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Abstract The aim of this work is to investigate the
application of fly ash adsorbent for removal of
arsenite ions from dilute solution (100-1,000 ppm).
Experiments were carried out using material from the
“Turéw” (Poland) brown-coal-burning power plant,
which was wetted, then mixed and tumbled in a
granulator to form spherical agglomerates. Measure-
ments of arsenic adsorption from aqueous solution
were carried out at room temperature and natural pH
of fly ash agglomerates, in either a shaken flask or
circulating column, to compare two different methods
of contacting solution with adsorbent. Adsorption
isotherms of arsenic were determined for agglomer-
ated material using the Freundlich equation. Kinetic
studies indicated that sorption follows a pseudo-
second-order model. Preferable method to carry out
the process is continuous circulation of arsenite
solution through a column.
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Introduction

Many efforts have been made to remove arsenic
from water and wastewater using various adsorbents
(Mohan and Pittman 2007; Sari and Tuzen 2009).
Cement, hydrated lime and other pozzolanic materi-
als, e.g. fly ash, have been widely and successfully
applied for such purpose (Singh and Pant 2006; Wang
et al. 2008; Fan et al. 2008).

Our interest has been focussed on fly ash, a
common by-product of coal incineration. A relatively
small percentage of this material finds application as
an ingredient of cement and other construction
materials. However, more than half of this waste
material is collected in dumps or ponds (Reijnders
2005).

The contents of particular components in fly ash
samples differ depending on combustion conditions
and the nature of fuel, i.e. samples from brown coal
contain more unburned coal and much more calcium
compared with those from black coal, because of the
lime method used for flue gas desulphurisation
(Vassilev and Vassileva 2005). Fly ash consists
mainly of silica and alumina particles, and is strongly
alkaline (pH 10-13) when added to water, hence one
can expect that metal ions can be removed from
aqueous solutions by precipitation or electrostatic
adsorption.

Arsenic can be chemically fixed into cementation
environment of solidified/stabilized matrices by three
important immobilization mechanisms: (1) sorption
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onto C-S-H phase (calcium silicate hydrate), (2)
replacing SO3™ ions of ettringite and (3) reaction
with cement components to form calcium-arsenic
compounds (Phenrat et al. 2005). The effectiveness
of both As(II) and As(V) immobilization in lime-
treated slurries increases with increasing Ca-to-As molar
ratio (Moon et al. 2004). Vandecasteele et al. (2002)
demonstrated that formation of Cas(AsQ,), and
CaHAsO;5 precipitates in the presence of Ca(OH),
controls immobilization of As in fly ash.

In many different branches of industry, fine
material of this type is converted into more conve-
nient compressed form of granules, pellets or bri-
quettes. Agglomeration of fly ash from various
origins and with different kinds of additives has been
investigated for application in the construction sector,
for instance in lightweight aggregates (Baykal and
Doven 2000; Hycnar 2006). Granulated fly ash has
also been used as a sorbent for heavy metals such as
arsenic (Polowczyk et al. 2006, 2007) and copper or
cadmium (Papandreou et al. 2007).

Adsorption of arsenic on fly ash was found to
conform to Freundlich’s isotherm (Cho et al. 2005),
and adsorption efficiency was comparable to that of
activated carbon. Some authors reported better fit
with Freundlich’s than Langmuir isotherm for arsenic
adsorption onto activated carbon (Lorenzen et al.
1995), reused sanding waste (Lim et al. 2009) or
ferric hydroxide (Deliyanni et al. 2006). Aguilar-
Corrillo and co-workers (2006) applied Langmuir
isotherms for sorption of As, Cd and TI onto fly ash.

Determination of kinetics parameters and explana-
tion of the mechanism in heterogeneous systems are
often complex. Kinetic models, including the pseudo-
first-order (PFO) model of Lagergren and the pseudo-
second-order (PSO) model of Ritchie, have been
widely tested for simulation of experimental results
of adsorption of heavy metals (Deliyanni et al. 2006).
The rate constants for adsorption of metal ions (zinc,
lead, cadmium and copper) on fly ash were determined
using the pseudo-first-order model of Lagergren (Cho
et al. 2005). The PSO equation has been used in the
case of arsenic, cadmium and thallium adsorption
kinetics onto fly ash, followed by the parabolic
diffusion equation (Aguilar-Carrillo et al. 2006).

The purpose of this study is to investigate the
possibility of utilization of coal fly ash as a low-cost
and effective adsorbent for arsenic removal.
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Materials and methods

Fly ash from the “Elektrownia Turéw” power plant
(Poland), from brown coal (lignite) burned in fluidal
boiler (unit 4), was used in these investigations.

Particle analysis was carried out using a Master-
sizer 2000 laser diffractometer (Malvern), equipped
with a HydroMu dispersion unit (Malvern). Surface
area was measured by the Brunauer—Emmett—Teller
(BET) method for helium/nitrogen mixture using a
FlowSorbll (Micromeritics). Density of fly ash was
determined using a pycnometer.

Powder diffraction measurements were carried
out by using a D8 Advance instrument (Bruker) with
measured angle (20) from 7° to 100° and scanning
step of 0.016°.

Tumble agglomeration experiments were con-
ducted in a laboratory granulator (Polowczyk et al.
2007). The agglomeration process was performed in a
6-L, 185-mm-diameter plastic drum placed horizon-
tally, driven by a motor at 60 rpm. Water (90 mL)
was used as the binder liquid. In each experiment,
200 g fly ash samples were taken, and the agglom-
eration process was carried out for 1 h. After this
time, green agglomerates were formed. Wet product
was cured in a curing chamber at room temperature
for 1 week under cover to achieve hydration of
cementitious components. Mean size of agglomerates
was about 15 mm.

Mechanical strength of agglomerates was investi-
gated by monoaxial compression method, using an
MTS insight electromechanical testing system. The
destructive force was determined for ten pairs of
agglomerates, stacked together, which were placed
between two plates and crushed. The mean destruc-
tive force was calculated.

Removal of arsenic by fly ash agglomerates from
solution was determined as follows. Sorbent (2.5
or 5 g) was added to 10 mL acidic As(III) stock
solution (1-1,000 ppm), and the resulting mixtures
were shaken for 1 week to achieve equilibrium.
After this time, 0.5 mL aliquot was taken and analysed
spectrophotometrically (UV-Vis Helios Gamma;
ThermoFisher) by means of the molybdenum blue
method, according to the standard procedure. Adsorp-
tion experiments were carried out in native pH,
which varied from 11 to 12, as imposed by fly ash
agglomerates.
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Batch adsorption of arsenic was carried out as
follows: 50 or 100 g fly ash agglomerates with
200 mL arsenic solution [1,000 and 100 ppm As(IID)]
in glass Erlenmeyer flask was kept in laboratory
shaker, and shaken at 60 cpm for a few days.

In the continuous-flow adsorption experiments,
50 or 100 g adsorbent with 200 mL arsenic solution
was placed in a glass column with the ceramic sinter
at the bottom. The diameter of the column was
45 mm, and the height was 250 mm. The packing
density in the column was 0.53 + 0.04 g/cm’. Circu-
lation of arsenic solution through the bed was performed
at 5 mL/min using a peristaltic pomp. All experiments
were conducted at room temperature of 25°C.

Static uptake of arsenic by fly ash agglomerates
(mg/g of adsorbent) was determined for the following
adsorbent/arsenic ratios: 0.1, 0.15, 0.2, 0.25 and
0.5 g/mL of 1,000 ppm As solution.

After adsorption experiments, the adsorbent was
separated on a sieve and dried on air, then mixed with
200 mL distilled water. The content of As(III) in
leachate was analysed after 72 h using the method
described above.

Results and discussion

X-ray diffraction analysis of fly ash showed the
presence of the following minerals: anhydrite (desul-
phurisation product), calcite (unreacted sorbent for
desulphurisation), quartz, haematite, illite and calcium
oxide (reactive). After granulation and hardening
of agglomerates, as a result of pozzolanic reaction,
whole calcium oxide disappeared, whereas new phases
appeared: ettringite (3Ca0-Al,03-3CaS0,4-32H,0)
and C-S—H phase (calcium silicate hydrate).

Particle size analysis showed volume median
diameter (d50) of about 27.7 um, while d10 and
d90 were 4.3 and 112.6 um, respectively. Density of
fly ash was found as 2.70 g/cm’. Surface area was
6.5 m*/g for the fly ash powder. After granulation in
the presence of water, the surface area of agglomer-
ates increased to 8.5 m?/g, as a consequence of C—S—
H phase creation (Giergiczny 2006).

There are many tests to determine the structural
strength of pellets or granules. One of these is
compression testing between two plates. The exper-
imental data indicate that agglomerates without any
additives, such as blast-furnace (slag) or Portland

cement, withstood compression to approximately
160 N. Hycnar (2006) investigated maximum com-
pressive force for 8- to 20-mm pellets of fly ash from
fluidized bed and pulverized coal-fired bed with
addition of ground bottom ash from fluidized-bed
coal combustion. The maximum compressive force
varied from O N for hard coal-burning fly ash to
275 N per granule for Ca-rich brown-coal-combus-
tion fly ash.

C-S-H phase originates from hydration of tri- and
di-calcium silicates. This phase not only has a direct
influence on the compressive strength of the solidified
matrices, but also plays the main role in waste
immobilization (Phenrat et al. 2005). In the presence
of Ca’™, charge reversal of C—S—H is possible, and in
alkaline condition the apparent positive charges are
supposed to be compensated by adsorption of arsenic
oxyanions (Josson et al. 2004).

The scope of this study was not to determine
thermodynamic conditions, but to show the potential
utility and robustness of aggregated material as a
cheap, irreversible adsorbent for large quantities of
As(III). Due to this, all experiments were carried out
at room temperature and in native pH conditions.
This corresponds well to the parameters employed
during regeneration of commercial sorbents, such as
ArsenX"™ or Lewatit FO 36, i.e. 2% NaOH solution,
containing a few percent NaCl (pH ~ 12). Native pH
of agglomerate solution ranged between 11 and 12,
thus adjustment with acid did not need to be applied.

In this study, equilibrium adsorption data of
As(IIl) for fly ash agglomerates did not obey the
Langmuir equation, perhaps due to changes on the
sorbent surface. The best fit was achieved using a
Freundlich isotherm given by the equation:

Geq = KFceléna

where ¢g.q is the amount of metal ions adsorbed at
equilibrium [mg/geial, Ceq is the concentration of
metal ions in solution at equilibrium [ppm], and Kg
[mg/g] and n [-] are constants related to adsorption
capacity and adsorption intensity. Experimental data
and model curves are shown in Fig. 1. For two solid/
liquid ratios (2.5 and 5.0 g/10 mL) Kg was 0.026 and
0.057 and 1/n was 0.77 and 0.64, respectively. In both
cases the R? coefficient was about 0.999. Unpub-
lished authors’ data for arsenic adsorption on non-
agglomerated fly ash can be fitted using a Langmuir
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Fig. 1 Adsorption isotherms (Freundlich model) of arsenic on
fly ash agglomerates

model. This suggests that adsorption sites have equal
activity but contradicts the heterogeneity of the fly
ash surface. After agglomeration and hardening of the
material, significant changes occurred in morphology,
as a result of hydration reaction. This is reflected in
X-ray diffraction results as well as in specific surface
area increase.

In order to investigate the mechanisms of sorp-
tion and potential rate-controlling step, such as mass
transport and chemical reaction processes, kinetic
models were used to test experimental data. The
sorption process can be described by four consec-
utive steps: (1) transport in the bulk of the solution,
(2) diffusion across the film surrounding the sorbent
particles, (3) particle diffusion in the liquid con-
tained in the pores and in the sorbate along the
pores walls and (4) sorption and desorption within
the particle and on the external surface (Ho et al.
2000). Previous research (Polowczyk et al. 2007)
revealed that adsorption of arsenic on brown- and
black-coal-burning fly ash agglomerates follows a
pseudo-first-order model. Addition of blast-furnace
cement (ca. 10-20%) as a binder and hardener in the
granulation process can affect the kinetics, due to
the change in adsorption properties of fly ash. The
current kinetic studies indicated that sorption of
arsenic onto fly ash agglomerates follows a PSO
chemisorption model. The linear form of this model
is as follows:

@ Springer
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where k is the adsorption rate constant [g/mg-min],
g, 1s the amount of adsorbate at equilibrium [mg/
Zsotidl, ¢: 1s the amount of adsorbate at any time,
and kg2, = h denotes the initial adsorption rate in mg/
g-min. Plots of #/q, versus ¢ showed very good
linearity in all cases of adsorbent amount in relation
to arsenic concentration in solution. The calculated
values of the model parameters are shown in Table 1.
The parameter ¢, is the amount of arsenic at
equilibrium estimated from the model, while gcq
was obtained from experiment. The values of the
correlation coefficient, Rz, confirm that the kinetics of
arsenic adsorption onto fly ash agglomerates follows
this model. The initial adsorption rate, 4, as well as
the equilibrium adsorption capacity, ¢,,, increases
when the concentration of arsenic in solution and per
unit mass of adsorbent increases. As expected, both &
and k parameters are higher (Table 1) when the
adsorption process was carried out in column with
circulation. One can explain this based on the
reduction of mass transfer resistance in the boundary
layer of agglomerates.

Static uptakes of arsenic by fly ash agglomerates
were determined to be 5.4, 4.5, 3.6, 2.2 and 1.4 mg
As/g adsorbent for adsorbent/arsenic ratios of 0.1,
0.15, 0.2, 0.25 and 0.5 g/mL of 1000 ppm As
solution, respectively. Overload of the sorbent has
not been reached under these conditions. For non-
agglomerated fly ash, maximum uptake was achieved
for 0.025 adsorbent-to-arsenic ratio, being 74.4 mg/g
(unpublished results). Literature provides numerous
data of maximum uptake for As(IIl) adsorption onto
various adsorbents (Mohan and Pittman 2007), such
as for char-carbon extracted from coal fly ash
(89.2 mg/g) and soot (29.9 mg/g; Pattanayak et al.
2000), modified red mud (68.5 mg/g; Zhang et al.
2008), fungal biomass (51.9 mg/g; Sari and Tuzen
2009), ArsenX™ resin (38 mg/g), chars obtained
from pine and oak (1.2-12.15 mg/g) and Carbon
F-400 (0.2 mg/g; Mohan et al. 2007) and iron-oxide-
coated cement (0.15-0.3 mg/g; Kundu and Gupta
2007). Maximum adsorption values of As(V) onto
fly ash achieved by Diamadopoulos et al. (1993) and
Wang et al. (2008) were 30 mg/g and 0.8 mg/g,
respectively.
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Table 1 Kinetic study calculations for the pseudo-second-order model
Conditions h [mg/g-min] k [g/mg-min] gm [mg/g] Geq [mg/g] R?
Circulation 50 /1,000 ppm 0.004036 0.000855 2.17 2.13 0.9951
100 /1,000 ppm 0.002565 0.001335 1.37 1.33 0.9966
50 g/100 ppm 0.000438 0.005609 0.28 0.27 0.9973
100 g/100 ppm 0.000347 0.012886 0.16 0.16 0.9985
Batch 50 g/1,000 ppm 0.002938 0.000591 2.23 2.15 0.9933
100 g/1,000 ppm 0.002332 0.001199 1.39 1.33 0.9966
50 g/100 ppm 0.000319 0.003775 0.29 0.28 0.9961
100 g/100 ppm 0.000299 0.010760 0.17 0.16 0.9991
Leaching experiments were carried out in static References

mode, i.e. treating agglomerates with deionized water
for 72 h, with shaking every 12 h. The arsenic
content was below the detection limit of the method,
i.e. 1 ppm. This indicates that puzzolanic reaction
results in strong retention of arsenic in fly ash
agglomerates.

Conclusions

Fly ash can be efficiently granulated with water into
spherical agglomerates of sufficient strength without
additives. Granulated materials can be easily handled
and stored, including packing in adsorption columns.
Experimental data of arsenic adsorption onto fly ash
agglomerates can be fitted by a Freundlich isotherm,
while kinetics follows a PSO model. The circulation
mode is preferable to the batch mode, based on the
kinetic parameters, which are remarkably higher in
the former. Our studies confirm that arsenic can be
removed from wastewater, lowering its concentration
below 1 ppm. Unfortunately, the analytical method
used did not allow us to test whether this was
acceptable for drinking water, i.e. below 0.01 ppm.
Fly ash from brown-coal burning in the form of
agglomerates can be used as a cheap and disposable
adsorbent for arsenic removal from water, especially
for arsenic-rich leaches generated during regeneration
of ion-selective resins, such as ArsenX" and Lewatit
FO36.
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