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Abstract Pyrite ash (PA), a waste produced during the
roasting of pyrite ores to produce sulfuric acid, was studied as
a potential adsorbent for removing arsenic (As) from
groundwater. The collected pyrite ash waste samples con-
tained >86 % iron (as Fe,03). The results indicate that
adsorption of As by PA was only slightly affected by initial
pHatpH < 9. Arsenate removal efficiency increased with the
amount of adsorbent added over the range of 0.1-50 g/L. The
As(V) removal increased with time, and 79 % removal was
achieved within 1 h. Moreover, there was no significant
change in As concentrations after 24 h. The adsorption pro-
cess was best described by a second-order kinetic model. The
adsorption of As(V) onto the PA was found to have followed
the Langmuir isotherm. In batch studies, the maximum
As(V) removal efficiency was 97 % at an adsorbent dose of
10 g/L, with an initial As(V) concentration of 300 pg/L.
Thus, the PA was shown to be a suitable sorbent, reducing As
from an initial level of 600 to <10 pg/L As(V), i.e., below the
WHO limit for drinking water.

Keywords Arsenate - Adsorption - Borated water -
Kinetics - Isotherm

Introduction

Arsenic (As) can be released into the environment by

activities such as mining and ore processing (Clara and
Magalhides 2002). Arsenic can exist in the —3, 0, +3, and
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+5 oxidation states (Smedley et al. 2002). Pentavalent
species (As(V) or arsenate) are stable in oxygen-rich aer-
obic environments, while trivalent (As(II) or arsenite)
predominates in moderately reducing anaerobic environ-
ments (Mohan and Pittman 2007). The As oxidation state
affects its toxicity, and arsenite, or As(IIl), is more toxic
than arsenate As(V) and most organic arsenic compounds
(Jomova et al. 2011; WHO 1981).

High As concentrations have been found in water sources
in many countries, including the USA, China, Bangladesh,
Taiwan, Mexico, Canada, Hungary, Japan, Pakistan, and India
(Mukherjee et al. 2006). Natural As pollution has also been
reported in Turkey within the last 10 years (Aksoy et al. 2009;
Colak etal. 2003). In Turkey, especially in western Turkey, As
concentrations ranging from 20 to 3000 pg/L have been
encountered in groundwater resources (Baskan et al. 2010).
Because of its high toxicity, the World Health Organization
(WHO) lowered the maximum contaminant level for As in
drinking water from 50 to 10 pg/L (WHO 1996).

The most effective As treatment processes include
adsorption, ion exchange, reverse osmosis, and nanofiltra-
tion (Mondal et al. 2006). Successful As adsorption tech-
nologies include granular activated alumina, synthetic
zeolites (Xu et al. 2002), granular ferric hydroxide
(Arienzo et al. 2002), granular activated carbon (Chuang
et al. 2005), and granular activated carbon impregnated by
ferrous oxide (Vaughan and Reed 2005).

Crystalline iron oxide minerals have also been investi-
gated for use as adsorbents for As. Hematite and goethite
were reported to be effective for As removal from polluted
water (Lenoble et al. 2002; Zhang et al. 2004). Natural
hematite was used as adsorbent in experimental studies,
and a residual As concentration below 0.05 mg/L was
achieved (Zhang et al. 2004). However, most of the
existing options are not cost effective for small
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communities that depend on water supplies in which the
contaminant level exceeds 10 pg/L (Makris et al. 2006).
For these reasons, the potential use of waste by-products
generated from different industrial processes, such as fly
ash (Balsamo et al. 2010) and red mud (Altundogan et al.
2000), have been investigated.

The Emet-Hisarcik (Turkey) region contains one of the
world’s largest boron (B) reserves. Unlike other areas with
B mineralization, it also contains As minerals (orpiment
and realgar); the groundwater associated with these
deposits was reported to contain up to 600 pg/L of As and
3900 pg/L of B (Aydin et al. 2003). Therefore, As removal
is required for mine water in this area.

Pyrite ash (PA) is a waste produced during the roasting of
pyrite ores in sulfuric acid production. At the Eti Mine
Works in Bandirma, Turkey, where PA is produced, it is
generally landfilled or dumped into the sea, and is thus a
potential pollution source (Tugrul et al. 2007). Alp et al.
(2009) demonstrated that PA can be used as an iron source
in cement production. Another possible application is to use
it to remove As from the mine water. Although As is
strongly adsorbed onto Fe oxides and hydroxides (Raven-
scroft et al. 2009), which are abundant in PA, and adsorption
can be an attractive technology if the adsorbent is cheap and
ready for use (Zhang et al. 2008), there were no previous
studies on As removal using PA. The present study tested
this possible beneficial use of this waste material.

Materials and Methods
Pyrite Ash Waste

The PA waste samples used in this study were taken from
the Bandirma Borax and Boric Acid Establishment,
Balikesir, Turkey. A whole rock analysis for the major
oxides and minor elements of the pyrite ash was carried out
using ICP-OES (ACME Analytical Lab), following a
lithium borate fusion and dilute acid digestion of a sample
pulp (Table 1). The analysis package included loss on
ignition (LOI) by sintering at 1000 °C. Chemical analysis
quality control was performed by analyzing STD SO-18.

The crystalline phase composition of the material was
investigated using x-ray diffraction (XRD) (RIGAKU,
D/Max-IIIC). The Brunauer-Emmett—Teller (BET) method
was used to determine the surface area of the PA sample.
The particle size distribution of the sample was determined
using laser diffraction (Malvern Master Sizer).

Adsorption Tests

An arsenate stock solution was prepared by dissolving
Na,HAsO4-7H,O in water to a concentration of 1 g/L
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Table 1 Chemical composition

of the pyrite ash waste Component %
Si0, 8.13
AL O3 1.63
Fe,05 86.54
MgO 0.44
CaO 0.59
Na,O 0.09
K,O 0.13
TiO, 0.13
P,05 0.04
MnO 0.02
Cr,03 <0.01
Ba <0.01
Ni <0.01
LOI 0.70
TOT/C <0.02
TOT/S 0.49

As(V). Fresh stock solutions of 100 mg/L As(V) were
prepared every week, and these stock solutions were used
to prepare the initial As(V) concentrations. Sample pH was
adjusted by the addition of hydrochloric acid (1 M HCI) or
sodium hydroxide (1 M NaOH) standard solutions. The
flasks containing the mixtures were immersed into a 25 °C
water bath and then agitated at 200 rpm with a mechanical
shaker. The effects of the solution pH (3, 5, 7, and 9),
adsorbent dosage (0.1, 1, 5, 10, 20, and 50 g/L), initial
metal ion concentration (10, 50, 100, 300, and 500 pg/L),
and contact time on As(V) adsorption were studied. The
adsorption isotherms and kinetics were obtained by the
batch equilibration technique. For the equilibrium studies,
a series of 100 mL flasks were prepared using a 50 mL
solution of As(V) (10-500 pg/L) at a fixed adsorbent
concentration (10 g/L). For the kinetics studies, a series of
100 mL flasks were prepared using a 50 mL solution of
As(V) (300 pg/L), at a fixed adsorbent concentration (10 g/
L) and reacted over contact times of 1, 3, 5, 7, and 24 h.

Field water samples, taken from different parts of Emet-
Hisarcik (Turkey), were stored in plastic containers. These
samples were analyzed by Dionex IC100 ion chromatog-
raphy (F~, C1I~, NO;~, NO,~, PO,*>~, SO,*7) and Spectro
Genesis ICP-OES (Mg, Ca, Si, Fe, Al, As, B). The
As(V) adsorption tests were performed under initial
As(V) concentrations of 600 pg/L, an initial pH of 9,
various PA dosages (150, 70, 50, 20, 10, and 5 g/L) and a
contact time of 5 h. At the end of the contact period, the
mixture was centrifuged for 10 min at 4000 rpm, and the
final pH of the supernatants was measured. The super-
natants were analyzed for As(V) using a continuous
hydride generation unit on an inductively coupled plasma
optical emission (ICP-OES) spectrophotometer.
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The pzc (point of zero charge) value of the PA was
determined by equilibrating the PA with 0.1 M NaCl
solutions at different pH values (3-12). Details of the
procedure can be found elsewhere (Pecenyuk 1999).

Results and Discussion
Adsorption of As(V) by PA

The pyrite ash sample contained significant concentrations
of iron (86.54 % as Fe,03) and silicon (8.13 % as SiO,);
the other metal oxides totalled less than 10 % (Table 1).
The XRD analyses of the PA showed the presence of
mainly hematite (Fe,O3) and magnetite (Fe;0,4), a minor
amount of pyrite (FeS,), and traces of quartz (SiO,). The
particle size of 80 % of the sample and specific surface
areas were found to be finer than 50 pm and 2.16 m%/g,
respectively.

The point of zero charge (pzc) is a very important value
for adsorption measurements and surface characterization;
in this study, it is defined as the pH at which the the
electrical charge density on the surface of the particles is
zero. The pzc can control sorption of protons and hydroxyl
groups, which depends on the acid-base properties of the
surface (Pecenyuk 1999). Previous studies reported that the
pzc for the PA components were 7.9, 5.4, 6.4, and 2.1,
respectively, for magnetite (Tombacz et al. 2006), hematite
(Huang et al. 2001), pyrite (Borah and Senapati 2006), and
quartz (Kroutil et al. 2015). In this study, the pzc values of
the PA were determined to be 4.6. It should also be noted
that preparation methods can influence pzc and that similar
materials can have variable pzc values.

For As(V), the corresponding stable species and pH
values are H3zAsO, (pH 0-2), H,AsO,~ (pH 2-7),
HAsO,>~ (pH 7-12) and AsO,>~ (pH 12-14) (Tiirk et al.
2009). For example, when the pH is 3-9, the negatively
charged HAsO,  and HAsO427 are predominant.

Figure 1 shows the effects of the initial pH on the effi-
ciency of As(V) adsorption by PA with an initial As con-
centration of 300 pg/L. The As adsorption was only
weakly dependent on the initial pH at pH < 9. After an
adsorption period of 5 h, the residual dissolved As was
6.8 ng/L at pH 9. The PA surface was positively charged
when the pH < pzc 4.6. Although the adsorbent surface
and the sorbate species were both negatively charged,
adsorption did not decrease at pH > pzc. The addition of
PA was found to have a buffering effect; the final pH in the
tests were 4.6-5.0 at initial pHs of 3-9. Other researchers
have also observed the amphoteric effects of iron-based
compounds, and Zhang et al. (2004) reported a similar
buffering effect for iron ore containing hematite and goe-
thite during adsorptive removal of As. In this study, As

adsorption on PA was observed to be maximized at pH 9
(Fig. 1). The pH was kept constant at pH 9 in the adsorp-
tion tests because of the alkaline nature of the field sample
solutions used in this study.

The effect of PA dosages (50, 20, 10, 5, 1, and 0.1 g/L)
on adsorption of As(V) in 300 pg/L solutions is shown in
Fig. 2. As(V) removal increased with the amount of PA
over the range of 0.1-50 g/L, due to the additional available
adsorbent surface (Genc et al. 2003). An adsorbent dosage
of 10 g/L was required to reduce As concentrations down
to the desired levels of <10 pg/L (Fig. 2). After a contact
time of 5 h, the residual dissolved As(V) was 106.8 pg/L at
a PA dosage of 0.1 g/L, compared with 8.5 pg/L at 10 g/L
PA. In subsequent studies, the adsorbent dosage was set at
10 g/L.
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Fig. 1 Effect of final pH of mixtures on the adsorption of As(V) by
PA (initial concentration: 300 pg/L; contact time: 5 h, PA dosage:
10 g/L; temperature: 25 °C)
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Fig. 2 Effect of PA dosage on the As(V) adsorption (initial
concentration: 300 pg/L; contact time: 5 h; pH: 9; temperature:
25 °C)
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Kinetic Modeling

The kinetics of the adsorption describing the rate of As
removal is one of the important characteristics that define
adsorption efficiency (Salim and Munekage 2009).
Adsorption kinetics was used to explain the adsorption
characteristics and mechanism. Two kinetics models were
used: pseudo-first order and pseudo-second order. The data
shown in Fig. 3 were used for analysis by taking the linear
form of the following kinetic model equations:

The pseudo-first-order equation (Ho and McKay 1998)
is:
dq,

E:kl(Qe_C]t) (1)

where ge and gt are the adsorption capacity (pg/g) at

equilibrium and at time ¢ respectively, and k; is the pseudo-

first-order rate constant (min_l). The linearized form of

Egs. (1) is (2).

In(g. — q;) =Ing, — kit (2)
The pseudo-second-order equation (Ho and McKay

1998) is:

dq;

2 — k(e — q)* 3

dr 2(‘] fh) ( )
The linearized form of Egs. (3) is (4):

t 1 t

—_—=— 4 — 4

a kg’ qe @

where both ge and gt have the same meaning as above and
k, is the  pseudo-second-order rate  constant
(g mg~" time™ ).

50 T

40 +

qt (ng/g)

= 0 3 6 91215182124
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Fig. 3 Effect of contact time on the adsorption of As(V) by PA
(initial concentration: 300 pg/L; pH: 9; PA dosage: 10 g/L; temper-
ature: 25 °C). Lower inset shows pseudo-second-order plot of
As(V) adsorption on PA
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The removal of As(V) increased with time; 79 %
removal was achieved within 1 h (Fig. 3). There was no
significant concentration change after 24 h. The slope and
intercept of the plot of log (ge —gt) versus ¢ were used to
determine the first-order rate constant k; and the equilib-
rium adsorption density ge at the initial concentrations of
As(V). The k; and R? correlation coefficients were 0.13 and
0.9270, respectively. The kinetic parameters for the
pseudo-second-order model were determined from the
linear plot of #/gt against ¢ (Fig. 3). The values of k, and R
for the pseudo-second-order rate model were 0.13 g/pgh
and 0.9998, respectively. The high correlation coefficients
suggested that the adsorption kinetics of As(V) on PA was
best described by the pseudo-second order model, indi-
cating chemisorption (Bulut et al. 2008).

Adsorption Isotherms

Adsorption isotherm studies are important in determining
the adsorption capacity of As(V) onto PA and to describe
the nature of adsorption. Several isotherm equations are
available, and three isotherms (Zazouli et al. 2013) were
tested in this study: the Langmuir, Freundlich and Dubi-
nin—Radushkevich (D-R) isotherms. The adsorption iso-
therm for As(V) removed by PA is shown in Fig. 4.

The Freundlich isotherm model has been used to
describe both adsorption on heterogeneous surfaces and
multilayer sorption (Foo and Hameed 2010). A higher K
value indicates greater adsorbate removal (Raji and
Anirudran 1998). The Freundlich empirical equation,
Eq. (5), and its linearized form, Eq. (6), are expressed as:

50 T
[ |
40 +
= 30 03 1
o R2=0.9871
2
= B 0.2
[ =
T 20 E)
(]
g o1
10 + .
0 ‘ ‘ ‘ ‘
00 01 02 03 04
1/Ce (L/ug)
0 : ; : ; i
0 10 20 30 40 50 60 70
Ce (pg/L)

Fig. 4 Equilibrium isotherm for As(V) adsorption by PA (initial
concentration: 50-500 pg/L; contact time: 5 h; pH: 9; PA dosage:
10 g/L, temperature: 25 °C) and Langmuir adsorption isotherm
models for As(V) adsorption
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e = KfCel/n (5)
1
Ing, = InKy + zln C. (6)

where C, is the equilibrium concentration (pg/L), g. the
amount adsorbed under equilibrium (pg/g), and K, and
n are the Freundlich isotherm constants representing the
adsorption capacity and intensity, respectively. n is a
measure of deviation from linearity of the adsorption
and indicates the degree of non-linearity between the
solution concentration and adsorption. The linear plot of
log g. and log C, gives a slope of 1/n and the intercept
of log K;. The Freundlich adsorption isotherm is also
presented in Fig. 5. The Freundlich parameters Kf and
n were determined to be 2.64 and 1.35, respectively
(R* = 0.89).

The Langmuir isotherm describes monolayer adsorption
on a uniform surface with a finite number of adsorption
sites. Once a site is filled, no further sorption can take place
at that site. When all the adsorption sites on the surface are
saturated, maximum adsorption is achieved (Foo and
Hameed 2010). The Langmuir isotherm can be determined
using the following equation:

obC,
e — 7
9= 1¥bC, )

Equation (7) can be written in linear form using the
following equation (Dada et al. 2012):

1 1 1

¢ bOC. 0
where ¢, is the amount of adsorbed metal per unit PA at
equilibrium, Q is the saturated monolayer adsorption
capacity, b is the binding energy of the sorption system,
and C, is the equilibrium concentration of the solution. The
linear plots of 1/qe versus 1/Ce were obtained with a high
correlation coefficient (R2 = 0.98), indicating that
adsorption of As(V) onto PA was consistent with the
Langmuir isotherm model (Fig. 4).

(3)

The D-R isotherm model is used to distinguish between
physisorption and chemisorption and to assess the
adsorption mechanism. The D-R isotherm model is related
to the porosity of the adsorbent. It assumes that adsorption
is multilayered and involves van der Waals forces. Addi-
tionally, this model is applicable for physical adsorption
(Dubinin 1960). The D-R adsorption isotherm can be
expressed as:

ge = Op exp(—Bpe?) (9)
and linearized as:

Ing, = InQp — Bpé® (10)

where Qp, is the theoretical maximum capacity (mol/g), Bp
is the D-R model constant (mol*/kJ?), and ¢ is the Polanyi

potential, equal to ¢ = RT ln( 1+ CL)

Figure 5 shows the plot of In ge against &%, which was
almost linear with a correlation coefficient of R* = 0.82.
Op and B, were calculated from the slope and intercept of
the plot, respectively. By, was found to be 3.64 mol*/(J%),
and Qp was 30.09 mol/g.

The mean free energy of adsorption (E) was calculated
using E :ﬁ(Hobson 1969). The value of E is very

useful in predicting the type of adsorption. If E is less than
8 kJ/mol, the adsorption is physical, and if it is between 8
and 16 kJ/mol, the adsorption is chemisorption (Islam et al.
2011). The value of E was 0.26 kJ/mol (Table 2), indi-
cating physical adsorption.

As shown in Figs. 4 and 5 and Table 2, according to the
correlation coefficients (R?), a suitability order of the three
models tested was Langmuir, Freundlich, and D-R
(Table 3), which indicates that the Langmuir model best
describes the As(V) adsorption isotherm for PA. This may
be because the Langmuir model assumes that the pyrite ash
surface is homogeneous (Foo and Hameed 2010). Gimenez
et al. (2007) also studied the sorption of As(V) on natural
hematite, magnetite, and goethite and found it to be con-

sistent with the Langmuir model. The essential
Fig. 5 Freundlich and D-R 51 5 -
adsorption plots for R2=0.8919 Freundlich isotherm R2=0.8219 D-R isotherm
As(V) adsorption on PA 4 - 4
L A
. 5
T g 3
= 2
2 A
s 2 g 21
52 [ c
P £
11 17
0 T T T T 1 0 T T T 1
0 1 2 3 4 5 010 010 030 050 070
In Ce (pg/L) 2
3
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Table 2 Calculated Langmuir
and Freundlich isotherm
parameters for As(V) adsorption
on PA (pH: 9; PA dosage: 10 g/

Parameter Value R?

Langmuir isotherm

L; temperature: 25 °C) Q (ng/e) 294.6 0.98
b 0.005
Freundlich isotherm
K 2.64 0.89
n 1.35
D-R
O 3009 082
Bp 3.64

characteristics of the Langmuir isotherm model can be
explained in terms of a dimensionless constant separation
factor or equilibrium parameter R; (Kundu and Gupta
2007), which is defined by Eq. (11)

1

R = —
L1 ¥nC,

(11)
where b is the Langmuir constant (L/ug) and C, is the
initial concentration (pug/L). The values of Ry for our
experiments were found to be less than 0.4. Since Ry < 1
represents positive adsorption (Kundu and Gupta 2007),
adsorption of As(V) by PA is favored.

The Langmuir isotherm data also show that the adsorbed
As ions formed a monolayer and do not interact or compete
with each other. This also indicates that chemisorption is
the principal uptake mechanism (Zhou et al. 2009). The
isotherm study was studied using different initial As con-
centrations ranging from 10 to 300 pg/L at 25 °C, a pH of
9, and a PA dosage of 10 g/L after 5 h. The maximum
adsorption capacity was found to be 294 pg/g of As using
the Langmuir isotherm, which is comparable to the
adsorption capacities of other As adsorbents (Table 4).
Siderite (30 % Fe) had a lower adsorption capacity than

Table 3 List of adsorption isotherms models

hematite (56.5 % Fe), nanomagnetite (64.1 % Fe), and
pyrite ash (60.5 % Fe), while natural iron ore (66 % Fe)
had a higher adsorption capacity (400 pg/g).

Singh et al. (1996) used a suspension containing a
known amount of hematite to study As removal in an
aqueous solution. In their study, the maximum adsorption
capacity of hematite was 219 pg/g for an initial As con-
centration of 10,000 pg/L. Tiirk et al. (2010) focused on As
removal with nanomagnetite. The equilibrium capacity of
NM was determined to be =~~204 pg/g at an initial
As(V) concentrations of 100-2000 pg/L at pH 9.

Examination of Groundwater

The As and B content of the water samples taken from
different parts of Emet are summarized in Table 5. The As
levels makes water treatment necessary prior to use. The
boric acid and enriched plant wastewater had very high As
concentrations (Table 5), which can best be removed by
methods such as precipitation or coagulation (Bagkan et al.
2010). Song et al. (2006) reported that enhanced coagula-
tion, followed by conventional filtration, achieved very
high As removal (99 %) from high-arsenic water (5 mg/L
of As). Because adsorption is generally preferred for less
polluted (100-500 pg/L) and drinking water treatment
(Torrens 1999), drinking water well 3, which contained
lower As concentrations, was selected as representing a
natural solution.

This natural solution still had relatively high As
(613 pg/L) and B (3936 pg/L) concentrations; the As
concentrations significantly exceeded the WHO (1993) and
TS 266 (2005) drinking water standards (<10 pg/L). The
natural water elemental concentrations (Table 6) were
measured by Dionex IC100 ion chromatography (F~, C17,
NO;~, NO,™, PO,*7,SO,*7) and Spectro Genesis ICP-

Isotherm Nonlinear form Linear form Plot References

i — OhC, 11 41
Langmuir Ge = 1opes « = 50C, +5 1/ge versus 1/C, Kundu and Gupta (2007)
Freundlich q. = Kfc;’" Ing, = InK; + %ln C, In g, versus In C, Veli and Akyiiz (2007)

Dubinin—Radushkevich (D-R)

e = Op exp (—Bpt?)

Ing,=1n QOp - BD82

In g. versus g

Dubinin (1960)

Table 4 Comparison of arsenic
adsorption capacity of pyrite ash
with some reported adsorbents,
using the Langmuir isotherm
model
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Adsorbent Initial Conc. (pg/L) Surface area (mz/g) 0 (ng/g) References
Hematite 10,000 14.4 219 Singh et al. (1996)
Natural iron ores 1000 10.2 400 Zang et al. (2004)
Siderite 1000 8.5 98 Guo et al. 2007
Nanomagnetite 500 60 371 Cong 2004

Pyrite ash 500 2.16 294.6 Present work
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Table 5 As and B content of the water samples

Sample definition As (ug/L) B (png/L)
well-1 82 770
well-2 138 3876
well-3 613 3936
Enrichment plant wastewater 4233 2115
Boric acid plant wastewater 454,076 7926

Table 6 Chemical analysis of the natural water sample (well-3)

Component F~ CI~ NO,~ NO;~ PO;°® SO;?
(mg/L) 07 685 <005 79 <0.1 7.2
Element  Si Fe Mg Ca Al As B
(pg/L) 10,798 53 6066 966 102 613 3936
100
+150 g/L
90 1 *70g/L
I 804 ®50 g/L
g 704 220 g/L
5 A10g/L
S 60 S
s . m5g/L
5 50 \
S 404 a :
(3] A
Q o Y A
= 304 ‘\a\
]
2 20
b \v\;
10
O T T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330

Time (min.)

Fig. 6 Effect of dosage on the removal of arsenic from Emet-
Hisarcik underground source water by PA (initial concentration:
613 pg/L; pH: 9; temperature: 25 °C)

OES (Mg, Ca, Si, Fe, Al, As, B). The results were ana-
lyzed, and F~, NO,™, and PO43_ concentrations were less
than 1 mg/L. The CI™, NO3; ™, and SO427 concentrations
ranged from 6.5 to 8 mg/L. The presence of CI~ and NO; ™~
does not significantly influence As removal (EPA 2000),
nor does SO, at a pH of 9 toll. Although SO,*~
decreases As removal at pH < 7 (Wickramasinghe et al.
2004), in this study, the initial pH was 9, and so the SO42_
concentration was not expected to be an issue.

In contrast, PO, can compete with As for adsorption
sites (Guo et al. 2007; Meng et al. 2002). Guo et al. (2007)
found that phosphate (at 10 mg/L) reduced As uptake by
siderite from 54 to 28 % and by hematite from 69 to 36 %.

However, the presence of dissolved PO,*~ (at < 0.1 mg/L)
did not affect As adsorption in this study.

The effect of silica on As adsorption depends on the
silica concentration. Gebreyowhannes (2009) reported that
As removal efficiency decreased by 25 % as the silica
increased from 4.5 to 65 mg/L. Tuutijirvi et al. (2012)
found that dissolved silica (at < 10 mg/L) did not signifi-
cant affect As removal. In this study, the competing effect
of silicate (at < 10 mg/L) was negligible (Table 6).

Arsenic Removal Tests

The As(V) removal increased with the amount of PA added
over the range of 5-150 g/L.. After a contact time of
300 min, the residual dissolved As concentration was
45 ng/L at a PA dosage of 5 g/L, compared with 8.87 pg/L
at 150 g/L of PA (Fig. 6). The PA reduced the dissolved As
concentration from an initial value of 600 to <10 pg/L.
This is important since the groundwater in this region is
used as drinking water (Colak et al. 2003) and As exposure
in the region leads to various skin diseases (Dogan and
Dogan 2007).

Conclusions

The PA effectively removed As from borated water and the
As adsorption was only weakly dependent on initial pH at
<9. In fact, the addition of PA to water was found to have a
buffering effect. Over an adsorption period of 5 h, the
residual dissolved As was 6.8 pg/L at a pH of 9. The
adsorption kinetics were well described by the pseudo-
second-order model and the PA adsorption data fit the
Langmuir isotherm equations well. The dimensionless
separation factor (Ry) showed that PA was favored for the
removal of dissolved As(V). The maximum adsorption
capacity of the sorbent was 294 pg/g. The PA was able to
remove up to 97 % of the As at an adsorbent dosage of
10 g/L, a solution pH of 9, a temperature of 25 °C, and an
initial As concentration of 300 pg/L. Thus, PA can
potentially be used as an effective, ready-to-use, and
inexpensive adsorbent for As(V) removal from aqueous
solutions.
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