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Abstract Naturally occurring pyroclastic  materials,
quartz-rich tuffs (Qz) and stellerite tuffs, were evaluated
for their capacities to remove As(V) from aqueous solu-
tions. The mechanism of As(V) uptake was evaluated using
sequential extraction of As(V)-loaded adsorbent which
entailed that the plausible removal mechanism is sorption
to short-range ordered hydrous oxides of iron and alu-
minum. In addition, buffering effects of adsorbents could
form favorable charges upon them through hydrolysis of
amphoteric oxides, enhancing the performance of sorption.
The influence of anions co-existing with As(V) in water
such as carbonate, bicarbonate, nitrate, chloride, phosphate,
and sulfate was studied in a batch sorption process. The
impact of most anions on As(V) removal was found to be
negligible except phosphate. The sorption behavior well
fitted to Langmuir and Freundlich models. Estimated
maximum sorption capacities of 0.42 and 0.23 mg/L were
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observed using quartz-rich tuffs and stellerite tuffs,
respectively. As(V) concentration of 0.8 mg/L was easily
decreased to below the drinking water standard of 0.01 mg/
L using Qz adsorbent, whereas 0.1 mg/L As(V) decreased
to below this limit upon the use of stellerite tuffs under
similar conditions. The buffering capacity of quartz-rich
tuffs and stellerite tuffs induced a pH increase to 5.76 and
5.40, respectively, from initial pH of 3.50, which will incur
an important asset in real applications.

Keywords Arsenic - Quartz tuff - Sequential extraction -
Sorption mechanism - Zeolitic tuff

Introduction

Pollution of groundwater and surface water by arsenic is
largely due to the dissolution of minerals being naturally
present (Amini et al. 2008). Moreover, anthropogenic
activities such as combustion of fossil fuels and use of
wood preservatives are among the potential sources of
arsenic (Flora 2015). Arsenic in groundwater supplies
above WHO guideline of 0.01 mg/L has been found in
different parts of the world such as in Bangladesh (Smith
et al. 2000), Vietnam (Berg et al. 2001), and Ethiopia
(Getaneh and Alemayehu 2006; Rango et al. 2010).
Ethiopia has abundant surface and groundwater resources
of which groundwater takes the lion’s share. However, over
10 million inhabitants of the Main Ethiopian Rift Valley
(MER), who rely on groundwater for drinking and
domestic applications, are exposed to naturally elevated
arsenic levels, inducing health risks for the local population
(Rango et al. 2013).

The variation in physicochemical properties such as pH,
redox potential, and others often affect the environmental
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fate of As: metal mobility, biological availability, and
speciation (Manning and Goldberg 1996). As(V) and
As(IIT) are most common in natural waters. As(V) pre-
dominates under normal conditions and causes major
contamination of groundwater and surface waters (Xu et al.
2002). The global geogenic arsenic contamination predic-
tion for groundwater and region-specific reports for MER
aquifers mention As(V) in groundwater to be predominant
over As(IIl) (Amini et al. 2008; Rango et al. 2013).
Therefore, removal of As(V) is important regardless of the
higher toxicity of As(III).

Sorption is one of the most promising and useful
methods for removal of trace elements, including As. A
wide range of possible adsorbents was reported for
As(V) removal, for instance, alumina and iron-based
adsorbents are very popular due to their high affinity for
arsenate and arsenite, with greater resemblance in arsenate
than arsenite (Xu et al. 2002; Mohan and Pittman 2007).
However, the sorption mechanisms involved are insuffi-
ciently studied for most of the adsorbents, in general, and
quartz tuffs and zeolitic tuffs in particular. Furthermore,
consideration of naturally occurring and abundantly avail-
able adsorbents, as a replacement for high-cost adsorbents,
is highly important in developing countries.

Tuffs are consolidated pyroclastic rocks. These rocks
can form zeolite minerals (Hall 1998). Zeolitic tuffs com-
monly contain one or more zeolites, volcanic glass and
other mineral phases as quartz, feldspar, calcite, and gyp-
sum (Ruggieri et al. 2008). Various natural zeolites are
found throughout the world, showing variability in com-
position from one location to another, and hence also
variability in ion-exchange characteristics (Bogdanov et al.
2009), and a predictive variation in sorption efficiency. In
Ethiopia, several million tonnes of zeolite deposits were
discovered in rift valley sediments near Nazret and Boru, as
well as in northern parts of Ethiopia, Hashengie and Alagie
areas (Tadesse 2009; Goémez-hortigiiela et al. 2014).
Quartz is the second most abundant and widespread min-
eral in the Earth’s surface characterized by specific prop-
erties ranging from point defects to macroscopic
appearance which are dependent on the geological history
and specific conditions of formation. Quartz contains
numerous atoms out of place and various substitutional and
interstitial impurities and defects. Some of these are
inherently paramagnetic (e.g., Fe’™) (Weil 1984). These
mineral tuffs from Ethiopia: quartz and zeolite were
employed to remove As(V) using batch system at Applied
Analytical and Physical Chemistry Laboratory, Gent
University, Belgium from September 2014 to June 2015.

Accordingly, the major objectives of the present work
were to assess the potential of natural Qz and STL, from
Ethiopia to remove As(V) from aqueous solutions and to
reveal the sorption mechanism involved. Therefore, batch
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sorption experiments were conducted under different con-
ditions and sequential extraction was performed on the
As(V)-loaded adsorbents.

Materials and methods
Reagents

1000 mg/L As(V) stock solution was prepared by dis-
solving 4.165 g of Na2HAsO4-7H20 (Sigma Aldrich) in a
liter of deionized water (resistivity >18.2 MQcm). Solu-
tions used in the experiments were freshly prepared
through subsequent dilutions. Separate working solutions
containing As(V) concentrations of 0.05, 0.1, 0.2, 0.4, 0.8,
1.6,3.2, 6.4, 12.8, and 25 mg/L for Qz adsorption tests and
0.05, 0.1, 0.2, 0.4, 0.8, 2, and 4 mg/L for STL were pre-
pared in a deionized water. As(V) stock solution was stored
at 5 = 1 °C in polyethylene plastic bottles to prevent
speciation changes. In such conditions, arsenic is stable for
three months as indicated in the literature (Hall et al. 1999).
0.1 M HCI and 0.1 M NaOH were used for pH adjustments.
pH of the solution was monitored prior to and after each
sorption using a digital pH meter (ORION star A211).
Sodium salts of nitrate, sulfate, chloride, phosphate, car-
bonate, and bicarbonate were used for the experiments in
studying the effect of co-existing ions.

Adsorbent processing and characterization

In this study, Qz and STL were obtained from Hashengie,
Ethiopia. The collected samples were washed several times
with deionized water after each stage of grinding and dried.
The adsorbents were ground and sieved by a ASTM E-11
Laboratory Test sieve of 300 um mesh size. The adsor-
bents were identified using XRD patterns of fine grinded
powder samples recorded on a Bruker D8 ECO equipped
with a Cu tube anode and the Lynxeye XE energy-dis-
persive position sensitive detector. The incident beam was
automatically collimated. The tube was operated at 40 kV
and 25 mA, and the XRD data were collected in a 0, 20
geometry from 3.00° onwards, at a step of 0.010° 26, and a
count time of 48 s per step. Concentrations of constituent
elements of both adsorbents, Qz and STL, were measured
in duplicate using ICP-OES (VISTA-MPX CCD Simulta-
neous Varian version 2.0) after microwave-aided acid
digestion according to EPA method 3052 (Da Silva et al.
(Da Silva et al. 2014)). Therefore, 0.5 g well-mixed
adsorbents and a CRM (certified reference material, for
quality control) were weighed accurately in Teflon vessels.
Subsequently, 9 £ 0.1 mL concentrated nitric acid and
4 £ 0.1 mL concentrated hydrochloric acid were added to
the Teflon vessel in a fume hood. After 1 h, 4 & 0.1 mL
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concentrated hydrofluoric acid was added to the mixture.
Then, it was digested in a microwave oven at a temperature
of 200 °C, a pressure of 500 psi, and a power of 1000 W
for 20 min, with these conditions being reached in 15 min.
Subsequently, 40 mL of a 4% (w/v) solution of boric acid
was introduced into the solution to safeguard the ICP-OES
from fluoride of hydrofluoric acid. Finally, the suspension
was filtered over acid-resistant 0.45-um filters (Whatman
542, Whatman International Ltd) in 100-mL plastic flasks
and then filled to the mark using deionized water. These
filtrates were analyzed using ICP-OES.

Determination of Pzc

The point of zero charge was estimated by using a batch
equilibrium technique described by Borah and Senapati
(Borah and Senapati 2006). For this, 50 mL of 0.1 M NaNO;
(Merck, Darmstadt, Germany), i.e., a solution of inert elec-
trolyte, was prepared and initial pH values were adjusted
from 2.5 to 12, in intervals of 0.5. The introduction of small
amounts of concentrated inert electrolyte causes a shift of pH
toward Pzc, whereas no shift is observed at Pzc (Kallay
2000). Thus, 1 g of each adsorbent was added to the pH-
adjusted electrolyte solutions and shaken for equilibration.
Then, the solutions were filtered and final pH values were
recorded. By plotting the initial pH values versus the solution
pH at equilibrium, Pzc of the adsorbents could be obtained
from the plateau of constant pH.

Surface area and bulk density determination

An aliquot of 0.5 g each adsorbent was poured into 50 mL
solutions containing 150 mg/L methyl blue in volumetric
flasks. Solutions were shaken to equilibrate. Afterward, the
amount of methyl blue solution remained as supernatant
was determined using a Jenway 6400 Spectrophotometer
set at 663 nm (Inel and Tiimsek 2000). The adsorbed
amount of methyl blue concentration was calculated from
the difference between initial and equilibrium concentra-
tions. For bulk density determination, a graduated 25-mL
glass cylinder was weighed (W;). The weight of the
adsorbents (dried at 105 °C for 12 h) filled to the mark plus
the cylinder was recorded as W,. The weighed adsorbents
were moistened so as to fill the void spaces within the
adsorbent, keeping the volume not greater than the mark of
the cylinder (25 mL), and the cylinder was weighed again
(W3). Finally, the bulk density was calculated as:
W3 - Wl/ 25 mL.

Batch sorption experiments

The batch sorption process was undertaken using a
horizontal GFL shaker (memmert, D-30938, Germany).

Equilibrium solution was collected by a syringe and
filtered over a Millipore Chrome AFiL RC-4/25 mem-
brane filter with pore size of 0.45 pm. The filtrate was
then analyzed for total amount of arsenic using ICP-MS
(PerkinElmer Sciex, ELAN DRC-e) that remained
unsorbed. The instrument was set with conditions of:
power 1600 W, dwelling time 200 ms, sweeps/reading
3-20, arsenic mass As 75, and adjusted to take readings
in replicates of three and averaging. 10 ppb Ga-Rh
internal standard was used to correct for non-spectral
interferences. The batch sorption experiments were per-
formed in triplicate, and the average results were
reported, together with error bars based on standard
deviation of the triplicate.

Effect of contact time

The effect of contact time was studied in an experiment
conducted at a pH of 6.50, below Pzc of adsorbents. In this
experiment, 10 g/L of each adsorbent was added to 25 mL
of 2 mg/L. As(V) solutions. Then, suspensions were shaken
at room temperature for time intervals from 30 min to
30 h. The resulting suspensions were analyzed for its As
concentration according to the procedure described in
Sect. 2.3.

Effect of pH

The effect of solution pH was investigated to determine the
optimum pH for As(V) removal. The initial pH was studied
in the range 3.00-11.50. A dose of 10 g/L adsorbents and
2 mg/L of As(V) aqueous solution adapted to a desired pH
value was used in the process. The resulting suspensions
were also analyzed for its As concentration following the
procedure described in Sect. 2.3.

Adsorbent dose evaluation

The effect of the adsorbent dose was studied in ranges 4—
80 g/L to evaluate most economical and optimal dose for
each adsorbent. In order to obtain the sorption efficiency
(%¢) and capacity, the amount of ions adsorbed was cal-
culated with the following equations:

Ce

%8:%x 100 (1)
gelr) = LG @)

where ¢ is the amount of As(V) removed from solution
(mg/g); Cop is initial concentration of As(V) in solution
before mixing with adsorbent (mg/L); C.q is the
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equilibrium concentration of As(V) left in the solution (mg/
L); V is the solution volume (L), and m is the weight of
adsorbent in gram (g).

Desorption study

To evaluate regenerability of the adsorbents, NaOH (0.1 M)
and betaine (0.01 M) solutions were used in the desorption
experiments. Initially, the adsorbents were treated with
2 mg/L As(V) solution setting the solution at optimal con-
ditions (pH 3.50, dose 20 g/L, 25 °C, 200 rpm, and 24 h).
After sorption, the suspensions were centrifuged at 9800 rcf
for 1 min using an Eppendor 5804R centrifuge (Eppendorf
AG, Hamburg). Adsorbents were separated by decantation
and dried at 70 °C for 24 h. Desorption was conducted by
shaking the As(V)-loaded adsorbents under similar condi-
tions as sorption step, except the pH. The desorbed amount of
As(V) was determined in the supernatant solution after fil-
tration over a 0.45-um membrane filter.

Sequential extraction: a case of Qz adsorbent

Ten adsorbent samples of 1 g each Qz, five of them loaded
with 0.0824 mg/g As(V) at pH 3.50 and five loaded with
0.0325 mg/g at pH 7.00, were extracted with a five-step
sequential extraction procedure adopted from Wenzel et al.
(2001). In this procedure, subsequent extractions were
conducted on the solid residues collected after centrifuga-
tion in each consecutive extraction step. Thereafter, 1 g of
each adsorbent loaded with As(V) was placed in a 45-mL
centrifugation tube and 25 mL of each extraction reagent
was subsequently added in order of increasing extraction
strength as follows: (1) 0.05 M (NH4),SO, shaken at
200 rpm at a temperature of 20 °C for 4 h; (2) 0.05 M
NH4H,PO, shaken at 200 rpm at a temperature of 20 °C
for 16 h; (3) 0.2 M NH,™ oxalate buffer, pH 3.25, shaken
at 200 rpm in the dark at 20 °C for 4 h; (4) 0.2 M NHy-
oxalate buffer + ascorbic acid, pH 3.25, heated in a water
bath at 96 °C for 30 min and (5) microwave-assisted
digestion using HNO3/H,0,. For the latter HNO3/H,0,
extraction, 8 mL of 65% HNO; and 4 mL of 30% H,.
O, were added to the residue of the previous extraction
step, followed by microwave digestion at a pressure of
34.02 psi, a temperature of 200 °C, a power of 1000 W,
and with a raise time of 20 min and hold time of 15 min
(Mketo et al. 2015). After each extraction step, the tubes
containing the samples were centrifuged at 3000 rcf for 5
min. Then, from each extracted solution, part of the solu-
tion to be used for arsenic analysis was collected using a
syringe and filtered using a 0.45 um Millipore Chrome
AFiL RC-4/25 membrane filter. The remaining solution
was carefully decanted to collect the solid residue for the
next extraction step (Fig. 1).
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Results and discussion
Physicochemical characterization of the adsorbents

In characterizing the adsorbents, XRD pattern was com-
pared with patterns of references, which revealed the
identity of each mineral present in the sample. The XRD
pattern was compared with patterns of references, which
revealed the identity of each mineral present in the sample.
In one of the adsorbents, referred to as stellerite tuff (STL),
almost all peaks of the XRD pattern were matched with
stellerite (Fig. 2a). The second adsorbent, referred to as
quartz tuff (Qz), is almost completely composed of quartz,
and minor amounts of feldspar, diopside, traces of stilbite
and stellerite (Fig. 2b). Moreover, elemental composition
analysis revealed the presence of iron and aluminum
(Table 1).

Effect of contact time on sorption

The dependence of As(V) sorption on contact time is
illustrated in Fig. 3. The sorption capacities increased with
increasing contact time until the state of equilibrium. In
this experiment, the removal stabilized after 24 h. There-
fore, 24 h was chosen as contact time for both adsorbents
in further experiment. It was observed that relatively faster
sorption removal of As(V) was achieved by both adsor-
bents up to 12-h exposure. Afterward, the number of active
sorption sites gradually decreased due to which the sorp-
tion process became slow.

Point of zero charge (Pzc)

The Pzc of Qz and STL adsorbents was found to be 7.38
and 6.99, respectively. This lays within the range of Pzc
values of oxides of a-Al,O3 of corundum, o-Fe,Oz of
hematite, and Fe;O,4 of magnetite which is in the range
(6.6—9.1) (Brown et al. 1999). The effective point of zero
charge values for solid matrices differ from reported for
pure oxide minerals (Taubaso et al. 2004). The pH after
sorption was found to range from 5.76 to 6.78 and from
5.40 to 6.00 for Qz and STL adsorbents, respectively,
which actually is near the point of zero charge, indicating
the high buffering capacity of both adsorbents.

Effect of solution pH and redox potential

Oxidation—reduction potential (ORP) and pH can control
environmental forms of arsenic. Thus, to better describe
which arsenic species involved in the sorption process, pH
of equilibrium solution and ORP were monitored. Based on
the measured solution pH at equilibrium and redox
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Fig. 1 A scheme of experimental setup to study batch sorption of As(V) using Qz

potential, each arsenic form was estimated using visual
MINTEQ 3.1 chemical equilibrium model. Arsenic forms
predicted by monitoring the pH at equilibrium as function
of ORP from the initial working As(V) solution are illus-
trated in Fig. 4 and Table 2. The results explained that the
ORP decreased from 357 mV to 200 mV when pH
increased from 3.00 to 6.80, indicating H,AsO,~ form of
As(V) predominates, whereas in pH range of 6.8-12,
HAsO4>~ of As(V) occurred as major entity. From nearly
pH 12 afterward, AsO,>~ was shown to dominate, inducing
a reduced condition. In general, H;AsO,~ was found to be
the primary constituent of As(V) in the experimental con-
ditions. The occurrence of dominant species of arsenic in
solution as function of both parameters (pH and ORP) was
well documented. For instance, at higher redox levels
(500-200 mV) and at low pH (less than about pH 6.9),
65-98% of arsenic in solution was present as
As(V) (Masscheleyn et al. 1991; Mohan and Pittman
2007). More specifically, these results were well in
agreement with reports: HAsO,~ was predominant in pH
2-7, HAsO,*~ in the range of pH 7-12, and AsO,>~ in pH
12-14 (Shevade and Ford 2004; Chutia et al. 2009a).

The influence of solution pH for As(V) removal and
buffering effect of adsorbents is presented in Fig. 5 and 6.
It could be noted that both adsorbents removed
As(V) effectively over the initial pH range of 3-6. The
high removal of As(V) under acidic conditions could be
due to columbic attraction of As(V) oxyanions of
As(V) with adsorbents active sites (Xu et al. 1988, 2002).
The decrement in the removal of As(V) at higher

pHs ~ 6.2 afterward is attributed to the increase in
number of negatively charged sites on the surface of the
adsorbents. Thereafter, the enhanced electrostatic repul-
sion plus the potential competition of As(V) oxyanions
with hydroxyl ions to the surface should be responsible
for the decrease in the removal of As(V) observed under
alkaline conditions.

The buffering effect of adsorbents which could be
explained by the amphoteric nature of oxides of adsorbent
surfaces was noticed during sorption process. Thus, at low
pH, the hydrolysis equilibria of amphoteric oxides of Qz
and STL shift toward the left (to the cationic surface of
sorbents) increasing the bulk solution pH, whereas at high
initial pH (pH > Pzc), the surface acid dissociation shift
becomes the governing factor which causes a decrease in
the bulk solution pH. The buffering effect of Qz was found
to be higher than STL which actually was shown to be in
line with the sorption capacities of adsorbents. Such
buffering effect on sorption was also demonstrated in the
use of natural iron ores (Zhang et al. 2004) and zeolite
sorbents as to possess high As(V) sorption capacity due to
the buffering nature (Shevade and Ford 2004). It was also
indicated that the buffering capacity of the adsorbents
could be explained by the presence of Si, Al, and Fe oxides
that are amphoteric in nature (Li et al. 2012). Remarkably,
the responsible mechanism of As(V) removal was sup-
posed to be affected by the processes to gain the final pH of
the solution from the initial set. This was most likely from
the formation of favorable surface charges onto short-range
ordered and hydrous oxides of iron, silicon, and aluminum

w @ Springer



Int. J. Environ. Sci. Technol.

-
a a
(@) 3
©
-
e %
o
N
-
10 20 30 40 50 60 70
Angle (°206)
(b) 3
Py
|
S
~
S ]
S b 2
-
3 @ S ]
o S a ~ b
S N ~ 2 s S
°] =© = =]
S =
10 20 30 50 60

Fig. 2 XRD patterns of the adsorbents: a STL and b Qz

groups of Qz and STI tuffs. The stated mechanism of
sorption has been in agreement with the results of
sequential extraction of As(V) in case of Qz (Fig. 7).
Hydrous oxides of iron and aluminum have strong affinity
for As(V) oxyanions, expected to be due to ligand
exchange and inner-sphere complexation reactions (Wen-
zel et al. 2001; Sverjensky and Fukushi 2006; Ayoob and
Gupta 2009; Fufa et al. 2014; Kim et al. 2014). Moreover,
it is evidenced that Fe and Al (hydr)oxides bearing
adsorbents are efficient in As(V) removal processes (Fuller
et al. 1993; Katsoyiannis and Zouboulis 2004). Thus, the
plausible mechanisms involved Egs. (8) and (9) in the
sorption of As(V), and the behavior of adsorbate and

@ Springer
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adsorbent species in the aqueous solution Eqs. (3—7) can be

proposed.

At pH < pHzc (working condition):
H;0" + HAsO,? < HAsO; + H,0 (3)
H,AsO; +H,0 < H3AsO4 + OH™ 4)
HAsO2™ + H,0 < H,AsO; + OH™ (5)

Further, considering the adsorbent at both basic and
acidic conditions:

= MOH; <= MOH+ H" (6)
=MOH « MO + H' (7)
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Table 1 Physicochemical properties of the studied sorbents

Adsorbents 0z STL
Si (Wt%) 27.006 33.013
Al (Wt%) 0.089 5.449
Fe (wt%) 0.947 0.547
Ca (Wt%) 0.078 4.349
Mg (wt%) 0.036 0.067
K (wt%) 0.053 0.100
Na (wt%) 0.228 0.123
pH in water 7.81 8.19
Pzc 7.38 6.99
Surface area (m?/g) 20.0 35.5
Bulk density (g/cm®) 1.88 1.03
o] [aaz QHE
| Loa=sm it
B o — i
70 - /E %_ —1
] I/ 1L
= 1
(@)} -
% 0 4
2
5 50 -
40 A
] 7
30 1
| X
20 1
T T T T T T T T T T T T T
0 5 10 15 20 25 30

Time(h)

Fig. 3 Effect of contact time on As(V) removal (conditions: initial
As concentration 2 mg/L, temperature 25 °C % 2, adsorbent dose
10 g/L, solution pH 6.50, and agitation speed 200 rpm)

= MOH; + H,AsO, < MOH,— H,AsO;4 (8)
= 2MOH; + HAsO,? < (MOH,),— HAsO, 9)
where M might be Si, Al, and Fe.

Sequential extraction: examining mechanism
of sorption

To further investigate the mechanism of As(V) sorption,
sequential extraction on Qz adsorbent loaded with As at
pH 3.50 and 7.10 was conducted according to Wenzel
et al. (Wenzel et al. 2001). The results showed that
As(V) is primarily associated with the NH, oxalate buffer
extractable fraction (65.52%) when the adsorbent was
loaded at pH 3.50, pointing toward the short-range

ordered and hydrous oxides of iron and aluminum being
the major causes of sorption. The (NH4)H,PO, fraction
(32.41%) indicated arsenic being specifically sorbed onto
the surface of the adsorbent (Qz) (Fig. 7). Only few
arsenic is found in the NHy-Oxalate buffer + ascorbic
acid (NH4),SO, extractable and residual phases for
As(V)-loaded sorbent at pH 3.50. Similar mechanisms
were involved when the adsorbent was loaded with
As(V) at pH 7.10. Fractionation profiles were similar
compared to the profiles of adsorbent loaded at pH 3.50,
except that a relatively smaller fraction of As(V) was
shown in (NH,4),PO, extractable, but more As(V) (86%)
remained in the NHj-oxalate buffer extractable fraction.
Next to NHy-oxalate buffer extractable fraction, (NHy),.
PO, was the one entailing presence of specific inner-
sphere surface complexes as mechanism in the sorption
process.

During the sequential extraction analysis, the validity of
the data (precision and accuracy) was estimated for both
groups of samples loaded by sorption at pH 3.50 and 7.10.
Precision (closeness among each data points), in this case
explained using coefficient of variation (CV), was calcu-
lated and found to be below 5% for fractions 1 to 5 made in
the sequential extraction of five replicates. The percent
error estimated to explain accuracy of the method and
obtained from the formula: ((amount of As(V) initially
adsorbed in the given mass of adsorbent (as a true value)-
(pseudo) total amount from the sum of each fractions of
arsenic)/amount of As(V) initially adsorbed in the given
mass of adsorbent)) x 100% was found ~ 6%. These
cases indicated reasonable precision and accuracy of the
method.

Effect of adsorbent dose

The effect of the adsorbent dose (4-80 g/L) was studied to
evaluate the optimal and most economical amount of
adsorbent. As(V) sorption at varying adsorbents dose is
presented in Fig. 8a, b. The sorption efficiency of
As(V) showed to increase with increasing adsorbents dose.
The increase in the sorption efficiency with an increase in
the adsorbent dose can be attributed to the increase in the
number of active sorption sites. In the study, for a fixed
concentration of As(V) used (2 mg/L), As(V) removal
efficiency did not show significant change above an
adsorbent dosage of 20 g/L. Therefore, 20 g/L. adsorbent
was used for subsequent sorption process. Alternatively,
As(V) sorption capacities decreased with an increase in
adsorbent dose of 10 g/L afterward. Such decrement in
sorption capacity is attributed to the fact that As is diluted
over the surface of the adsorbent when the amount of
adsorbent is further increased.
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Fig. 4 Theoretical prediction of arsenic species using visual MINTEQ 3.1 from measured OPR (350 mV) and pH at 25 °C

Table 2 Prediction of arsenic species using visual MINTEQ 3.1 from measured ORP and pH (conditions: initial 2 mg/L. As(V) and 25 °C)

pH ORP (mV) Concentration (mol/L)
AsO;? H;As0; H,AsO;~ H,AsO,~ H;As0, HAsO;32 HAsO; 2
3.5 350 4071 x 1077 1 x 10716 2.138 x 1072 2510 x 107> 1584 x 107 5370 x 107 8.123 x 107°
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Fig. 5 Effect of pH on the removal of As(V) (conditions: temper-
ature 25 + 2 °C, adsorbent dose 10 g/L, concentration 2 mg/
L As(V), time 24 h, and shaking speed 200 rpm)
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Fig. 6 Impact of A(V) sorption on pH of the solution (2 mg/L As(V),
Qz adsorbent dose 10 g/L, contact time 24h, tempera-
ture 25 £ 2 °C, and shaking speed 200 rpm)
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Fig. 7 Sequential extraction of As(V) from loaded sorbent (Qz)
Effect of initial As(V) concentration

The adsorption capacities of both adsorbents, Qz & STL,
increased with an increase in initial As(V) concentrations
(Fig. 9a, b). It was observed that an As(V) concentration of
0.8 mg/L at an adsorbent dose of 20 g/ Qz decreased to
below 0.01 mg/L using Qz, whereas the initial As(V) con-
centration cannot exceed 0.1 mg/L when the aim is to push
the As(V) concentration below 0.01 mg/L, the WHO
standard for As in drinking water, using STL under the
same operation conditions. The capacities of selected
similar adsorbents for sorption of As(V) are summarized in
Table 3.

Adsorption isotherms

The empirical isotherm models (Langmuir and Freundlich)
are valid only for the chemical conditions under which the
experiment was conducted. Langmuir model is based on
the assumptions that the adsorbate is adsorbed on a fixed
number of active sites, all being energetically equivalent,
and with no interaction between the ions (Langmuir 1918).
The Freundlich isotherm model is usually used in special
cases of heterogeneous surface energy characterized by the
heterogeneity factor 1/n. The nonlinear forms of Langmuir
and Freundlich isotherms are given by the following
equations:

Langmuir : ¢ = ¢mabCe/(1 + b C.)
Freundlich : g, = k * c(1/n)

The nonlinear Langmuir and Freundlich sorption plots
for the equilibrium adsorption of As(V) on both Qz and

STL are presented in Fig. 10. The maximum adsorption
(gmax) was estimated to be 0.42 and 0.23 mg/g for Qz and
STL for the studied concentration ranges, respectively. The
sorption capacity of STL is lower than Qz under the same
experimental conditions.

Langmuir model (adjusted R* = 0.987) could be fitted
better for Qz compared to the Freundlich model (ad-
justed R? = 0.915), whereas STL sorbent could be fitted
well to both Langmuir and Freundlich model, with
adjusted R values of 0.992 and 0.999, respectively. This
might infer more As(V) specific sorption upon the sur-
face of Qz compared to STL. The nature of favorability
of adsorption can be predicted by evaluating the
dimensionless constant, separation factor(RL); RL = 1/
(1 + bCO)(Weber and Chakravorti 1974), where C, (mg/
L) is the initial As(V) concentration and b (L/mg) is the
Langmuir constant. During adsorption in the use of Qz,
the RL value computed for As(V) was found in range of
0.007-0.786 for concentration ranges of 25 mg/L to
0.05, with decreasing RL values at high initial concen-
trations. The values of RL were found within the range
0 < RL < 1, signifying favorable equilibrium adsorption
of As(V).

Influence of co-existing ions on As(V) sorption

The impact of the presence of anions expected to occur
together with As in water networks, including chloride,
carbonate, bicarbonate, nitrate, sulfate, and phosphate, on
the removal of As(V) was investigated, and results are
illustrated in Fig. 11.

Chloride, sulfate, bicarbonate, and nitrate present in
common concentration ranges showed negligible influ-
ence on As(V) removal, whereas phosphate reduced
As(V) removal by competing with arsenic for active
sites. This phenomenon has been elucidated by several
other authors with similar sorbents (Chowdhury and
Yanful 2010; Shan and Tong 2013). Phosphate and
arsenate are both inner-sphere complex-forming oxyan-
ions, which behave similarly on their mechanism of
sorption on the adsorbent surface (Zhu et al. 2009).
Similar effects on arsenic sorption were previously
observed in the presence of phosphate when using nat-
ural iron ores, while only slight effects were noted in the
presence of sulfate and chloride (Zhang et al. 2004). At
equal concentrations, phosphate in soil outcompetes
arsenate for adsorption sites because of its smaller size
and higher charge density (Wenzel et al. 2001). How-
ever, phosphate is absent or usually present at lower
concentration levels, e.g., 0.21 mg/L, in ground waters
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Fig. 8 Effect of adsorbent dose on the removal of As(V) using Qz (a) and STL (b) adsorbents (conditions: initial As(V) concentration 2 mg/L,
temperature 25 & 2 °C, pH 3.5, equilibration time 24 h, and shaking speed 200 rpm)

of Ethiopia (Rango et al. 2010; Fufa et al. 2013). It was
also reported that phosphate and arsenate followed
similar trends on pH-based speciation. Phosphate within
pH range of 2.5-7 (experimental condition) was reported
as H,PO4 ™ species which indeed have similar charge and
behavior with H,AsO, (Zeng 2004).

ﬁ @ Springer

Desorption study

0.1 M NaOH and 0.01 M betaine solutions were used in the
desorption experiment. Nearly 67 and 63% of the adsorbed As
could be desorbed when using 0.1 M NaOH and 0.01 M
betaine, respectively. Thus, more than one desorption step
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Fig. 9 As(V) removal efficiency and sorption capacities of Qz (a) and STL (b) as function of As(V) concentration (conditions: temperature
25 £ 2 °C, adsorbent dose 20 g/L, solution pH 3.50, equilibration time 24 h, and shaking speed 200 rpm)

seem to be required for complete desorption. In addition, high
adsorption efficiency was considered at initial pH of 3.50;
therefore, pH adaptation remains essential though the
buffering capacity of adsorbents plays an important role in
bringing near to pH 6, after sorption process. Further work
may focus on modifying the adsorbents, as well as upscaling
the system to investigate the applicability of the adsorbents on
field scale.

Conclusion

Ethiopian quartz-rich tuffs (Qz) and stellerite tuffs (STI)
were very effective adsorbents for removal of wide
concentration levels of As(V) which is expected to occur
in ground and surface waters. Qz and STL reduced
As(V) concentrations to below the WHO’s guideline
values from initial concentrations of 0.8 and 0.1 mg/L

ﬁ @ Springer
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Table 3 Summary of sorption capacities of some selected adsorbents

Type of adsorbents Removal capacity Ratio of (S/L) pH Reference
(mg/g)
Natural mordenite 1.299 1 g/100 mL <4.2, (Chutia et al. 2009b)
Natural clinoptilolite 0.699 1 g/100 mL <52 (Chutia et al. 2009b)
Natural iron ores 0.4 0.5 g/100 mL 4.5-6.5 (Weber and Chakravorti 1974)
Hematite 0.202 2-8 (Guo et al. 2007)
Biotite 0.45 4.6-5.6 (Chakraborty et al. 2007)
Termite mound 13.50 0.2 g/100 mL 3-10 (Fufa et al. 2014)
Modified beidellite and zeolite 0.476-0.841 4-11 (Bektas et al. 2011)
Red mud 0.51 2.3 (Altundogan et al. 2000)
Kaolinite 0.86 4 g/100 mL 5 (Mohapatra et al. 2007)
Illite 0.52 4 ¢/100 mL 5 (Mohapatra et al. 2007)
Montmorillonite 0.64 4 ¢/100 mL 5 (Mohapatra et al. 2007)
Quartz tuff (Qz) 0.42 2 g/100 mL 35 This study
Stellerite tuffs (STL) 0.23 2 g/100 mL 35 This study
(a) (b) 0.18 1
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Fig. 10 Equilibrium sorption isotherms for As(V) removal using Qz (a) and STL (b) (conditions: temperature 25 £ 2 °C, adsorbent dose 20 g/
L; initial pH 3.50; contact time 24 h, and shaking speed 200 rpm)

aqueous solutions, respectively. It was noted that Qz was
found better suited for As(V) removal than STL. Further,
sequential extraction of As(V)-loaded adsorbents showed
that the adsorption was due to the presence of short-
range ordered and hydrous oxides of iron and aluminum.
The results of this study showed that the mechanism of
&g sorption was also well influenced with final pH of the
solution. The buffering capacities of Qz and STL
brought the solution pH, after sorption, to pH 5.76 and
5.40, respectively, from the initial working pH of 3.5.

100 +
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