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a b s t r a c t 

Inorganic arsenic is considered one of the most critical and severe environmental problems due to its high toxicity 

even at low levels of exposure, causing serious health problems. Humans can be exposed to arsenic mainly through 

inhalation, ingestion of food and water, especially in certain areas where water comes into contact with arsenic- 

bearing minerals. For natural geological reasons, water in some areas of the world may contain more arsenic 

than usual. For these circumstances, the development of methods for the removal of arsenic from water has been 

of increasing interest in recent years. This work presents an optimised removal of As(III) and As(V) from water 

by the in situ formation of ferrite (Fe 3 O 4 ) nanoparticles, leading to the adsorption of this element in the Fe 3 O 4 

structure. In addition, the magnetic properties of the nanoparticles facilitate their removal from the medium by a 

magnet. The experimental conditions of the process were optimised and the total removal of high concentrations 

of As(III) and As(V) in water was achieved in only two minutes and at 50 °C at basic pH, using 200 μL of a 0.2 M 

FeCl 2 ·4H 2 O solution and 100 μL of a 0.1 M FeCl 3 ·6H 2 O solution to form Fe 3 O 4 in situ . The ferrite surface was 

characterised by field emission scanning electron microscopy before and after the arsenic removal process and 

by energy dispersive X-ray spectroscopy before the process. The study of adsorption kinetics and equilibrium 

isotherms reveals a Langmuir-type physicochemical process. 
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. Introduction 

Arsenic is a highly persistent element with a high tendency to accu-

ulate in fatty tissues. It is also one of the most toxic and carcinogenic

etalloids found in the environment [1] . For these reasons, the pres-

nce of As in water has received considerable attention worldwide in

ecent years and has become a global environmental problem of major

oncern [2] . During the last decade, numerous studies have been carried

ut in several affected countries where water systems are in need of ar-

enic abatement in order to comply with the World Health Organisation

WHO) guidelines for drinking water supply [3] . In this regard, a com-

ilation of regulations on arsenic content in drinking water from many

ational governments around the world has recently been published [4] .

Arsenic is present in the environment as a result of various anthro-

ogenic, biogenic and geogenic activities, with different toxicity de-

ending on the oxidation state, As(III) being more toxic than As(V) and

he latter being more toxic than organic species of arsenic [5] . Because

f the severe consequences for human health caused by the presence
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f the most toxic species of As, the WHO has restricted the maximum

oncentration of arsenic in drinking water to 10 μg L -1 [3] . 

The high toxicity of As(III) and As(V) has led to the development of

umerous methods to remove this metalloid from water over time, with

he most commonly used traditional methods being based on chemical

recipitation, electrochemical treatment or ion exchange [6] . Arsenic

dsorption using activated carbon has also been widely used. However,

hese traditional methods are not efficient enough, especially when As

oncentrations are not very high [7] . For this reason, much research has

een carried out in recent years with the aim of removing As from wa-

er with a high removal efficiency, even at low concentrations. Recently,

he use of different adsorptive membranes based on different materials

as been addressed, in particular those based on sulfonates, with a max-

mum removal efficiency of 72% achieved under reduced pressure, or

hose based on metal-organic frameworks, which achieve up to 87% ar-

enic removal [8] . Remarkably, membranes based on graphene oxide

ave reached 99% of arsenic removal efficiency, although the overall

emoval process is slow, needing 24 h of contact time [9] . 
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Table 1 

Furnace program. 

Stage Temperature, °C Ramp, s Hold, s 

Dry 110 5 20 

Dry 130 5 20 

Ash 900 10 30 

Atomisation a 2200 0 5 

Clean 2450 1 3 

a Reading stage. The inner gas flow was stopped. 
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Table 2 

Amount of ferrite formed in relation to the volume of precursor solutions added. 

μL of FeCl 2 ·4H 2 O solution μL of FeCl 3 ·6H 2 O solution mg of Fe 3 O 4 Removal a ,% 

50 25 0.5 ± 0.2 54 ± 3 
100 50 1.2 ± 0.2 83 ± 4 
200 100 2.4 ± 0.1 101 ± 4 
300 150 3.6 ± 0.1 99 ± 5 

a mean value ± standard deviation ( n = 3). 
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Arsenic removal by adsorption processes has also been extensively

tudied in recent years. A wide variety of materials have been used to re-

ove both As(III) and As(V) from water, such as persulfate compounds,

chieving 96% removal efficiency with the need for a UV lamp to pro-

uce the oxidation of As [10] . A graphene-oxide-iron nanohybrid has

een used to remove arsenic from water with excellent results in about

0 min, but the synthesis of the adsorbent requires appropriate technol-

gy [11] . In addition, a TiO 2 /FeOOH-based hybrid material has been

sed, resulting in an efficiency of 96%, although this process requires at

east 12 h to complete [12] . 

In this work, a novel method has been developed for the simultane-

us removal of As(III) and As(V) in water through the in situ formation

f magnetic ferrite nanoparticles. This procedure is on the one hand,

 proof of concept to study its application in larger sample volumes,

djusting the conditions to achieve greater efficiency, and on the other

and, because it is a microsolid-phase extraction, it could be used for

he subsequent quantification of arsenic traces. The adsorbent material

sed is very cheap and also has properties that allow its rapid forma-

ion in an aqueous medium, leading to the instantaneous adsorption of

rsenic and its subsequent removal from the medium by the action of a

agnet. The optimal experimental conditions and the thermodynamics

f the process have been studied. In addition, the adsorbent material

as been characterised by field emission scanning electron microscopy

efore and after the arsenic removal process and by energy dispersive

-ray spectroscopy after the process. The process proposed in this work

epresents a great alternative in the removal of arsenic from water due

o its simplicity, cost effectiveness and speed. 

. Materials, instruments and procedure 

.1. Reagents and instrumentation 

In this work, all reagents used in the experiments were of analyti-

al grade. Standard solutions of As(III) and As(V) at a concentration of

000 mg L − 1 provided by Merck (Darmstadt, Germany) were used to

repare the dilute solutions of arsenic species. The nitric acid used was

urchased from Panreac (Barcelona, Spain) and for the synthesis of fer-

ite (Fe 3 O 4 ) as adsorbent material, the following reagents from Merck

ere used: ammonium hydroxide, FeCl 3 ·6H 2 O and FeCl 2 ·4H 2 O. In addi-

ion, an ultrasonic thermostated bath Labbox model ULTR (Barcelona,

pain) was used to synthesise Fe 3 O 4 . An atomic absorption spectrom-

ter model AAnalyst 600 from Perkin-Elmer (Waltham, Massachusetts,

SA) equipped with integrated platform transversely-heated graphite

ube and arsenic electrodeless discharge lamp were used to measure the

rsenic signal in the solutions. The heating program appears on Table 1 .

.2. In situ preparation of Fe 3 O 4 nanoparticles and arsenic removal 

rocedure 

To 10 mL of an aqueous solution containing As(III) and As(V) in a

otal concentration lower than 200 μg L –1 , 200 μL of FeCl 2 ·4H 2 O (0.2 M)

olution and 100 μL of FeCl 3 ·6H 2 O (0.1 M) solution were added. After

anual shaking, 50 μL of concentrated ammonia solution was added to

orm the nanoparticles according to the following reaction [13] : 
2 
e + 2 + 2Fe + 3 + 8OH 

– → Fe 3 O 4 + 4H 2 O 

The mixture was then placed in a thermostatic bath at 50 °C for

 min. When the reactants come into contact, the formation of Fe 3 O 4 

s instantaneous and a magnetic brown precipitate appears. As the

anoparticles are formed, the arsenic atoms present in the aqueous so-

ution are adsorbed onto them. As the nanoparticles are magnetic, they

re easily removed from the medium by the action of a magnet. In this

ay, the arsenic is removed from the aqueous medium together with

he nanoparticles. 

. Results and discussion 

.1. Characterization of Fe 3 O 4 before and after arsenic removal 

The ferrite nanoparticles (Fe 3 O 4 ) were characterised after their syn-

hesis in an arsenic-free water sample by field emission scanning elec-

ron microscopy (FESEM) imaging, as shown in Fig. 1 . In addition, Fig. 2

hows the Energy Dispersive X-Ray (EDX) spectrum corresponding to

he whole area of the image shown in Fig. 1 , together with its atomic

oncentration table, which shows strong signals for Fe and O atoms, as

xpected. 

Subsequently, after the As removal process in water, the magnetic

dsorbent was again characterised to show the presence of arsenic re-

ained on the Fe 3 O 4 . Fig. 3 shows the backscattered electron (BSE) anal-

sis of the adsorbent after the As removal process. It is necessary to use

his technique because the concentration of As is very low and cannot

e visualised by standard FESEM analysis. BSE was able to distinguish

he arsenic atoms as brighter structures on the adsorbent due to their

igh atomic number [ 14 , 15 ]. Consequently, Fig. 3 shows brighter areas

orresponding to As adsorbed on Fe 3 O 4 , although it is not possible to

istinguish between the arsenic species. 

.2. Effect of Fe 3 O 4 dose on arsenic removal 

To achieve maximum removal of As(III) and As(V) in aqueous so-

ution, the required dose of Fe 3 O 4 was investigated. For this purpose,

he removal of both arsenic species was studied separately. In 10 mL

f aqueous solution containing a concentration of 50 μg L − 1 As, the

emoval process was carried out using different amounts of precursor

 Table 2 ). The amount of ferrite obtained using these volumes is also

hown in Table 2 . As can be seen, amounts of magnetic adsorbent of

.5, 1.2, 2.4 and 3.6 mg were obtained. 

For both As species, the best results were obtained with a ferrite dose

f 2.4 mg, obtained by adding 200 μL of FeCl 2 ·4H 2 O (0.2 M) and 100

L of FeCl 3 ·6H 2 O (0.1 M) solutions. 

.3. Contact time effect on arsenic species removal and effect of pH 

The contact time between the Fe 3 O 4 nanoparticles and the aqueous

olution containing the arsenic ions was studied to obtain maximum As

emoval for times equal to 0, 1, 2, 5 and 10 min. The 0 value corresponds

o the application of the magnet just when the nanoparticle precursors

re added to the aqueous solution and the brown precipitate appears. 

Both arsenic species behaved similarly and showed exceptional re-

oval rates, reaching 91% for As(III) and 96% for As(V) at 0 min and
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Fig. 1. FESEM image for Fe 3 O 4 synthesized in arsenic-free aqueous solution. 

Fig. 2. (EDX) spectrum (top) and atomic concentration table with (bottom) for Fe 3 O 4 (whole area of Fig. 1 ) synthesized in arsenic-free aqueous solution. 

3 
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Fig. 3. BSE images of Fe 3 O 4 after arsenic removal, displaying brighter structures which corresponds to As adsorbed onto Fe 3 O 4 . 

Fig. 4. Dependence of the removal efficiency of As(III) and As(V), curves a 

and b, respectively, on the contact time. Saturation to the maximum removal 

efficiency occurs at 2 min, for both As species. Error bars correspond to the 

standard deviation of three determinations. 
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6% for As(III) and 99% for As(V) after 1 min contact time. The op-

imum time chosen to ensure that all As species present in the water

olution were removed was 3 min. The results are shown in Fig. 4 . The

rror bars correspond to the standard deviation of three experiments.

ue to the rapidity of the removal process and the rapid saturation to

aximum removal efficiency, no further kinetic characterisation is pos-

ible and the data do not fit kinetic models such as pseudo-first order,

seudo-second order, hybrid, Elovich or intraparticle diffusion. 

In the process of ferrite nanoparticle formation, a basic pH is re-

uired, so that considering the pk a values of H 3 AsO 4 (2.20, 6.97 and

1.53) and H 3 AsO 3 (9.22, 12.13 and 13. 4) [16] , the negatively charged

rsenic species predominate, suggesting that the interaction with the

toms conforming the ferrite structure may be electrostatic in nature
4 
ith the positively charged Fe atoms in the aqueous solution, prior to

he formation of Fe 3 O 4 , thus encapsulating the As in the adsorbent struc-

ure. This would explain the instantaneous disappearance of virtually all

s ions from the aqueous solution during ferrite formation. 

After the adsorption of arsenic on ferrite it is necessary to separate

he aqueous phase from the adsorbent material. This is quickly achieved

ith the use of a neodymium magnet. We have used a permanent mag-

et of Nd-Fe-B (50 × 15 × 15 mm) of 86 g and with a force of 33 kg,

hich allows the complete separation of the solid phase in 10 mL of

olution in less than 1 min. 

.4. Study of adsorption isotherms and the effect of the process temperature

Adsorption isotherms were characterized independently for As(III)

nd As(V) at temperatures 293, 303, 323 and 343 K, relating the equi-

ibrium adsorption capacity 𝑞 𝑒 (mg g − 1 ) and the equilibrium adsorbate

oncentration 𝐶 𝑒 (mg L − 1 ). Isotherm corresponding to 343 K matched

hat of 323 K, since their removal efficiencies were 100% for all 𝐶 𝑒 

alues. Adsorbent concentrations 𝐶 𝑒 were 50, 100, 150 and 200 ppb,

or all the temperatures. Adsorption isotherm model selected was Lang-

uir [17] , which considers homogenous monolayer adsorption, giving

ise to the best fitting results (adjusted R 

2 > 0.99), over others such

s Freundlich or Temkin isotherms [18] , which offered worse statistics

adjusted R 

2 < 0.98). Langmuir model relates 𝑞 𝑒 and 𝐶 𝑒 as follows: 

1 
𝑞 𝑒 

= 

1 
𝑞 𝑚 

+ 

1 
𝐾 𝐿 𝑞 𝑚 𝐶 𝑒 

(1)

In Eq. (1) , 𝐾 𝐿 is the Langmuir adsorption constant (L mg − 1 ) and 𝑞 𝑚 is

he maximum adsorption capacity of the adsorbent (mg g − 1 ). Adjusted

 

2 values and reduced 𝜒2 for As(III) and As(V), as long as 𝐾 𝐿 constants

re shown in Table 3 for the temperatures under study ( Fig. 5 ). 

As stated above, the Langmuir model gave the best fitting results over

ther models such as Freundlich or Temkin, but to make a deeper com-

arison, statistical tests computed in Origin 2022, specifically Akaike’s

nd Bayesian information criteria (AIC and BIC, respectively), were per-

ormed, both concluding that the Langmuir model is more likely to de-

cribe the equilibrium adsorption of As on Fe 3 O 4. AIC and BIC values
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Fig. 5. Langmuir isotherm plots for adsorption of As(III) (A) and As(V) (B) onto Fe 3 O 4 at temperatures 293 K (black), 303 K (red), and 323 K (blue). Isotherm 

corresponding to 293 K coincides with that of 303 K. The solid lines represent the fit of Eq. (1) to the data. Langmuir constants 𝐾 𝐿 are calculated from the linear 

fits. Error bars correspond to the standard deviation of three determinations. 

Table 3 

Fitting results of Eq. (1) to experimental data 𝑞 𝑒 and 𝐶 𝑒 for temperatures 293, 

303 and 323 (data corresponding to 𝑇 = 343 K match those of 𝑇 = 323 K), show- 

ing R 2 and 𝜒2 values, and Langmuir constants 𝐾 𝐿 . 

T 

(K) 

As(III) 

𝐾 𝐿 (L mg − 1 ) 

As(V) 

𝐾 𝐿 (L mg − 1 ) 
R 2 𝜒2 R 2 𝜒2 

293 0.99927 2.4 × 10 − 4 0.0041 1 1.1 × 10 − 7 0.0025 

303 0.99934 2.1 × 10 − 4 0.0046 0.9998 5.4 × 10 − 5 7.06 × 10 − 4 

323 1 4.93 × 10 − 10 0.0136 1 4.9 × 10 − 9 0.0089 
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9  

t

btained are much smaller for Langmuir isotherm compared with Fre-

ndlich and Temkin ones, and Origin draws the conclusion automati-

ally. 

The evaluation of the standard Gibbs free energy Δ𝐺 

0 (kJ mol − 1 )

lassifies the adsorption process as chemisorption, physisorption, or a

ombination of both [19] . In order to obtain a spontaneous adsorp-

ion, negative Δ𝐺 

0 values are mandatory, physisorption lying within

he range [ − 20, 0] kJ mol − 1 , and chemisorption within [ − 400, − 80]

J mol − 1 . The range in between can be labelled as a physicochemical

dsorption. For each temperature, the Δ𝐺 

0 value is: 

𝐺 

0 = − 𝑅𝑇 𝐿𝑛 
(
𝐾 𝑡 

)
(2)

here 𝑅 is the gas constant, 𝑇 is the temperature, and 𝐾 𝑡 is the equilib-

ium thermodynamic constant, which value should be properly deter-

ined from the Langmuir constant 𝐾 𝐿 at each 𝑇 , transforming 𝐾 𝐿 into

he adimensional variable 𝐾 𝑡 [20] : 

 𝑡 = 

1000 ⋅𝐾 𝐿 ⋅𝑀 ⋅ [ adsor bat e ] 0 

𝛾
(3)

In Eq. (3) , [ adsor bat e ] 0 = 1 mol L − 1 represents the standard concen-

ration of the adsorbate, 𝑀 is the molecular mass of the adsorbate (g

ol − 1 ), and 𝛾 = 1 denotes the activity coefficient of the dilute solution.

he results for temperatures 293, 303, 323 and 343 K yield Δ𝐺 

0 values

ithin the range [ − 23.13, − 12.83], close to the limit of a physisorption,

ut that can be considered as a combination of physical and chemical
5 
dsorption, a common feature for the adsorption of some metal ions

nto magnetic nanoparticles [21] . 

.5. Study of competition with other ions present in water and application 

o real water samples 

Drinking water, waste water and, in general, water from any source

ontain numerous dissolved ions in high concentrations. In order to ver-

fy that the method proposed in this work is not affected by the presence

f these other important ions in water, the procedure was carried out by

dding to the aqueous medium high concentrations (500 and 1000 mg

 

–1 ) of Ca 2 + , Pb 2 + , Hg 2 + , Mg 2 + , Cl –, NO 3 
– and SO 4 

2– in the presence of

0 μg L − 1 of arsenic. The study was carried out by measuring the arsenic

oncentrations before and after the adsorption process in the presence

f the possible interfering species individually. The results showed that

he As elimination process was not affected in any case. Therefore, the

roposed method could be applied to any water containing these com-

on ions, even in high concentrations. The study of the presence of

otential interfering species has been extended to the use of lower ar-

enic concentrations, even below 10 μg L − 1 . In this case, as the direct

etermination of arsenic is not possible, we have used a microextraction

rocedure previously developed by us [22] that allows speciation. With

his procedure, an enrichment factor of 98 is achieved, which allows us

o reach the necessary sensitivity to detect arsenic concentrations before

nd after the removal process. Using this procedure, we have found that

he above-mentioned species do not cause deviations of more than 2%

n the total arsenic recovery. 

In addition, this method for the removal of As(III) and As(V) in

ater was applied to real water samples, which have a more com-

lex matrix that could affect the removal process. Table 4 shows the

esults obtained for three river water samples and two drinking wa-

er samples (initially free of As) spiked with 50 μg L − 1 As(III) and

s(V), respectively, to which the procedure was applied. To measure

he low concentrations of arsenic remaining in solution after the re-

oval process, we have applied a dispersive solid-phase microextraction

rocedure [22] . 

As shown in the table above, the As removal efficiency was above

9% in all cases, so the matrix of these real water samples does not affect

he method presented in this work. 
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Table 4 

Application of the arsenic removal procedure to water samples from different 

sources. 

Water Sample [As] found [As] added, μg L − 1 Removal efficiency a ,% 

River 1 ≤ LOD 100 99.2 ± 0.6 

River 2 ≤ LOD 100 99.1 ± 1.1 

River 3 ≤ LOD 100 99.5 ± 0.9 

Drinking water 1 ≤ LOD 100 99.3 ± 1.3 

Drinking water 2 ≤ LOD 100 99.3 ± 0.5 

a mean value ± standard deviation of three determinations; LOD = 5 μg 

L − 1 . 
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. Conclusion 

This work presents a novel method for the complete and instan-

aneous removal of As(III) and As(V) from water, considered a major

nvironmental pollutant, by the in situ formation of magnetic Fe 3 O 4 

anoparticles. The Fe 3 O 4 precursors are added directly to water contain-

ng inorganic arsenic and these species are adsorbed onto the nanoparti-

les as they form. This phenomenon gives the process an unprecedented

peed for the complete removal of As from water. The Fe 3 O 4 precursors

re inexpensive chemical reagents and the adsorbent can be quickly re-

oved from the aqueous medium using a magnet, making this simple

ethod an alternative to conventional methods with low volume of sam-

le treated. Studies are now in progress in order to apply to larger water

amples for the purpose to reduce the amount of reagents used. Further-

ore, this process has been successfully applied to real water samples

ithout loss of removal efficiency. 

Since the proposed methodology requires the use of a basic medium

pH = 8) to achieve ferrite formation and retention of the arsenic forms,

his may be a limiting point from the point of view of practical applica-

ion of the methodology. With this in mind, we are continuing to work to

chieve arsenic retention under experimental conditions that are easily

ransferable to conventional purification systems. 
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