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A B S T R A C T

Fuller’s earth immobilized nanoscale zerovalent iron (F-nZVI 1–8) were synthesized by borohydride
reduction method. The iron loading of fuller’s earth immobilized nZVI was varied from 5 to 50% (w/w) in
these F-nZVI 1–8. The F-nZVI 1–8 were characterized by FE-SEM–EDX, FTIR, BET, XRD and TGA. The FE-
SEM analysis showed an increase in agglomeration of nZVI on the immobilized material with increase in
the loading of Fe0. F-nZVI 1–8 were studied for adsorptive removal of As(III) and As(V) from aqueous
solution, with an emphasis on the effect of Fe0 loading of adsorbent on arsenic remediation. Iron loading
has a significant role in adsorption of As(III) and As(V) on F-nZVI, with increase in adsorption with
optimum iron loading of 20% (w/w) on fuller’s earth (F-nZVI-4). However, increase in loading above 20%,
resulted in no significant increase in As(III) and As(V) adsorption. The adsorption results fitted well with
Langmuir and Freundlich isotherm models and the maximum adsorption capacity of F-nZVI-4 for As(III)
and As(V) were observed to be 50.08 and 91.42 mg/g, respectively. The adsorption isotherm and kinetic
studies indicate a rapid removal of As(III) and As(V) from the aqueous solution in the presence of F-nZVI
1-8, with an substantially high rate of removal for arsenic with F-nZVI-4.
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1. Introduction

Arsenic is a metalloid and natural constituent of earth’s crust
which is recognized as a one of the most ubiquitous pollutant in
the environment [1] and bioaccumulate in marine life [2],
threatening the life of human population [3]. Biochemical
processes have resulted in the release of naturally occurring
arsenic into groundwater whereas uncontrolled anthropogenic
activities such as mining, fossil fuel burning, smelting of metal
ores, wood preservatives and pesticide use, release arsenic directly
into the environment [4]. In ground and surface water, the
prevalent forms of arsenic are inorganic arsenite (AsO3

3�) and
arsenate (AsO4

3�) [5] whereas, organic arsenical are less prevalent
and formed from biomethylation processes which generally
bioaccumulate in aquatic organisms [6,7]. As(III) and As(V) are
both linked to energy related functions of mitochondria in a cell. As
(III) has very high affinity for sulfhydryl groups in protein leading to
formation of thiolated species which inhibit the enzyme activity.
However, As(V) compete with phosphate and limit oxidative
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phosphorylation which is key to the high bond energy of ATP
molecules [8]. Further, As(III) is more toxic and mobile in
environment than As(V) [9], due to its existence in neutral form
(H3AsO3) under a wide range of physiological conditions. As(V)/As
(III) ratio plays a significant role in our environment. The As(V)/As
(III) ratio in the environment is partly explained on the basis of
pH–pE conditions, as in case of sea water it lies in the range of
1015–1026. However, in the marine organisms and humans this
ratio is found to decrease tremendously. A primary exposure of
human body to arsenic is through the consumption of contami-
nated water, which leads to arsenic poisoning or arsenicosis [10].
Long term exposure to arsenicals cause severe diseases such as
hyperkeratosis, skin lesions, black foot diseases and cancer of the
bladder, lungs, skin, kidney and liver [11,12]. Due to its significant
toxicity, World Health Organization (WHO) has established 10 mg/
L as the maximum contaminant level for total arsenic in potable
water [12].

Various conventional technologies have been used for arsenic
remediation including oxidation and reduction [13], co-precipita-
tion [14], membrane processes [15] and ion-exchange resins[16].
Besides these techniques, adsorption [17–19] is a common
technique successfully employed for water treatment of heavy
metal remediation. However, oxidation and reduction, chemical
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precipitation and electrochemical process of arsenic removal are
ineffective, especially when the arsenic concentration in the
aqueous solution is higher [20]. Ion-exchange and membrane
technology are expensive when treating large quantity of water
containing arsenic and they cannot be used at large scale [21]. But
among these conventional processes, adsorption is more com-
monly used due to its easy operation and cost effectiveness, when
the loaded adsorbent can be regenerated for repeated use [22].
Based on the natures association of arsenic with soil [23], hematite
and pyrite, various synthetic adsorbents studied for arsenic
removal include alum [24], alumina [25], manganese oxide
[18,26], and hydrotalcite [27,28]. ZVI (iron filings) and iron oxides
have shown a very good adsorption efficiencies for arsenic
remediation by reductive-sorption and m-oxo bridging interac-
tions, respectively [29,30]. However, the mechanism for removal of
both As(III) and As(V) by ZVI, is generally characterized by
adsorption on enclosing oxide layer or by co-precipitation with Fe
(II)/Fe(III) produced at the interface of the material and solution
during corrosion [31,32].

In an effort to enhance the removal efficiency of iron based
material, nanoscale zero-valent iron (nZVI) were developed. nZVI
not only remediates arsenic but has a broad range of application in
reductive removal of heavy metals [33,34], nitrite [35], trichloro-
ethylene [36] and pesticides [37] from groundwater. However,
these nZVI particles tend to get oxidized by air or water and
agglomerate due to their high surface energy and intrinsic
magnetic interaction, which leads to constrained chemical
reactivity of the material [38]. The optimum activity of nZVI is
ensured using stabilizers and/or immobilizers. Stabilizers are
passivators, which reduce the interaction between the surface of
nZVI and water present in the immediate environment. Alterna-
tively, immobilizers are polymers on which the particles are
entrapped and entrained, leading to lower agglomeration. Various
immobilizers have been used for stabilizing and increasing activity
of nZVI such as PVA microspheres [39], resins [40], multiwall
carbon nanotubes [41], cellulose [42], Ca-alginate [43], chitosan
[44], activated carbon [45], cation exchange membranes [46] and
silica[47]. Apart from these, various aluminosilicates have been
reported for the immobilization of the nZVI including zeolite [48],
montmorillonite [49], kaolinite [50] and bentonite [51]. These
aluminosilicate immobilized nZVI show higher efficiency for
arsenic adsorption in comparison of bare nZVI [52]. Thus in the
present work, fuller’s earth immobilized nZVI with different iron
loading were characterized and studied for their arsenic adsorp-
tion efficiency. Fuller’s earth is a fine-grained, naturally occurring
earthy substance that has been used in many medical and
cosmetics applications. It has been used as a natural adsorbent
in decontamination of dyes wastewater [53] and mercury [54].
This adsorption behaviour is attributed to large surface area and
negative surface charge of fuller’s earth in comparison to other
aluminosilicates. Thus, in continuation of our work on immobilized
nZVI for water treatment [42], study of effect of iron loading on
adsorption efficiency of F-nZVI was carried out.

2. Experimental

2.1. Materials

All chemicals used including fuller’s earth, anhydrous ferric
chloride (FeCl3), sodium borohydride (NaBH4), polyethylene glycol
[HO(C2H4O)nH], methanol (CH3OH), sodium hydroxide (NaOH) and
hydrochloric acid (HCl) were of analytical grade and used directly
without further purification. The stock solution of As(III) and As(V)
were prepared from sodium arsenite (NaAsO2), and sodium
arsenate (Na2HAsO4�7H2O). All the solutions were prepared with
type-1 water (resistivity < 18.2 MV cm; total organic content
(TOC) < 10 ppb) under ambient condition.

2.2. Preparation of F-nZVI

To a suspension of fuller’s earth (36 g) in 2% aqueous
polyethylene glycol solution (500 mL), ferric chloride (FeCl3�6H2O)
in varied amount (2.74–27.40 g) was added and kept under stirring
for 30 min. Dropwise addition of aqueous NaBH4 (10 or 20% w/v)
aqueous solution was carried over a period of 2 h with continuous
stirring. The completion of reaction was characterized by the
colourless solution and black coloured suspension settled to the
bottom. Upon completion of the reduction, the black coloured
precipitate is separated by Buchner filtration. The residue were
washed with excess methanol to remove borohydride impurity
and moisture retained on the surface of the material and resulting
black solid was dried in-vacuo to furnish F-nZVI 1-8 with 5–50%
(w/w) iron loading on fuller’s earth. This material was stored in
tight capped containers to prevent the aerial oxidation prior to
characterization and adsorption experiment.

2.3. Characterization

The specific surface area of fuller’s earth and F-nZVI were
measured by BET-N2 adsorption method (Brunauer–Emmett–
Teller) using Micrometrics ASAP-2020, where the samples were
dried with constant flow of N2 at 60 �C for 24 h. The structure and
surface morphology of fuller’s earth and F-nZVI were studied by
field emission-scanning electron microscope (FE-SEM) (CARL-
ZEISS model Merlin Compact, Germany) operating at 4 kV
equipped with energy dispersive X-ray (EDX) analyzer. The dried
samples were coated with gold prior to FE-SEM analysis. The infra-
red transmittance spectra were obtained using BRUKER TENSOR
27 Fourier Transform Infra-Red (FTIR) spectrometer. Samples were
prepared by mixing specimens with KBr powder in 1:20 (w/w)
ratio, and pressing the mixture into a pellet. X-ray diffraction (XRD)
pattern of fuller's earth and F-nZVI were performed on a Bruker
D8 X-ray powder diffractometer with a high power Cu-Ka
radioactive source (l = 0.154 nm) at 40 kV/40 mA. Continuous
scans for 2u from 100 to 700 were collected at a scan rate of
about 3�/min. The thermal properties of adsorbents were analysed
using a DTA-TG apparatus (DTG-60H, Shimadzu, Japan) from 25 to
550 �C at heating rate of 10 �C/min in nitrogen atmosphere.

2.4. Adsorption experiment

Stock solution (1000 mg/L) of As(III)/As(V) were prepared. As
(III)/As(V) solutions of desired concentration (20–100 mg/L) were
prepared by diluting the stock solution. Adsorption studies were
performed using 100 mL of arsenic solution in determinate
concentration, pH of solution adjusted between 3 and 10 using
HCl and NaOH, followed by the addition of 1 g/L of synthesized F-
nZVI 1–8. The flasks were maintained at constant temperature of
25 � 2 �C under shaking at 150 rpm using an incubator shaker. The
solutions were filtered after 24 h using Whatman filter paper and
analysed on Atomic Absorption Spectrophotometer (AAS) in flame
mode. All the experiments were performed in duplicate and blank
were prepared under identical experimental conditions. The
amount of arsenic adsorbed on to F-nZVI was calculated using
the following equation:

q ¼ V
Ci�Ct

M
ð1Þ
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where q is the mass of arsenic adsorbed, V is volume of solution and
M is the mass of adsorbent. Ci and Ct are initial and final arsenic
concentration at time t, respectively.

3. Results and discussion

3.1. Synthesis

Fuller’s earth immobilized nZVI 1–8 were synthesized by NaBH4

reduction method as given in Scheme 1. PEG was used as stabilizer
for the reduced Fe0. However, it was observed that in case of F-nZVI
6–8 reduction with 10% NaBH4 (w/v) yields product with poor nZVI
stability and material oxidizes during filtration and drying. Thus,
synthesis of F-nZVI 6–8 was carried out with 20% NaBH4 solution to
yield black coloured material, which was stable in air. Thus, it
indicates that the F-nZVI stability decreases with increase in the
loading of the material. The iron loading of F-nZVI 1–8 were
analysed by phenanthroline method [55]. The observed iron
loading in percentage was found to significantly lie within 0.2–2%
Scheme 1. Synthesis of fuller’s earth
of the calculated iron loading. This indicates that all the iron were
reduced and immobilized on fuller’s earth surface.

3.2. Characterization

3.2.1. SEM
The surface morphology of fuller’s earth and F-nZVI 2, 4, 5, 7 and

8 are shown in Fig.1. Fuller’s earth showed plate like structure with
smooth surface, suitable for immobilization of nZVI. The morphol-
ogy of F-nZVI 2 and 4 showed uniform particle size for nZVI with
size varying in the range of 30–60 nm. The nZVI were found to be
dispersed on the surface of fuller’s earth. F-nZVI 2 and 4, showed
dispersed nanoparticles with very less chain like agglomeration
characteristic of nZVI. However, agglomeration is significantly
increased in case of higher loading of iron on fuller's earth. Kim
et al. have reported similar lower agglomeration of nZVI on the
surface of the aluminosilicates.

The EDX analysis of fuller’s earth showed the presence of
various major components namely Si (32.53%), O (49.50%), Al
 immobilized nZVI (F-nZVI 1-8).



Fig. 1. SEM images of (a) fuller’s earth; (b) F-nZVI-2; (c)F-nZVI-4, (d) F-nZVI-5(e) F-nZVI-7, and (f) F-nZVI-8.

Fig. 2. EDX spectra of (a) fuller’s earth; (b) F-nZVI-2; (c) F-nZVI-4, (d) F-nZVI-5(e) F-nZVI-7, and (f) F-nZVI-8.
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(4.37%), and Fe (2.30%) (Fig. 2). The Al/Si ratio for fuller’s earth was
1:5, which is lower in comparison to bentonite Al/Si (3:1) and
kaolinite Al/Si (1:1) [56]. Similarly, iron content of fuller’s earth
was also observed to be higher than bentonite and kaolinite. Upon
immobilization of Fe0 on the fuller’s earth surface, there is an
increase in iron% of the F-nZVI samples as observed in the EDX
spectra. Thus, SEM–EDX study of the F-nZVI-4 showed the
composition, whereby a significant increase in the iron content
of the material was observed.

SEM–EDX analysis of the As(III) and As(V) adsorbed F-nZVI
prepared by treatment of F-nZVI (1 g/L) with arsenic solution
(100 mg/L) under optimum pH of 3 and 8, respectively, were also
carried out to establish the sorption phenomena (Figs. 3 and 4).
Upon adsorption of arsenic onto the surface of F-nZVI, the SEM
analysis showed an increase in the size of the immobilized



Fig. 3. SEM images of (a) As(III) and (b) As(V) adsorbed on F-nZVI-4.

Fig. 4. EDX spectra of (a) As(III) and (b) As(V) adsorbed on F-nZVI.
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nanomaterial upto 88.64–115.2 nm. This is accounted to the
formation of iron oxide and iron oxide adsorbed oxo-anion
complex. F-nZVI showed shape deformation from spherical to
ellipsoidal upon adsorption of arsenic. The EDX analysis of arsenic
adsorbed F-nZVI showed the presence of As(III) and As(V) upto a
maximum concentration of 7.93%, which indicates significant
adsorption of arsenic on to the surface of F-nZVI.

3.2.2. BET
The specific surface area, pore volume and mean pore diameter

of the fuller’s earth and F-nZVI-1, 2 and 4 were determined using
BET-N2 adsorption–desorption isotherm analysis (Fig. 5). The
isotherm curve of fuller’s earth and F-nZVI exhibit type-II isotherm
with hysteresis loop in the P/Po range 0.5–0.9, resulting in
uniformly mesoporous structure [57]. The specific surface area
(SBET) for the fuller’s earth, F-nZVI 1, 2 and 4, was determined to be
230, 73.54, 75.47 and 108.17 m2/g, respectively (Table 1). The BET
surface area of F-nZVI 1, 2 and 4, calculated based on the nZVI
density and particle size (as determined using SEM) was 218.84,
213.93 and 185.38 m2/g, respectively (Table 1). Thus, the
immobilized nZVI significantly lowered the specific surface area
and pore volume of fuller’s earth. Further, this decrease in specific
surface area and pore volume shows that the mesopores of fuller’s
earth were blocked by nZVI during the immobilization process.

The mean pore diameter of fuller’s earth was 6.7 nm. Upon
loading of iron (5% Fe loading) on to fuller’s earth, the mean pore
diameter increases from 6.7 to 8.1 nm. When increasing the
loading of iron from 5 to 10 and 20%, the mean pore diameter of the
material changed to 8.4 and 7.7 nm, respectively, which suggests
significant blocking of the surface pores of fuller’s earth being
achieved at 5% loading of nZVI. Besides this, there is a significant
increase in pore volume of F-nZVI-4 than F-nZVI-2. This significant
increase with decrease in the pore diameter indicates a substantial
aggregation in F-nZVI-4.

3.2.3. FTIR
The possible interaction between fuller’s earth and nZVI

particles as well as the changes in the functional group of F-nZVI
after As(III) and As(V) adsorption were identified by FTIR
spectroscopy. Fig. 6 represents the FTIR spectra of fuller’s earth,
F-nZVI-4, As(III) and As(V) adsorbed F-nZVI-4. The spectrum of
fuller’s earth in Fig. 6a shows absorption bands centred at 3434,
1635, 1050 and 796 cm�1 due to the H��O��H stretching of
physiosorbed water on the surface of fuller’s earth, Si��O��Si
stretching and Si��O bond, respectively [58]. The FTIR spectrum of
F-nZVI-4, is characterized by shift and appearance of new
absorption bands due to the iron loading and its interaction with
the surface of fuller’s earth (Fig. 6b). The stretching band of O��H
group at 3434 cm�1 in fuller’s earth shifts to 3468 cm�1 upon
loading of nZVI. This suggests a strong interaction between O��H
moieties in fuller’s earth with the surface of nZVI, as indicated by
the shift in the adsorption band due to hydroxyl moieties.
Appearance of new adsorption band at 1356 cm�1 is characteristic
of nZVI loading on the fuller’s earth surface [59].

The FTIR spectra of F-nZVI-4 upon As(III) and As(V) adsorption
showed significant change (Fig. 6c and d). The absorption band due
to hydroxyl moiety of F-nZVI-4 was observed at 3434 cm�1, which
was broadened upon As(III) adsorption. In contrast, upon adsorp-
tion of As(V), two absorption bands were observed corresponding
to the hydroxyl moiety at 3620 and 3715 cm�1. Appearance of a
new absorption band at 2310 cm�1 (OH stretching) upon As(V)
adsorption, shows that the hydroxyl moieties play a vital role in



Fig. 5. BET-N2 adsorption–desorption isotherms and BJH pore size distribution of fuller’s earth and F-nZVI 1, 2 and 4.

Table 1
BET-N2 analysis of fuller’s earth and F-nZVI.

Sample Experimental SBET (m2/g) Calculated SBET (m2/g) Vpore (cm3/g) dBJH (nm)

Fuller’s earth 230 230 0.371 6.7
F-nZVI-1 73.54 218.84 0.168 8.1
F-nZVI-2 75.47 213.93 0.172 8.4
F-nZVI-4 108.17 185.38 0.220 7.7
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arsenic adsorption on F-nZVI. Thus, the hydroxyl moiety is key to
higher As(V) adsorption in comparison to As(III) on F-nZVI. The
changes in the absorption band corresponding to hydroxyl moiety
of F-nZVI in presence of As(III) and As(V) could be accounted to the
change in surface of nZVI leading to reduced interaction of
hydroxyl moiety with Fe surface during the redox adsorption. A
significant change due to narrowing of band at 1047 and 1046 cm�1

were observed, upon adsorption of As(III) and As(V) onto the
surface of F-nZVI-4. In this case, arsenic adsorption on the surface
of F-nZVI probably resulted in the conversion of Fe0 to Fe(III)/Fe(II)
due to weakening of bond between fuller’s earth and nZVI. Thus,
these results suggest the adsorption of As(III) and As(V) onto the
surface of F-nZVI, by an interaction between nZVI and oxoanion.
3.2.4. XRD
The XRD pattern of fuller’s earth, F-nZVI-4, As(III) and As(V)

adsorbed F-nZVI-4 is given in Fig. 7. The major peak in the XRD
pattern of fuller’s earth appeared at 2u of 26.62�, characteristic of
quartz and 25.34� corresponding to TiO2 (Fig. 7a). The peak
appearing at 2u of 35.15� is characteristics of montmorillonite [60].
The 2u peaks corresponding to Al2O3 were observed at 37.11� and
42.41�, while those for Fe2O3 were realized at 2u peak of 19.84�

[61]. However, the XRD pattern of F-nZVI-4 retained the peaks
corresponding to quartz, Fe2O3 and montmorillonite (Fig. 7b).
Further the diffraction peaks at 2u of 44.9� as shown in Fig. 7b,
corresponds to the existence of iron in its zerovalent (Fe0) state
[62]. This indicates that Fe0 nanoparticles were immobilized on the
fuller’s earth surface. The XRD pattern of F-nZVI-4 showed
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significant change upon adsorption of As(III) and As(V) as depicted
in Fig. 7c and d, respectively. The peak corresponding to nZVI
disappeared and new peaks were observed at 2u of 35.70�, 57.2�

and 62.50�, for the oxide in the form of Fe3O4/g-Fe2O3 [63]. This
accounts for the oxidation of Fe0 to iron oxide in presence of As(III)
and As(V), with the shell of Fe��OH formed on the surface of F-
nZVI-4. Thus, it could be concluded that the surface of fuller’s earth
offers more stability, which is consistent with the results obtain for
nZVI immobilized on similar materials like bentonite [64],
kaolinite [65], and zeolite [48]. Moreover, there were no diffraction
pattern characteristic of precipitation of iron arsenite/iron arse-
nate observed in case of As(III) and As(V) adsorbed F-nZVI, as
evident in ZVI [66]. The ZVI (iron filings) get oxidized on the surface
releasing Fe(II) ions in the solution, which co-precipitates as
Fe3(AsO4)2. Similar phenomenon were observed by Li et al. in case
of nZVI upon prolonged exposure (5 days) with As(V) in the
solution, which indicates that the oxidation of Fe0 is complete
upon prolonged stay which further leads to the co-precipitation
[67]. This suggests that the Fe0 on the surface is oxidized and
electron transfer ceased from the bulk in case of ZVI or completely
aged nZVI, which leads to the co-precipitation, which requires
detailed independent investigation. Thus, the results of our study
corroborate with the reduction–oxidation based adsorption As(III)
and As(V) ions with no co-precipitation involved in the sorption
phenomenon. The mechanism involves the surface passivation of
nZVI with As, which does not interfere with the electron flow
between the core and shell of partially oxidized nZVI in succeeding
redox adsorption [66,68].

3.2.5. TGA
The TGA analysis for fuller’s earth and F-nZVI-4 were carried out

in air as depicted in Fig. 8. The fuller’s earth exhibits a smooth TGA
curve with a weight loss of upto 15% in the temperature range of
25–150 �C. On the other hand, the TGA curve of F-nZVI-4 showed a
weight loss of 6% upto 100 �C. The weight loss of F-nZVI-4 is
approximately stable in the temperature range 100–280 �C and
rapidly for 280–360 �C weight loss was observed upto 9%, followed
by a weight gain upto 3% at 450 �C. The weight loss at 100 �C is
assigned to water and methanol desorption [69]. The rapid
decrease in the weight at 280–360 �C could be accounted to the
capillary forces holding micropore water, which are strongly held
in the lattice of aluminosilicates of the adsorbent [70]. However,
the presence of PEG on the surface of F-nZVI-4 cannot be overruled.
The weight gain at 450 �C could be attributed to the thermal
oxidation of Fe0 in air which furnishes Fe2O3 which leads to
increases in the weight of the material [47].
3.3. Adsorption studies

3.3.1. Effect of pH
The As(III) and As(V) in water exists in many protonated forms,

which altogether show different adsorption behaviour. Thus, pH of
the arsenic solution plays a crucial role in adsorption. Arsenic
adsorptions by F-nZVI were carried out at different pH in the range
3–10. Upon increasing the pH of solution from 3 upto 10, a decrease
in As(V) adsorption from 40% at pH 3 to 20% at pH 10 was observed
(Fig. 9). Similarly, the effect of pH on As(III) adsorption showed an
increase in adsorption upon increasing pH from 3 to 8 with an
increase in adsorption from <5 to 25%, at pH 8. Further increase in
the pH of solution up to 10, a significant lowering of the adsorption
up to 20% of As(III) was observed. Thus, As(III) and As(V) removal
efficiency of F-nZVI was optimum at pH 8 and 3, respectively.
Further pH increase or decrease from optimum value, the
adsorption of As(III) and As(V) decreased sharply.

Similar behaviour of nZVI and immobilized nZVI for adsorption
of As(V) and As(III) have been reported under acidic and neutral
conditions, respectively. The protonation behaviour of As(III), As(V)
and F-nZVI play a significant role in As(III) and As(V) adsorption.
The dissociation constant for the stepwise deprotonation of
arsenate and arsenite species in aqueous conditions is depicted as:
Arsenate exists in the dibasic and monobasic forms in pH range
2–7 and 7–11, respectively, whereas, arsenite exists in the neutral
form in the pH range of 2–9. The surface of nZVI based materials
are positively charged in the presence of protons [71,72], leading to
an electrostatic interaction between dibasic arsenate (H2AsO4

�)
and F-nZVI. However, with increase in the pH there is a decrease in
the surface protonation, hence lowered electrostatic interaction is
observed between As(V) and immobilized nZVI. Alternatively, H+

ions are essential for the redox based adsorption of As(V) on to F-
nZVI [73]. Thus, the arsenate adsorption decreases with increase in
the pH of the solution. However, in case of arsenite adsorption by F-
nZVI, the interaction between the positive surface of immobilized
nZVI and neutral arsenite is unfavourable [72]. However at pH 8,
there is an optimized adsorption for As(III) due to the favourable
interaction between the near neutral nZVI and neutral arsenite in
the solution. At pH above 9, the concentration of H+ ions is
significantly diminished for favourable reductive adsorptions of
arsenite [74]. Alternatively, under alkaline conditions the interac-
tion between the negatively charged arsenite (H2AsO3

�) and
negatively charged corrosion surface products of nZVI are
unfavourable [72,75]. Thus, the adsorption of arsenite by F-nZVI
is observed at pH 8 [71,72].



Fig. 6. FTIR spectra of (a) fuller’s earth; (b) F-nZVI-4; (c) As(III) adsorbed F-nZVI-4 and (d) As(V) adsorbed F-nZVI-4.
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3.3.2. Effect of initial arsenic concentration
The effect of initial As(III) and As(V) concentration on removal

efficiency of F-nZVI-4 was investigated in the concentration range
of 20–100 mg/L at pH 7 and 3, respectively (Fig. 10). At lower
concentration the percentage removal of both As(III) and As(V)
were higher. However, with increase in concentration of As(III) and
As(V), the removal efficiency of F-nZVI decreased. Increase in
concentration of As(III)/As(V) for the same amount of adsorbent
may be the reason for the decrease in removal efficiency [76].

3.3.3. Effect of absorbent (F-nZVI) dose
The effect of adsorbent dose on As(III) and As(V) removal was

studied by varying the adsorbent dose from 0.2 to 1 g/L, at 10 mg/L
of As(III) and As(V) concentration (Fig. 11). The result showed an
increase in As(III) and As(V) removal from 13.85 to 45.23% and
17.20 to 76.86%, respectively, with an increase of F-nZVI dose from
0.2 to 1 g/L.

Increase in removal of As(III) and As(V) by F-nZVI-4, is
accounted to the increase in surface area and number of adsorption
sites with the increase in adsorbent dose [77,78]. On the other
hand, a decrease in the arsenic uptake (qe) was observed with an
increase of F-nZVI dose. The decrease in arsenic uptake (qe) is
accounted to the availability of lesser number of As(III) and As(V)
per unit mass of the F-nZVI, due to which the active sites may
remain unsaturated during the adsorption process [76].

3.3.4. Effect of contact time and kinetics behaviour
The effect of contact time on As(III) and As(V) removal by F-nZVI

was studied by varying the contact time upto 24 h, with adsorbent
dose of 1 g/L, initial arsenic concentration of 100 mg/L maintained
at optimum pH of 8 and 3 for As(III) and As(V), respectively. As
shown in Fig. 12, the efficiency of F-nZVI for As(III) and As(V)
removal increased significantly with increased time period of
contact with the adsorbent and equilibrium was achieved at 10 h.
The plot between As(III) and As(V) removal and time (Fig. 12)
indicate faster rate of arsenic adsorption in the initial stage which
subsequently decreased after 8 h till the attainment of equilibrium.
The As(III) and As(V) removal upto 40.29 and 54.76%, respectively
were observed in first 6 h of addition of F-nZVI. When contact time
was increased from 6 to 10 h, the removal of As(III) and As(V)
subsequently increased from 40.29 and 54.76% to 49.39 and 62.12%,
respectively.

The time dependent variation in equilibrium concentration of
As(III) and As(V) were fitted to pseudo-first order and pseudo-
second order rate kinetic model. The pseudo-first order (Eq. (2))
and pseudo-second order (Eq. (3)) rate equation are as described
below:

logðqe � qtÞ ¼ logðqeÞ � k1t ð2Þ

t
qt

¼ k2qe
2 þ 1

qe � t
ð3Þ

where qe and qt are the amount of As(III) and As(V) adsorbed (mg/
g) at equilibrium and at time t (h), respectively. k1 and k2 is the rate
constant of the pseudo-first order and pseudo-second order
adsorption rate (g/mg/h), respectively. The data were best fitted
into pseudo-second order rate kinetics model. Pseudo-first order
kinetic model showed poor fitting for the data and were not
considered.

The values of k2 and qe were calculated from the slope and
intercept of the plot t/qt vs. t, for both As(III) and As(V) as given in
Fig. 13. The kinetics parameters k2,qe and R2 of F-nZVI 1, 2, 3, 4 and
8 for adsorption of As(III) and As(V) are listed in Table 2. The
positive value of k2 and qe suggest that the overall rate of arsenic
adsorption onto F-nZVI was controlled by pseudo-second order
reaction mechanism. The results indicate an increase in the rate
constant for the pseudo-second order conditions, upon increasing



Fig. 7. X-ray diffraction patterns of (a) fuller’s earth, (b) F-nZVI-4, (c) and (d) F-nZVI-4 after adsorption of As(III) and As(V).
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the loading of F-nZVI upto 20% (w/w). This increase in k2 could be
accounted to the increase in the surface area of F-nZVI due to
reduced agglomeration, which resulted in increased interaction
with arsenic in aqueous solution. However, there was a significant
fall in k2 in case of F-nZVI-8, in comparison to F-nZVI 1-4 for
adsorption of As(V), which could be accounted to the decrease in
the surface area of immobilized nZVI, due to aggregation on fuller’s
earth surface. Thus, it could be concluded that fast kinetics of
adsorption is achieved at 20% (w/w) nZVI loading on fuller’s earth.
Various studies suggest that initially diffusion occurs by external
Fig. 8. TGA curve of fuller’s earth and F-nZVI-4.
mass transfer followed by intraparticle diffusion occurs incase of
arsenic adsorption by nZVI [79,80]. Initially, there is a large
concentration gradient between the solution and the adsorbent
surface leading to a faster transfer of adsorbate onto the adsorbent
surface. However, with the passage of time, predominantly
intraparticle diffusion of adsorbate from surface of adsorbent to
internal adsorption sites of adsorbent occurs, by a slow process
[76]. Thus based on the above phenomenon, the reductive sorption
of arsenic using nZVI [81,82], is proposed to take place in three
steps involving: (i) the diffusion of the solute from the bulk
solution of the As(III) and As(V) to the exterior surface of the
adsorbent; (ii) intraparticle diffusion to the interior of the nZVI and
Fig. 9. Effect of pH on adsorption of As(III) and As(V) by F-nZVI-4, [As] = 50 mg/L,
25 �C and 150 rpm.



Fig. 10. Effect of initial arsenic concentration on F-nZVI [F-nZVI 1 g/L, As-20-
100 mg/L, pH 8 and 3 at 25 �C and 150 rpm for As(III) and As(V), respectively].

Fig. 11. Effect of F-nZVI dose on the As(III) and As(V) remediation, [As] = 10 mg/L at
pH 8 and 3, respectively, 25 �C 150 rpm.

Fig. 12. Effect of contact time on As(III) and As(V), [As] = 100 mg/L at pH 8, 25 �C,
150 rpm.
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(iii) adsorption in the inner site of the nZVI. Therefore, As(III)/As(V)
in the aqueous solution is initially adsorbed onto the iron oxide
shell of F-nZVI. Upon saturation of the exterior surface, arsenic
diffuses through the iron oxide shell and adsorbed to the interior
surface. Further, the kinetics of As(III) adsorption on F-nZVI was
found to be slower than As(V) adsorption could be accounted to the
Fig. 13. Pseudo-second order kinetics of F-nZVI for (a) As(III) at p
diffusion of adsorbate from solution to the surface oxide shell
being fast incase of As(V) in comparison to As(III). However, the
lower proton concentration in case of As(III) adsorption in
comparison to As(V) adsorption may also contribute significantly
to the slow adsorption of As(III).

3.4. Equilibrium adsorption studies

The equilibrium adsorption studies were carried out to reveal
the adsorption of As(III) and As(V) on F-nZVI 1–8, as depicted in
Fig. 14. Different concentration (20–100 mg/L) of As(III) and As(V)
were treated with optimum adsorbent dose (1 g/L) at pH 8 and 3,
respectively, for 24 h. The F-nZVI showed an increase in the
adsorption of both As(III) and As(V), upon increasing the iron
loading from 5 to 20% (w/w). However, further increase in the iron
loading from 25 to 50% (w/w) on fuller’s earth, showed
insignificant adsorption of both As(III) and As(V) from aqueous
solution. These results showed that the F-nZVI 1–4 with lower iron
loading were stabilized on fuller’s earth surface and did not
agglomerate, which increased the active surface area of these F-
nZVI. However, F-nZVI 5–8 showed a decrease in the adsorption of
arsenic with increase in the loading of iron, resulting in
agglomeration of the nanoparticles on the surface of fuller’s earth
H 8; and (b) As(V) at pH 3, [As] = 50 mg/L at 25 �C, 150 rpm.



Table 2
Pseudo-second order rate constant for As(III) and As(V) adsorption on F-nZVI
[As] = 10 mg/L, 25 �C, 150 rpm maintained at pH 8 and 3.

F-
nZVI

Pseudo-second order kinetics

Arsenite Arsenate

k2 (g mg�1 h�1) qe (mg/g) R2 k2 (g mg�1 h�1) qe (mg/g) R2

1 0.492 17.24 0.972 3.33 37.03 0.991
2 1.55 30.30 0.990 4.39 50.00 0.991
3 2.67 43.74 0.939 8.08 58.82 0.989
4 3.20 45.45 0.937 8.87 76.92 0.971
8 3.01 41.64 0.998 1.26 90.90 0.997
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as evident from the SEM imaging. Apart from this, F-nZVI-
4 showed maximum adsorption for both As(III) and As(V) in
comparison to other F-nZVI, which established an optimized
condition for iron loading of fuller’s earth with maximum activity.

The adsorption isotherm for As(III) and As(V) adsorption upon
F-nZVI 1–8 were analysed by non-linear Langmuir and Freundlich
adsorption isotherm model (Fig. 15). These isotherm equations
were used to quantitatively describe the effect of increased
Fig. 14. Adsorption behaviour (a) As(III), and (b) As(V) adsorption on F-nZVI a
aqueous arsenic concentration on the F-nZVI surface. The
Langmuir isotherm represents monolayer adsorption whereby
surface contains a finite number of identical sites for adsorption.
The model assumes uniform energies for adsorption onto the
surface and no transmigration of adsorbate in the plane of the
surface.

The equation for non-linear Langmuir isotherm is represented
as:

qe ¼
qmKLCe

1 þ KLCe

where Ce is the equilibrium concentration of adsorbate (mg/L), qe is
the amount of metal adsorbed per gram of the adsorbent at
equilibrium (mg/g), qm is maximum monolayer coverage capacity
(mg/g) and KL is Langmuir isotherm constant (L/g) related to the
energy of adsorption.

Freundlich isotherm is empirical in nature and describes
multilayer adsorption. The equation for non-linear Freundlich
isotherm is represented as:

qe ¼ KF Ceð Þ1=n ð5Þ
t pH 8 and 3, respectively upon stirring for 24 h at 150 rpm and 25 � 2 �C.



Fig. 15. (a) Langmuir and (b) Freundlich adsorption isotherm for As(III) and As(V) on F-nZVI-4.

Table 3
Adsorption isotherm for As(III) and As(V) adsorption on F-nZVI.

F-nZVI Arsenite Arsenate

Langmuir Freundlich Langmuir Freundlich

qmax KL R2 1/n Kf R2 qmax KL R2 1/n Kf R2

1 15.42 0.02 0.99 0.73 0.57 0.96 32.13 1.16 0.86 0.14 18.62 0.99
2 33.03 0.10 0.99 0.37 6.64 0.92 53.54 0.30 0.93 0.27 19.92 0.97
3 41.84 0.04 0.99 0.52 4.01 0.92 57.62 0.50 0.98 0.24 25.00 0.86
4 50.80 0.04 0.95 0.42 10.6 0.96 91.42 0.16 0.94 0.39 25.10 0.99
5 49.54 0.05 0.99 0.58 3.64 0.92 56.32 0.16 0.98 0.34 14.71 0.95
6 35.84 0.12 0.98 0.35 8.67 0.92 63.74 0.28 0.99 0.29 21.53 0.91
7 42.06 0.07 0.99 0.42 6.60 0.95 81.18 0.25 0.99 0.38 22.86 0.94
8 47.26 0.09 0.99 0.45 7.01 0.98 73.40 0.29 0.99 0.32 23.73 0.90
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where KF and n are the Freundlich constant related to the
adsorption capacity and adsorption intensity, respectively.

The adsorption data fitted well with both Langmuir and
Freundlich isotherm models. The constants evaluated from the
isotherms are given in Table 3. Adequate linear correlation was
observed for both Langmuir and Freundlich isotherm models. The
adsorption capacity (qmax) of F-nZVI-4 for As(III) and As(V) were
found to be 50.08 mg/g and 91.42 mg/g, respectively. The process of
adsorption is considered appreciable and indicative of surface
adsorption, if the value of 1/n is in the range of 0–1. The 1/n value
for As(III) and As(V) adsorption on F-nZVI 1–8 were found to lie
between 0 and 1. As the 1/n value lies between 0 and 1, it indicates
spontaneous adsorption of As(III)/As(V) on to F-nZVI, irrespective
Table 4
Arsenic removal efficiency of the adsorbents.

S. No. Material pH 

1 Iron oxide 5 

2 Iron filing and sand 7.1 

3 Sand and ZVI 7 

4 Sand and ZVI 7 

5 nZVI 6 

6 Bare nZVI 7 

7 Cellulose and nZVI 8 

8 Activated char and nZVI 6.5 

9 Montmorillonite—40% nZVI 7 

10 Montmorillonite—50% nZVI 6.5 

11 F-nZVI-4 7/3 

12 F-nZVI-7 7/3 

13 F-nZVI-8 7/3 
of the iron loading characteristics on the immobilizer. The
relevance of the Langmuir isotherm is studied by the Langmuir
isotherm constant (KL). The KL value of As(III) and As(V) adsorption
on F-nZVI were found to lie in the range 0.35–0.73 and 0.14–0.39,
respectively. This value of KL indicates favourable adsorption of As
(III) and As(V) on F-nZVI 1–8.

A comparison of the removal efficiency of immobilized iron
with different studies on arsenic removal by various iron based
material is illustrated in Table 4. Iron filing in sand were studied for
arsenic remediation in column filtration, the observed arsenic
remediation were sufficient for groundwater conditions
[66,84,85]. However, in this method the arsenic remediation
was observed to show the formation of iron arsenite precipitates
As(III) (mg/g) As(V) (mg/g) References

6.77 7.23 [83]
11 – [66]
25 – [84]
4.4 – [85]
– 239 [67]
55 17 [86]
19.93 – [87]
18.2 12 [88]
59.9 45.5 [89]
49.5 – [59]
50.08 91.42 Present study
42.06 81.18 Present study
47.26 73.40 Present study
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on the surface as the possible mechanism for the adsorption of
arsenic. Bare nZVI alternatively showed better adsorption for As
(III) and As(V), whereby the mechanism, suggests the simulta-
neous reduction and oxidation of arsenic in conjunction with iron
oxidation [67]. Li et al. recently reported an adsorption upto
239 mg/g using bare nZVI, in case of smelting wastewater
remediation in a pilot scale batch process [67]. The treatment
period was upto 5 days and showed a significant amount of
Fe3(AsO4)2 co-precipitates. Thus, it is envisaged that a detailed
work on the ageing of the nZVI based material and its implication
on the arsenic adsorption mechanism is required to be studied in
greater details.

A comparison with immobilized nZVI such as cellulose [87] and
activated char [88] immobilized nZVI, a significant increase in the
arsenic adsorption was observed over bare nZVI, however arsenic
adsorption is lower than that incase of montmorillonite [59,89] or
the fuller’s earth immobilized nZVI. The characteristic adsorption
incase of montmorillonite was found to be similar to that of the
present study under comparable iron loading conditions (40 and
50% w/w Fe0). However, the present study shows that the iron
loading is a crucial factor whereby arsenic adsorption increased
upto 20% incase of fuller’s earth immobilized nZVI with better rate
of adsorption for both As(V) and As(III) using this material. Thus, a
better material could be obtained in the present study for arsenic
remediation using 60% lesser iron loading in comparison to the
previous studies on montmorillonite loaded nZVI.

4. Conclusions

Batch adsorption studies showed that F-nZVI were effective in
remediation of both As(III) and As(V) followed pseudo-second
order kinetics with higher rate constant for As(V) than As(III). The
loading of iron on fuller’s earth plays a vital role in the adsorbents
activity towards arsenic adsorption. Hence, fuller’s earth is a stable,
low cost clay mineral and useful support material for n-ZVI, which
can be used for remediation of heavy metals.
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