¢! Desalination and Water Treatment
www.deswater.com

o doi: 10.5004/dwt.2019.24429

159 (2019) 93-109
August

The removal of fluoride from aqueous solutions using biomass ash derived

from power industry

Anna Zdunek?® Dorota Kotodynska®, Krzysztof Borowik**, Piotr Rusek®

“New Chemical Syntheses Institute, Al. Tysigclecia Panistwa Polskiego 13A, 24-110 Putawy, Poland, Tel. +48814731764;
email: krzysztof.borowik@ins.pulawy.pl (K. Borowik), Tel. +48814731429; email: anna.zdunek@ins.pulawy.pl (A. Zdunek),

Tel. +48814731473; email: piotr.rusek@ins.pulawy.pl (P. Rusek)

"Maria Curie-Sktodowska University, pl. M. Curie-Sktodowskiej 2, 20-031 Lublin, Poland, Tel. +48815375770;

email: d.kolodynska@poczta.umcs.lublin.pl

Received 29 November 2018; Accepted 18 May 2019

ABSTRACT

The ability of biomass ash to remove fluoride from aqueous solutions has been described. Seven sam-
ples of biomass ash from Polish power stations and combined heat and power plants using only bio-
mass were tested as adsorbents for fluoride removal. After preliminary research, two of ash samples
were chosen for further examination. Selected ash samples were examined in terms of the specific
surface area and the pore size distribution. Their pH values of the point of zero charge were also deter-
mined. The examination of changes in the crystallographic phases of the sorbent before and after the
sorption process was done using the XRD technique. Changes in ash samples before and after contact
with the fluoride solution using the FTIR method were also analyzed. The effect of initial concentra-
tion of fluoride solutions, ash dose, contact time, temperature, pH, agitation rate and particle size of
ash samples on fluoride removal efficiency has been examined. The percentage removal of the fluoride
described as removal efficiency and the amounts of fluoride adsorbed per mass unit of ash vs. time
and after reaching equilibrium was calculated. It was found that only in the case of one of the ash sam-
ples, CaF, was identified, and that probably has been precipitated as the result of that ash dissolution
in water with the content of fluorides. The presence of fluorides in the residual solid phase bounded
with compounds containing potassium, calcium sulphates and phosphates indicates that precipitation
of CaF, is not the major mechanism responsible for fluoride removal. Therefore, an attempt was under-
taken to describe the mechanism of the adsorption phenomenon. The kinetic profile of fluoride uptake
was determined and the fitting to adsorption isotherm models was examined. The exact fitting to the
pseudo-second-order model pattern of this model was confirmed for both of ash samples. It was found
out that the fluoride adsorption process is well-described by Temkin isotherm plot.
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1. Introduction

Fluoride ions are commonly known as chemical agents
that cause health problems when their concentration in
drinking water exceeds permissible limit which is set to be
1.5 mg L' (according to World Health Organization) [1].

* Corresponding author.

On the one hand, their presence in a small amount is needed
to maintain a proper condition of teeth, but on the other hand
fluoride ions are very harmful to human health, if they are
contained in food and drinking water. There are numerous
articles describing the importance of fluoride in water and
the causes of excess fluoride ions in water [2—4].
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The other sources of environmental pollution with
fluorides are industrial processes, e.g., the metallurgical
industry [5]. In this case, the fluoride presence in gaseous
or wastewaters streams and their harmful impact on the
particular parts of production plants is the main reason of
the necessity for their removal. The presence of fluoride ions
in operational solutions can cause very serious corrosion
problems which are reflected in considerable damage of
construction materials, depending on the kind of other
solution components, pH and temperature in particular.
Therefore, the removal of fluorides from these solutions is
very important and what is more, because of its complexity,
removing the fluoride ions from such systems is much more
difficult than in the case of water.

Various techniques of defluoridation such as coagulation
and precipitation, reverse osmosis, nanofiltration, electrolysis
and electrodialysis, membrane processes, ion-exchange,
Donnan dialysis, and adsorption have been used to reduce
the excess fluoride [6,7]. Of all the fluoride removal methods
mentioned above, the precipitation and adsorption appear
to be much more cost-effective methods as compared with
others. The adsorption method seems to be one of the most
suitable techniques for the defluoridation as it is economical,
environmental friendly and efficient, without the necessity of
precipitated sludge removal and with the possibility of using
the waste materials as sorbents. If regeneration of adsorbent
material is possible, the cost of fluoride removal process is
even lower. An additional advantage of the sorption method
is that it can be realised in two ways, in a static system, by
addition of adsorbent to the reactor and filtration of fluoride
loaded material and in a dynamic system with the flow of
the purified solution through a bed filled with adsorbent
material. Numerous kinds of adsorbents have been reported
to be effective for fluoride adsorption such as: activated
carbon, activated alumina, calcite, tricalcium phosphate and
activated soil sorbents [8]. Considering the fluoride removal
from wastewaters, when the quality of solution obtained
is not as important as in the case of drinking water, it is
advisable to use inexpensive materials to remove fluorides,
especially waste materials, so as not to increase the operating
costs of the purification process. Various types of inexpensive
sorption materials for fluoride removal, called low cost type
sorbents, described in the literature which includes alum
sludge [9,10], red mud [11,12], coal mining waste [13,14],
spent catalyst [15,16], electrocoagulation sludge [17], coal fly
and bottom ash derived from power station [18,19].

Coal fly ash is one of the major industrial solid wastes and
itsamountincreases year by year all over the world. Therefore,
recycling of coal fly ash is of a great concern. Fly ash has been
used as an efficient adsorbent for the removal of various
pollutants [20]. Since the surface has an anionic charge, the
anion species adsorption capacity of fly ash is very low but
this problem can be solved by modifying the external surface
of fly ash with cationic coatings for the improvement in anion
exchange capacity [21]. There have been also studies carried
out concerning the use of coal ash as fluoride adsorbent mate-
rial [22,23]. The main components of coal fly ash are silicon,
aluminum and iron oxides. There are also variable amounts
of carbon, calcium, magnesium and sulphur [24]. Coal fly
ash is a material with a hydrophilic surface and porous struc-
ture. Fly ash particles are predominantly spherical in shape

and contain irregular fragments that are mainly made of
unburnt carbon, anhydrite and calcite. Physical and chemical
properties of coal fly ash depend on combustion condi-
tions, collector setup, boiler types and gas emission control
system [25]. The adsorption capability of coal fly ash depends
mainly on physical and chemical properties such as particle
size, surface area and pH. Since the surface of fly ash has a
negative charge, the adsorption capacity of anion species is
very low [26] and therefore, some modifications are required.
The studies described [27] present test results on fly ash used
for fluoride removal from water and wastewaters instead of
expensive adsorbents such as activated carbon, activated alu-
mina, activated bauxite, and so on. In general, the use of coal
fly ash as fluoride sorbents requires its thermal or chemical
modification of ash. Without any modification, the fluoride
sorption capacity for coal fly ash is low, and depending
on the initial fluoride concentration from 5 to 15 mg L7, it
increases from 0.2240 to 0.6150 mg g [28]. Low capacity
causes the necessity of using the large dosage of coal fly ash.
Only after a chemical modification, the sorption capacity of
coal ash increases.

Besides the coal ash, energy and heating sector of
industry generates some amounts of ash derived from
biomass combustion. The interest in biomass including
wood biomass, for energy purposes has been growing in
recent years in Poland, which confirms that power plants
and heat-generating plants are obliged to co-burn biomass
with coal, and some of them have installed boilers fed with
biomass only. In Poland, the power industry is focused mainly
on the consumption of domestic resources of hard coal and
brown coal, which are considerable and assure a high level
of energy safety. However, at the same time, meeting the
requirements specified in the Climate and Energy Package of
the European Union, especially in the frame-work directive
on the promotion of the use of energy from renewable
sources [OJ EC L 140 2009], makes the use of energy carriers,
other than natural minerals are very important. Biomass
combustion is beneficial due to the reduced use of fossil fuels
and the achievement of CO, emission targets, and because
of the lowered SO_and NO, emissions as compared with
coal combustion [29]. Despite some disadvantages associ-
ated with biomass combustion process itself which were
identified at the same time, the increase in the amount of
biomass burned is anticipated for the purpose of reducing
the amount of coal combusted. Therefore, there is also neces-
sity to utilize the ash obtained after biomass combustion or
co-combustion with coal.

The chemical composition of biomass fly ash is much
more variable than that of coal ash. The composition of coal
fly ash varies in a wide range, but the dominant components
are silicates or aluminosilicates. The diversity of chemical
composition of biomass ash is very high not only due to
the type of vegetation, but also because of soil conditions
influencing vegetation growth and soil composition. Some of
them are rich in potassium and magnesium phosphates, other
rich in carbonates (e.g., calcite, fairchildite, kutnahorite),
sulphates (arcanite) and lime beside other components as
quartz or cristobalite, and iron oxides [30].

When comparing the composition of coal and biomass fly
ash, it can be concluded that they differ mainly in the content
of constituents such as AL,O,, Fe,O,, CaO, K,O, P,0, and SO,

273 2%



A. Zdunek et al. / Desalination and Water Treatment 159 (2019) 93-109 95

as well. A higher content of CaO in biomass ash suggests that
they may be more effective fluoride ion sorbents than coal
fly ash. In addition, they also contain up to several percent
of phosphorus which in combination with calcium creates
compounds capable of binding fluorine, as it is found in
phosphoric minerals, such as fluorapatite. Due to the content
of some components in biomass ash which can bind fluo-
rides, studies of fluoride sorption using this kind of ash were
carried out.

In the literature reports, there are studies described
concerning the use of biomass and biomass ash for fluoride
removal. Biomass used for fluoride removal in these stud-
ies includes rice husk [31], fresh leaves from neem, pipal
and kikar trees [32], seeds [33,34], pineapple peel powder
[35], banana peel [36] or pine wood char [37]. Using the
ash from various kinds of biomass formed, as the result of
intentional combustion of some kind of biomass such as
leaves [38], maize husk [39,40], tea [41], rice husk [42,43]
is described in literature. Fluoride adsorption capacity of
these types of biomass and biomass ash is different for
every type of material. Studies on the fluoride removal
using leaves from trees with and without chemical treat-
ment showed that 10 g L™ of adsorbent dose for 50 mL
sample volume with 15 mg L™ of fluoride ion concentration
reduced the content of fluoride to 0 mg L™ within 180 min at
29+0.5°C. It was observed that approximately 80% removal
was achieved within 60 min of the contact time. The experi-
mental data fitted well with Langmuir adsorption isotherm
[44]. In the case of seeds, for tamarind seeds, an adsorp-
tion capacity of 6.37 mg g™ at 20°C was achieved and the
defluoridation followed first order kinetics and Langmuir
adsorption isotherm [33]. In studies on the removal of
fluoride from aqueous solution by mechanically modified
guava seeds from water in batch mode, the experimental
data obtained fitted well for pseudo-second-order kinetic
model and Langmuir-Freundlich isotherm model indi-
cating that fluoride adsorption was characterized by
chemisorption on heterogeneous surfaces [34]. The
obtained adsorption capacity was 15.6 mg g. The fluo-
ride adsorption capacity for ashes is much higher than for
unburned biomass. For example, for the rice husk ash, the
fluoride adsorption capacity of adsorbent was 15.08 mg g™
in batch and 9.5 mg g in column study. The maximum
fluoride removal was achieved for pH 5.0 + 0.5 and it
showed that adsorption was not dependent on initial flu-
oride concentration. Freundlich isotherm with multilayer
adsorption and pseudo second order kinetic were best
fitted [45]. In the case of tea ash, Al/Fe loaded oxides tea
waste was used for the removal of fluoride from drink-
ing water. The bio-adsorbents with tea-Al and tea-Al-Fe
were able to reduce the fluoride below 1.5 mg L™ with an
optimum pH range of 4.0-8.0 and contact time of 2 h. The
defluoridation capacity of original tea, tea-Fe, tea-Al and
tea-Al-Fe were 3.83, 10.47, 13.79 and 18.52 mg g, respec-
tively. The experimental data fitted well with a Langmuir
isotherm model for metal loaded tea waste, whereas,
it followed Freundlich isotherm model for original tea
waste. The adsorption process was followed by Lagergren
pseudo-second-order kinetic model. The fluoride ions
were adhered by positively charge surface sites in acidic
phase and involved ligand exchange at pH > 6 [46].

Taking into account, the fact that there are studies
describing the possibility of fluoride removal using the
biomass or biomass ash mentioned above, it can be assumed
that biomass ash obtained from power station and com-
bined heat and power plants, could also be good material
for fluoride removal, which is much more efficient than
coal fly ash. Pursuant to legal regulations, the composition
of biomass burnt to obtain energy is partially restricted by
the energy law, because a composition of the biomass source
is strictly defined with regard to the share of biomass from
agricultural production residues or agrofood industry and
wood biomass [47]. The agricultural biomass is the material
that comes from agriculture and the processing industry of
its products (straw, grain, energy plantations, e.g., energy
willow, waste from the oil and food industry). The forest
biomass means every material that comes from forest and
the industry processing the raw material from the forest
(sawdust, woodchips, logging waste and pulp mill).

To estimate the possibility of fluoride removal using
biomass ash, originated from power station, studies on
affinity of several ash samples to fluoride were carried out.
The main object of this work is to find out if biomass ash, as
the waste from the energy industry, can be used as material
for fluoride removal, without any prior pre-treatment.

2. Experimental setup
2.1. Sorbents characterization

Fluoride ion sorption tests were carried out using bio-
mass fly ash samples. Fly ash samples were collected from
seven Polish power and the combined heat and power plants.
All of them came only from biomass combustion. The burned
biomass consisted mainly of wood biomass (coniferous and
deciduous tree) with the addition of agricultural residues.
All fly ash samples were characterized by X-ray fluorescence
(XRF) analysis (X"Unique II, Philips) to determine the con-
centration of main components. In order to obtain a general
knowledge about the affinity of the fly ash sample to fluo-
rides, the preliminary tests for each ash sample were carried
out. To ensure maximum sorption capacity, a very small
amount of every fly ash sample (0.5 g) was added to 50 mL
of a highly concentrated fluoride solution (5 g L") and left on
a magnetic stirrer for 15 h. After this period of time, the fluo-
ride concentration was determined. From the pre-tested ash
samples, two with the highest affinity for fluoride ions were
selected for further research.

In order to better understand the mechanism of fluoride
uptake, XRD analyzes (PANalytical Empyrean) of ash
samples were carried out to identify the morphological
structure and crystallinity range of the ash, before and after
fluoride binding.

The Fourier-Transform infrared spectroscopy (FTIR)
analysis was also performed to understand the spectro-
scopic features of the biomass fly ash and to gain in-depth
knowledge of the mechanism of fluoride binding by these ash
samples. Infrared spectra were measured using a Nicolet 510
spectrometer produced by Termo Scientific. The spectra were
recorded using the appropriate ATR technique (attenuated
total reflection) at room temperature with 4 cm™ resolution
in the mid-infrared spectral range of 400-4,000 cm™.
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In order to assess the surface charge of the biomass fly
ash as is shown in relation to the solution, depending on the
pH of this solution, the value of pH,, . was determined. The
pH value above which the total surface of the biomass fly
ash samples particles are negatively charged, i.e., pH of the
point of zero charge (pH,,.), was determined according to
method described in [48]. It was carried out by measuring
the suspension pH, obtained by mixing 0.2 g of ash with
50 mL of a 0.05M NaCl solution with various pH values in a
container with a cup for 24 h. The initial pH was adjusted to
values between 2 and 12 by adding either 0.1M solution HCI
or 0.IM NaOH solution. The final pH (pH,) after 24 h was
measured and the difference between this value and pH of
the initial solution was plotted against the initial pH. The pH
value for which the curve crosses the line that correspond of
pH_-pH, =0, was taken as the pH,, . of the biomass fly ash.

In order to obtain the porous structure characteristic of
biomass fly ash samples, the nitrogen adsorption-desorption
isotherm was determined. The specific surface area of ash
was determined by Brunauer-Emmett-Teller (BET) method
and a pore size distribution was determined according to
Barret-Joyner-Halenda (BJH) model. The specific surface
area was determined by means of the nitrogen adsorption
method at the temperature of liquid nitrogen -196°C)
using a Micromeritics ASAP (accelerated surface area
and porosimetry system) 2050 analyzer (USA). The fly ash
samples, in the amount of approximately 2 g were subjected
to degasification in order to reach the pressure of 10 mmHg
at the 80°C temperature. Measurement data approximation
to the BET equation was made using the computer software
coupled with the analyzer, its coefficients were determined
and the specific surface area was calculated in the range of
relative pressure p/p, = 0.05-1.0. The pore volume and pore
size distribution, in the pore size ranging from 2 to 300 nm
(according to producer declaration), were determined from
N, adsorption isotherm in the p/p, = 0.02-0.99. However, the
real maximum diameter of pores that were measured was not
higher than 250 nm.

Particle size distribution of selected fly ash samples was
measured using a laser particle size analyzer (Mastersizer
3000, Malvern) to check the variability of grain size.

2.2. Methods
2.2.1. Batch study

All fluoride removal tests were carried out in batch
mode in plastic containers of 100 mL capacity with caps.
All experiments were conducted in aqueous solution of
ammonium fluoride. Fly ash in the amount of 0.5 g (except
the investigations of ash dose effect) was added to 50 mL of
fluoride solutions of a desired concentration. After placing
the solutions and fly ash in the containers, these contain-
ers were closed and immediately placed in a multi-station
magnetic stirrer (IKA WERKE RT 10 power) at 550 rpm at
room temperature, unless otherwise stated. The contact time
of the solid phase with the solution was 15 h (except for time
and temperature influence studies), to obtain a thermody-
namic equilibrium. Each time a set of the stirring bars with
the same shape and size was used. Only the temperature
effect tests were carried out in slightly different conditions.

In this case, the fluoride solutions were placed in plastic bot-
tles with caps and they were shaken for 30 min in a water bath
orbital shaker to obtain desired temperature. Considering
that the conditions of solid phase contact with the solution
are different, depending on the type of mixing machine
was used, the temperature effect was evaluated in relation
to the results obtained under the same conditions but at the
ambient temperature. After the desired contact time of the
liquid and solid phases, these phases were separated using
vacuum filtration kit equipped with Whatman No-42 filter
paper. Then, 25 mL of each filtrate was taken for analysis
to check the fluoride concentration in the aqueous solution.
All experiments were repeated three times. The values given
are the average value calculated on the basis of the results
obtained.

2.2.2. Preparation of stock solution

It was assumed that the main form of fluoride in
these solutions is ammonium fluoride. Therefore, all the
experiments described in this article have been conducted
using solutions of ammonium fluoride (Acros Organics,
Belgium), pure for analysis grade. Before preparing the
desired concentration of solution, ammonium fluoride was
dried at 343 K temperature to ensure removal of moisture
and to prevent against degradation of ammonium fluoride
which occurs at 373 K [49].

2.2.3. Analytical methods

The fluoride concentrations in the test solutions were
measured by the direct potentiometric method. A fluoride
selective electrode, Monokrystaly 09-37 type, made of
lanthanum fluoride single crystal (LaF,) was used as the
indicating electrode combined with the AgCl electrode used
as the reference one. A citrate buffer was used to maintain
the required pH value demanded for linear relationship
between the measured signal and log, of molar concen-
tration of standard fluoride solutions. Standard fluoride
solution of 1,000 mg F/L were prepared by dissolving
2.21 g sodium fluoride (Acros Organics) (dried at 353 K) in
1,000 mL volumetric flask and make the volume up to mark
with ultrapure water from Milli-Q ultrapure water system.
The experimental solutions of desired concentrations were
prepared by diluting the standard solution.

2.2.4. Theoretical and mathematical formulations describing
the fluoride adsorption process

It should be assumed that the dominant mechanism cas-
ing fluoride binding by fly ash from biomass is the adsorp-
tion process. The main parameters describing the adsorption
process have been calculated.

The percentage removal of the fluoride described as
removal efficiency (% R) was calculated using the following
equation:

c,—C
%R = 0"t

x 100 M

Co
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where ¢, and c, are the initial and at time t fluoride
concentrations in working solution respectively, in mg F7/L.

The amounts of fluoride adsorbed per mass unit of fly
ash at any time t (g, mg g™) and the amounts of fluoride
removed after reaching equilibrium (g, mg g7), were
calculated as follows:

g, = (L= Ly @)

q, = Yo%) 174 (3)

where c,is the equilibrium fluoride concentration in working
solution, in mg F/L and V is the volume of fluoride ions
solution, L.

The kinetics of fluoride adsorption was modeled using
the Lagergren’s pseudo-first-order model (PFO) (Eq. (4)),
the pseudo-second-order model (PSO) developed by Ho and
McKay (Eq. (5)) and the intraparticle diffusion model (IDP)
proposed by Webber and Morris (Eq. (6)). The following
equations were used:

Pseudo-first-order model

In(g,—q,)=Ing, -kt 4)

Pseudo-second-order model

2 ®)

Intraparticle surface diffusion model
q, =kt +C 6)

where k, and k, are the rate constants of pseudo-first-order
and pseudo-second-order adsorption expressed in min™
and in g/mgmin, respectively, k, is the intraparticle
diffusion rate constant expressed in mg/g-min'?, C is the
intercept.

The values of rate constants were determined from the
slope of the linear plot. The conformity of the predicted
values with the experimental data was evaluated based on
the value of correlation coefficient R?.

In order to describe the nature of interaction of fluoride
and fly ash, the adsorption isotherm models were applied.
The obtained experimental values were fitted to the
adsorption equations which are most commonly used to
characterize the adsorption process from solutions i.e.,
Langmuir isotherm (Eq. (7)), Freundlich isotherm (Eq. (8))
and Temkin isotherm (Eq. (9)). These models were described
by equations as follows:

Langmuir isotherm

1
—=o—+ @)

Freundlich isotherm
1
Ing,=InK,+—1Ing, 8)
n

Temkin isotherm

qe = BT (ln AT + 11’1 Ce) (9)

where K, is the Langmuir constant related to the binding
energy or affinity parameter, K, is a Freundlich constant
connected with the sorption capacity, n is the Freundlich
constant connected with the adsorbate and adsorbent affinity,
B, is the Temkin constant related to the heat of adsorption, A,
is the Temkin equilibrium binding constant corresponding to
the maximum binding energy.

3. Results and discussion
3.1. Characterization of the biomass fly ash

The XRF analysis of biomass fly ash samples has
demonstrated a variety of the major components in respect of
their chemical composition (Table 1). Some of them are rich
in silica with the content higher than 50% (AB 3, AB 4) while
other samples have the silica content ranging from 15% (AB 1,
AB 5) to almost 40% (AB 6, AB 7). This variability of the silica
content indicates differentiation of the solubility of these ash
constituents in water. This feature is important especially for
using this fly ash for fluoride removal only from aqueous
solutions. AB 1 and AB 2 contain about 25.9% and 19.3% CaO
respectively, while the rest of samples contain about 15% of
CaO. The highest P,O, content was found in the fly ash AB 1,
AB 2 and AB 5. Fly ash AB 2 and AB 5 have higher content
of K,O than the other. The AB 6 and AB 7 fly ash samples
contain much more ALO, and Fe,O, than the other fly ash.
It has been also noticed that the examined fly ash samples
differ in terms of the quantity of loss of ignition that means
that the quantity of inorganic and organic carbon is different.

As the result of the preliminary research (Fig. 1),
fluoride removal efficiency with over 20% was achieved for
the following fly ash samples AB 1, AB 2, AB 3 and AB 6.
Lower ability of fluoride removal was obtained for fly ash
samples AB 4, AB 5 and AB 7, when the removal efficiency
was between 10% and 20%. The AB 4, for which the removal
efficiency value was just about 11%, showed the lowest
affinity to fluoride. Of the of all the fly ash samples examined,
AB 1 and AB 2 were chosen for further research.

The most important components of ash used for fluoride
removal are those that contain Ca, Mg, Al, Fe, and Si. The
obtained results reveal an ability to fluoride binding, the
main phases containing these elements were specified
in accordance with the XRD pattern (Figs. 2 and 3). It was
revealed that the major crystal phases of both of examined
fly ash are SiO, (ICDD 1-70-7344) and CaCO, (ICDD 1-80-
9775), but they also have a high content of 3-K, SO, (ICDD
4-7-2698/4-6-8317) and KCl (ICDD 1-74-9685). Among the
dominant phases of AB 1 ash sample, CaSO, (ICDD 37-1496)
and K,Ca(50,),-H,0 (ICDD 28-739) can also be found. The
minor phases of that ash are Ca(OH), (ICDD 4-8-220) and
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Table 1
Chemical composition of ash samples, the losses of ignition and water insoluble part content

Parameter Content in ash samples, % w/w
AB1 AB2 AB3 AB4 AB5 AB6 AB7

CaO 25.89 19.34 15.15 14.16 16.45 14.98 14.54
SiO, 14.25 18.96 56.40 56.09 15.00 36.78 36.06
PO, 4.88 3.40 2.10 1.81 3.02 1.30 0.26
ALO, 3.62 243 2.78 2.86 1.74 16.96 19.95
MgO 2.69 3.04 2.90 1.98 3.32 2.75 2.71
Fe,O, 2.09 2.23 2.08 1.06 1.49 7.78 5.81
SO, 15.11 13.71 2.52 1.54 10.85 7.66 4.76
K,0 10.08 20.53 6.57 4.68 16.33 3.34 1.89
ZnO 2.42 0.26 - 0.10 0.26 0.10 -
TiO, 0.17 0.16 0.16 0.16 1.70 1.19 0.78
Mn,O, 0.97 0.68 0.51 0.53 0.72 0.13 0.16
Na,O 1.06 1.46 1.02 0.8 3.75 1.09 1.80
Loss of ignition (1273 K) 15.05 12.52 6.84 10.09 20.16 5.65 10.93
Water insoluble part 80.18 68.95 90.62 93.77 55.92 95.63 91.11

X

z

.§ 29.8

z.f: 24.7 )11 220

s 16.7 16.7

% 11.0

<

=

AB 1 AB 2 AB3 AB 4 AB5 AB 6 AB7

Fly ash sample designation

Fig. 1. Results of the preliminary research on removal efficiency of fluoride using seven fly ash samples (50 mL of 5 g F-/L solution;
0.5 g of fly ash; 15 h of contact time; 550 rpm of agitation speed (magnetic stirrer); ambient temperature).

Fig. 2.
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Mg Fe, SiO, (ICDD 4-16-5580). The phases such as Na,SO,
(ICDD 4-10-4862), Fe,O, (ICDD 4-16-4345/4-3-2900), (Na, Ca)
Al(Si, Al),O,(ICDD 41-1480), Ca,SiO, (ICDD 24-234)and MgO
(ICDD 4-6-6924/4-8-8202) are among the minor phases of
AB 2 ash sample. The presence of such phases like K.H(SO,),
(ICDD 1-79-7286) and K HPO, (ICDD 25-639) cannot be
excluded but it is impossible to confirm their presence in this
fly ash because of the overlap of the peaks.

The results of XRD analysis of the residue obtained on
the filter paper, after the separation of fluoride solution
and the fly ash are shown in Figs. 4 and 5. Among the
phases containing the fluoride, K.SO,F (ICDD 43-229)
was recognized in both fly ash samples. The phase
of Ca/(PO,),F (ICDD 4-14-8746) has been identified
in AB 1, in a little bit higher amounts than the last
phase. In the case of the AB 2 ash sample, the fluoride
containing phases such as CaF, (ICDD 4-7-1254) and
Ca,(PO,),(OH),F ,(ICDD 4-16-2908) were recognized.

- 5i0;

- CaCO;
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Fig. 4. XRD analysis of AB 1 after contact with fluoride solution.
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The FTIR spectra obtained for AB1 and AB 2 biomass ash
samples before and after contact with fluoride solution are
presented in Figs. 6 and 7. The FTIR spectra of the biomass
fly ash samples show the presence of the band around
3,330-3,400 and 1,414, 1,413 cm™ related to the stretching
vibration of H,O and structural O-H groups of the fly ash,
indicating the presence of surface hydroxyl groups and
physically adsorbed water. In the case of AB 1, there are
bands at 1,137 and 1,123 cm! detected, which can be related
to vibration of C-F bond (it is probably due to presence of
trace amounts of fluorine compounds in fly ash). A band
at 1,101 cm™ was related to the stretching vibrations of the
groups Si-O and the band at 1,032, 1,035, 1,047 cm™ was
related to Si-O-Si bending vibrations. There are also bands
at 876 and 874 cm™ detected, related to the bending vibration
of Si-H and stretching vibration of Si-O. After contact of
biomass ash samples with fluoride solution, the bands at
1,640 and 1,413-1,414 cm™ indicate the formation of N-O in
the washing process of the fly ash because of ion exchange. At
1,035 and 1,032 cm™ there are asymmetric stretching vibra-
tion of Si-O-Si detected which weren’t visible in biomass fly
ash samples before contact with fluoride solution. There are
also bands at 875 and 874 cm™ related to the SiF, SiF, bonds.
In the case of AB 2 ash sample after fluoride loading, there are
also slight bands noticeable at 2,511 and 1,796 cm™ probably
related to the bonds present in calcium carbonate [50]. As it
has been reported in [51] the bands occurring at 1,000-1,100,
1,100-1,300 cm™ and around 879 cm™ can also correspond to
the presence of carbonates.
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Fig. 6. FTIR spectra of AB 1 before and after contact with fluoride
solution.
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Fig. 7. FTIR spectra of AB 2 before and after contact with fluoride
solution.
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From Fig. 8 it can be observed that the biomass fly ash
samples differ from each other by the pH,, . value. The bio-
mass fly ash AB 1 shows positive charge of the surface below
the 7.7 of solution pH and above this value it is negatively
charged. When the pH increases to about 12, the charge of
surface is positive again, whereas, in the case of biomass
fly ash AB 2, it is positively charged for all the initial pH
range. Only increasing the initial solution pH to the 12.7
value allowed the determination of pH,,. as 12.02. For the
values lower than pH,,. the phenomenon of fluoride ions
bounding is connected with the reaction with positively
charged cations such as Ca®, Mg? or AI*". For the pH higher
than pH,, . the mechanism of fluoride removal is due to
exchange with other anions such as OH". The mechanism
of fluoride removal using each of biomass fly ash samples
is the same for the pH lower than 7.7 and for values higher
than 12, because both ash samples are positively charged for
that range of pH. Therefore, the nature of fluoride removal
process using biomass fly ash examined depends on the
ionic strength of the solution containing fluoride ions and the
fluoride removal efficiency will vary for the various values of
solutions pH.

Parameters describing porous structure of biomass fly
ash samples obtained from the sorption isotherms by means
of BET (Figs. 9 and 11) and BJH (Figs. 10 and 12) transforma-
tion are presented in Table 2.

According to the IUPAC classification [52], each of the
obtained adsorption-desorption isotherms (Figs. 9 and
11) has a similar shape to the type IV of isotherm which
is characteristic of mesoporous materials. The shapes of
hysteresis are similar to the type H3 of hysteresis loops. The
shapes of hysteresis loops were often identified with specific
pore structures. The type H3 loop is observed with aggregates
of plate-like particles giving rise to slit-shaped pores [52].
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Table 2

Textural parameters of biomass fly ash samples determined by
low-temperature nitrogen adsorption isotherms

Biomass ash sample AB1 AB2
Spep M* g7 111 2.7
V, cm® g™ 0.041 0.01
V. .y cm’ g 0.02 0.005
d, nm 20.088 20.394

Spr- the size of the specific surface area determined by BET method;
V. the total pore volume, in the range 2-300 nm (2-205 and 2-237 nm
for AB 1 and AB 2 respectively) determined with BJH method;

V_.,: the volume of mesopores (2-50 nm) determined by BJH method;

d : the average pore diameter.
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The biomass ash samples differ in the size of the
specific surface area. The specific surface area of AB 1
fly ash sample (11.1 m? g7) is four times greater than of
AB 2 (2.7 m? g). Nevertheless, the size of the specific surface
area for both ash samples is much higher than in the case of
coal fly ash for which S, is 0.44 m*g™' [53] but much lower
than for active carbon for which S is 1,425 m?> g™ [54].

The total pore volume in the range of measurement,
i.e., 2-205 nm for AB 1 and 2-237 nm for AB 2, is 0.041 and
0.01 em®g™ for AB 1 and AB 2, respectively, 0.02 cm?® g™* for
AB 1 and 0.005 cm® g™ for AB 2 of which are mesopores
(>2 and 50> nm according to the IUPAC terminology
[55]). As it can be seen in Figs. 2 and 4, some micropores
(<2 nm) were also detected, as well as macropores, with
pore diameter of approximately 80 nm and greater for AB 1
and of approximately 120 nm for AB 2, for the biomass ash
samples examined. The average pore diameter is 20.088
and 20.394 nm for AB 1 and AB 2 biomass ash samples,
respectively.

Based on the comparison of particle size distribution of
fly ash samples (Figs. 13 and 14) it can be noticed that the
value of median D (50) for both fly ash samples is almost
the same and it is about 6 um. The value of D (10) is also
very similar for both fly ash samples. The main difference
between the two examined fly ash samples concerns the
value of D (90). Less than 90% of AB 1 particles in volume
share are lower than about 22 pum, whereas in the case of
AB 2, they are lower than 70 um. The AB 2 fly ash sample
contains some amount of much bigger particles than the
AB 1 fly ash sample but about 50% of the volume fraction is
of almost the same size.

3.2. The effect of experimental parameters

To obtain a general view of the possibility of biomass
fly ash used for fluoride removal from aqueous solutions,
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Fig. 13. Particle size distribution of AB 1.
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Fig. 14. Particle size distribution of AB 2.

the series of experiments with a different types of variable
parameters were carried out. The initial concentration of
fluoride solution, the fly ash dose and the contact time
of solid and liquid phase have been considered to be
the most important factors. Considering several various
kinds of materials that show the ability to remove some
contaminants, the determination of minimal dose and time
needed to obtain satisfactory results seems to be the most
important thing for assessing their usefulness. The selection
of the type of removing material should be primarily
economically justified. If less amount of such material is
needed and the assumed aim is achieved more quickly,
such material is regarded as having better properties.
It is also important to know for which concentrations
of contaminants that the material is effective. Some
removal materials are suitable for solutions with a lower
concentration of impurities but the other is effective for
higher values only.

In order to obtain more information, the effect of tem-
perature, pH, agitation speed and a particle size of fly ash
were also examined. The effect of each parameter on fluo-
ride removal efficiency was discussed in detail below. In all
the cases, the removal efficiency and the amount of fluoride
adsorbed per mass unit of ash were evaluated.

3.2.1. Initial fluoride concentration

As it can be seen in Fig. 15 removal efficiency increases
with the initial concentration of the fluoride solution from
0.05t0 0.5 g L', but with fluoride concentration of 1 g L' and
higher, the percentage removal of the fluoride decreases.
Each of the fly ash samples exhibits a different effectiveness
for every value of fluoride concentration. AB 1 fly ash
sample is very effective for even very low fluoride concen-
trations for solutions of 0.05-0.5 g F-/L with the removal
efficiency ranging from 81.3% to 97.5%, respectively. For
the same initial concentrations, the effectiveness of fluoride
removal for the fly ash AB 2 is only from 14.5% to 45.3%.
With the increase of fluorides, in case of AB 1 the removal
efficiency and it decreases significantly and decreases
slightly in case of AB 2. For fluoride concentration of 4 g L™,
the removal efficiency of both fly ash samples is almost the
same, and for 5 g L7, efficacy of the AB 1 is even lower than
for AB 2.
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Fig. 15. The effect of initial concentration of fluoride solutions on
removal efficiency by AB 1 and AB 2 (50 mL of solution; 0.5 g of
ash; 15 h of contact time; 550 rpm of agitation speed (magnetic
stirrer); ambient temperature).
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The quantity of fluoride adsorbed per mass unit of ash
increases for AB 1 with the increase of the initial solution, but
it decreases above the fluoride content of 4 g L (Fig. 16). In
the case of AB 2 sample, the sorption capacity increases with
the increase of initial fluoride concentration, which means
that the sorption capacity of this fly ash is not fully loaded.

3.2.2. Adsorbent dose

For each initial fluoride concentrations that have been
examined, increasing the fly ash dose caused the increase of
the removal efficiency of AB 1 and AB. In the case of 0.05 g L™
fluoride solution (Fig. 17), high removal efficiency of about
70% can be reached by using 0.3 g of ash per 50 mL for the
AB 1. For AB 2, even 1 g of fly ash results in an increase in
efficiency removal only slightly over 20%. The amount of
fluoride removal per gram of fly ash decreases with the
increasing dose of fly ash and it is a maximum of 5.8 mg g
for dose of 0.1 g and 4.8 mg g' for dose of 0.05 g, for AB 1 and
AB 2, respectively (Fig. 18).

For the initial fluoride concentration of 0.5 g L™ (Fig. 19),
0.3 g of AB 1 is sufficient to achieve 79.8% removal efficiency
and to increase the dose to 1 g, resulting in removal efficiency
up to almost 98%. For AB 2 and 0.1 g of ash is sufficient to
achieve more than 20% removal efficiency, and the increase
to 1 g causes the improvement of removal efficiency of over
60%. The amount of fluoride uptake per 1 g of ash increases
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Fig. 16. The effect of initial concentration of fluoride solutions on
equilibrium capacity of AB 1 and AB 2 (50 mL of solution; 0.5 g
of ash; 15 h of contact time; 550 rpm of agitation speed (magnetic
stirrer); ambient temperature).
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Fig. 17. The effect of fly ash dose on fluoride removal efficiency
for solutions containing 0.05 g L™ of fluoride (50 mL of solution;
15 h of contact time; 550 rpm of agitation speed (magnetic
stirrer); ambient temperature).

with the ash dose increased from 0.05 to 0.1 g for AB 1, and
then it decreases for larger amounts of fly ash, as it is in case
of AB 2 (Fig. 20). The maximum value was over 74 mg g™ and
over 88 mg g, for AB 1 and AB 2, respectively.

For the initial fluoride concentration of 1 g L™ (Fig. 21),
0.5 g of fly ash is needed to obtain almost the same values
of removal efficiency as for 0.3 g of fly ash, for the 0.5 g L™
(Fig. 19). Increasing the fly ash dose to 1 g, allows to achieve
the removal efficiency of 98.3% and 48.8% for AB 1 and AB
2, respectively. The amount of the fluoride uptake per 1 g of
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Fig. 18. The effect of fly ash dose on equilibrium capacity of
AB 1 and AB 2 for solutions containing 0.05 g L™ of fluoride
(50 mL of solution; 15 h of contact time; 550 rpm of agitation
speed (magnetic stirrer); ambient temperature).
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Fig. 19. The effect of ash dose on fluoride removal efficiency for
solutions containing 0.5 g L™ of fluoride (50 mL of solution; 15 h
of contact time; 550 rpm of agitation speed (magnetic stirrer);
ambient temperature).
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Fig. 20. The effect of fly ash dose on equilibrium capacity of AB 1
and AB 2 for solutions containing 0.5 g L™ of fluoride (50 mL
of solution; 15 h of contact time; 550 rpm of agitation speed
(magnetic stirrer); ambient temperature).
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fly ash increases with the increase of fly ash dose from 0.05 to
0.1 g and then it decreases (Fig. 22), as for 0.5 g L™ solution.
The maximal value of about 90 mg g™ is reached both for AB1
and AB 2.

3.2.3. Contact time

The removal of fluoride using the AB 1 ash sample was
very high after only 30 min of solid and liquid phase contact,
and it raised insignificantly with time up to 180 min and
thereafter, it became nearly constant (Fig. 23). In the case of
AB 2 sample with the increase of contact time, the removal
efficiency constantly raised but after 240 min this accretion
was rather small.

The fluoride adsorption capacity of AB 1 reaches value
of 47 mg g™ after 30 min, and it increases only to the value
of 49 mg g™ after 240 min and it does not change even after
mixing the ash and fluoride solution for 900 min (Fig. 24). In
the case of AB 2 fly ash sample, the adsorption capacity of
13 mg g is reached after 30 min and increases only to the
value of 23 mg g™ after 900 min of contact time.

3.2.4. Temperature

The increase of temperature from 298 to 353 K causes a
slight increase of fluoride removal on AB 1 fly ash sample,
from 74% to 81% (Fig. 25). In the case of AB 2 fly ash sample,

X maB1 maB2
S 95.1 98.3
1)
=
5 815
g
=)
o
= 55.3
2 1838
5 385
s 36.9 :
% 26.2
s 183 17.8
Z 2057 l l
—
0.05 01 03 05 0.7 1

Mass of ash, g

Fig. 21. The effect of fly ash dose on fluoride removal efficiency
from solutions containing 1 g L™ of fluoride (50 mL of solution;
15 h of contact time; 550 rpm of agitation speed (magnetic
stirrer); ambient temperature).
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Fig. 22. The effect of fly ash dose on equilibrium capacity of
AB 1 and AB 2 for solutions containing 1 g L™ of fluoride (50 mL
of solution; 15 h of contact time; 550 rpm of agitation speed
(magnetic stirrer); ambient temperature).

the increase of removal efficiency is more significant from
22% to 43%. This shows that the adsorption of fluoride onto
fly ash is an endothermic process or it causes the increase of
solubility of those fly ash components.

3.2.5.pH

The research done shows that for both fly ash samples,
the most effective fluoride removal occurs for the low initial
pH of fluoride solution, that is for the value of 2 (Fig. 26).
With the increase of pH, the amount of fluoride ions removed
decreases and it increases again with increasing the pH to
around 10 for AB 1 and for the range of 8-9 for AB 2.

HAB1 mAB2

Fluoride removal efficiency, %

Time, min

Fig. 23. The effect of contact time of fly ash on fluoride removal
efficiency from solutions containing 0.5 g L™ of fluoride (50 mL
of solution; 0.5 g of ash; 550 rpm of agitation speed (magnetic
stirrer); ambient temperature).
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Fig. 24. The effect of contact time on equilibrium capacity of AB 1
and AB 2 for solutions containing 0.5 g L™ of fluoride (50 mL

of solution; 0.5 g of ash; 550 rpm of agitation speed (magnetic
stirrer); ambient temperature).
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Fig. 25. The effect of temperature on equilibrium capacity of
AB 1 and AB 2 for solutions containing 1 g L™ of fluoride (50 mL
of solution; 0.5 g of ash; 250 rpm of agitation speed (laboratory
shaker with water coat; 0.5 h of contact time).
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3.2.6. Agitation rate

The research of agitation speed on fluoride removal
efficiency reveal that for both fly ash samples, most of
fluoride ions have been removed for the lowest value of
agitation rate, i.e., 330 rpm (Fig. 27), irrespective of the
initial concentration of fluoride solution. Then, as mixing
intensity of the solid and liquid phase increases, for the
agitation rate value 550 rpm, the removal efficiency in
most cases is significantly reduced. With further increase
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Fig. 26. The effect of pH on equilibrium capacity of AB1and AB 2
for solutions containing 1 g L of fluoride (50 mL of solution;
0.5 g of ash; 550 rpm of agitation speed (magnetic stirrer), 0.5 h
of contact time).

1100 rpm

880 rpm

550 rpm

M 330 rpm

0 10 20 30 40 50 60
Fluoride removal efficiency, %
Fig. 27. The effect of agitation rate on equilibrium capacity of
AB 1 and AB 2 for solutions containing 0.5 and 1 g L™ of fluoride

(50 mL of solution; 0.1 g of ash; 0.5 h of contact time, magnetic
stirrer, ambient temperature).
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of agitation speed, an increase in the amount of fluoride
ions removed for all examined systems is observed. For
the highest value of mixing speed, 1,100 rpm, the removal
efficiency decreases again to almost the same value as
in the case of 550 rpm for initial concentration of fluo-
ride 1 g L7, and for lower value in the case of 0.5 g L.
Almost the same trend has been observed for both of fly
ash samples. The smallest impact of the intensity of the
mixing speed has been noticed for AB 1, for the initial
concentration of the fluoride solution equaling to 0.5 g L.
It can be generally said that with the increase of agitation
rate, the process of their removal changes significantly as
it is probably a resultant value of the rivalry of the effect
of the change in the solubility of compounds with the
ability of fluoride binding together with the effect of the
desorption phenomenon occurring along with the increase
in the value of the mixing speed.

3.2.7. Particle size

As it is shown in Fig. 28, separation of ash AB 1 and
AB 2 beads bigger than 32 u causes an increase in fluoride
removal efficiency for both fly ash samples. In case of AB 1
fly ash sample, the increase of amount of fluoride removal
has been observed only for solutions that contain lower dose
of fly ash regardless of the initial fluoride concentration.
For the fly ash dose of 0.1 g, over 2-fold increase of removal
efficiency from the value of 18% to the over 38% has been
noticed for the initial fluoride concentration 1 g L. For an
initial concentration of 0.5 g L, similar increase in removal
efficiency has been noticed. For solutions that contain 0.5 g
of fly ash, both for initial fluoride concentration of 0.5 g F/L
as well as for 1 g F7/L, the removal efficiency was similar
regardless of the ash particle size. In case of AB 2 fly ash
sample that contains a lot of bigger beads than the AB 1 ash
sample (Figs. 13 and 14), a separation of grains with the par-
ticle size lower than 32 pm, causes an increase of fluoride
removal efficiency, independently of the dose of fly ash. For
the fly ash dose of 0.1 g the increase of removal efficiency
is almost the same as for AB 1, over double for the 1 g F/L
solution, and of about 20% for the 0.5 g F/L solution. When
the AB 2 ash dose of 0.5 g was used, the increase of about
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Fig. 28. The effect of particle size of ash samples on equilibrium capacity of AB 1 andAB 2 for solutions containing 0.5 and 1 g L of
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fluoride (50 mL of solution; 15 h of contact time, 550 rpm (magnetic stirrer), ambient temperature).



A. Zdunek et al. / Desalination and Water Treatment 159 (2019) 93-109 105

15% and even 25% was achieved for 0.5 and 1 g L™ of fluoride
initial concentration, respectively. Separation of the AB 2 fly
ash grains over 32 um particle size had a very positive effect
on a considerable improvement of fluoride removal effi-
ciency of this fly ash.

3.3. Kinetics and adsorption isotherms

The fly ash samples examined contain significant
amounts of calcium and small amounts of magnesium which
form salts with fluoride ions insoluble in water. As the results
of XRD analysis showed, the dominant phase in both of this
ash is CaCO, and some amounts of calcium contained in AB 1
and CaSO,. Only in case of AB 2 ash sample, the solid phase
obtained by filtering the rest after mixing the ash with fluoride
solution contained some amounts of calcium fluoride, but it
was a minor crystal phase that has been recognized. Bearing
in mind the above, it isjustified to suppose that some amounts
of fluoride ions removed from working solutions have been
adsorbed by fly ash.

3.3.1. The Kinetic profile of fluoride uptake

From both the ash samples examined, the fitting to
plot of fluoride sorption kinetic that was achieved for
pseudo-first-order model was weak (Fig. 29). The value of
correlation coefficient R? that was estimated equaled 0.8837
for AB 1 and 0.8871 for AB 2. In the case of both fly ash
samples these values are far away from the desired value of 1.
The low conformity of experimental data with the linear plot
according to pseudo-first-order model means that the rate of
change of solute uptake with time is not directly proportional
to the difference in saturation concentration and the amount
of solid uptake with time, as was assumed by this model. As
the experimental results do not follow this equation, the fluo-
ride sorption onto biomass ash is probably not controlled by
diffusion through a boundary in this case.

Significantly better results were obtained by fitting the
experimental data to the pseudo-second-order model equa-
tion, as the plots of t/qt vs. t shown in Fig. 30 indicate. The
exact fitting to the pattern of this model is confirmed by
the value of correlation coefficient R?> which equals 1 for
AB 1 and 0.9987 for AB 2 ash sample. High compatibility of
results achieved with this equation confirms chemisorption
involving valency forces through the sharing or exchange of
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Fig. 29. Pseudo-first-order kinetic fit of fluoride sorption onto
biomass fly ash samples AB 1 and AB 2.

electrons between the adsorbent and adsorbate as covalent
force and an ion exchange. The linear regression curves show
that the pseudo-second order model provides a better fit to
the sorption kinetics data over the whole range of the sorp-
tion process for both of fly ash samples.

While considering the Intraparticle surface diffusion
model it can be noticed that the fitting to the pattern of model
is better for AB 2 than AB 1 (Fig. 31), but neither of the cor-
relation coefficient achieved (0.7425 for AB 1 and 0.8309 for
AB 2) is high enough to confirm a mechanism of fluorides
adsorption onto these biomass ash samples according to this
model. It means that the intraparticle diffusion is not the only
rate-limiting step in this case. Moreover, it is also suggested
that the process of fluoride adsorption is complex with more
than one mechanism limiting the rate of sorption.

3.3.2. Adsorption isotherms

The Langmuir isotherm is the basic isotherm of adsorp-
tion. It assumes that the adsorbate can form the surface of
the adsorbent molecules interacting with adsorption sites
and not interacting (or weakly interacting) with each other.
Adsorbent molecules present in the liquid phase have the
impact on the surface-the likelihood of their adsorbing
rises along with the available free surface. The adsorbed
particles show a certain probability of desorption. Both
probabilities depend on the temperature and size of the
adsorption energy. As the pressure increases, the fre-
quency of particle strokes on the surface increases, and
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Fig. 30. Pseudo-second-order kinetic fit of fluoride sorption onto
fly ash samples AB 1 and AB 2.
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Fig. 31. Intraparticle diffusion model kinetic fit of fluoride
sorption onto fly ash samples AB 1 and AB 2.
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for the increased amount of adsorbed particles, the avail-
able surface decreases. The assumptions for the equation
are: the inability form multi-layer, constancy adsorption
energy (energetically homogeneous surface) negligible
side effects [56].

The Freundlich isotherm is an experimental equation
which describes the adsorption on heterogeneous (energet-
ically heterogeneous) surfaces and on microporous adsor-
bents [56].

Temkin isotherm model assumes that the adsorption
occurs onto heterogeneous surface of solid phase. This
isotherm corresponds to continuous, infinite (unlimited
minimal energy or maximum) energy distribution of the
adsorption sites. The equation of the Temkin isotherm
assumes that the heat of adsorption of all molecules in the
layer decreases linearly due to the adsorbent-adsorbate
interaction, and the adsorption is characterized by the even
distribution of binding energy [56].

As it can be seen in Figs. 32 and 33, the adsorption equi-
librium data of fluoride ions onto biomass ash samples is
not fitted very well to the Langmuir isotherm model. The
values of coefficient R? are 0.6508 and 0.886, for AB 1 and
AB 2, respectively. This low compatibility indicates that the
adsorption process cannot be characterized by the formation
of monolayer coverage on adsorbate as it is assumed by the
Langmuir isotherm model.

With relation to the Freundlich isotherm, the fitting
to the model equation is slightly better than in the case
of Langmuir adsorption model. The correlation coeffi-
cient has achieved the value of 0.8152 for AB 1 (Fig. 34)
and 0.904 for AB 2 (Fig. 35). However, these values are not
high enough to conclude that fluoride adsorption process
onto biomass ash is compatible with Freundlich isotherm
model.

0.3
0.25 °
0.2

y =1.7911x - 0.0288
0.15 R?=0.6508

1/q,

01 [

0.05

0 0.02 0.04 0.06 0.08 0.1 0.12

4
y=234.19x-0.986 ..
3 R?=0.886 .-
= 2
-
1 .
0 o o L]
0o - 0.005 0.01 0.015 0.02 0.025

1/¢

e

Fig. 33. Langmuir isotherm of fluoride sorption by AB 2.

A very high correlation coefficient by experimental data
fitting to the Temkin isotherm model equation with the value
of 0.9555 for AB 1 (Fig. 36) and a bit smaller of 0.9508 for
AB 2 were achieved (Fig. 37). This good compatibility means
that the process of fluoride adsorption onto this ash occurs
according to Temkin isotherm model.
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Fig. 34. Freundlich isotherm of fluoride sorption by AB 1.
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Fig. 35. Freundlich isotherm of fluoride sorption by AB 2.
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Fig. 36. Temkin isotherm of fluoride sorption by AB 1.
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Fig. 37. Temkin isotherm of fluoride sorption by AB 2.
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4, Conclusions

It was found that biomass fly ash can be used for flu-
oride removal material, but its efficiency depends on its
chemical composition. Those fly ash samples which con-
tained high content of calcium, sulphates and phosphates
turned out to be the most effective. Regarding the total
content of Ca in biomass fly ash samples examined (25.98%
and 19.3% of CaO for AB 1 and AB 2, respectively) and the
fluoride removal efficiency achieved in the preliminary
research (50 ml of 5 g F7/L, 0.5 g of fly ash), i.e., 24.7% and
29.8% for AB 1 and AB 2, respectively, it is obvious that the
precipitation of insoluble calcium fluoride is not the only
phenomenon responsible for fluoride removal by biomass fly
ash. According to results obtained in kinetic research, high
compatibility of results achieved with this equation con-
firmed chemisorption involving valency forces through the
sharing or exchange of electrons between the adsorbent and
adsorbate as covalent force and an ion exchange.

The porous structure parameters analysis of selected
biomass ash samples showed that they have poorly developed
specific surface area. Biomass fly ash samples differed in the
size of the specific surface area which for AB 1 fly ash sample
was four times greater than of AB 2. Almost half of the total
pore volume in the measuring range was mesopores, for both
ash samples. The pH value of the point of zero charge indi-
cated that the mechanism of fluoride removal by every of
biomass fly ash sample was the same for the pH lower than
7.7 and for values higher than 12, because both ash samples
are positively charged for that range of pH. As the result of
appearance of some amounts of calcium in aqueous solu-
ble form contained in this fly ash, the precipitation of CaF,
was recognized. The results of XRD analysis of the solid
phase after the fluoride removal showed that some crystal
phases containing fluoride such as: K,.SO,F, fluoroapatite
Ca(PO,),F and hydroxyfluoroapatite Ca,(PO,),(OH) F,,
was found. However, the phases containing the fluoride with
magnesium compounds were not found. The results of FTIR
analysis showed that after contact with fluoride solution
there were SiF and SiF, bonds detected, which indicates the
binding of fluorine by silicon compounds present in fly ash.

As the presence of SiO, in biomass ash samples has been
revealed and the SiF and SiF, bonds has been found in FTIR
analysis, it can be assumed that one of the major interaction
of biomass ash molecule and biomass ash is that that SiO,
interrelate with water, forming —SiOH group formulations
and the adsorption of fluoride is believed to be due to the
replacement of F~ for OH~ groups on biomass ash surface.

Another possible hypothesis of interaction of fluoride
with biomass ash is fluoride binding by calcium compounds
such as calcium carbonate or calcium phosphates according
to the reaction schemes presented below.

Ca,(PO,),(OH), + D F-=Ca,(PO,),(OH), ,F, + Z OH-

4)Y
Ca,(PO,),CaCO, + C F-=Ca,(PO,) -CaF, + Z CO*
CaCO, +2F = CaF, + CO.>

There were also found the compounds of potassium
sulphates with fluoride in both biomass ash samples.

Two of the fly ash samples that were examined reveal
various efficacies in a different range of fluoride concentra-
tion. One of them revealed high removal efficacy in the wide
range of initial fluoride concentration from 0.05 to 0.5 g L.
The other one revealed much lower efficiency for this range
of fluoride concentration. For both of the fly ash samples,
their ability to remove fluoride decreased significantly with
the increase of initial fluoride concentration over 0.5 g L.
Maximal capacity for AB 1, 140 mg g™, was achieved for
4 g L of fluoride solution and 149 mg g for AB 2 which was
achieved for 5 g L™ of fluoride initial concentration. With an
increase of fly ash dose, the removal efficiency increased but
the value of equilibrium capacity decreased for the dose over
0.1 g on 50 mL of stock solution. In the case of AB 1, after
30 min of contact time the solid and liquid phase, fluoride
removal efficiency was very high and was increased slightly
with the extension of this time. For the AB 2, the increase
of contact time from 30 to 120 min caused a significant
increase of its removal efficiency, but above 120 min that
value changed only slightly. The further extension of con-
tact time over 120 min is not economically justified. With the
increase of temperature from the ambient value to 353 K, the
removal efficiency of AB 1 increased by only 6%, but for AB
2 that value almost doubled. The fluoride removal efficiency
was the highest for low pH values of stock solution for both
fly ash samples, and it decreased with the increase of that
value and it is increases again for over pH = 8. A significant
effect of mixing intensity on the fluoride removal ability was
observed for both fly ash samples. Particles with size above
32 um caused a significant increase of fluoride removal abil-
ity for AB 2 which contained also bigger particles. In the case
of AB 1, efficiency increase after sieving was observed only
with low doses of this ash.

The best fit to the sorption kinetics data have been
achieved for the Pseudo-Second Order Model for both fly
ash samples. High compatibility of results achieved with this
equation confirms chemisorption between the adsorbent and
adsorbate ion exchange.

Good compatibility in the case AB 1 means that the pro-
cess of fluoride adsorption onto this ash occurs according
to Temkin isotherm model which assumes that adsorption
occurs onto heterogeneous surface of solid phase.

The studies described revealed that ash obtained from
biomass combustion for energy purposes, can be used as
material for fluoride removal with much better affinity for
fluoride than coal ash without any pre-treatment, and ash
derived from other biomass as well, as it was mentioned in
the introduction part. Using of biomass fly ash for the fluoride
removal, as the material with good affinity to fluorine, seems
to be beneficial especially in the case of wastewaters, when
the quality of solution obtained is not as important as in the
case of drinking water. In case of industrial wastewaters, it is
advisable to use inexpensive materials to remove fluorides,
especially waste materials, so as not to increase the operating
costs of the purification process.
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