces. 
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GNZVI nanohybrids were found to be the most 

efficient in terms of arsenic removal per unit mass 

of iron used and the authors would promote 

GNZVI as a potential candidate for future field 

application to remove arsenic from groundwater.  It 

is, however, important to recognize that nano-

based adsorbents with high arsenic adsorption 

capacity always pose a concern for secondary 

contamination through the release (desorption) of 

arsenic from the adsorbed phase, and so 

experiments should be conducted on the long-term 

stability of arsenic in arsenic saturated 

nanomaterials with actual groundwater. 
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