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Abstract Contamination of drinking water with arsenic
causes severe health problems in various world regions.
Arsenic exists predominantly as As(III) and As(V) depending
on the prevailing redox conditions of the environment. Most
of the techniques developed for treating As(V) are not very
effective for As(III), which is more toxic and mobile than
As(V). In this study, novel cerium-loaded pumice (Ce-Pu)
and red scoria (Ce-Rs) adsorbents were developed to remove
both As(III) and As(V) ions fromwater. The Ce-Pu and Ce-Rs
adsorbents were characterized using ICP-OES, EDX, and
SEM. The experimental equilibrium sorption data fitted well
Freundlich and Dubinin-Radushkevich (D-R) isotherms. The
adsorption was very fast and reached an equilibrium within
2 h. Both Ce-Rs and Ce-Pu showed high As(III) and As(V)
removal efficiency in a wide pH range between 3 and 9, which
is an important asset for practical applications. The Ce-Pu and
Ce-Rs adsorbents can be recycled and used up to three

adsorption cycles without significant loss of their original ef-
ficiency. Accordingly, Ce-Pu and Ce-Rs seem to be suitable
for removal of arsenic from aqueous systems.
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Introduction

Water is an essential component for life; however, clean pota-
ble water becomes scarce in the world. About 748 million
people do not have access to safe water resources (Jadhav
et al. 2015). Arsenic is a natural constituent of the earth’s crust
which affects millions of people around the world (Xie et al.
2016). Arsenic toxicity has already been known a long time in
human civilization (Bolt 2012); however, arsenic-
contaminated potable water was recognized as a global public
health problem not longer than three decades ago (Fox et al.
2016). The primary exposure of the human body to arsenic is
through the consumption of contaminated water, which leads
to arsenic poisoning or arsenicosis (Rijith et al. 2016). Long-
term exposure to arsenic-polluted water creates chronic health
problems such as hyperkeratosis, skin lesions, black foot dis-
eases, and bladder, lung, skin, kidney, and liver cancer (Chen
et al. 1992; Chiou et al. 1995; Guzman et al. 2016).
Accordingly, the World Health Organization (WHO) has set
0.01 mg/L as the maximum permissible level for total arsenic
in drinking water (WHO 2006).

The presence of arsenic in the environment arises from
both natural and anthropogenic sources. Weathering of
arsenic-containing rocks is the major source of arsenic in
groundwater. However, industrial waste discharges and appli-
cation of arsenic-bearing herbicides and pesticides such as
sodium arsenate, dimethylarsinic acid, monosodium
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methanearsonate, and disodiummethanearsonate also contrib-
ute significantly to the high arsenic concentration in the envi-
ronment (Yazdani et al. 2016). Arsenic can exist in −3, 0, +3,
and +5 oxidation states. However, the predominant arsenic
species in natural water are the oxidation states of +3 and +5
depending on the prevailing redox conditions (Singh and Pant
2004). Under reducing conditions, As(III) is found, primarily
as H3AsO3, H2AsO3

−, HAsO3
2−, and AsO3

3−, whereas As(V)
can exist as H3AsO4, H2AsO4

−, HAsO4
2−, and AsO4

3− in
oxidizing environments (Singh and Pant 2004). As(III) is
much more mobile in natural water and is more toxic than
As(V) (Kitchin and Wallace 2005; Styblo et al. 2000). At a
pH below 9, the As(III) exists mainly in the molecular form
H3AsO3, which is hard to remove by simple coagulation/
precipitation or adsorption (Xie et al. 2016).

A number of arsenic removal technologies have been de-
veloped like oxidation, phytoremediation, coagulation–floc-
culation, ion-exchange, electrochemical and membrane tech-
nologies, and combinations thereof. Among them, adsorption
has attracted much attention due to its easy operation and
handling with no need for addition of chemicals, high removal
efficiency, and low cost, not requiring large adsorbent vol-
umes and not producing harmful by-products (Sanchez-
Cantu et al. 2016; Singh et al. 2015). Adsorption is especially
suitable for treating lower concentrations of pollutants and has
often been suggested as a polishing step in the treatment pro-
cess (Genz et al. 2004; Kumar et al. 2016). Various natural
adsorptive materials have already been tested for the sorption
of arsenic from water (Elizalde-Gonzalez et al. 2001; Elson
et al. 1980; Rouff et al. 2016; Yazdani et al. 2016). They are
considered as cost-effective for the remediation of arsenic pol-
lution, particularly, in the low-income countries. However, the
practical applicability of these natural adsorbents is limited
either due to low efficiency, the need for pH adjustment, or
dissolution problems (Fufa et al. 2014). Hence, different mod-
ifications such as coating natural materials with inorganic
chemicals have been adopted. For instance, coating pumice
with aluminum showed enhanced removal of arsenate (Asere
et al. 2017; Heidari et al. 2011) from drinking water.
Aluminum-coated zeolite showed a higher As(V) efficiency
than aluminum-coated pumice (Rijith et al. 2016). Coating
cement with iron oxide was used to treat both As(III) and
As(V) (Kundu and Gupta 2006).

Many adsorbents containing rare earth elements, such as
lanthanum compounds (Tokunaga et al. 1997), Ce(IV)-doped
iron oxide adsorbent (Zhang et al. 2003), granular iron-cerium
oxide (Zhang et al. 2010), nanostructured Fe(III)–Ce(IV)
mixed oxide (Basu and Ghosh 2013), Ce-doped TiO2 adsor-
bents (Li et al. 2011), hydrous cerium oxide nanoparticles (Li
et al. 2012), cerium-loaded chitosan-polyvinyl alcohol com-
posite (Sharma et al. 2014), orange waste loaded with
lanthanum(III) and/or cerium(III) (Biswas et al. 2008), and
cerium-exchanged zeolite (Haron et al. 2008b), have been

employed for selective adsorption of arsenic. However,
cerium-loaded volcanic rocks have not yet been tested previ-
ously to treat arsenic-contaminated water. Pumice and red
scoria are available in many countries such as Italy, Turkey,
Spain, Ethiopia, and Kenya (Alemayehu and Lennartz 2009).
Hence, in this study, cerium-loaded pumice and red scoria
were prepared for the first time and their As(III) and As(V)
adsorption capacities were tested under varying conditions
such as pH, adsorbent doses, and in the presence of commonly
co-existing anions in aqueous systems.

Materials and methods

Adsorbent preparation

Volcanic rocks

The volcanic rocks (red scoria and pumice) were collected
from volcanic cones of the Main Rift Valley, Ethiopia. The
collected rock samples were washed repeatedly with deion-
ized water and dried at 55 °C for 48 h (Far et al. 2012). Then,
the dried adsorbents were crushed in a mortar and sieved into
four size fractions as described in (Alemayehu and Lennartz
2009; Liu and Evett 2003). A fine particle size (0.075–
0.425 mm) was used for coating with cerium (Asere et al.
2017).

Loading of cerium onto volcanic rocks

Loading of cerium onto volcanic rocks was carried out using
0.1, 0.25, or 0.5 M Ce(NO3)3.6H2O. An adequate amount of
Ce(NO3)3.6H2O solution was added to completely soak pum-
ice and red scoria, separately, in Erlenmeyer flasks. The mix-
tures were shaken in an orbital shaker for 12 h at 200 rpm. The
volcanic rocks were decanted, dried in an oven at 70 °C for
12 h, and soaked in 5 M NH4OH. Then, the cerium-loaded
volcanic rocks were decanted and dried in an oven at 70 °C.
The cerium-loaded samples were washed several times with
deionized water, dried at 70 °C for 48 h, and stored for sub-
sequent use.

Adsorbent characterization

Chemical composition

All characterizations were performed for nontreated volcanic
rocks as well as volcanic rocks treated with 0.25 M
Ce(NO3)3.6H2O. The elemental and oxide compositions of
the adsorbents were analyzed using inductively coupled plas-
ma–optical emission spectrometry (ICP-OES; Varian Vista-
MPX CCD Simultaneous ICP-OES) and energy dispersive
X-ray spectroscopy (EDX), respectively. The surface
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morphology was studied using scanning electron microscope
(FEG SEM JSM-7600F, JEOL, USA). The Brunauer–
Emmett–Teller (BET) specific surface area of the adsorbents
was determined from N2 gas adsorption/desorption isotherms
obtained using BEL, Japan, Inc. Belsorp mini-II.

pH and point of zero charge

The pH of the natural and Ce-coated volcanic rocks was mea-
sured using a pHmeter in a 1:10 adsorbent/water ratio accord-
ing to the standard method (Appel et al. 2003; Fufa et al.
2013). The point of zero charge (pHPZC) of the adsorbents
was determined following a standard method using 0.01 and
0.1 M solutions of NaCl as electrolyte and adding 0.1 M so-
lutions of NaOH or HCl (Asere et al. 2017; Karimaian et al.
2013; Sepehr et al. 2013).

Porosity

Porosity is a measure of the void spaces in a material, and is a
measure of the volume of voids over the total volume. The
porosity of pumice and red scoria was determined following
the methods described in Sekomo et al. (2012).

Chemicals and reagents

All glassware and bottles were washed using 1% HNO3 and
rinsed with deionized water before use. Stock solutions of
1000 mg/L As(V) and 1000 mg/L As(III) were prepared by
dissolving an appropriate amount of Na2HAsO4.7H2O and
NaAsO2 (Merck KGaA, Darmstadt, Germany), separately, in
deionized water and stored in the refrigerator at 4 °C.
Synthetic aqueous As(III) and As(V) solutions for the adsorp-
tion experiments were prepared by diluting the stock solutions
with deionized water to obtain a concentration of As(III) and
As(V), separately, in the range of 0.1–25 mg/L. Solutions of
bicarbonate, chloride, nitrate, sulfate, and phosphate anions
were prepared from their respective sodium salts.

Batch As(III) and As(V) adsorption studies

Batch adsorption experiments were performed to evaluate the
adsorption of As(III) or As(V) onCe-Pu and Ce-Rs in aqueous
solution. All adsorption/desorption experiments were carried
out using Pu and Rs treated with 0.25MCe(NO3)3, except 0.1
or 0.5 M Ce(NO3)3.6H2O-treated Pu and Rs in preliminary
testing experiments. The experiments were performed in trip-
licate using 50-mL polyethylene plastic centrifuge tubes. The
required quantity of Ce-Rs or Ce-Pu adsorbent was added to
25 mL of As(III) or As(V) solution, and the pH was adjusted
using 0.1 M NaOH or 0.1 M HCl. The closed tubes were kept
on a horizontal shaker at 200 rpm for a predetermined period
of time at 24 ± 1 °C. Then, the aqueous phase was filtered

through a 0.45-μm regenerated cellulose disposable syringe
filter (MACHERY-NAGEL GmbH & Co., KG, Germany)
and the residual arsenic in the filtrate was measured using
ICP-MS (ELAN DRC-e, PerkinElmer).

The arsenic adsorption capacity, qt (mg/g), at time t (min),
and the arsenic removal efficiency (% adsorption) were deter-
mined using Eqs. (1) and (2), respectively.

qt ¼ C0−Ctð Þ V
W

� �
ð1Þ

Adsorption %ð Þ ¼ C0−Ct

C0

� �
� 100 ð2Þ

where C0 and Ct (mg/L) are the initial arsenic concentration
and the concentration at time t (min), respectively; V (L) is the
solution volume; and W (g) is the adsorbent mass.

The effects of pH on As(III) and As(V) adsorption were
studied in solutions with initial As(III) or As(V) concentra-
tions of 0.25 mg/L in the pH range of 3–12. The adsorption
kinetics were studied for the contact times ranging from 0 to
540 min at optimum pH. Then, the adsorption isotherms were
constructed at the optimum pH and contact time for As(III) or
As(V) with initial concentrations ranging from 0.25 to 25 mg/
L. The effect of competing ions (5–500 mg/L of Cl−, NO3

−,
HCO3

−, SO4
2−, and PO4

3−) (Fufa et al. 2014) was evaluated in
the 0.25 mg/L solution of As(III) or As(V) at optimum
condition.

Results and discussion

Adsorbent characterization

Chemical composition

The elemental composition of the adsorbents was determined
by ICP-OES and further confirmed by EDX. The adsorbents
were mainly composed of the element silicon. Elements such
as Al, Fe, K, and Ca are also found in large proportions. The
other elements are present in relatively smaller amounts
(Table 1). Silicon dioxide (SiO2) was the major oxide that
composes the adsorbents as evidenced by the EDX measure-
ment. Similar values were reported by Alemayehu and
Lennartz (2009) for red scoria and pumice. Absence of haz-
ardous substances in the adsorbents suggested that the cerium-
loaded pumice and red scoria are appropriate to treat arsenic-
contaminated water.

The average amount of cerium loaded onto the pumice and
red scoria particles was 51.9 and 10.2 mg Ce/g, respectively.
The EDX measurement indicated that 11.1 and 8.4% cerium
oxide was loaded on pumice and red scoria, respectively. The
greater amount of cerium oxide loaded on pumice than red
scoria is due to pumice being more porous than red scoria. The
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porosity of pumice (76.6%) was found to be much higher than
red scoria (44.7%). The porosity of pumice can reach up to
90% (Asgari et al. 2012; Kitis et al. 2007). Alemayehu and
Lennartz (2009) also mentioned the existence of a continuum
(skeletal structure) pore space in pumice while the pore space

of red scoria is dominated by dead-end pores. The SEM image
(Fig. 1) also shows the difference in morphology between red
scoria and pumice. Coating with cerium improved the specific
surface area of pumice from 2.82 to 14.49 m2/g but for red
scoria only from 1.49 to 3.20 m2/g.

Table 1 Elemental and oxide
composition of pumice (Pu), red
scoria (Rs), Ce-Pu, and Ce-Rs

Element Pu % (wt) RS % (wt) Ce-Pu
% (wt)

Ce-Rs
% (wt)

Oxide Pu % Rs % Ce-Pu % Ce-Rs %

Si 27.2 18.4 26.6 19.4 SiO2 68.7 44.5 62.0 41.5

Al 5.4 10.4 5.7 10.4 Al2O3 11.9 18.2 10.8 19.5

Fe 3.1 7.2 3.0 7.4 FeO 6.9 14.3 5.6 10.9

K 4 0.4 3.7 0.4 K2O 6.6 0.6 4.8 0.4

Ca 0.4 9.5 0.4 9.3 CaO 0.9 11.3 – 10.9

Na 1.1 2.1 1.0 2.0 Na2O – 3.5 1.5 3.0

Mn 0.1 0.1 0.1 0.1 MnO 0.3 0.3 0.3 –

Mg 0.1 3.1 0.1 3.0 MgO 0.2 4.9 – 3.5

Zn <0.1 <0.1 <0.1 <0.1 ZnO 1.1 – – –

Ce <0.1 <0.1 5.2 1.0 TiO2 0.2 2.4 – 1.9

Cr <0.1 <0.1 <0.1 <0.1 SO3 0.1 – – –

Cu <0.1 <0.1 <0.1 <0.1 CuO 1.7 – 1.7 –

Co <0.1 <0.1 <0.1 <0.1 NiO 1.3 – 2.3 –

Cd <0.1 <0.1 <0.1 <0.1 Ce2O3 – – 11.1 8.4

Ni <0.1 <0.1 <0.1 <0.1

Pb <0.1 <0.1 <0.1 <0.1

As <0.1 <0.1 <0.1 <0.1

a

c

b

d

Fig. 1 SEM image of red scoria
and pumice (fine particle size). a
Rs, b Pu, c Ce-Rs, and d Ce-Pu
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Adsorption of As(III) or As(V) on Ce-Pu and Ce-Rs

Preliminary study

Preliminary studies were conducted using 0.1, 0.25, and 0.5 M
Ce(NO3)3-treated volcanic rocks at the dose of 8 g/L of Ce-Rs
or 5 g/L of Ce-Pu. Each adsorbent was mixed with 25 mL of
0.25 mg/L As(V) solution and then shaken for 24 h at pH ~7.0.
When the Ce(NO3)3 concentration increased from 0.1 to
0.25 M, Ce-Pu showed a small change in As(V) removal
(99.29 to 99.95%) for 0.25 mg/L initial As(V) and from 98.12
to 99.66% for 1.0 mg/L initial As(V). For Ce-Rs, as the con-
centration of Ce(NO3)3 increased from 0.1 to 0.25M, theAs(V)
removal efficiency also increased from 99.37 to 99.75% for
0.25 mg/L initial As(V) and from 86.77 to 89.11% for 1.0 mg/
L initial As(V). However, with further increase in concentration
ofCe(NO3)3 to 0.5M, bothCe-Pu andCe-Rs showednegligible
change. Therefore, 0.25MCe(NO3)3was chosen to prepareCe-
loaded volcanic rocks and used in all experiments.

Batch adsorption

The preliminary study indicated that 0.25 M Ce(NO3)3.6H2O
was an optimum concentration to prepare cerium-loaded red
scoria and pumice. The adsorption of As(III) or As(V) onto
the Ce-loaded pumice and red scoria were found to be time
dependent at different initial arsenic concentrations. The arse-
nic removal efficiency of Ce-loaded volcanic rocks decreased
as the initial As(III) or As(V) concentration increased from
0.25 to 2.0 mg/L (Fig. 2). This is due to As(III) or As(V)
interacting easily with the binding sites at low initial concen-
tration, while only part of As(III) or As(V) combined with the
finite binding sites at high initial concentrations (Liu et al.
2013). For the 0.25 mg/L initial As(III) concentration, the
adsorption percentage increased from 79.5 to 97.1% (Ce-Pu)
and from 72.9 to 95.5% (Ce-Rs), whereas for As(V), the ad-
sorption percentage increased from 89.4 to 99.1% (Ce-Pu) and
from 70.1 to 98.5% (Ce-Rs) with an increase in agitation time
(5–30 min). Thereafter, it increased gradually until equilibri-
um (Fig. 2a). The results revealed that As(III) and As(V)

adsorption was fast in the early stage of contact, i.e., during
the first 15 min, and then slowed down near the equilibrium.
The rapid adsorption at the initial stage could be due to avail-
ability of a lot of adsorption sites and smaller mass transfer
resistance in the pores (Liu et al. 2013). The next gradual
adsorption stage may involve intraparticle diffusion which
controls the adsorption rate up to the equilibrium point. At
equilibrium, the amount of As(III) adsorbed onto Ce-Rs and
Ce-Pu adsorbents were 0.029 mg/g (99.0%) and 0.047 mg/g
(99.3%), respectively. On the other hand, As(V) adsorbed on-
to Ce-Rs and Ce-Pu adsorbents at equilibrium were 0.033 mg/
g (99.6%) and 0.051 mg/g (99.7%), respectively.

Kinetics

Pseudo-first-order and pseudo-second-order models were
used to analyze adsorption kinetics data to investigate the
adsorption mechanism. The nonlinear expressions of the
pseudo-first-order and pseudo-second-order models (Kumar
2006) are given in Eqs. (3) and (4), respectively.

qt ¼ qe 1−exp−K1t
� � ð3Þ

qt ¼
K2q2e t

1þ K2qet
ð4Þ

where k1 (min−1) is the pseudo-first-order rate constant, k2
(g mg−1 min−1) is the pseudo-second-order rate constant, and
qt and qe are the As(III) or As(V) adsorption capacities (mg/g)
at any time t (min) and at equilibrium, respectively. The non-
linear plots of the pseudo-first-order and pseudo-second-order
arsenic adsorption kinetics are given in Fig. 3a, b, and the
values of k1, k2, qe,cal (calculated), and qe,exp (experimental)
are also presented in Table 2.

The analysis of the kinetic data of As(III) and As(V) re-
moval showed that the values of qe,cal and qe,exp were similar
for each adsorbent. At low concentration (0.25 mg/L), R2

values of the pseudo-first-order kinetic model were high
enough to explain the adsorption process of As(V) by Ce-
loaded volcanic rocks (Table 2). However, at higher concen-
tration (2.0 mg/L), the values of R2 for the pseudo-first-order
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Fig. 2 Effect of contact time on
removal of As(III) and As(V) by
Ce-Pu (5-g/L dose) and Ce-Rs
(8 g/L) at initial As(III) or As(V)
concentration of a 0.25 mg/L and
b 2.0 mg/L at pH 7, shaking at
200 rpm at 24 ± 1 °C
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model were not satisfactory compared to the pseudo-second-
order-kinetic model (R2 = 0.97 (Ce-Pu) and 0.90 (Ce-Rs) for
As(V) removal). On the other hand, the kinetics of As(III)
removal was independent of concentration but better de-
scribed by the pseudo-second-order model than the pseudo-
first-order model. These observations are in good agreement
with the pseudo-second-order model proposed by Li et al.
(2012) for both As(III) and As(V) removal using hydrous
cerium oxide nanoparticles.

The adsorption affinity (V0 = k2qe
2) provides information

on the adsorption rate at the beginning of the adsorption pro-
cess. The calculated values of k2, qe,cal, and V0 for both adsor-
bents showed a decrease in k2 and V0 values and an increase in
the value of qe,cal with the increase in the concentration of
As(V) from 0.25 to 2.0 mg/L. However, for As(III), k2 de-
creases while V0 and qe,cal values increase when the concen-
tration of As(III) increases from 0.25 to 2.0 mg/L. These re-
sults indicate that as the arsenic concentration increases, the
adsorption become slower for As(V) while faster for As(III). It

is also clearly shown that at low arsenic concentration
(0.25 mg/L) (Fig. 3), more As(V) was removed compared to
As(III). However, when the initial arsenic concentration in-
creased from 0.25 to 2 mg/L, more As(III) than As(V) was
adsorbed. A higher As(III) sorption capacity than As(V) was
also reported for 5 g/L initial arsenic concentration by Gupta
and Ghosh (2009). This may be due to a difference in the
mechanisms involved in the adsorption of As(III) and As(V)
onto the adsorbents.

The adsorption kinetics were also examined by applying
the Weber andMorris intraparticle diffusion model (Fufa et al.
2014; Viswanathan et al. 2009) as given by Eq. (5).

qt ¼ kpt0:5 þ c ð5Þ
where kp (mg/(g min0.5) is the intraparticle diffusion rate con-
stant, time t (min), and c (mg/g) is the intercept of the
intraparticle diffusion model.

It is clear that each curve shows a multi-linear plot (Fig. 4).
However, each curve does not pass through the origin which

Table 2 Parameters of the
pseudo-first-order and pseudo-
second order kinetic models for
As(III) and As(V) adsorption on
Ce-Pu and Ce-Rs

Parameter As(V) by Ce-Pu As(III) by Ce-Pu

Pseudo-first-order Pseudo-second-order Pseudo-first-order Pseudo-second-order

C0 (mg/L) 0.25 2.0 0.25 2.0 0.25 2.0 0.25 2.0

qe,exp (mg/g) 0.051 0.39 0.051 0.39 0.047 0.44 0.047 0.44

qe,cal (mg/g) 0.051 0.38 0.051 0.40 0.046 0.42 0.047 0.44

k1 (min
−1) 0.45 0.05 – – 0.32 0.10 – –

k2 (g/(mg min)) – – 34.84 0.22 – – 17.64 0.37

V0 (mg/(g min)) – – 0.091 0.035 – – 0.039 0.072

R2 0.922 0.847 0.937 0.974 0.887 0.763 0.977 0.965

Parameter As(V) by Ce-Rs As(III) by Ce-Rs

Pseudo-first-order Pseudo-second-order Pseudo-first-order Pseudo-second-order

C0 (mg/L) 0.25 2.0 0.25 2.0 0.25 2.0 0.25 2.0

qe,exp (mg/g) 0.033 0.19 0.033 0.19 0.029 0.23 0.029 0.23

qe,cal (mg/g) 0.033 0.18 0.034 0.19 0.028 0.21 0.029 0.23

k1 (min
−1) 0.23 0.04 – – 0.25 0.06 – –

k2 (g/(mg min)) – – 15.98 0.32 – – 18.11 0.39

V0 (mg/(g min)) – – 0.019 0.012 – – 0.015 0.021

R2 0.975 0.728 0.914 0.901 0.836 0.613 0.997 0.848
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a bFig. 3 Plots of kinetic models a
0.25 mg/L As(III) or As(V) and b
2.0 mg/L As(III) or As(V) at dose
of 5 g/L (Ce-Pu) and 8 g/L (Ce-
Rs) at pH 7, shaking at 200 rpm at
24 ± 1 °C
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indicates that intraparticle diffusion was not the only rate-
determining step (Pillewan et al. 2014).

Effect of pH on As(III) versus As(V) removal

pH is one of the important factors which significantly influ-
ence the adsorption process. This is attributed to the pH de-
pendence of the surface charge of the adsorbents and arsenic
speciation in solution. As(V) occurs as H2AsO4

− in the pH
range of 3–6, and as HAsO4

2− at higher pH values (between
pH 8 and 10.5). In the intermediate region (6–8), both species
co-exist together (Basu and Ghosh 2013). On the contrary,
As(III) exists predominantly as the neutral molecular form
(H3AsO3) at a pH ≤9.2 (Wang et al. 2016).

Coating with cerium lowered the pH in water and the point
of zero charge (pHPZC) of pumice and red scoria. The pH in
water of the adsorbents was 9.38 (red scoria), 7.84 (pumice),
6.88 (Ce-Rs), and 6.12 (Ce-Pu), respectively. The pHPZC for
red scoria and pumice was 7.5 and 6.8, respectively, whereas
the pHPZC of Ce-Rs and Ce-Pu was 7.04 and 5.38, respective-
ly. Similar pHPZC values were reported for natural pumice by
Sepehr et al. (2014). Therefore, the surface charge of adsor-
bent is positive when the solution pH is below pHPZC (Ce-Pu
(5.38) and Ce-Rs (7.04)) and negative when the pH is above
pHPZC of the adsorbent. The variation in removal efficiency
with respect to pH was investigated over a pH range of 3–12

and presented in Fig. 5a, b. Ce-Rs exhibited high removal of
As(III) (>95%) and As(V) (>99%), whereas Ce-Pu could re-
move >99% of As(III) and As(V) in the pH range of 3–9. The
Ce-Pu and Ce-Rs adsorbents showed a remarkable efficiency
in a wide pH range compared to most other adsorbents such as
iron- and manganese-coated pumice (Far et al. 2012), feld-
spars (Yazdani et al. 2016), and activated alumina (Singh
and Pant 2004). Such unique performance of Ce-Pu and Ce-
Rs adsorbents over a wide pH range (3–9) was previously
rarely reported for the more mobile and toxic As(III).
Moreover, for 0.25 mg/L initial arsenic concentration, the
equilibrium arsenic concentration in the pH range of 3–9
was below the WHO permissible limits for arsenic in the
drinking water (0.01 mg/L). Thus, a single step highly effi-
cient As(III) and As(V) removal process is possible with Ce-
Rs or Ce-Pu, which eliminates the requirement of pre-
treatment (oxidation and pH adjustment).

The low leaching of the cerium from the cerium-loaded
volcanic rocks, 0.01 up to 0.09 mg/L in the pH range of 4–
9, reduces the risk of secondary pollution in the treatment
process. The adsorption experiments were conducted at neu-
tral pH for optimization of other adsorption parameters. The
observed rapid decrease of As(V) uptake when the pH in-
creases above 9 was in good agreement with previous reports
on other cerium-based adsorbents (Biswas et al. 2008; Li et al.
2012, 2011). It could be due to Coulomb repulsion between

2 3 4 5 6 7 8 9 10 11 12 13

0

20

40

60

80

100

2

4

6

8

10

12

A
r
s
e

n
ic

 r
e

m
o

v
e

d
 (

R
%

)

Initial pH

 As(V) R% by Ce-Pu

 Final pH for As(V) 

 As(III) R% by Ce-Pu

 Final pH for As(III)

F
in

a
l 
p

H

2 3 4 5 6 7 8 9 10 11 12 13

0

20

40

60

80

100

2

4

6

8

10

12

A
r
s
e

n
ic

 r
e

m
o

v
e

d
 (

R
%

)

Initial pH

 As(V) R% by Ce-Rs

 Final pH for As(V)

 As(III) R% by Ce-Rs

 Final pH for As(III)

F
in

a
l 
p

Ha b

Fig. 5 Effect of initial pH on
removal of As(III) and As(V) by a
Ce-Pu (5-g/L dose) and b Ce-Rs
(6-g/L dose): initial arsenic con-
centration 0.25 mg/L, shaking for
2 h at 200 rpm at 24 ± 1 °C

0 5 10 15 20 25

0.0

0.1

0.2

0.3

0.4

0.5

q
t (

m
g

/g
)

t
0.5

(min)
0.5

 As(V) by Ce-Pu

 As(V) by Ce-Rs

 As(III) by Ce-Pu

 As(III) by Ce-Rs

0 2 4 6 8 10 12 14 16 18

0.00

0.01

0.02

0.03

0.04

0.05

 As(V) by Ce-Pu

 As(V) by Ce-Rs

 As(III) by Ce-Pu

 As(III) by Ce-Rs

q
t (

m
g

/g
)

t
0.5

(min)
0.5

a bFig. 4 Intraparticle diffusion
plots of As(III) and As(V)
adsorption on Ce-Pu and Ce-Rs. a
0.25 mg/L As(III) or As(V). b
2 mg/L As(III) or As(V)

20452 Environ Sci Pollut Res (2017) 24:20446–20458



negatively charged adsorbent surfaces and arsenate ions and/
or competition for active surface sites between arsenate ions
and hydroxyl ions, both of which hinder arsenate and arsenite
removal. However, compared with As(V), the As(III) adsorp-
tion onto Ce-Pu and Ce-Rs was just affected very slightly by
the increase of solution pH above 9. This suggests that strong
chemical attraction exists between As(III) anions and
cerium(hydr)oxide and the adsorption energy was sufficient
to overcome most of the repulsion effect from the increase of
the solution pH (Li et al. 2012).Moreover, the high removal of
As(III) in its uncharged form at a pH lower than pHPZC of the
adsorbents suggests that specific adsorption dominates in the
adsorption of As(III) onto Ce-Rs and Ce-Pu adsorbents,
whereas nonspecific adsorption (electrostatic ionic interac-
tion) could be the main removal mechanism for As(V).

Effect of initial concentration

The percent removal of As(III) and As(V) decreased with the
initial As(III) or As(V) concentration increasing from 0.25 to
25 mg/L (Fig. 6a, b). On the other hand, the adsorption capac-
ity increased with increasing initial As(III) or As(V) concen-
tration. This may be due to the availability of a higher amount
of arsenic per unit mass of the adsorbents (Alemu et al. 2014).
As the initial As(III) and As(V) concentration increased, more
As(III) than As(V) was adsorbed per unit mass of Ce-Pu and
Ce-Rs. It is also clearly shown that at low arsenic concentra-
tion (0.25 mg/L) (Fig. 3), more As(V) was removed compared
to As(III). However, when the initial arsenic concentration
increased from 0.25 to 2 mg/L, more As(III) than As(V) was
adsorbed. A higher adsorption capacity for As(III) than As(V)
was reported for various adsorbents (Gupta and Ghosh 2009;
Li et al. 2012). The higher maximum adsorption capacity of
As(III) compared to As(V) could be explained based on the
surface charge of the adsorbents and speciation of As(III) and
As(V) at initial pH (7.0) and equilibrium pH (5.9–6.7). As(V)
occurs as H2AsO4

− and HAsO4
2− at pH values between 6 and

8. The surface charge of Ce-Pu and Ce-Rs adsorbents is pos-
itive at pH <5.4 and pH<7, respectively. Hence, as the initial

concentration of As(V) increases, the amount of H2AsO4
− and

HAsO4
2− ions in the boundary layer of the adsorbents surface

increased and would tend to repel the H2AsO4
− and HAsO4

2−

ions in the aqueous solution. These electrostatic factors could
influence both the kinetics and equilibrium of arsenate adsorp-
tion. Since As(III) species exist mainly as the neutral molec-
ular form (H3AsO3) at a pH ≤9.2, they do not exhibit much
repulsion between the adsorbed species and the As(III) in the
aqueous solution. This is because As(III) occupies adsorption
sites as As(OH)3 with H-bonding (Basu and Ghosh 2013). As
a result, the adsorption of As(III) increases more than As(V)
with increasing initial concentration.

The Ce-Rs can lower about 0.25 mg/L of As(III) or As(V)
to a concentration of arsenic below the threshold level recom-
mended by WHO (<0.01 mg/L) for drinking water. Similarly,
Ce-Pu can lower 0.50 mg/L of As(III) or 0.76 mg/L of As(V)
to a concentration of arsenic below the WHO guideline.
Therefore, it can be concluded that Ce-Rs and Ce-Pu are very
promising absorbents for the treatment of both As(III) and
As(V) from drinking water.

Adsorption isotherm

The amount of arsenic adsorbed per unit mass of Ce-Pu and
Ce-Rs was correlated with the liquid-phase concentration at
equilibrium using Langmuir, Freundlich, and D-R adsorption
isotherms as given in Eqs. (6)–(9).

qe ¼
QmaxbCe

1þ bCeð Þ ð6Þ

qe ¼ K FC
1=n
e ð7Þ

qe ¼ qmexp −KDRε
2

� � ð8Þ

ε ¼ RTln 1þ 1
�
Ce

� �
ð9Þ

whereCe (mg/L) is the concentration of As(III) or As(V) in the
aqueous phase at equilibrium; Qmax (mg/g) is the maximum
adsorption capacity based on the Langmuir equation; b (L/mg)
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is the Langmuir constant; KF (mg1–1/n L1/n/g) is the adsorption
coefficient based on the Freundlich equation; 1/n is the ad-
sorption intensity based on the Freundlich equation; qe (mol/
g) and qm (mol/g) are the equilibrium adsorption capacity and
the theoretical monolayer saturation capacity, respectively,
based on the D-R equation; KDR (mol2/kJ2) is the activity
coefficient related to the mean sorption energy; ε (mol2/kJ2)
is the Polanyi potential; R (kJ/(mol K)) is the gas constant; and
T (K) is the temperature of the equilibrium experiment. The

isotherm plots of the equilibrium adsorption of As(III) and
As(V) are graphically presented in Fig. 7a–d. The adsorption
parameters evaluated from analysis of isotherm models were
listed in Table 3.

Comparison of correlation coefficient (R2) values for
As(III) and As(V) removal by Ce-coated volcanic rocks indi-
cates that both the Freundlich and D-R isotherm models fitted
better to experimental data than the Langmuir model. The
maximum sorption capacity of Ce-Pu and Ce-Rs adsorbents
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Fig. 7 Isotherm of equilibrium adsorption of As(III) and As(V) on Ce-Pu (a, c) and Ce-Rs (b, d)

Table 3 Isotherm parameters of
the adsorption of As(III) and
As(V) on Ce-Pu and Ce-Rs

Isotherm Parameters As(V) by
Ce-Pu

As(III) by
Ce-Pu

As(V) by
Ce-Rs

As(III) by
Ce-Rs

Langmuir qmax (mg/g) 0.893 1.974 0.255 0.643

b (L/mg) 1.64 0.419 7.131 0.518

RL 0.025–0.683 0.024–0.710 0.024–0.712 0.028–0.707

R2 0.879 0.963 0.8 0.903

Freundlich KF ((mg
1–1/n L1/n)/g) 0.494 0.672 0.172 0.255

n 4.24 2.726 5.408 3.135

R2 0.992 0.999 0.986 0.994

D-R qm (mol/g) 2.60 × 10−5 8.55 × 10−5 7.93 × 10−6 2.37 × 10−5

KDR (mol2/KJ2) 1.7 × 10−3 2.89 × 10−3 1.5 × 10−3 2.47 × 10−3

EDR (KJ/mol) 17.2 13.2 18.3 14.2

R2 0.991 0.998 0.971 0.988
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obtained from the Langmuir isotherm for As(III) and As(V),
in this study, is comparable to some of the natural and modi-
fied adsorbents reported in previous work (Table 4).

In the Freundlich isotherm, the range of 1/n values between
0 and 1 also indicated that the adsorption is favorable (He et al.
2015). The D-R isotherm model assumes that adsorbates bind

first with the energetically most favorable sites, after which
multi-layer adsorption occurs (Peric et al. 2004). The mean
sorption energy, EDR (kJ/mol), of equilibrium As(III) and
As(V) adsorption were computed from the D-R isotherm
using the equation EDR = (2KDR)

−0.5 (Gupta and Ghosh
2009). The KDR provides information about the mean free
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Fig. 8 Effect of co-existing anions on As(V) removal by a Ce-Pu (5-g/L dose) and b Ce-Rs (6-g/L dose) and As(III) removal by c Ce-Pu (5-g/L dose)
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Table 4 Maximum adsorption
capacity of Ce-Pu and Ce-Rs
compared with other adsorbents

Adsorbents pH Dosage
(g/L)

Qmax As(III)
(mg/g)

Qmax As(V)
(mg/g)

References

Ceria micro/nanocomposite 3 2 6.7 Zhong et al. (2007)

Feldspar 3 8 0.235 Yazdani et al. (2016)

Iron oxide-coated sand 7.5 20 0.286 Gupta et al. (2005)

Mn-substituted iron
oxyhydroxide

7 2 4.58 5.72 Lakshmipathiraj et al. (2006)

Manganese oxide-coated
zeolite

7 10 0.151 Massoudinejad et al. (2015)

Cerium-loaded cation
exchange resin

5–6 5 2.597 2.384 He et al. (2012)

Cerium-exchanged zeolite P 6–7 7.5 8.72 Haron et al. (2008a)

Iron-oxide coated sands 7 24 0.012 0.021 Hsu et al. (2008)

Kaolinite 40 0.86 Mohapatra et al. (2007)

Ce-Rs 7 8 0.643 0.255 This study

Ce-Pu 7 5 1.974 0.893 This study
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energy of sorption, defined as the energy required to transfer
one mole of ions to the surface of the solid from infinity in the
solution (Boyaci et al. 2010). The EDR value of an adsorption
system is used to predict the mechanism of the adsorption
process of a solute on a solid adsorbent. If the EDR value is
between 0 and 8 KJ/mol, the adsorption process is physical,
whereas it is chemical if the EDR is between 8 and 16 KJ/mol
(Fufa et al. 2013). The values of EDR computed for the equi-
librium adsorption of As(III) on Ce-Pu and Ce-Rs were 13.2
and 14.2 kJ/mol, respectively. Similarly, for As(V) adsorption
on Ce-Pu and Ce-Rs, the values were 17.2 and 18.3 kJ/mol,
respectively. Similar results were also reported in previous
studies (Alemu et al. 2014; D’Arcy et al. 2011). The adsorp-
tion energy (>8 kJ/mol) obtained in this study implies that the
removal of As(III) and As(V) by Ce-Pu and Ce-Rs is domi-
nated by chemisorption.

Effect of interfering anions

Experiments were conducted to understand the effect of in-
creasing concentration of commonly occurring competitive
anions on removal of As(III) and As(V) (Fig. 8a–d).

It is clear that Cl−, NO3
−, and SO4

2− ions up to 500 mg/L
concentrations have no significant effect on As(V) removal by
both Ce-Pu and Ce-Rs, whereas HCO3

− ions interfered slight-
ly the adsorption of As(V). As the concentration of PO4

3−

increased from 5 to 500 mg/L, the As(V) removal potentials
of the adsorbents reduced from 72 to 6% (Ce-Pu) and 35 to
3% (Ce-Rs). The removal efficiency of As(III) by Ce-Pu was
not affected by Cl−, NO3

−, SO4
2−, and HCO3

− ions up to a
concentration of 500 mg/L of each anion. However, the
As(III) removal efficiency of Ce-Rs was slightly decreased
in the presence of HCO3

− ions. The presence of PO4
3− also

affected the removal of As(III) but the effect was less severe
compared to As(V). The high adverse influence of phosphate
on As(V) sorption than As(III) was also reported for many
adsorbents (Basu and Ghosh 2013; Li et al. 2012). This is
due to comparable size, charge, and structure of the PO4

3−

(aq) and AsO4
3− (aq) oxyanions (Li et al. 2012), and therefore

competition for similar sorption sites (Liu et al. 2001; Rouff
et al. 2016). However, phosphate is absent or very rarely oc-
curs at high concentrations in the groundwater, so its effect on
As(III) and As(V) removal should not be a problem
(Alemayehu 2004; McKenzie et al. 2001).

Reusability

Desorption experiments were carried out with the As(III)- or
As(V)-loaded Ce-Pu and Ce-Rs using 0.1 M NaOH solution.
The effect of recycling frequency on the adsorption perfor-
mance of Ce-Pu and Ce-Rs was evaluated (Fig. 9). The re-
moval efficiency of Ce-Pu and Ce-Rs was over 99 and 85%,
respectively, after reusing it during four cycles, indicating that
Ce-loaded volcanic rocks exhibited remarkable reusability.

Conclusion

Red scoria and pumice were successfully coated with cerium
oxide using Ce(NO3)3.6H2O. The produced Ce-Rs and Ce-Pu
were used successfully to remove As(III) or As(V) from aque-
ous systems. A dose of 6 g/L of Ce-Rs or 5 g/L of Ce-Pu was
found to be the optimum dose to lower arsenic concentrations
of about 0.25 mg/L to a level below theWHO guideline. Both
Ce-Rs and Ce-Pu showed high As(III) or As(V) removal effi-
ciency in a pH range between 3 and 9, which is beneficial for
real applications. The kinetics of As(III) and As(V) removal
by the adsorbents were well expressed by pseudo-second-
order model. The equilibrium data of As(III) and As(V) ad-
sorption fitted better to the Freundlich and D-R models than
the Langmuir isotherm. The D-Rmodel predicts adsorption of
As(III) or As(V) on Ce-Rs and Ce-Pu surfaces to be a chem-
isorption process. The Ce-loaded adsorbents can be recycled
and used for removal of As(III) or As(V) up to four adsorption
cycles without significant loss in efficiency. Accordingly, the
batch adsorption experiment results suggest the suitability of
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both Ce-Pu and Ce-Rs for removal of As(III) and As(V) from
arsenic-contaminated water. Further study on simultaneous
removal of As(III) and As(V) as well as evolution of the ad-
sorbents efficiency using a real water sample of arsenic-
affected areas, in batch and columnmodes, is required in order
to scale up the process for real applications.
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