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Exploring b-FeOOH Nanorods as an Efficient Adsorbent for
Arsenic and Organic Dyes
Arnab Samanta,[a] Sankar Das,[a] and Subhra Jana*[a, b]

Exploring a light-assisted solution chemistry route, we have
demonstrated the synthesis of iron oxide nanorods in a large
scale from an iron precursor under alkaline condition for the
adsorption of toxic metals and organic contaminants from
waste-water. b-FeOOH nanorods demonstrate an excellent
binding capacity for As(III), As(V), and organic dyes, which are
toxic and cause severe effect to the mankind if present in the
drinking water beyond the permissible limit. The as-prepared
b-FeOOH nanorods exhibit a monolayer molecular adsorption
for As(III), As(V), and organic dyes and their adsorption follows

pseudo-second-order kinetic model. The exceptional adsorp-
tion capacity of b-FeOOH nanorods, accompanied by the
convenient synthetic approach, represents an alternative and
environmentally friendly approach to develop adsorbents for
the extraction of toxic metals as well as organic dyes. Thus,
these new insights will shed light in the societal needs of an
adsorbent for cleaning-up of both industrial effluents and
ground water in a greener approach, which in turn will protect
the environment and human being from several toxic effects.

Introduction

The exposure of toxic oxyanions in the surface and ground
water gives rise to the increased level of water pollution,
resulting in a severe impact on the environment as well as on
human health owing to their carcinogenic effect and high
mobility.[1,2] Among the several toxic oxyanions, arsenate and
arsenite species are catastrophic and responsible for a number
of health disorders, like kidney, skin, urinary bladder, and lung
cancer due to their continuous consumption through drinking
water as well as through vegetables and crops which are
irrigated through arsenic (As) contaminated water, leading to
an environmental and societal threat since one third of the
world’s population use ground water as their drinking water.[3–5]

Even though As is one of the most noxious elements in the
environment, it is still using in the fabrication of pesticides,
herbicides, desiccants, wood preservatives, and growth stimu-
lants for animals and plants too.[6] According to WHO, the
maximum consumable limit of As in drinking water is 10 mg L�1,
however, many developing countries still use drinking water
containing As beyond the permissible limit. As a consequence,
people are put on a high alert to avoid the aforesaid shocking
situations, since a very low concentration of such oxyanions
can lead to a permanent damage to the human health.

Apart from the poisonous oxyanions, wastewater effluents,
e. g.; organic dyes produced from dye processing industries are
other major source of environmental pollution due to their
nonbiodegradability, high toxicity, and carcinogenic effects,
together with on mixing with water bodies result in increasing
the chemical oxygen demand and reducing light penetration
as well as visibility because of their recalcitrance nature.[7–10] It is
indeed challenging to achieve the desired effluent discharge
standards, including suitable recycle and reuse of those
pollutants released from industries during manufacturing
processes. Hence, adsorption of organic dyes from the
contaminated water may be an alternative approach for their
removal from ground water. It is therefore necessary to develop
a cost-effective strategy by making simple and low-cost
materials in a facile way for cleaning-up of industrial effluents
as well as for the remediation of such toxic oxyanions from the
ground water, which in turn reduces their environmental
impact.

Over the past decade, a number of processes have been
developed for arsenic remediation, such as, adsorption, ion-
exchange, bioremediation, reverse osmosis, electrocoagulation,
precipitation etc. Sorption of toxic species by oxide nano-
structures represents the state-of-the-art procedure for ad-
vanced waste-water treatment, further demonstrating a plau-
sible alternative to protect the environments and also the
mankind. In particular, iron oxide nanostructures are a signifi-
cant class of materials from both fundamental and technolog-
ical relevance and have been fascinated to the researchers
because of their widespread availability, stability, low-cost, and
environmental friendly nature. Iron oxide nanostructures are
generally very effective to adsorb heavy metal ions and have
ability to remove organic contaminants, which in turn demon-
strate an effective adsorbent for waste-water treatment.
Researchers have been made several attempts to synthesize
iron oxide nanostructures based on the numerous routes, like
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chemical vapour deposition, electrodeposition, laser ablation,
spray pyrolysis, sol-gel, reverse micelle, co-precipitation, hydro-
thermal, thermal decomposition, and template assisted syn-
thesis.[11–18] However, tedious as well as expensive synthetic
procedures sometimes restrict them from their large-scale
application in the diverse field. Synthesis of iron oxide nano-
structures through a light-assisted decomposition of an iron
precursor may be an attractive route owing to its simplicity,
cost-effectiveness, and possible to achieve in high yield.

Herein, we have reported the synthesis of iron oxide
nanostructures using a light-assisted solution chemistry route
and used them as an adsorbent for waste-water treatment to
extract toxic oxyanions and organic dyes. The synthesized
product was characterized by different physical methods,
indicating the formation of b-FeOOH nanorods (NRs). Upon
calcination at an elevated temperature, they transformed into
a-Fe2O3 keeping their rod shaped morphology intact. The as-
prepared b-FeOOH NRs exhibit a high adsorption capacity for
oxyanions [As(III) and As(V)] and organic dyes [Congo red (CR)
and eosin yellow (EY)] from the aqueous solution. Their
adsorption kinetics and subsequent sorption isotherms have
been demonstrated in detailed. pH dependent adsorption
efficiency of b-FeOOH NRs has also been studied for these toxic
species.

Results and Discussion

Based on a light-assisted solution chemistry route iron oxy-
hydroxide was synthesized to capture toxic oxyanions and
organic dyes from waste-water. Iron oxyhydroxide was pro-
duced from iron chloride under visible light irradiation (~90 8C)
in presence of urea, which acts as a hydrolyzing agent.[19,20]

Under visible light, urea decomposes to form ammonium
hyrdroxide which facilitates hydrolization of iron(III) chloride
and gives rise to iron oxyhydroxide in aqueous solution. The
crystal structure of the product was characterized by X-ray
diffraction (XRD) study, which demonstrates the formation of
tetragonal phase of b-FeOOH,[21,22] owing to the presence of
(110), (200), (310), (400), (211), (301), (411), (600) and (521)
reflection planes (Figure 1A). It was observed from the XRD

pattern that no iron oxides, hydroxides or other impurities
were formed, representing the successful formation of pure b-
FeOOH. However upon heating the sample, phase transition
occurs from b-FeOOH to a-Fe2O3.[23] The thermogravimetric
(TGA) analysis of the as-prepared sample was performed
between 30 to 700 8C, indicating a major weight loss at 350 8C
after which there is no weight loss, further substantiating the
phase transition owing to the decomposition of iron oxy-
hydroxide to iron oxide, as shown in Figure S1. FTIR spectrum
(Figure 1B) consists of two bands at 688 and 847 cm�1, which
could be assigned as stretching band of Fe�O and vibrational
band of O�H in b-FeOOH respectively,[24] further corroborates
the formation of iron oxyhydroxide.

To gain insight into their size, shape, and morphology, field
emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) analyses were carried out.
The morphology of the as prepared product characterized by
FESEM analysis is presented in Figure 2, demonstrating the

formation of rod-like morphology of b-FeOOH. TEM images
attribute to the monodispersity and narrow size distribution of
the synthesized b-FeOOH NRs, as shown in Figure 3. The length
of the nanorods is ~300 nm with an aspect ratio of 10. Electron
energy loss spectroscopy (EELS) elemental mapping represents
the homogeneous distribution of the basic elements i. e.; iron
and oxygen throughout the body of the nanorods.

The z- potential measurement demonstrated that the
surface of b-FeOOH NRs is positively charged, having z-
potential of 26.2 mV. Nitrogen adsorption/desorption study was
performed at 77 K to estimate the specific surface area of b-
FeOOH NRs, shown in Figure 4. From nitrogen adsorption/
desorption experiments, the specific surface area of b-FeOOH

Figure 1. (A) XRD pattern of a) b-FeOOH NRs, upon heating beyond 350 8C
they transformed to b) a-Fe2O3 NRs. (B) FTIR spectrum of b-FeOOH NRs,
indicating the formation of iron oxyhydroxide.

Figure 2. FESEM images of bunch of b-FeOOH NRs at different magnifica-
tions.
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NRs was estimated to be 45 m2g�1 by Brunauer–Emmett–Teller
(BET) method. The aforesaid XRD, FESEM, TEM and BET results
collectively ascertain the formation of b-FeOOH NRs with large

surface area and were utilized to capture toxic oxyanions and
different organic dyes from aqueous solution.

Toxic oxyanions present in ground water are not only an
environmental threat but also a societal concern since one
third of the world’s population use ground water as their
drinking water. It is therefore a need to develop a low-cost
adsorbent to extract these pollutants from ground water.
Keeping the impact of these toxic oxyanions and organic dyes
in mind, we have explored b-FeOOH NRs as highly efficient
nanosorbent because of their large surface area and positive
surface charge. The uptake of As(V) and As(III) adsorbed by
these b-FeOOH NRs was estimated by inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis. The
adsorption kinetics of As(V) and As(III) by b-FeOOH NRs was
studied using pseudo-first order[25,26] and pseudo-second
order[27,28] rate equations.

Qt ¼ Qe � Qee�k1 t ð1Þ

Qt ¼
k2Q2

e t
1þ k2Qet

ð2Þ

where, Qe (mg g�1) and Qt (mg g�1) are adsorption capacity of
adsorbent at equilibrium and at time t (min). k1 (min�1) and k2

(g mg�1 min�1) are the rate constants for the pseudo-first order
and the pseudo-second order reactions, respectively. The
adsorption kinetics of these oxyanions by b-FeOOH NRs were
presented in Figure 5. The time-dependent adsorption of As(V)
and As(III) follows pseudo-second order rate equation as
compared to pseudo-first order (Figure S2), assuming the
chemical adsorption process is the rate-limiting step.

To study the adsorption isotherm, multiple sets of batch
experiments were carried out for arsenate and arsenite. The

Figure 3. (A�D) TEM images of b-FeOOH NRs at different magnifications,
indicating monodispersity and narrow size distribution of nanorods. (E) TEM
image of a single nanorod and (F) corresponding EELS mapping represents
uniform distribution of Fe (red zone) and O (green zone) in the nanorod.

Figure 4. Nitrogen adsorption/desorption isotherms of b-FeOOH NRs per-
formed at 77 K to estimate the specific surface area.

Figure 5. Time dependent arsenic ion uptake by b-FeOOH NRs having three
different initial concentrations of As(III) and As(V) solutions and their
corresponding linear fitting of pseudo second-order kinetics.
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adsorption of As(V) and As(III) by these b-FeOOH NRs was
estimated and the obtained experimental data were fitted to
the Langmuir isotherm[29] as well as the Freundlich isotherm[30]

models.

Qe ¼
K L QmCe

1þ K LCe

ð3Þ

Qe ¼ K F C
1
n
e

ð4Þ

where, Ce is the equilibrium concentration of adsorbate (mg
L�1), Qe is the equilibrium adsorption capacity of the adsorbent
and Qm is the maximum adsorption capacity of that adsorbent
(mg g�1) respectively. KL (L mg�1) and KF (mg g�1)(L mg�1)1/n are
the Langmuir and Freundlich equilibrium constants, and n is
the adsorption equilibrium constant. It should be noted that
Langmuir isotherm relates to the monolayer coverage of the
adsorbate over a homogenous adsorbent surface, whereas
Freundlich equilibrium isotherm demonstrates multi-layer ad-
sorption with interaction between adsorbed molecules. Based
on the Langmuir and Freundlich model, the experimental data
were better fitted with the Langmuir model than that of
Freundlich model (Figure 6), demonstrating monolayer molec-
ular adsorption of As(V) and As(III) over b-FeOOH NRs.
Adsorption isotherm fitting parameters for the sequestration of
As(III) and As(V) using b-FeOOH NRs were summarized in
Table 1. It is thus evident that b-FeOOH NRs possess a higher
affinity towards As(III) compared to As(V).

Electron energy loss spectroscopy (EELS) elemental map-
ping ascertains the sequestration of arsenic by b-FeOOH NRs.
After the adsorption of arsenic, EELS analysis demonstrates that

As uniformly distributed onto the surface of the nanorods with
a homogeneous distribution of Fe and O, as shown in Figure 7.
This is also in accordance with FTIR spectra obtained from b-
FeOOH NRs after arsenic up-take. After arsenic capture, the
vibrational band of O�H in pure b-FeOOH at 847 cm�1 becomes
weak and a new band arises at 809 and 817 cm�1 owing to the
As–O vibration of As(III) and As(V) respectively, further suggest-
ing that the adsorption proceeds through an ion-exchange
mechanism between surface hydroxyl group of iron oxyhydr-
oxides and arsenite or arsenate.[31,32]

The z- potential of b-FeOOH NRs is of 26.2 mV, indicating
positive surface charge of the nanorods. Since arsenic present
as negatively charged arsenite and arsenate, it would adsorb
over the surface of nanorods thorough electrostatic interaction.
However, As(III) mainly exists in ground water as neutral
H3AsO3.[33,34] Hence, in addition to electrostatic adsorption,
chemisorption may be the other pathway for the As(III) capture.

Figure 6. Adsorption isotherms of inorganic arsenic i. e.; As(III) and As(V) over
b-FeOOH NRs fitted well with Langmuir model.

Table 1. Langmuir and Freundlich Isotherm Models Fitting Parameters for
the Uptake of As(III) and As(V) using b-FeOOH NRs.

Langmuir model Freundlich model
KL Qm R2 KF n R2

As(III) 0.0215 89.95 0.991 3.57 1.50 0.969
As(V) 0.0348 43.12 0.986 3.10 1.76 0.951

Figure 7. TEM image of b-FeOOH NRs and corresponding elemental mapping
represents the uniform distribution of As (pink zone) throughout the body of
the nanorods which consist of Fe (red zone) and O (green zone). FTIR spectra
of b-FeOOH NRs (a) before and after (b) As(V) and (c) As(III) up-take.
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The estimated As/Fe atomic ratio was found to be 0.042 and
0.027 for As(III) and As(V) respectively, obtained from the
solution having initial concentration of arsenic 30 mg L�1 under
neutral condition, indicating higher adsorption efficiency for
As(III) than that of As(V). Compare to As(V), As(III) is much more
toxic and highly abundant in the reductive environment. So,
the significant feature of our approach is that b-FeOOH NRs
possess a higher affinity towards As(III) than As(V). Finally, we
have compared the uptake efficacy of b-FeOOH NRs with the
reported iron oxide based adsorbents (Table S1), corroborating
their higher adsorption capacity towards the adsorption of
As(III).

In an effort to explore the mechanism of arsenic sequestra-
tion by b-FeOOH NRs, the effect of solution physical-chemical
condition during adsorption process was investigated as a
function of solution pH. Figure 8 illustrates arsenic uptake of b-
FeOOH NRs over a range of pH of As(V) and As(III) solutions,
representing a severe change in adsorption capacity of the
nanorods once we move from acidic to basic pH. The estimated
adsorption efficacy of b-FeOOH NRs for As(V) and As(III) was
found to be 41.4 and 39.1 mg g�1 under acidic condition,
having solution pH 3.0 and initial concentration of arsenic
solution of 30 mg L�1. It is then interesting to note that under
acidic to weakly basic conditions (pH 3–9) arsenic uptake

capacity of the nanorods gradually decreased and became
lowest at pH 12.0 for As(V). It is important to note that arsenic
exists in several ionic forms in solution.[17,35] Hence, with the
change in solution condition from acidic to basic, the dominant
form of As(V) changes from H3AsO4 to H2AsO4

�, HAsO4
2� and

AsO4
3� respectively, facilitating the adsorption of these oxy-

anions over the nanorods surfaces. However, the concentration
of hydroxyl groups (OH�) in solution increases with increasing
solution pH, resulting in a competition between negatively
charged As species with hydroxyl ions and thus encumbers the
sequestration of negatively charged arsenic species to adsorb
over the surface of nanorods.

In contrast to As(V), the intake efficacy of nanorods for
As(III) was almost constant up to pH 9.0 and then drastically
reduced. This is due to the fact that at near-neutral pH, the
formation of negatively charged As(III) surface species was not
observed as the predominant aqueous As(III) species is neutral
H3AsO3. It is known to all that enhanced retention of an
oxyanion occurs around its pKa value.[36,37] Thus, optimal
adsorption occurs until pH 9 for As(III), since the pKa1 value of
H3AsO3 is 9.22. However, the arsenic adsorption efficiency of b-
FeOOH NRs reduced with increase in basic condition of the
solution. Since As(III) mainly exists as neutral H3AsO3 until
pH 9.0 and became AsO2

� beyond pH 10.0, further suggesting
that b-FeOOH NRs prefer to intake neutral arsenic species
rather than ionized species.This is in contrary to our expect-
ation, since the z- potential of b-FeOOH NRs is positive and
should attract negatively charged arsenic species thorough
electrostatic interaction. With increasing solution pH, the
concentration of hydroxyl groups in solution increases, leading
to an increased electrostatic repulsion between negatively
charged As species with surface hydroxyl ions. As a conse-
quence, it restricts the adsorption of negatively charged AsO2

�

over the surface of nanorods, pointing to the decrease in
adsorption capacity with increasing pH of the solution and thus
facilitates the regeneration of the adsorbent surfaces for further
adsorption of oxyanions. To check the reusability of b-FeOOH
NRs, they were regenerated using NaOH solution. After being
regenerated, the adsorbent was added into the solution of
As(III) or As(V), attributing to their high efficacy even after
regeneration and reuse (Figure S3). We may therefore conclude
that the adsorption of arsenic species was sensitive to the
solution pH.

Considering the possible application of b-FeOOH NRs in the
clean-up process of surface water by adsorbing oxyanions,
these low-cost adsorbent may also be used for the removal of
organic dyes. To demonstrate the adsorption efficacy of nano-
rods, congo red (CR) and eosin yellow (EY) were taken as model
pollutants.[38] CR is an anionic secondary diazo dye, consisting
of one central biphenyl group and two symmetric naphthalenic
groups, and thus it is very difficult to degrade the dye
photocatalytically.[39,40] Upon addition of b-FeOOH NRs to the
dye solution, the colour of the solution changed from deep red
to colourless for CR and it became yellow to colourless for EY,
indicating adsorption of negatively charged dyes over the
surface of positively charged nanorods. Figure 9A demonstrates
time dependent adsorption of CR and EY by b-FeOOH NRs,

Figure 8. The adsorption capacity of b-FeOOH NRs for As(III) and As(V) as a
function of solution pH and corresponding mechanism of arsenic uptake by
b-FeOOH NRs, followed by desorption of arsenic under alkaline condition.
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which follows pseudo-second order rate equation. Linear fitting
of pseudo second-order kinetics for the adsorption of CR and
EY by b-FeOOH NRs was presented in Figure S4. The adsorption
isotherms of b-FeOOH NRs for CR and EY were further studied
and the experimental data were fitted with the both Langmuir
and the Freundlich isotherm model as shown in Figure 9B,
representing monolayer molecular adsorption of the dyes onto
b-FeOOH NRs, having maximum adsorption capacity of 102
and 45 mg g�1 of adsorbent for CR and EY respectively. FTIR
analysis also corroborated the adsorption behaviour of the
nanorods, owing to the presence of several new bands in b-
FeOOH NRs (Figure S5). The bands at 3465, 1571, 1460 and
1045 cm�1 can be assigned to the N�H stretching of primary
amine, N=N stretching, C=C stretching of aromatic compound
and S=O stretching vibration of CR respectively. Likewise, three
new bands arise[40,41] after the uptake of EY by b-FeOOH NRs.
The carbonyl stretching was observed at 1724 cm�1, C=C
stretching of aromatic compound and C�Br stretching ap-
peared at 1462 and 582 cm�1 respectively, suggesting the
adsorption of EY over the surface of b-FeOOH NRs.[42] The effect
of solution physical-chemical condition during adsorption
process was studied as a function of solution pH for both CR
and EY (Figure S6). Similar to the oxyanions, the adsorption
capacity of the b-FeOOH NRs for organic dyes decreases
steadily with increase in solution pH from acidic to basic,
indicating solution pH has a significant effect during the
adsorption process. Finally, adsorption capacity of b-FeOOH
NRs towards several anionic dyes has also been studied and
presented in Figure S7. Therefore, our approach should be
fascinating and potential for ground water treatment and may
open up a broader impact in environmental remediation for
clean-up process of the industrial effluents.

Conclusions

In conclusion, b-FeOOH NRs were successfully synthesized
through a light-assisted solution chemistry route for the
adsorption of heavy metals and organic pollutants that are
toxic and affecting the health of millions of human being.
These nanorods demonstrate an excellent binding efficacy for
As(III), As(V), and organic dyes which indicate a monolayer
molecular adsorption for the pollutants and follow pseudo-
second-order kinetic model. As(III) and As(V) sorption isotherms
are look-alike and indicate similar surface site densities on b-
FeOOH NRs and the sorption of both As(III) and As(V) over the
NRs is more favourable at low pH. However beyond pH 3, As(III)
has higher affinity towards NRs than that of As(V). Therefore,
the synthesis of iron oxides based on a light-assisted decom-
position of an iron precursor represents an attractive and
effective route because of its effortlessness, simplistic and high
yield. Additionally, the novelty of this work lies in the synthesis
of monodispersed nanorods without the use of any shape
directing material as well as exceptional adsorption efficacy of
b-FeOOH NRs. Our study further demonstrates the feasibility of
finding a plausible solution for an environmental issue through
material innovation and their potential application in environ-
mental improvement.

Supporting Information Summary

Experimental section, TGA plot of b-FeOOH nanorods, pseudo-
first-order and pseudo-second-order kinetics fitting for the
adsorption of As(III) and As(V) by b-FeOOH NRs, comparison of
the As(III) uptake efficacy of b-FeOOH NRs with the reported
iron oxide based adsorbents, recyclabity of b-FeOOH NRs,
kinetics of dyes adsorption, FTIR analysis of b-FeOOH nanorods
after dye adsorption and pH dependent adsorption study of
dyes.
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