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Abstract: Inorganic arsenic removal from water using low-cost adsorbents is
presented in this paper. Selective removal of As(lll) and As(V) from water was
performed with natura materials (zeolite, bentonite, sepiolite, pyrolusite and
limonite) and industrial by-products (waste filter sand as a water treatment residual
and blast furnace slag from steel production); al inexpensive and locally available.
Kinetic and equilibrium studies were realized using batch system techniques under
conditions that are likely to occur in real water treatment systems. The natural zeo-
lite and the industrial by-products were found to be good and inexpensive sorbents
for arsenic while bentonite and sepiolite clays showed little affinity towards arsenic.
The highest maximum sorption capacities were obtained for natural zeolite, 4.07
mg As(V) g1, and waste iron slag, 4.04 mg As(V) gL.

Keywords: adsorption; arsenic removal; arsenic remediation; low cost sorbents.

INTRODUCTION

The presence of arsenic in natural waters has become a worldwide problem
in the past decades. Arsenic pollution from natural sources was recently reported
in China, Taiwan, India, Bangladesh, USA, Canada, Mexico, Chile, Argentina,
New Zealand, Poland, Hungary, Croatia, Serbia and Romania.l->

Arsenic is widely found in the Earth’s crust in oxidation states of -3, 0, +3
and +5, often as sulfides or metal arsenides or arsenates.3 In water, it is mostly
present as arsenate (+5) but under anaerobic conditions, it is likely to be present
as arsenite (+3).4 It usually occurs in natural waters at concentrations of 1ess than
1 or 2 pg L—1.2 However, in natural groundwater reservoirs where there are

* Corresponding author. E-mail: brangj @grf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C101029122J

1437

Available online at www.shd.org.rs/JSCS

@080

EY HMC HD


https://core.ac.uk/display/26766086?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1438 JOVANOVIC et al.

sulfide mineral deposits and sedimentary deposits derived from volcanic rocks,
the concentrations can be significantly increased (up to 12 mg L—1).2

Increased risks of arsenic related diseases have been reported to be asso-
ciated with ingestion of drinking-water at concentrations of <50 pg L-1.35
However, considering the significant uncertainties surrounding the risk asses-
sment for arsenic carcinogenicity and the practical difficulties in removing arse-
nic from drinking-water, a provisional guideline value for arsenic was set by the
WHO at alimit of 0.01 mg L1 in the 1993 Guidelines. In view of the scientific
uncertainties, the guideline value is designated as provisional. A new maximum
concentration limit of 0.01 mg L-1 for arsenic in drinking water was set by the
US EPA in 20016 and EU law? in 2003, requiring public water supply systems to
reduce arsenic in drinking water by not later than January 2006. In the Republic
of Serbia, the new arsenic concentration limit was set in 1998.8

Toxicological review

The most important routes of arsenic exposure are through food and drinking
water. Arsenic is found in food, particularly in fish and shellfish, in which it is
found mainly in the less toxic organic form.9 Arsine is considered the most toxic
form, followed by arsenites, then arsenates and organic arsenic compounds.4®

Environmental exposure to arsenic through drinking-water has been asso-
ciated with skin cancer.10 Acute arsenic intoxication associated with the inges-
tion of water containing a very high concentration of arsenic (21.0 mg L—1) was
reported.3 Moreover, it was concluded that long-term exposure to arsenic in drin-
king water is causally related to increased risks of cancer in the skin, lungs, blad-
der and kidney, as well as other skin changes, such as hyperkeratosis and pig-
mentation changes.1l Epidemiological studies'213 in areas with different fre-
quencies of black-foot disease and where drinking water contained 0.35-1.14 mg
L-1 arsenic revealed elevated risks for cancers of the bladder, kidney, skin, lung,
liver and colon. Dermal lesions were the most commonly observed symptom
occurring after minimum exposure periods of approximately 5 years.12.13

Arsenic removal technologies

It is technically feasible to achieve arsenic concentrations of 10 pg L= or
lower using any of the following treatment technologies. oxidation/precipita
tion,>14 coagulation/coprecipitation,14 sorption1>16, ion-exchangel’ and mem-
brane technologies.18 Among them, adsorption is considered to be a relatively
smple, efficient and low-cost arsenic removal technique, especialy convenient
for application in rural areas# A wide range of sorbent materials for agueous
arsenic removal is available nowadays. biological materials, mineral oxides, dif-
ferent soils, activated carbons and polymer resins.18 Nevertheless, finding inex-
pensive and effective sorbents for arsenic removal from water is still highly desired.
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LOW-COST ARSENIC REMOVAL FROM WATER 1439

Natural materials such as clay minerals, zeolites and metal oxides are wide-
spread and abundant in terrestrial environments. Clay minerals and zeolites ad-
sorb cationic, anionic and neutral metal species.18 As reported in recent papers,
certain agricultural and industrial by-products, such as waste tea funga bio-
mass, 19 rice husks,20 red mud,18 fly ash,2! etc., were found to be good and inex-
pensive arsenic sorbents. In addition, application of industrial wastes in water
treatment follows the reuse-recycle concept.

The aim of this study was to investigate and compare natural materials (zeo-
lite, bentonite, sepiolite, pyrolusite and limonite) and industrial by-products (blast
furnace dag and waste filter sand), inexpensive and all localy available, as
potential sorbents for arsenic.

EXPERIMENTAL
Reagents and appar atus

An As(V) stock solution (100 mg L) was prepared by dissolving 416.5 mg of sodium
arsenate (NapHASO,- 7H,0, Anaar analytic reagent) in 1 L of distilled water, which was pre-
served with 0.5 % HNO3. An As(l11) stock solution (3750 mg L-1) was prepared by dissolving
sodium arsenite (0.05 mol NaAsO,, Riedel-de-Haen (4.946 g As,0O3 +1.3 NaOH in 1 L)) in
distilled water ina 1 L volumetric flask, which was preserved with 0.5 % HNOs.

Arsenic was analyzed using the ICP-MS method, according to Standard methods,??
using an Agilent 7500ce spectrometer equipped with octopole reaction system (ORS). Cali-
bration was realized using external standards (2, 4, 20, 40, 80 and 100 pg L-1), which were
prepared by appropriate dilution of a 1000 pg L1 stock standard solution. Working standards,
as well as blank solutions, were prepared with high purity HNOs. The concentrations of the
investigated samples were adjusted to the concentration range 5-100 pg L-1. The experimental
data measurements were accepted as reasonable data in cases of less than 5 % relative stan-
dard deviation (RD). In order to amplify the consistency of the results, the experiments were
performed in triplicate and the mean values considered. The limit of detection was 0.1 pg L%
A laboratory pH meter (Metrohm 827) was used for pH measurements. The accuracy of the
pH meter was +0.01 pH units.

Materials and characterization techniques

Zeolite (Z), natural clay minerals, bentonite (B) and sepiolite (S), and natural metal oxide
minerals, limonite (L) and pyrolusite (P) were selected as the natural materials while waste
iron slag (WIS) and waste filter sand (WFS) were selected as the waste materials to be tested
within the scope of the presented investigations. The natural materials were obtained from
natural deposits located in Serbia and Bosnia. The industrial by-products were obtained from
local industrial facilities: blast furnace slag from the steel production plant US Steel Serbia
(Smederevo, Serbia) and waste filter from groundwater treatment plant “BeZanija’ in Bel-
grade, Serbia. The physical properties and chemical composition of all materials are presented
in the further text.

The microstructure of the analyzed material samples was examined by scanning electron
microscopy (SEM) using a Jeol JSM 5800 instrument (operated at 25 kV). The BET specific
surface areas were determined by the technique of nitrogen adsorption!’ using a Sorptomatic
1990 Thermo Finningen instrument. The chemical composition of the materials was deter-
mined by standard silicate analysis.2324

Available online at www.shd.org.rs/JSCS

OSE)

EY HMC HD



1440 JOVANOVIC et al.

Kinetic and equilibrium studies

Kinetic batch experiments were performed for As(111) and As(V), with an initial As con-
centration ¢y = 0.5 mg L-1. The experiments were performed in different time intervals, up to
7 = 24 h. During each set of conducted kinetic batch experiments, it was observed that ab-
solute equilibrium was not reached even after 24 h. In each set of experiments, z = 6 h was
found to be the turning point after which the sorption rate was significantly lower and thus
changes in sorption efficiency were far less rapid. Moreover, the rapid sorption rate range (0—
—6 h) was found to be the most interesting for detailed examination in terms of the potential
application of waste materials. Finaly, the adsorption isotherm experiments were performed
under different initial arsenic, As(I11) and As(V) concentrations (0.500, 1.00, 5.00, 10.0, 50.0
and 100.0 mg L1) for acontact timez =6 h, at pH 7.

RESULTS AND DISCUSSION
Characterization

Chemical composition. The chemical compositions of the selected natural
and waste materials are summarized in Table I. The main accessory minerals in
the zeolite were quartz, feldspar and carbonate. The clinoptilolite content in the
zeolite was 85 %. Bentonite is a clay material consisting mostly of montmoril-
lonite (95 %) with some accessory quartz, calcite, feldspar, muscovite and bio-
tite. Sepiolite is a natural hydrous magnesium silicate. The chemical analyses re-
sults indicated that the sepiolite sample consisted of 98 % pure mineral (based on
the SIO, content). Limonite is a natural ore comprised of hydrated iron(l11) oxi-
des, mostly made up of goethite (e-FeOOH). Elemental analysis of the limonite
ore indicated that the iron content was 45.5 %. Pyrolusite is a mineral consisting
essentially of manganese dioxide (MnO») and is important as a manganese ore.
The content of manganese in the natural pyrolusite was 51.8 %. The dominant
constituent of the waste filter sand was quartz (SiO5) coated by metal oxide layer

TABLE I. Chemical composition (%) of the studied natural and waste materials (Z — zeolite,
B — bentonite, S — sepiolite, L — limonite, P — pyrolusite, WFS — waste filter sand, WIS —
waste iron slag)

Material %ipa:t’f(')f S0, Fe,0; FeO Al,0; Ca0 MgO TiO, N0 K,O0 Fe Mn

Z VranjskaBanja, 6657 230 — 1313 385 127 — 127 117 - -
Serbia

B Birat, Zvornik, 5497 683 — 1682 20 26 13 038 015 — —
Bosnia

s Anti¢i, Cacak, 56.68 004 — 003 027 286 — 0150096 - —
Serbia

L Madanpek, 2.85 5919 — 812 0028 219 — — — 455 -—
Serbia

p Madanpek, 31 39 - 25 01 03 - - — — 518
Serbia

WFS - 65.16 3.68 082 — 1142123 — — — 3931566

WIS _ 238213021573 7.70 265 1113 008 — — 2120 —
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LOW-COST ARSENIC REMOVAL FROM WATER 1441

consisting of iron (Fe) and manganese (Mn) deposits. The content of Mn was
four times higher than that of Fe. The results of the chemical analyses showed
that the waste iron slag was a complex heterogeneous material, mainly composed
of silica, and iron and calcium oxides.

Physical properties. Clays are natural materials known for their highly deve-
loped surface area. The bentonite (B) clay from the Birat deposits exhibited the
highest specific surface area of all the investigated materials (593 m2 g-1) (Table
), two times higher than the sepiolite (S) clay (286 m? g-1). The other natural
materials exhibited moderate to low specific surface areas. The relatively high
surface area obtained for the waste filter sand (WFS) was assigned to the iron and
manganese oxides layer which coats the original quartz grain of the sand.2>

TABLE II. Physical properties of the studied natural and waste materials

Material Grain size, mm BET specific surface area, m* g
Zeolite (2) 0.4-0.8 45,7

Bentonite (B) <0.074 593.0

Sepiolite (S) <0.074 286.0

Limonite (L) 1-2 17

Pyrolusite (P) 12 12

Waste filter sand (WFS) 1.25 94.1

Wasteiron slag (WIS) 0.470 29

The porous microstructures with pores of different size and shape could be
observed from all micrographs (Fig. 1). The limonite microstructure (Fig. 1d)
shows that this porous natural material was composed of particles in the size
range from approximately a few hundred nanometers to a few microns. The mic-
rostructure of the pyrolusite (Fig. 1€) was also porous with particles of different
shape and size. Rod-shaped particles were also observed in the pyrolusite micro-
structure. SEM micrograph in Fig. 1c shows a fibrous texture, typical for the
structure of sepiolite. The bentonite microstructure was also porous and shapel ess
pores afew micronsin size can be observed in Fig. 1b.

Batch system investigations

Preliminary investigations. A continuously mixed batch system was em-
ployed. The kinetic batch experiments were performed for As(l11) and As(V),
using initial As concentrations 0.500 and 10.0 mg L1, respectively, for the time
interval = = 2 h. Despite their high specific surface area, the natural mineral clays,
bentonite and sepiolite, exhibited low or no affinity towards As(l11) and As(V)
(Fig. 2). The highest sorption capacity was obtained for sepiolite, 5 ug g1 of As(V).

The natural Fe and Mn oxide minerals, limonite and pyrolusite, exhibited
low sorption capacities of up to 30 pug g1 of As(V) only under high initial arse-
nic concentrations. At low initial arsenic concentrations, limonite and pyrolusite
showed no affinity towards As(l11) and As(V).
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Fig. 1. SEM Microphotographs of a) zeolite,
b) bentonite, c) sepialite, d) limonite, €) pyro-
lusite, f) waste filter sand (WFS) and g) waste
iron slag (WI1S).

In the first set of preliminary experiments, only natural the zeolite of all the
tested natural materials exhibited certain sorption features, while the waste mate-

rials proved to be good arsenic sorbents. Therefore, further detailed examinations
were focused on these three materials only.
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Fig. 2. Preliminary batch experiments for As(l11,V) sorption. Conditions:
cas(111,V) =0.500 (a) and 10.0 mg L1 (b), m=1.00g,t=20°C,V=100mL,z=2h.

Sorption kinetic studies. The sorption kinetics of As(l11) and As(V) onto the
natural zeolite and the waste materials are presented in Fig. 3. The waste dag,
WIS, exhibited substantial sorption capacities. It was found that the WIS ad-
sorbed 10 ug g of As(l11) and 16.4 pg g1 of As(V) in the first 15 min, reaching
45 ng g1 for As(l11) and 50 pg g for As(V) after the equilibrium contact time
(6 h). The kinetic performance of the natural zeolite was nearly as good as that of
the waste filter sand (WFS). In 24 h, the WFS adsorbed 25 ug g1 As(l11) and 29
ug g1 As(V), whilein the first 15 min it adsorbed 10.5 ng g1 As(I11) and 6.8 ug
glAsV).

Several model equations have been established to describe sorption kinetics.
The Lagergren First Order and the Pseudo-Second-Order sorption kinetic models
are the most frequently used. These models were thoroughly discussed in a recent
paper26 and, hence, they are only summarized here (Table I11). In Tablelll, g is
sorption capacity at timet (ug g—1), ge the equilibrium sorption capacity (ug g3),

Available online at www.shd.org.rs/JSCS

olcle

#  EY HC HD



1444 JOVANOVIC et al.

ko the rate constant of sorption (g ng=! min-1), h the initial sorption rate (ug g1
min~1) and k;_ the Lagergren rate constant (min—1).The experimental results were
fitted to the pseudo-second-order and the Lagergren First Order model, applying
non-linear regression analysis using MS Office 2000 Excel spreadsheets. The
correlation coefficients, R, were calculated in order to quantify the applicability
of the applied kinetic models. Values of the model parameters obtained from the
regression analyses are presented in Table 1V.

09 _ H=-2
g0 | —e—wis

= WFS
50 +

@ 40 - w”/.

o /

iy A

- 304 /

o _r/‘ . .
20 _ﬂ/* ..’ _____________________________________
il

0 T T T T T AIS(”l)
0 240 480 720 960 1200 1440
t /' min
@

W s
60 —e—WIS

= WFS
50 A o *

o=
10 —El-i
As(V)
0 LX T T T T T
0 240 480 720 960 1200 1440
t / min
(b)

Fig. 3. Sorption kinetics of As(l11) (a) and As(V) (b) onto the natural and waste materials.
Conditions: cag(111,V) =0.500mg L1, m=1.00g,t=20°C,V=100mL, =24 h.

The regression analyses showed that the pseudo-second-order equation is the
most appropriate kinetic model for arsenic sorption onto the investigated mate-
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LOW-COST ARSENIC REMOVAL FROM WATER 1445

rials, which indicates that chemisorption occurs. Although WFS would be pre-
sumed to be primarily a weak, physical sorbent, the high correlation coefficient
obtained for the pseudo-second-order model, indicating chemisorption, is assumed
to result from the presence of iron and manganese oxides on the surface of the
sand grains (Table 1). Effective arsenic sorption onto the surface of iron oxides
has already been reported.2’ Depending on the pH, various forms of hydrated
iron oxide exist on solid surfaces in contact with water: FeOH»*, FeOH and FeO.
At neutral pH, FeOH>t and FeOH forms are predominant and they are respon-
sible for the selective binding of As(111) and As(V). The sorption process in neut-
ral conditions occurs owing to FeOH sites, which bond molecular forms of As(l11)
(HASO»), and FeOH>* sites, which bond ionic forms of As(V) (H2AsO4~ and
HASO42_).

TABLE I11. Adsorption kinetic models and their linear forms

Type Non-linear form Linear form Plot
Pseudo-second-order 1 1 t 1 1 t
= +kyt —=——+—t — s t
Oe — G G G kzqe G Gk
Lagergren
qtzqe(l—e'k“) In( —ijz—kLt In( —&] vs. t
e qe

TABLE IV. Kinetic model parameters and correlation coefficients for As(111) and As(V) sorp-
tion

Model Parameter Z WIS WFS

equation A(Il)  As(V)  AYIl)  ASV)  AIIl)  AsS(V)
Pseudo-se  Q./pg g’ 20.02 25.7 47.6 51.7 25.4 29.8
condorder k,/gugmin® 0.0481 0.000593 0.00023 0.00043 0.00157 0.00033

h/ugg'mint 193 0.39 0.53 1.14 1.01 0.29

R 0999 0998 0997 0999 0999  0.995
Lagergren k. /gpg®min® 0.00062 000154 0.00204 0.00203 0.00135 0.00169
R 03334 0934 0944 0828 0721 0979

The two times higher sorption capacities obtained with the WIS (47.6 ug g 1)
compared to WFS (25.4 ug g-1) contribute to the assumption that chemisorption
occurs, since slag materia exhibit significantly lower BET specific surface area
(Table I1), which is a crucia characteristic that enhances the sorption properties
of a material. Further insight into the chemical composition of the examined ma-
terials (Table 1) reveded that the WIS exhibited higher sorption capacities due to
the five times higher iron and iron oxides content compared to the WFS, despite
its lower BET surface area. The contribution of manganese (15.66 %) in WFS to
the sorption mechanism is probable since the low iron content in the metal oxide
layer (3.93 %) hinders the WFS from being an efficient sorbent for arsenic. WIS
exhibited similar specific arsenic removal efficiencies, ~ 220 pg As g1 Fe. Ap-
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1446 JOVANOVIC et al.

plied to the WFS containing 39.3 mg g1 Fe, the contribution of iron to arsenic
removal was expected to be 9 ng As g-1 WFS. The obtained ge values (25.4 and
29.8 ng g1 for Ag(lll) and As(V), respectively) suggest that iron was not the
only active component in the WFS. Although these results can not be directly
correlated (due to the chemical and physical properties), the higher efficiency of
the WFS could be assigned to manganese activity. Assuming the difference
between the contribution iron to the sorption and the total ge vaues is the
consequence of manganese activity only, the specific arsenic removal efficiency
of manganese was estimated to be 115 ug Asg=1 Mn.

The experimental plots of As(l11) and As(V) sorption on the waste materials
with time initialy increase rapidly, which is followed by a very slow increase in
the sorption capacity over longer periods (Fig. 3).

The Lagergren First Order model was found to be the less suitable for des-
cribing the kinetics of arsenic sorption on the investigated materials. However,
the Lagergren rate constants (k) were comparable to rate constants of the
pseudo-second order model (ko).

Equilibrium studies. Adsorption isotherms are important for the description
of how molecules of a sorbate interact with the sorbent surface and for the pre-
diction of the extent of sorption. The Langmuir isotherm model was derived under
the assumption that the sorbate is sorbed in a one molecule layer. The Freundlich
isotherm is a consecutive layer model which does not predict any saturation of
the sorbent by sorbate. The isotherm model equations and their linear forms are
presented in Table V.

TABLE V. Sorption isotherm models and their linear forms

Type Non-linear form Linear form Plot
Langmuir
9 g = JmacKiLCe i1 1,1 1wt
1+ KLCe QE QmaxKL Ce qmax qe Ce
Freundlich 0o = Kee U™ Inge vs. Inc,

1
Inge =InKg+=Inc,
n

In Table V, ge is the amount of solute sorbed per gram of sorbent (mg g2),
Ce the equilibrium concentration of solute (mg L—1), K a constant related to the
energy of sorption (L mg21) (Langmuir model), gmax the maximum amount of
solute sorbed per gram of sorbent (mg g1), Kg the Freundlich constant (mg g—1)
and n is aconstant related to the sorption intensity of the sorbent.

Values of the isotherm model parameters obtained from regression analyses
are presented in Table VI. A dimensionless separation factor constant, R, was
proposed to estimate the feasibility of the Langmuir isotherm:28

1

- = 1
1+KL ¢ @)
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LOW-COST ARSENIC REMOVAL FROM WATER 1447

Accordingly,?8 R values in the 0 < R_ < 1 range indicates favorable sorp-
tion. The R_ values for al the tested materials and for the complete cg range
(0.500-100.0 mg L1 As) were 0.150 < R, < 0.973.

TABLE VI. Langmuir and Freundlich isotherm parameters for the studied natural zeolite and
waste materials

Model Parameter z WIS WFS
equation AglID)  As(V)  AgI)  As(V)  AgID)  As(V)
Langmuir Omac/ Mgg’  0.9691 4.07 0.82 4.04 0.55 0.77

K /L mg* 0.0565 0.0137 13.22 12.71 0.37 118
R 0.9902 09997 09666 09986 0.7899 0.9738
Freundlich Ke/L mg* 50.703 55.106  0.567 3.010 0.110 0.157

nt/Lg' 0884 1003 0519 0591 0843 0.727
R 0.9902 09989 09635 0.8341 0.9618 0.9218

The highest maximum sorption capacities, gmax, were found for natural zeo-
lite, Z: 0.97 and 4.07 mg g~ for As(I11) and As(V), respectively. The Z and WIS
exhibited significantly higher gmax values for As(V) compared to As(I11), while
the WFS attained nearly equal values for both As forms. The differences in the
Omax values for As(I11) and As(V) might suggest that the arsenic species present
under neutral conditions (As(I11) in the molecular form while As(V) in the ionic
form) influence the sorption efficiency of Z and WIS. The higher sorption capa-
cities of the Z and WIS (4 and 5 times, respectively) for As(V) suggest that
molecular arsenic was less efficiently bound to the slag materials than its ionic
forms. While iron was the main active component in the slag materials, manga-
nese was dominant in the WFS. The low content of iron in the WFS is presumed
responsible for its lower As(V) sorption capacity. The maximum specific As(V)
uptake onto the slag materials, derived from the gmax values, was 15.4 mg As(V)
g1 Fe. The calculated difference between the iron responsible (0.62 mg As(V) g1
WFS) and exhibited gmax value (0.77 mg As(V) g1 WFS), A = 0.15 mg As(V)
g1 WFS, indicates again the presence of a second active substance in the WFS,
i.e.,, manganese. In addition, the same difference of 0.41 mg As(I11) g~} WFS ob-
tained for the trivalent arsenic form suggests that manganese has a greater affi-
nity toward molecular arsenic forms than iron.

The Langmuir constant, K|, is a function of the sorption strength: the larger
the K value, the stronger is the sorption bond. The significantly lower K values
obtained for the WFS and Z (Table VI), indicating weak sorption bonds, con-
firms the assumption that physical sorption was dominant for these materials. In
addition, the relatively strong sorption bonds, indicated by the high K. value,
suggest that chemisorption was dominant for the WIS. However, the complexity
of the experimental results requires further examination of the nature of the sorp-
tion processes.
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1448 JOVANOVIC et al.

Further insight into the nonlinear Langmuir plots (Fig. 4) revealed that the
sorption process continued beyond gmax for the industrial waste materials, WIS
and WFS, suggesting that the sorption process continued after monolayer satu-
ration. Likewise, applying the subsequent Freundlich Monolayer Model (Fig. 5)
also suggests that arsenic uptake continues after the calculated monolayer satu-

ration.
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Fig. 4. Langmuir isotherm plots (linear and non-linear) for As(I11) and As(V) sorption
onto the natural zeolite and the industrial by-products.

These findings might be supported by the complexity of the examined mate-
rialsin terms of their physico-chemical composition. The presence of active sub-
stances, such as iron and manganese (for WFS), and the increased specific sur-
face area contributed to the complex nature of sorption process for all the exa-
mined materials.
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Fig. 5. Freundlich isotherm plots (linear and non-linear) for As(I11) and As(V) sorption
onto the natural zeolite and the industrial by-products.

The capacities of various low-cost adsorbents reported in recent papers are
summarized in Table VII. Although bentonite and sepiolite clays are found to be
frequently used for the removal of metal ions from aqueous solution, there was
no data available for arsenic removal. Kaolinite clay was reported to be efficient
for As(V) removal with 0.23 mg g—1 maximum sorption capacity. Zeolite tuffs
were reported to exhibit 0.002-0.0167 pug As(I11) g1 and 0.006-0.100 pg As(V)
g1 which is significantly lower compared to values obtained for natural zeolite
within the scope of this study (0.97 and 4.07 mg g~ for As(I11) and As(V), res-
pectively). It is assumed that higher sorption capacities obtained for natural zeo-
lite were due to its higher specific surface area and the higher initial concentra-
tion range. A low specific surface area is assumed to contribute to the low sorp-
tion capacities obtained for limonite and pyrolusite, although iron (hematite) and
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manganese ores are reported to be efficient in As sorption. The lower specific
surface area probably contributed to lower sorption efficiencies of WIS for Ag(l11)
compared to the values reported in the literature. However, the As(V) sorption
capacity obtained by the WIS was 4.07 mg g-1. The WFS obtained the lowest
sorption capacities of all tested materials. However, its availability and inexpen-
siveness makes this waste material an equally valuable alternative for arsenic
removal from water.

TABLE VII. Comparative evaluation of various low cost adsorbents for arsenic removal
Model used  Capacity

Adsorbent pH Concentration w?fpai(gfalrcea t/°C tocd cu_I ae_ mgg. g* Ref.
range m gt adsorppon A
capacity A1) As(V)
Natural materials
Kaolinite 55 10-1000mgL™ 8.5 25 Langmuir - <0.23 18
Zeolitictuff ZH 4 0.1-4mgL™ - 22 Langmuir. 0.002 0.006 29
Zeolitic tuff 4 0.1-4mgL™ 28 22 Langmuir. 0.0167 0.100 29
ZMS
Goethite 90 0-60mgL* 39 22 - 2 4 18
Mixed rare 6.5 50mg L™ 6.75 29 Langmuir. - 295 18
earth oxide
Manganese ore 6.3-6.5 - - — Langmuir 053 15.38 18
Hematite 42 1335umol L™ 144 30 Langmuir - 02 18
Feldspar 42 1335pmol L™* 10.25 30 Langmuir - 018 18
Waste materials
Bauxol 45 0.8-32.00 mM - 23+1 Langmuir - 1081 18
Blast furnace 71  0-1000mgL™ 12.56 25 Langmuir 14 - 30
slag
Orange juice 2-11 - - 30 Langmuir 70.43 67.43 18
residue
Teafungal 72 09-1.3mgL™ - 30 Freundlich 1.11 495 18
biomass
Human hair - 0.090-0.360 - 22 Langmuir - 0.012 18
mg L™
CONCLUSIONS

Preliminary investigations showed that natural zeolite and industrial by-pro-
ducts (blast furnace dlag and waste filter sand) exhibit substantial arsenic sorption
properties. Natural clay minerals (bentonite and sepiolite) and iron and manga
nese minerals (limonite and pyrolusite) showed very little affinity towards inor-
ganic arsenic species, below 2 pg g1 in a 2-h contact time, under the conditions
that are likely to occur in real water treatment systems. The complex nature of
the sorption processes in the selected natural zeolite and industrial by-products,
including both chemisorption and physical sorption, was revealed by the equilib-
rium studies. The sorption capacities for As(V) compared to As(I11) were signifi-
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cantly higher for the natural zeolite and the blast furnace slag, while the waste
filter sand exhibited similar removal efficiencies for both arsenic species. The
arsenic sorption process on the natural zeolite followed the monolayer saturation
(Langmuir) model, reaching a maximum sorption capacity of 0.97 mg g1 and
4.07 mg g1 for As(l1) and As(V), respectively. However, with the waste mate-
rials, sorption continued after monolayer saturation (following the Freundlich
isotherm model). The blast furnace slag exhibited the highest equilibrium sorp-
tion efficiency of 0.05 mg g1 under the conditions that occur in real water treat-
ment systems, while natural zeolite and waste filter sand reached 0.02—0.03 mg
g-1. Comparing to the equilibrium sorption efficiency of 0.05 mg g1 obtained
for granular ferric hydroxide, a commercial arsenic sorbent, these results indicate
that the application of natural zeolite and the industrial by-products is feasible in
real water treatment systems.
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U3BO/I
IMPETJIEJ], CABPEMEHUX METOJA 3A YKIIAIbAILE APCEHA U3 BOJIE

BPAHMCJIABA M. JOBAHOBUR?, BECHA JI. BYKAILIMHOBUR-TIEILINRZ, BOPBE H. BEJLOBUR®
1 JbYBUHKA B. PAJAKOBUR®

'Kaimiedpa 3a XUOPOUIeXHUKY U B0OHO-eKOAOUIKO UHIICeHepCiiso, [ pabesuncku gakyaitieiti, Yrueep3uiie y
Beozpady, Byaesap kpama Aaexcanopa 73, 11 000 Beozpad, *Meiiaaypuuko—liexHoaouky (paxyaitieis,
Yuusepauitieiti Lpre Tope, Lemunjcxu iiyiti 66, 81000 Modzopuya, Lipra Fopa u’Kaitiedpa 3a anaauiiusky xemiyy,
Texnoaowxo—metmianypuxu paxyaiiiein, Yrnueepauitieii y beozpaoy, Kapnezujesa 4, 11000 Beozpao

VY 0BOM pajly Cy IpHKa3aHH Pe3yJITaTH HCIUTHBAKA ¢(HHUKACHOCTH MPUPOJHUX M OTIIAJHUX
Marepujajia 3a yKiamame apceHa u3 Boje. EdukacHoct yxiamama apcena, AS(I11,V) ucnurana je y
mapxHoM cucteMy. Kao copbentr kopuilieHH cy IPUPOJIHH MaTepHjaiii (3€0JIuT, OCHTOHUT, ce-
ITHOJIUT, TIUPOJIY3UT M JIMMOHHT) M OTIaJHKM MaTepujand (OTmagHu (QHITAPCKH Iecak ca MOCTpo-
jema 3a mpeunmhaBame BOAA M OTIAAHA [IJbaKa U3 MPOU3BOIIGE YeluKa). VcnuTuBama cy moka-
3ana Ja OThnaHu Matepujanu mory edukacuo ykinonut u AS(I11) u As(V) u3 Boje, anu 1a ce edu-
KaCHOCT pPas3JiKyje M 3aBHCH O] BAJICHTHOI CTara apceHa, MOoYeTHe KOHIeHTpauuje u pH Bpen-
HOCTH BOJie. EKCIIepMEHTH Ha OCHOBY KOjHX CY JOOMjEeHE KPUBE KHHETHKE COPIILUjE H COPIIHOHE
u30TepMe cy pal)eHn y yCIIOBHMa KakBHU BIaJiajy Y peallHUM CHCTeMHMa 3a npeduinhaBame BOAE.
[IpupoaHu 3€01HT O OTMAJHU MaTEpHjalld Cy CE MOKa3ald Kao PelIaTUBHO A0OpH MaTepujaid 3a
yKIIambambe apceHa U3 BOJE JOK Cy OCHTOHUT, CENMOJIUT, JIMMOHUT U IMPOIY3UT MOKa3aiu ciad
adunuTer mpema apceny. Hajsehn MakcHMaiHM COPIIMOHM KalalMTET Cy MOKA3aJIM NPUPOIHU
3eomurt (4,07 mgAs(V) g1, u ornansa msaka (4,04 mgAs(V) gb).

(IIpumibeno 29. okro6pa 2010, peBuaupano 7. jamyapa 2011)
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