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INTRODUCTION 

Water pollution is currently the main concern worldwide, 

whether in developed or developing countries, especially 

with the continued population inflation accompanied by the 

continuously increasing water demand. Rapid urbanization 

and the associated intensive non-eco-friendly disposal of 

industrial wastes are the primary causes of heavy metals 

release into either surface or subsurface water [1]. 

Subsequently, the quality of water and soil is deteriorated 

by the presence of combinations of such contaminants. For 

several decades, arsenic (As) contamination of water was 

considered an issue of great concern. Arsenic is a highly 

toxic heavy metal that has the potential to cause severe 

effects on human health, animals, and the environment [2]. 

Arsenic occurrence in water is associated with either 

natural causes, including sedimentary and volcanic 

deposits, or human-made causes, such as industrial and 
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For several decades, arsenic (As) contamination of water was considered as an 

issue of great concern. In this study, magnesium hydroxide coated iron 

nanoparticles (nFe0@Mg(OH)2) were developed for enhancing arsenic removal 

from aqueous solutions. Several parameters were investigated, including Mg/Fe 

coating ratio, nFe0@Mg(OH)2 dosage, initial pH, reaction temperature, and initial 

As(V) concentration. The characteristics of the synthesized materials were 

studied using different techniques, such as transmission electron microscopy 

(TEM), X-ray diffraction (XRD), and X-ray absorption near edge structure 

(XANES). Results indicated the superiority of the highest Mg/Fe coating ratio 

(100%) to the other lower ratios in As(V) removal, corresponding to the 

adsorption contribution of Mg(OH)2 coating shell. Furthermore, nFe0@Mg(OH)2-

100% could efficiently achieve around 100 % final As(V) removal efficiency at 

wide pH and temperature ranges (3.0 – 9.0, and 25 – 75 oC), at a low dosage of 

0.5 g/L, reflecting the high applicability of the proposed material. Mg(OH)2 

coating enhanced the anti-aggregation effect of the magnetic nanoparticles, which 

was confirmed by TEM measurements. Kinetics, thermodynamic, and isotherm 

analyses depicted that pseudo-second-order was the best model to describe the 

kinetics data, the endothermic nature of the reaction, and a maximum Sips 

sorption capacity of 89.97 mg/g (following Sips isotherm model), respectively. 
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mining activities. Arsenate (As(V)) is the predominant 

arsenic species in oxygenated aqueous environments (e.g., 

AsO4
3−, HAsO4

2−, and H2AsO4
−), while arsenite (As(III)) 

mainly exists as non-ionic H3AsO3
− in anaerobic 

environments [3]. Additionally, arsenic is considerably 

toxic in its inorganic forms which has high carcinogenic 

effect on humans. Long-term exposure to contaminated 

water with high As concentration increases the risk of 

cardiovascular system diseases and skin lesions [1,4]. 

Accordingly, the World Health Organization (WHO) set 

arsenic maximum concentration limit in drinking water of 

10 μg/L [4].   

 Nanotechnology has emerged recently in several 

environmental remediation aspects owing to the excellent 

functional characteristics of the nanomaterials [5,6]. Iron 

nanoparticles (nFe0) have been widely investigated for 

arsenic removal from water, owing to their high redox 

potential (E0 = -0.44 V), high reactivity, and large specific 

surface area (resulted from the nano-size < 100 nm) [7]. 

Therefore, nFe0 can treat water from arsenic species, as 

different mechanisms are involved, including reduction, 

adsorption, and co-precipitation [8]. Correspondingly, 

nFe0-based materials have high reactivity towards most of 

the inorganic forms of almost all the occurred heavy metals 

in water bodies, including Cr(VI) [9,10], Zn(II) [11], Pb(II) 

[12,13], Cd(II) [14], and especially towards As(V) [15]. 

However, nFe0 suffers from issues such as the aggregation 

of the magnetic particles and poor mobility, which limit its 

applicability in the water treatment field. Hence, modifying 

the nFe0 surface by either doping, coating, or supporting 

can help overcome such issues. Meanwhile, in our previous 

work, surface coating of nFe0 with magnesium hydroxide 

(Mg(OH)2) immensely helped in overcoming several 

drawbacks from which nFe0 suffers, including poor 

mobility, particles aggregation, non-stabilized aqueous 

suspension, and rapid corrosion of the iron core [7]. 

Additionally, it showed great removal performance towards 

Cr(VI) achieving 100% removal performance of 20 mg/L 

initial Cr(VI) concentration, which was maintained for long 

reaction time [16]. The non-magnetic, non-toxic, low cost 

features of Mg(OH)2 makes it one of the perfect candidates 

as a coating material for nFe0. Besides, the adsorption 

abilities of Mg(OH)2 towards different contaminants can be 

another motivation to be incorporated in nFe0-based 

sorbents. 

 Serval reported studies investigated the efficiency of 

As removal from water by either bare or modified nFe0, in 

which nFe0-based materials showed a significant potential 

[3,17,18]. Nevertheless, there is a lack of reported work 

concerning the use of magnesium hydroxide-coated iron 

nanoparticles (nFe0@Mg(OH)2). As shown in Fig. 1, the 

bibliometric analysis of the past decade's published data on 

arsenic removal by nFe0-based materials clearly depicted 

the cruciality of such a research trend. However, the 

absence of the reported studies on using nFe0@Mg(OH)2-

like materials confirmed the relevant knowledge gap in the 

literature. 

 Hence, the main aim of this study is to investigate the 

potential of Mg(OH)2 coated iron nanoparticles 

(nFe0@Mg(OH)2) in improving arsenic removal from 

aqueous solutions. A set of batch tests has been conducted 

to understand the effect of several reaction factors, 

including coating ratio optimization, dosage, initial pH, 

temperature, and initial As(V) concentration. Furthermore, 

transmission electron microscopic (TEM) coupled with 

energy dispersive X-ray (EDX), X-ray diffraction (XRD), 

and X-ray absorption near edge structure (XANES) were 

used for the determination of the characteristics of the fresh 

and spent materials. Additionally, kinetic, isotherm, and 

thermodynamic analyses were considered for further 

elaboration of the proposed removal mechanisms of arsenic 

by nFe0@Mg(OH)2. 

 

Fig. 1. Bibliometric map of arsenic removal by nFe0-based materials 
related keywords occurrence in the literature (Web of Science database, 

2012-2022). 

 

EXPERIMENTAL 

Chemicals 

Ferric chloride (FeCl3, 99.0%, Junsei Chemical Co., Japan), 

sodium borohydride (NaBH4, 98.0%, Sigma–Aldrich Inc., 

USA), magnesium nitrate hexahydrate (Mg (NO)3)2·6H2O, 

> 99.0%, Sigma-Aldrich Inc., USA), disodium hydrogen 

arsenate (Na2HAsO4·7H2O, 98.0%, Sigma–Aldrich Inc., 

USA), sodium hydroxide (NaOH, > 97.0%, Wako Co., 

Japan), hydrochloric acid (HCl, 30.0%, Wako Co., Japan), 

ethanol (C2H5OH, > 99.5%, Wako Co., Japan), and 

deionized water (DIW, 18.2 MΩ·cm, Milli-Q filter). All 

chemicals were procured in analytical grade and directly 

used without any premodification. 

Material synthesis 

nFe0 was prepared via the chemical reduction of FeCl3 

precursor by NaBH4 reductant, following the exact 

synthesis conditions reported in our previous work [19-21]. 

nFe0@Mg(OH)2 was synthesized by the thermal deposition 

of Mg2+ precursor on nFe0 surface via OH-linking within 
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ethanol medium at 50 ± 1.0 °C [16,22]. Ultrasonication and 

nitrogen gas purging were considered during the whole 

synthesis time to ensure the dispersion of the particles 

within the aqueous media and the anaerobic environment, 

respectively [23,24]. After an aging time of 1 hour, the 

formed nFe0@Mg(OH)2 were separated using 0.2 μm 

membrane using a vacuum filtration system. Different 

coating ratios were considered based on Mg/Fe mass ratios 

of 25%, 50%, and 100%. 

Characterization 

Different characterization techniques were considered for 

investigating the physic/chemical characteristics of the 

synthesized materials. Transmission electron microscopy 

coupled with energy dispersive X-ray spectroscopy (TEM-

EDS, JEM-ARM 200F, JEOL Co., Japan) was used to 

examine the morphological features and the surface 

composition. X-ray diffraction (XRD, TTR, Rigaku Inc., 

Japan) was used to determine the structural and 

crystallographic properties.  X-ray absorption near edge 

structure (XANES) measurements of As K-edge in 

fluorescence model using beamline 27B at the Photon 

Factory (KEK, Tsukuba, Japan) were conducted for the 

determination of the nature of sorbent/sorbate interaction as 

well as the oxidation states of the loaded arsenic species on 

the spent nFe0@Mg(OH)2. 

Reaction & analysis 

Batch experiments were conducted to evaluate the 

efficiency of nFe0@Mg(OH)2 in As(V) removal from 

aqueous solutions. Several reaction conditions were 

investigated, in the exact following sequence, including 

Mg/Fe coating ratio (25%, 50%, and 100%), 

nFe0@Mg(OH)2 dosage (0.2, 0.5, 1.0, and 2.0 g/L), initial 

pH (3.0, 5.0, 7.0, 9.0 and 12.0), reaction temperature (25, 

35, 55, and 75 oC), and initial As(V) concentration (5, 10, 

20, and 40 mg/L). The baseline conditions for the reaction 

parameters optimization were initial As(V) concentration 

of 20 mg/L, initial pH of 5.0 ± 0.2, and reaction temperature 

of 25 ± 1.0 oC. Water samples were periodically withdrawn 

over 120 min reaction time to be analyzed for As(V) 

concentration using an inductively coupled plasma mass 

spectrometer (ICP-MS, Agilent-7500cx, Agilent Tech., 

USA). As(V) removal efficiency and adsorption capacity 

were calculated according to the following equations [25]: 

Removal efficiency (R%) =
𝐶0−𝐶𝑡

𝐶0
× 100           (1) 

Adsorption capacity (q𝑒) =
(𝐶0−𝐶𝑒) 𝑉

𝑚
                  (2) 

where C0 (mg/L), Ct (mg/L), and Ce (mg/L) denote the 

initial, time (t)-corresponding, and equilibrium As(V) 

concentrations, respectively. V is the solution volume (L), 

and M stands for the mass of nFe0@Mg(OH)2 adsorbent (g). 

Data modelling 

To evaluate the adsorption kinetics behaviour of As(V) 

removal by nFe0@Mg(OH)2, the experimental data are 

fitted using the pseudo-first-order, pseudo-second-order, 

intra-particle diffusion, and Elovich models, respectively 

[26-29]. 

 

Pseudo-first-order model: 

𝑞𝑡 = 𝑞𝑒  (1 − 𝑒
−𝑘1𝑡)                                               (3) 

Pseudo-second-order model: 

𝑞𝑡 =
𝑞𝑒
2𝑘2𝑡 

1+𝑞𝑒𝑘2𝑡
                                                            (4) 

Intra-particle diffusion model: 

𝑞𝑡 = 𝑘𝑖𝑛𝑡𝑡
0.5 + 𝐶𝑖𝑛𝑡                                                 (5) 

Elovich model: 

𝑞𝑡 =
1

𝛽
ln(𝛼𝛽𝑡 + 1)                                                  (6) 

where qt (mg/g) represents the amount of As(V) adsorbed 

by a mass unit of nFe0@Mg(OH)2 at a predetermined time 

t (min); k1 (1/min) is the pseudo-first-order adsorption rate 

constant; k2 (g/mg min) is the pseudo-second-order 

adsorption rate constant; kint (mg/g min0.5) is the intra-

particle diffusion rate constant; Cint (mg/g) is a constant that 

represents the boundary layer thickness, β (mg/g min) is 

Elovich initial adsorption rate constant, and α (g/mg) is 

Elovich adsorption rate constant. 

 To predict the adsorption mechanism, investigations 

on adsorption thermodynamics are crucial. The 

thermodynamic parameters were determined via the 

following equations [30-32]. 

∆𝐺 = −𝑅𝑇 ln𝐾𝑑                                                       (7) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                       (8) 

ln𝐾𝑑 = ∆𝑆 𝑅⁄ − ∆𝐻 𝑅𝑇⁄                                            (9) 

where ΔG is Gibbs free energy change (kJ/mol), ΔH is 

enthalpy change (kJ/mol), ΔS is entropy change (J/mol 

Kelvin), T is the temperature in Kelvin, and R is the 

universal gas constant (8.314 J/mol Kelvin), When plotted 

against qe, the curve intercept of ln(qe/Ce) yields the 

thermodynamic equilibrium constants Kd. 

 Adsorption isotherm curves are useful for analyzing 

the interaction between adsorbent and adsorbate as well as 

the properties of the adsorption layer. The Langmuir, 

Freundlich, and Sips (modified Langmuir/Freundlich) 

adsorption isotherm models are described as the following 

equations, respectively [26,33,34]. 

Langmuir isotherm model: 

𝑞𝑒 =
𝑞max (𝐿)𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                      (10) 

Separation factor: 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
                                                             (11) 

Freundlich isotherm model: 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛                                                           (12) 

Sips isotherm model: 

𝑞𝑒 =
𝑞max (𝑠)𝐾𝑠𝐶𝑒

𝑛𝑠

1+𝐾𝑠𝐶𝑒
𝑛𝑠

                                                     (13) 

where qmax(L) (mg/g) stands for Langmuir maximum 

adsorption capacity; The Langmuir constant associated 

with adsorption energy is KL (L/mg); The separating factor 

is RL: RL = 1, linear; RL = 0, irreversible; RL > 1, 

unfavorable; 0 < RL < 1, favorable. KF is the Freundlich 
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constant [(mg/g) (L/mg) 1/n], while 1/n is the adsorption 

affinity constant. 

 The coefficient of determination (R2) was used to 

determine the best-fitting models. Moreover, the well-

known Akaike Information Criterion (AIC) model was 

considered for investigating the goodness of fit for all the 

applied models [32,35,36]: 

AIC = 2𝐾 + 𝑁 ln [
𝑆𝑆𝐸

𝑁
] +

2𝐾(𝐾+1)

𝑁−𝐾−1
                              (14) 

where K is the number of the independently adjusted 

parameters in the applied model, N is the number of 

experimental measurements, and SSE is the sum of squared 

errors between the experimental (qexp) and calculated (qcalc) 

equilibrium adsorption capacities, which can be estimated 

by the following formula. 

SSE = ∑ (𝑞𝑒𝑥𝑝 − 𝑞𝑐𝑎𝑙𝑐)𝑖
2𝑁

𝑖                                          (15) 

 The lower the AIC value, the better the fitting of the 

model to the experimental data. So, the model with the 

lowest AIC value shall be chosen to describe the data. 

 It is worth mentioning that non-linear modeling was 

considered for the kinetic and isotherm modeling as it 

showed higher accuracy and to avoid the errors resulting 

from non-linear/linear transformation in terms of error 

structure, error variance, and normality assumptions of the 

standard least squares [29,37]. 

 

RESULTS AND DISCUSSION 

Materials characterization 

XRD patterns of fresh and reacted material are displayed in 

Fig. 2. Fresh nFe0 exhibited the two typical characteristic 

peaks of α-Fe0 at 2θ of 44.8˚and 82.16˚, confirming the 

presence of the pure iron core. The freshly prepared 

Mg(OH)2 showed a mixture of crystalline and amorphous 

peaks, attributed to MgO (ICSD, Code: 31053), and brucite 

(ICSD, Code: 31053), respectively [38]. XRD pattern of 

fresh nFe0@Mg(OH)2 (100% coating ratio) showed a 

lower-intensity peak of α-Fe0, owing to the high Mg/Fe 

coating ratio and the moderate amorphous nature of the 

Mg(OH)2 coating. Such a phenomena was less observed in 

lower coating ratios, as previously reported [16,22]. 

Furthermore, the coating layer successfully protected the 

iron core from rapid oxidation, reflected by the absence of 

iron oxide peaks. Such a hypothesis was confirmed by  

X-ray photoelectron spectroscopy analysis (XPS) which 

was conducted in our previous work [16]. XPS analysis was 

conducted for the freshly synthesized nFe0 and 

nFe0@Mg(OH)2 (100% coating ratio) (Fig. S1, supporting 

information). The presence of iron oxide (II/III) states in 

addition to Fe0 states was confirmed in the Fe 2p region at 

a binding energy range of 706 – 726 eV, indicating the high 

sensitivity of the freshly synthesized nFe0 to corrosion. The 

presence of iron oxide states could be related to the possible 

oxidation during the sample preparation for XPS analysis, 

owing to the extreme reactivity of the freshly synthesized 

nFe0. Whereas the surface of nFe0@Mg(OH)2 was 

completely clear from any iron oxidation states, reflecting 

the protection of the iron core. Additionally, the O 1s region 

showed further confirmation of the absence of any metal 

oxide states, besides the explicit attribution of Mg(OH)2 

coating on the surface (corresponding to M―OH). 

 

 

Fig. 2. XRD patterns of fresh and reacted materials. 

 In the case of the reacted nFe0@Mg(OH)2, XRD 

patterns depicted the presence of magnetite, maghemite, 

and iron oxide-hydroxide on the particle’s surface after the 

reaction with As(V), indicating the possible involvement of 

adsorption and co-precipitation in As removal process [39]. 

Nevertheless, it was clearly observed that α-Fe0 peak was 

maintained even after the reaction, which confirmed the 

protective effect of the Mg(OH)2 coating, which prevented 

the rapid corrosion of the iron core. Hence, it can be 

concluded that the iron core could be partially oxidized, 

achieving the multi-function al aim of removing As 

sufficiently and protecting the iron core (the electron 

source) for prolonged reactive performance. 

 TEM imaging of nFe0 and nFe0@Mg(OH)2 (100% 

coating ratio) is shown in Fig. 3. Fresh nFe0 yielded the 

typical chain-like aggregated morphology with an average 

particle size ranging from 30 to 60 nm. For nFe0@Mg(OH)2, 

the irregularly shaped clouds of Mg(OH)2 were clearly 

observed around the black spherical iron particles. Such 

observations were confirmed by the EDS elemental 

mapping, which exhibited the uniform distribution of Mg 

and O, and the concentration of Fe inside the black iron core. 

It is worth mentioning that H, as a light element, was not 

detected in EDS analysis. nFe0@Mg(OH)2 showed a 

slightly finer particle size than nFe0, with an average 

particle size ranging from 25 to 50 nm. The anti-

aggregation effect of the non-magnetic Mg(OH)2 coating 

enhanced the discreetness of the particles to some extent 

compared with that of nFe0, showing less overlapping of the 

spherical particles. However, further sonication of the 

samples before TEM measurements could have led to 

enhanced dispersion of the particles over the TEM grid. 
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Fig. 3. TEM imaging at different magnification values of nFe0 (a) and (b), 

nFe0@Mg(OH)2 (c) and (d), and TEM-EDS elemental mapping of 

nFe0@Mg(OH)2 (e), (f), (g), and (h). 

As(V) removal results 

Batch experiments were conducted to evaluate the 

efficiency of nFe0@Mg(OH)2 in As(V) removal from 

aqueous solutions. The first step was optimizing the Mg/Fe 

coating ratio (25%, 50%, and 100%), considering 

nFe0@Mg(OH)2 dosage of 1.0 g/L. As shown in Fig. 4(a), 

such a dosage of either nFe0 or nFe0@Mg(OH)2 was enough 

to achieve full removal within just 5 min of the reaction 

time, which was auspicious results; taking into 

consideration the initial As(V) concentration  of 20 mg/L is 

much higher than the normally detected range in water 

bodies [40,41]. Hence, it was necessary to consider a lower 

dosage (0.5 g/L) to study the actual difference between the 

bare and the coated nFe0 in As(V) removal. 

 Results indicated that the higher Mg/Fe coating ratio, 

the more enhanced As(V) removal was observed, 

corresponding to final As(V) concentrations of 3.1, 0.8, and 

0.001 mg/L for 25, 50, and 100% coating ratios, 

respectively (Fig. 4(b)). Such results implied the 

contribution of Mg(OH)2 coating shell in adsorbing As(V) 

aqueous species, which can be attributed to the electrostatic 

attraction between the negatively charged A(V) species to 

the positively charged surface of nFe0@Mg(OH)2, which 

was confirmed by improved As(V) removal comparing 

with that of nFe0. The superiority of nFe0 to 

nFe0@Mg(OH)2 (25 and 50% coating ratios) could be 

related to several attributions; (1) the rapid release of 

electrons from the iron core was favorable in the case of 

nFe0, yielding faster and higher As(V) reduction to As(III), 

compared to that of nFe0@Mg(OH)2 (25 and 50% coating 

ratios). (2) 25 and 50% coating ratios could have 

contributed to As(V) adsorption, yet not comparable to that 

high coating ratio (100%). (3) the dominant removal 

mechanism at the early stage of the reaction is reduction 

(favoring nFe0), while at later stages, adsorption and co-

precipitation are involved (which can occur in all nFe0 

materials, either bare or coated). However, the low-

moderate solubility of Mg(OH)2 coating shell caused a 

moderate release of Mg and Fe cations, unlike nFe0, which 

rapidly oxidized, indicating the higher contribution of the 

adsorptive sites in As(V) removal in the case of nFe0. 

Meanwhile, the adsorptive positively charged sites of 

Mg(OH)2 increased at a higher coating ratio (100%), 

causing the showed competitive performance to that of nFe0. 

Hence, nFe0@Mg(OH)2 with 100% coating ratio was 

optimal for further reaction conditions investigation. It is 

worth mentioning that the obtained As(V) removal 

performance by nFe0 prepared in this study is remarkably 

higher than most of the reported studies, which can be 

attributed to two reasons; (1) most of the reported nFe0 in 

the studies are either commercial (lower reactivity than the 

experimentally synthesized) or in micro-size (lower 

reactivity and specific surface area than nano-size). (2) the 

present nFe0 was prepared according to a previously 

conducted optimization of all the synthesis conditions (e.g., 

precursor concentration, reductant concentration, reductant 

solution volume, pH, mixing rate, temperature, etc.), which 

was reported in our previous work [42], yielding higher 

reactivity towards contaminants. 

  

 
Fig. 4. Optimization of Mg/Fe coating ratio towards As(V) removal for 

two different nFe0@Mg(OH)2 dosages: (a) 1.0 g/L, and (b) 0.5 g/L. 
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 Investigating different dosages of nFe0@Mg(OH)2-

100% (0.25 – 2.0 g/L) for As(V) removal showed that even 

at the lowest dosage (0.25 g/L) around 98% final As(V) 

removal efficiency was achieved, indicating that there is no 

need for high dosages (> 1.0 g/L) to reach a feasible and 

sufficient As(V) removal performance (Fig. 5(a)). Hence, 

0.5 g/L was selected as the optimal dosage as it achieved a 

final As(V) removal efficiency of around 99.8%. It should 

be mentioned that investigating the reaction conditions 

using 1.0 g/L nFe0@Mg(OH)2 dosage was conducted, and 

results have not shown any observed changing trends, 

owing to the ability of such dosage to fully remove As(V) 

at almost all the conditions (Fig. S2, supporting 

information). 

 The effect of initial pH was studied, considering a pH 

range from 3.0 to 12.0. As shown in Fig. 5(b), As(V) 

removal was significantly induced at the strong acidic 

conditions, unlike the strong alkaline, which was 

significantly observed at the early stages of the reaction  

(5 – 30 min). Such observations can be attributed to the 

following reasons: (1) the strong acidic pH conditions 

induced the dissolution of Mg(OH)2 coating shell in water, 

which has a moderate solubility, thereby exposing the nFe0 

core to the rapid corrosion, (2) the release of electrons from 

nFe0 core at acidic conditions is higher than that at alkaline 

conditions, thus As(V) reduction to As(III) would be 

enhanced at acidic conditions, and (3) the role of 

electrostatic sorption of negatively charged As(V) species 

to the positively charged surface of nFe0@Mg(OH)2 would 

fade approaching towards the strong alkaline conditions 

(pH 12.0), knowing that the point of zero charge of the 

material was estimated to be 11.6 (negatively charged  

> pH: 11.6, and positively charged < pH: 11.6) [16,29].  

 

Fig. 5. Effect of nFe0@Mg(OH)2 dosage (a), initial pH (b), reaction temperature (c), and initial As(V) concentration (d) on As(V) removal by 

nFe0@Mg(OH)2-100%. 

 

 It is worth mentioning that, despite the presumed 

strong affinity between the dominant As(V) species at 

alkaline conditions (HAsO4
2− > pH 7.0, and H2AsO4

− < pH 

7.0) and the positively charged surface of nFe0@Mg(OH)2, 

the change of the surface charge of the material from 

positive to negative at pH 12.0 diminished the electrostatic 

sorption role, causing As(V) removal efficiency to be the 

lowest at pH 12.0. XANES measurements were conducted 

to As loading on the reacted nFe0@Mg(OH)2 materials at 

different pH and temperature values (Fig. 6). The resulting 

As K-edge XANES spectra for all the reacted samples 

confirmed As(V) adsorption and the absence of As(III) 

[43], which could be related to two attributions: (1) the role 

of As(V) sorption can be comparable to the reduction of 

As(V) to As(III), owing to the aforementioned electrostatic 

sorption phenomena, Mg(OH)2 sorption abilities, and 

As(V) uptake by the formed FeOOH, (2) the possible 

oxidation of the As(III) traces in the reacted  

materials within the samples preparation for XANES 

measurements. 
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Fig. 6. As K-edge XANES spectra for standard As(V) and As(III) and 

adsorbed As on nFe0@Mg(OH)2 at different pH and temperature 

conditions. 

 The adsorption kinetic rates of nFe0@Mg(OH)2 for 

As(V) removal were investigated using four models; 

pseudo-first-order, pseudo-second-order, intraparticle 

diffusion, and Elovich models (Table S1, supporting 

information). In terms of kinetic characteristics, compared 

with the correlation coefficient (R2) and AIC values, the 

best fitting model was exchanged between the pseudo-first-

order model and the pseudo-second-order, with a slight 

superiority to the later, indicating that the pseudo-second-

order model can better describe the adsorption reaction and 

chemisorption mainly control the adsorption process. 

Nevertheless, the clear competition from the pseudo-first-

order model depicted the possible involvement of the 

physisorption adsorption process, represented by the 

aforementioned As(V) sorption pathways. The 

observations of kinetic rate constant values indicated  

that the kinetic rate of As(V) sorption increased by the 

decrease of the initial pH and the increase of the reaction 

temperature. 

 The effect of reaction temperature was investigated by 

considering a range from 25 to 75 oC. As displayed in  

Fig. 5(c), it was clear that increasing the reaction 

temperature resulted in enhancing As(V) removal 

efficiency, achieving full removal at 35, 55, and 75 oC. 

Nevertheless, even at 25 oC, nFe0@Mg(OH)2 could still 

achieve a final As(V) removal efficiency of 99.8%, 

implying the practicality of the proposed nFe0@Mg(OH)2 

without the need for high reaction temperature to reach 

sufficient As(V) removal. Thermodynamic analysis 

represents the cornerstone for understanding the effect of 

reaction temperature on the adsorption process mechanism. 

According to Table 1 and Fig. S3 (supporting 

information), the positive sign of enthalpy change  

(ΔH > 0) at different reaction temperatures, demonstrated 

that As(V) adsorption on nFe0@Mg(OH)2 has an 

endothermic nature and that the adsorption process is 

favored at higher temperatures [26]. Furthermore, the 

positive sign of entropy change (ΔS > 0), indicated the 

irreversibility of the adsorption process and the increase of 

the free energy within the aqueous system [26]. 

Additionally, the negative sign of the change in Gibbs free 

energy (ΔG < 0) indicated the spontaneity of the adsorption 

process [34]. The values of the change in Gibbs free energy 

implied that As(V) removal by nFe0@Mg(OH)2 is 

governed by physisorption, indicating the significant role 

of electrostatic sorption in the process. Moreover, the 

magnitude of enthalpy change (ΔH = 145.69 kJ/mol) 

suggested that the removal mechanism also involves a 

chemisorption process, which can be attributed to As(V) 

reduction to As(III) and the possible co-precipitation of 

As(III) with the released Fe2+. 

Table 1. Thermodynamic parameters of As(V) removal by 

nFe0@Mg(OH)2. 

Temperature 

(Kelvin) 
△G 

(kJ/mol) 

△H 

(kJ/mol) 

△S 

(J/mol Kelvin) 

298.15 (25 oC) -11.263 145.69 528.11 

308.15 (35 oC) -17.697 

328.15 (55 oC) -27.628 

348.15 (75 oC) -37.983 

 

 The initial concentration effect on As(V) removal by 

nFe0@Mg(OH)2 was studied considering different values 

(5, 10, 20, and 40 mg/L). The results clearly indicated the 

potential of nFe0@Mg(OH)2 to satisfactorily remove As(V), 

even at extreme As(V) concentrations, where it exhibited 

final removal efficiency of around 88% of 40 mg/L initial 

As(V) concentration (Fig. 5(d)). While at lower initial 

concentrations, much better removal performance was 

observed. Adsorption isotherm models were used to further 

investigate the As(V) removal mechanism. As exhibited in 

Table 2 and Fig. S4 (supporting information), the Sips 

isotherm model had more significant correlation coefficient 

(R2) than that of Langmuir or Freundlich isotherm models 

(despite the higher AIC value), indicating that the 

adsorption process involves both physisorption and 

chemisorption, and As(V) sorption on nFe0@Mg(OH)2 can 

be executed as a multi- or mono-layer adsorption. Such 

results agreed with the aforementioned interpretations for 

kinetics and thermodynamic analyses. Additionally, the 

parameter (n) of the Freundlich model was higher than 1, 

indicating the strong affinity between As(V) species and 

nFe0@Mg(OH)2 surface [26]. Meanwhile, the separation 

factor RL calculated by the Langmuir model was in the 

range from 0 to 1, verifying that the adsorption process 

occurs in a profitable orientation (Table S2, supporting 

information) [26]. Furthermore, nFe0@Mg(OH)2 

exhibited a maximum sorption capacity to As(V) of 89.97 

mg/g (from Sips isotherm model), which was higher than 

most of the previously reported iron-based sorbents (Table 

S3, supporting information). 
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Table 2. Adsorption isotherm parameters of As(V) removal by 

nFe0@Mg(OH)2. 

Isotherm model Parameter (unit) Value 

Langmuir KL (L/mg) 2.55 
qmax(L) (mg/g) 74.42 

R2 0.988 

AIC* 23.85 
Freundlich KF [(mg/g) (L/mg) 1/n] 41.89 

n 2.98 

R2 0.986 
AIC* 24.56 

Sips Ks (L/g) 1.18 

ns 0.68 
qmax(s) (mg/g) 89.97 

R2 0.993 

AIC* 26.75 

*Akaike Information Criterion 

Practical features 

The effect of ionic strength on the reactive performance of 

nFe0@Mg(OH)2 was investigated, considering  different 

NaNO3 concentrations (0.001, 0.01, 0.1, and 1.0 M). 

Results indicated that As(V) removal by nFe0@Mg(OH)2-

100% was not significantly influenced by the change in the 

ionic strength of the solution (up to 0.1 M), showing a slight 

decrease of final As(V) removal efficiency (maximum 

4.7% for 0.1 M) (Fig. S5, supporting information). For 

the highest ionic strength (1.0 M), As(V) final removal 

efficiency showed 10.8% difference less than the normal 

conditions. At higher ionic strengths, electrostatic repulsion 

between the reactive colloids can be reduced allowing more 

effective solid/liquid interaction, thus attributing the 

comparable As(V) removal [44]. Such results implied that 

the proposed nFe0@Mg(OH)2 can efficiently remove As(V) 

from aqueous solutions within a wide range of ionic 

strength. In terms of practicality, the investigated ionic 

strength range confirmed the possibility of employing 

nFe0@Mg(OH)2 in As(V) water treatment applications 

from either waste streams or groundwater [45,46]. 

 The storage stability of nanomaterials is a crucial factor 

that governs their practicality in water treatment field. 

Hence, storage stability of the synthesized 

nFe0@Mg(OH)2-100% was studied considering various 

storing conditions, including no storing solution (exposed 

to air), no storing solution, storing in ethanol, and storing in 

deionized water (DIW). As(V) removal performance of the 

stored materials was tested after a shelf-time of 1.0 day (Fig. 

S6, supporting information). Results showed no 

significant deterioration in As(V) removal efficiency in 

most of the storing conditions, except for the one exposed 

to air. After 1.0 day shelf-time, the stored nFe0@Mg(OH)2 

achieved final removal efficiency of 90.8, 93.0, and 89.9% 

for the no-storing, ethanol-storing, and DIW-storing 

conditions, respectively. The exposure of the material to air 

without any preserving solution caused around 19% 

decrease in the final removal efficiency compared with that 

of the freshly synthesized material. We believe that 

Mg(OH)2 coating shell managed to protect the iron core 

even at air-exposing conditions, which was reflected by the 

reasonable As(V) removal after a long shelf-time (1.0 day). 

However, the observed visual deformation in the total size 

of the material as well as the hardness of the material 

affected the dispersion of the material in the reaction 

solution, thus influencing As(V) removal (especially at the 

early stages of the reaction). The obtained results were in 

great agreement with our previously reported findings 

concerning Cr(VI) removal by nFe0@Mg(OH)2, 

considering much longer shelf-time (up to 30 days) [16.. 

Removal mechanism 

The suggested pathways of As(V) removal process by 

nFe0@Mg(OH)2 can be summarized as follows: 

⚫ Oxidation of nFe0 to form Fe3+ and Fe2+ [47,48]. 

2Fe0 + 2H2O → 2Fe
2+ + H2 + 2OH

−                  (16) 
2Fe0 + O2 + 2H2O → 2Fe

2+ + 4OH−                  (17) 
4Fe0 + 3O2 + 2H2O → 4γ − FeO(OH)                (18) 

Fe2+
O2
→ Fe3+                                                                (19) 

⚫ As(V) reduction to As(III) by the released electrons 

from nFe0 core, followed by As(III) reduction to As0 

[49-52]. 

⚫ 2HAsO4
2− + 2Fe0 + 6H+ → 2Fe2+ + 2H2AsO3

− +
2H2O                                                                              (20) 

        2H2AsO3
− + 2Fe0 + 2H+

→ Fe2O3 + 2As
0 + 3H2O                (21) 

⚫ As(III) co-precipitation with the released Fe2+ and 

As(V) adsorption on the formed iron oxide-hydroxide 

shell [3,49]. 

        2H2AsO3
− + Fe2+ = FeAs2O4 + 2H2O                 (22) 

        HAsO4
2− + Fe − OH + H+ = FeHAsO4 + H2O   (23) 

⚫ Electrostatic attraction of the negatively charged 

As(V) species to the positively charged surface of 

nFe0@Mg(OH)2 [16]. 

  HAsO4
2− + Fe0@Mg(OH)2 → As(V) ≡ Mg(OH)2  (24) 

 Therefore, it could be implied that oxidation, reduction, 

surface adsorption, and chemical co-precipitation are 

involved as complex removal mechanisms for As(V) 

removal from water using nFe0@Mg(OH)2. 

CONCLUSION  

In this study, nFe0@Mg(OH)2 was used for As(V) removal 

from aqueous solutions. Coating the magnetic nFe0 

particles with the non-magnetic non-toxic Mg(OH)2 

coating resulted in an enhanced anti-aggregation effect, 

which was confirmed by the well-distributed Mg(OH)2 

clouds around the black nFe0 core from TEM-EDS 

measurements. The protecting effect of the coating material 

exhibited a slower corrosion rate of the iron core, which 

was depicted from XRD patterns. The results of reaction 

conditions optimization showed the great potential of 

nFe0@Mg(OH)2 with the coating ratio 100% to efficiently 

remove As(V) within wide pH and temperature ranges  

(3.0 – 9.0, and 25 – 75 oC) at a low dosage of 0.5 g/L. 

Furthermore, nFe0@Mg(OH)2 showed the ability to 
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achieve satisfactorily As(V) removal with the extreme 

initial arsenic concentrations (e.g., 40 mg/L: 88% final 

removal efficiency). Kinetics modeling indicated that 

pseudo-second-order model was the best to describe the 

adsorption reaction rate of As(V) removal by 

nFe0@Mg(OH)2. Whereas thermodynamic modeling 

depicted the endothermic nature of the reaction and the 

involvement of both physisorption and chemisorption in the 

removal process. Such implications were confirmed by the 

adsorption isotherm modeling, which reflected the 

possibility of multi- and mono-layer sorption to occur 

within the removal process, following Sips isotherm model. 

Generally, the obtained results confirmed the great 

potential of the proposed nFe0@Mg(OH)2 in As(V) 

removal from aqueous solutions and suggested its 

incorporation in the real treatment applications of heavy 

metals contaminated water as one of the perfect candidates. 
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