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Abstract: In these research studies, fly ash (SW-FA) resulting from the incineration of sunflower
(20%) and wood (80%) waste employing the circulating fluidized bed combustion (CFBC) technology
was used to analyze the possibility of removing Pb(II) and Cu(II) ions in adsorption processes.
Currently, great emphasis is placed on circular economy, zero waste or climate neutrality strategies.
The use of low-cost SW-FA waste seems to fit well with pro-ecological, economic and energy-saving
trends. Hence, this material was characterized by various techniques, such as granulation analysis,
bulk density, SEM-EDX, XRD and XRF analysis, BET, BJH, thermogravimetry, zeta potential, SEM
morphology and FT-IR spectrometry. As a result of the conducted research, the factors influencing
the effectiveness of the adsorption process, such as adsorbent dosage, initial and equilibrium pH,
initial metal concentration and contact time, were analyzed. The maximum removal efficiency were
achieved at the level of 99.8% for Pb(II) and 99.6% for Cu(Il), respectively. The kinetics analysis and
isotherms showed that the pseudo-second-order equation and the Freundlich isotherm models better
describe these processes. The experiments proved that SW-FA can act as an appropriate adsorbent
for highly effective removal of lead and copper from wastewater and improvement of water quality.

Keywords: water quality; cleaner environment; waste management; removal efficiency; fly ash from
sunflower and wood residues; Pb(II) and Cu(Il) ions; kinetics

1. Introduction

In recent years, many global problems related to the aquatic environment have been
observed, such as water waste, the presence of industrial and consumer waste in oceans,
and pollution by heavy metals and other toxic substances. The frequency of these phe-
nomena is increasing and they hinder assumptions of sustainable economic development.
Individual responsibility for environmental degradation is difficult to establish, so collec-
tive responsibility should be seen in the consumer, industrial and system spheres [1]. Heavy
metals pollute the aquatic environment through human activities and are particularly dan-
gerous because they are not biodegradable and accumulate in the ecosystem through food
chains. Accumulating in living organisms and humans, even in low concentrations, they
can cause diseases of various organs and systems and with longer exposure, can even lead
to loss of life [2].

One of the most toxic metals is lead (Pb). Many studies in the literature have shown
its damaging effects on the kidneys and its involvement in diseases of the cardiovascular,
nervous and musculoskeletal systems and hormonal imbalance [3]. Additionally, the
International Agency for Research on Cancer has classified inorganic lead compounds
to Group 2A and organic lead compounds remain in Group 3, which means they have
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carcinogenic effects on the human body [4]. Another toxic metal that has a negative effect
on the environment and human health is copper (Cu). This element in high concentrations
damages cells in living organisms and leads to many diseases, such as haemolysis, hepato-
toxic and nephrotoxic effects, Wilson’s disease, extensive damage to the capillaries and the
central nervous system [5]. Additionally, copper causes many harmful and toxic effects by
accumulating in the liver, brain, pancreas and heart muscle. Inhaling copper vapors may
cause dizziness, headaches, irritation, upset stomach, diarrhea and vomiting [6,7]. Copper
is the most toxic in the form of divalent Cu(II) metal and it is mainly found in industrial
waste and sewage. This ionic form is able to dissolve in water and be absorbed by living
organisms. In accordance with World Health Organisation (WHO), the maximum limits in
drinking water are 0.015 mg/L for lead (Pb) and 2 mg/L for copper (Cu). Moreover, the
United States Environmental Protection Agency (USEPA) has set the maximum level of
contamination (MCL) at the level of 0.015 mg/L for Pb and 1.3 mg/L for Cu [8,9]. Thus, the
removal of Pb(Il) and Cu(Il) from the aquatic environment is an important global problem.

Currently, many expensive and advanced technologies are used to treat wastewater
contaminated with metals, such as adsorption, ion exchange, chemical precipitation, ultra-
filtration, electrolysis, reverse osmosis [10]. Unfortunately, their investment and operating
costs are very high, therefore cheaper solutions and innovative technologies are constantly
being sought. One of them is undoubtedly the adsorption process, which is characterized
by low costs, ease of operation, no requirements for expensive and modern equipment
and apparatus, the possibility of application to various types of pollutants [11]. A great
advantage is the possibility of using low-cost industrial, agricultural and municipal waste
for heavy metal removal processes. The adsorption of metals was investigated using vari-
ous biomaterials, such as: orange biomass [12], fruit peel of orange [13], dried plants [14],
miscanthus [15], potato peel [16], pectin gel [17], cow dung [18], waste leaves biomass of
Muyrica esculenta [19]. These materials contain various valuable components and functional
groups, such as amine, carboxyl, hydroxyl, carbonyl capable of binding metal cations [20].
One of the most commonly used adsorbents is fly ash (FA) produced from various wastes
and materials [21-24].

The study on FA adsorption has been performed for many heavy metals, including
copper and lead. Buema et al. used FA generated from a power plant with different
systems. According to the presented data, the FA exhibits adsorption capacity for Cu(Il)
ions equal to 27.32-58.48 mg/g [25]. Wu et al. presented the maximum adsorption capacity
for Cu(Il) at the level of 48.8 mg/g [26]. Kumar et al. analyzed the possibility of removal of
Cd(II), Ni(I), Cu(Il) in aqueous systems. The maximum sorption was achieved at initial
concentration of 10 mg/L [27]. FA generated from municipal solid waste incineration
(MSWI) was used for metal adsorption processes in landfill leachate.The optimal dosage
of FA was 10 g/L and removal efficiency of Pb(Il), Cu(Il) Zn(II), Cd(Il) and Cr(III) was
achieved at the level of 59.24, 32.82, 39.42, 55.37 and 28.14%, respectively [28]. FA collected
as solid waste material from a power plant was examined for Pb(II) sorption. Within the
scope of the examined variables, the percentage of adsorption changed from 68.39% to
91.89% [29].

Pursuant to the Polish Regulation of the Minister of the Environment of 9 December
2014 concerning the catalogue of waste (Journal of Laws of 2014, item 1923), FA from
biomass incineration in fluidized bed boilers is classified into the same group of waste
as the byproducts of conventional fuel combustion, i.e., group 10 01 01—including slag,
bottom ash and boiler dust (apart from boiler dust mentioned in 10 01 04) and to group
10 01 24 containing fluidized bed sands (except 10 01 82). The subject of interest in this
article is fluidized FA obtained in the combustion process of sunflower and wood waste.
Globally and in Poland, FA from the combustion of biomass alone is tested usually in
laboratories, however, they have no practical use. Especially, FA from the process of
biomass co-combustion with coal has practical application, e.g., in construction for the
production of ceramic materials, construction binders and land filling. Currently, the energy
sector in Europe produces over 150 million tons of coal combustion by-products annually,
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of which over 100 million tons are generated in 28 Member States of the European Union,
and 480 million tons in the world [30,31]. In Poland, about 15 million tons of energy FA
and slag and about 5 million tons of gypsum from flue gas desulphurization are produced
every year. In addition, other combustion by-products are produced, such as waste from
lime flue gas desulfurization methods, sludge, fluidized bed sands and FA-slag mixtures
from wet furnace waste discharge. It is estimated that the total amount of combustion
by-products currently produced in the country amounts to approximately 23 million tons
per year [32].

A large scale of sunflower production in 2020/2021 takes place in a limited number of
countries, i.e., as much as two-thirds of production is located in European Union (9.2 million
tons), including Ukraine (14 Mt), Russia (13 Mt) and the Trakya region in Turkey (1.56 Mt).
The other main producers are as follows: China (3.3 Mt), Argentina (2.9 Mt), the United
States (1.273 Mt) and others (Figure 1). According to the United States Department of
Agriculture (USDA), in 2020 global sunflower production was equal to 54.96 million tons
with a cultivation area of about 26 million hectares [33,34].

Global sunflower production [million tons]
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Figure 1. Global sunflower production 2020/2021 based on the United States Department of Agricul-
ture (USDA) [33].

Sunflower is usually grown for its fruit (seeds) for human and farm animal con-
sumption, but also for the edible oil. About 21-30% of the total weight of seeds are
shell sunflowers, so their annual production is in the range of about 9.45-13.5 million
tons per year [35]. On the other hand, about 3964.3 million m® roundwood production
worldwide was recorded in 2019 (Figure 2) [36]. The total waste from industrial wood
production in 2013 was estimated at around 715 million tons. Among the countries gen-
erating the most wood waste, the following ones can be distinguished: USA (155.8 Mt),
Russia (95.5 Mt), Brazil (82.3 Mt), Canada (78.4 Mt), China (77.2 Mt), Poland (17.4 Mt)
and others (Figure 3) [37]. Wood waste is mainly sourced from a variety of sources, such
as wood packaging, demolition and construction activity, the wood industry, municipal
waste, imported wood and others, e.g., private households and railroad construction [38].
In accordance with the literature, approximately 25-30% of the total weight of processed
fruit, vegetables and other plant raw materials is waste from the food industry [39]. This
huge amount of waste needs to be recycled and an alternative could be to incinerate it to
reduce waste weight and produce FA. One potential application of FA from incineration of
sunflower and wood waste could be the use in adsorption processes to remove metal ions
from wastewater and improvement of water quality and the purity of aquatic environment.
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Figure 2. Global roundwood production 2019 based on Undata [36].
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Figure 3. Global residue from industrial wood production [37].

The purpose of these studies was to examine the possibility of Pb(II) and Cu(II) ions
removal from water using fly ash obtained from the incineration of sunflower (20%, m/m)
and wood (80%, m/m) waste in the circulating fluidized bed combustion (CFBC) technol-
ogy under different conditions of adsorbent dosage, initial and equilibrium pH, initial
concentration and contact time. Additionally, the goal was to determine physico-chemical
properties of the material and to study adsorption kinetics, equilibrium and isotherms.

2. Experimental Procedure
2.1. Materials and Methods
2.1.1. Sunflower Wood Fly Ash Preparation

The sunflower wood fly ash (SW-FA) used in this research was produced in one
of waste incineration plants located in Poland (Swietokrzyskie voivodeship, Potaniec,
Poland) in the process of burning sunflower (20%, m/m) and wood (80%, m/m) waste in the
circulating fluidized bed combustion (CFBC) technology. This power plant has the largest
power unit in the world that uses 100% biomass combustion. Fluidized bed boilers are the
most modern types of boilers characterized by the highest operating parameters and the
best efficiency during the combustion process, reaching over 80%. The fuel in these boilers
is burnt in a suspended form, therefore it must be finely fragmented. The suspended form
is obtained by selecting an appropriate air flow velocity through the combustion chamber
in such a way that it is greater than the falling velocity of fuel particles and additional inert
material. The fluidized boiler has a bed, natural circulation, and a three-pass secondary
superheat. The technological parameters of the boiler are as follows: live steam pressure
127.5 bar, the pressure of the re-superheated steam 19.5 bar, live steam temperature 535 °C,
the temperature of the re-superheated steam 535 °C, supply water temperature 242 °C,
live steam flow 158 kg/s (570 t/h), re-superheated steam flow 135 kg/s (486 t/h). The
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gas emissions from combustion are as follows: NOx 150 mg/m?>n, SO, 150 mg/m?>n, CO
50 mg/m?n, particular matter 20 mg/m>n. The combustion efficiency in the fluidized bed
boiler is 220,000 tons of biomass and 900,000 tons of wood waste per year. The generated
heat energy in the power plant is converted into electricity, which amounts to 1.2 TWh per
year. Samples of SW-FA were taken from the boiler after the combustion process. Firstly,
four SW-FA samples were collected from different places in the tank, and then combined
into one sample and mixed. Then, samples were taken from the averaged mass for all
analyzes. Next, SW-FA was sieved and particles with a diameter in the range 0-0.212 mm
were taken for analysis. The samples were dried at 105 °C to constant weight (the moisture
content was less than 0.2%) and stored in an desiccator (Figure 4). In this research, distilled
water and chemical reagents were analytically pure.

Figure 4. Sunflower wood fly ash after the drying process.

2.1.2. Sunflower Wood Fly Ash Characterization

In the research, sunflower wood fly ash (SW-FA) particles with a diameter in the range
of 0-0.212 mm were used. Firstly, physical and chemical properties of the material were
analyzed using several methods, such as: granulation analysis, bulk density, the elemental
composition and mapping using SEM-EDX analysis, XRD, XRF, specific surface area and
pore volume (BET, BJH), thermogravimetry, electrokinetic zeta potential, SEM morphology,
FT-IR spectrometry. The description of the research methods and apparatus has been
attached to this article as Supplementary Materials (SM Methods).

2.1.3. Pb(Il) and Cu(Il) Adsorption Process

SW-FA was examined for the possibility of the adsorption of Pb(II) and Cu(II) ions
in aqueous solutions at room temperature (23 &= 1 °C). For this purpose, (Pb(NO3), and
CuCl, with analytical purity were applied. The SW-FA samples (weight from 20 to 100 mg)
and Pb(NO3); or CuCl; solution (V =20 mL, concentration ranged from 20 to 100 mg/L)
at pH 2-5 were added to conical flasks and mechanically shaken at 200 rpm (1 h) until
the equilibrium phase. The pH of Pb(II) and Cu(Il) initial solutions was adjusted with 0.1
M HNOj3 and NaOH. Next, the SW-FA and equilibrium solution phases were separated
by centrifugation at 4000 rpm. Subsequently, the concentration of Pb(Il) and Cu(II) ions
[mg/L] was analyzed using a SpectrAA 800 atomic absorption spectrophotometer (F-AAS,
at a wavelength A = 217 nm for lead Pb and A = 324.8 nm for copper Cu, Varian, Palo
Alto, CA, USA). The measurements were conducted in triplicate and average results were
finally presented.

According to the Equations (1) and (2), the adsorption efficiency A [%] and adsorption
capacity g, [mg/g] were evaluated, respectively:

A= [CO _ C"] x 100% 1)
Co

go = L= Gl XV @

m
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where: Cyp and C, [mg/L] are initial and equilibrium metal ion concentrations, respectively;
V [L]—volume of solution, m [g]—mass of SW-FA.

Langmuir, Freundlich, pseudo-first-order and pseudo-second-order models were used
for analysis according to the Equations (3)—(6), respectively:

o QmuxKLCe
e = 11K, C, (©)
1
Je = KrCs (4)
Gt = qe (1 — e"lt) (5)
2
qeth
— e 6

where: Kj—the Langmuir constant; g, [mg/g]—the maximum adsorption capacity; Ce.
[mg/L]—the equilibrium concentration after the adsorption process; 1/n—the intensity of
adsorption; Kp—the Freundlich constant, g; [mg/g]—the amount of Pb(II) or Cu(Il) ions
adsorbed at any time f [min]; g, [mg/g]—the maximum amount of Pb(II) or Cu(II) ions
adsorbed per mass of SW-FA at equilibrium; k; [1/min]—the rate constant of pseudo-first-
order adsorption; k; [g/(mg-min.)]—the rate constant of pseudo-second-order adsorption.

3. Results and Discussion
3.1. Characterization of the Adsorbent

In these research studies, the sunflower wood fly ash has been analysed using sev-
eral methods. Based on the granulation analysis, the following grain diameter fractions
were identified: 0-0.212 mm (90.93 £ 1.5%), 0.212-0.5 mm (8.34 £+ 1.4%), 0.5-0.71 mm
(0.44 £ 0.05%), 0.71-1.0 mm (0.29 +£ 0.07%), 1.0-1.7 mm (0%), >1.7 mm (0%). Experimental
data indicate that the SW-FA particles are not homogeneous. According to the literature,
the effectiveness of removing lead and copper ions increased with the decrease in the size
of FA particles, which led to an increase in the particle surface and the number of active
centers on the adsorbent having an affinity for metal ions [29,40]. Hence, literature data
and research results suggested that FA with smaller particle size might be used in these
studies [41-46].

The feature of SW-FA is that it is composed of particles that are characterized by vari-
ous sizes, shapes and combined into agglomerations, which results in obtaining different
densities. The bulk density shows the share of the total mass of particles per volume of
material, and also indicates the pore volume in the mass and the volume of voids between
particles. Firstly, bulk density was determined by loosely filling the cylinder with FA. In the
next stage, the material was compacted on a vibrating table. The results were as follows:
0.85 4+ 0.02 g/cm? and 1.51 & 0.02 g/cm?, respectively. This significant increase in the
density value may be important information, for example, for companies in the case of the
potential use of SW-FA as a supplement to building and construction materials.

X-ray diffraction of the sample was performed and the diffraction pattern is shown
in Figure 5. Based on the analysis, it was shown that the following substances are the
main crystalline phases of SW-FA: quartz (synSiO,, 48.17%), anhydrite (synCaSQOy, 13.68%),
sylvite (synKCl, 11.86%), calcite (Ca(COs3), 7.16%), potassium aluminum silicate (Al3SizO11,
6.73%), muscovite (KAl,(AlSi3O19)(FOH),, 5.14%), orthoclase (KAlSizOg, 3.66%), calcium
oxide (CaO, 3.16%), periclase (synMgO, 0.43%). It should be mentioned that the sample
is a combustion product and exists as a heterogeneous mixture. Hence, X-ray diffraction
analysis of a sample taken elsewhere from the tank after a combustion process may reveal
a different quantitative composition, but the crystalline phases of the substances should be
the same. The XRD analysis was similarly noticed in the literature [35,47]. Brannvall et al.
reported that fly ashes are prone to aging processes that take place when the materials are
not in thermodynamic equilibrium with various conditions. The aging is influenced by
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various parameters, such as redox potential, pH, temperature, humidity, the concentration
of some substances in the environment, resulting in several chemical and mineralogical
changes. These may be as follows: hydrolysis or hydration of K, Na, Ca, Al oxides,
precipitation or dissolution of salts and hydroxides, formation, reduction and oxidation
solid solutions, neoformation of clays as well as carbonation. Understanding these various
transformations is essential as they can affect leaching or immobilization of hazardous
substances by changes in pH, increasing or weakening mechanical stability of construction
materials. In addition, aging influences the acid neutralization capacity (ANC), which is a
parameter that indicates the rate of pH changes that occur when FA is affected by contact
with landfill gas containing up to 50% CO, or acidic conditions (e.g., acid rain) [48].

22,000 - Q
20,000 4 Q- Quartz
A - Anhydrite
18,000 1 Ca - Calcite
16,000 - P — Periclase
CaO0 — Calcium oxide
14,000 -

M — Muscovite
12,000 S— SylVlte
O —Orthoclase

Counts (intensity)

10,000 1 K — Potassium aluminium silicate
8,000
Q
6,000 - | Ca
a000{ M ‘ 05 Qa a a 4 a
K Ak Qp Y ca cao Q Q
2,000 -
0 T r . : T : -
5 15 25 35 45 55 65 75

2Theta

Figure 5. X-ray diffraction pattern of SW-FA.

Determination the elemental composition of SW-FA was carried out with X-ray flu-
orescence (XRF) analytical technique using an ARL Advant ‘XP spectrometer (Thermo
Electron Corporation, West Palm Beach, FL, USA). Based on the results presented in Table 1,
it was found that S5iO,, Al,O3, CaO or K;O oxides have the highest share in SW-FA. It
should be noted that trace amounts of CuO and PbO were observed. The results are very
similar to those obtained by the XRD method.

Table 1. The chemical composition of SW-FA.

Oxide Content [%] Oxide Content [%]
SiO, 50.20 BaO 0.06
Al,O3 12.29 ZnO 0.05
CaO 11.82 SrO 0.046
K,O 7.99 ZrO, 0.025
MgO 3.34 CuO 0.019
P,0s5 2.04 PbO 0.016
Fe, O3 1.46 Rb,O 0.014
Na,O 0.44 Cry,O3 0.012
TiO, 0.30 NiO 0.006
MnO 0.28

Particle size distribution analysis was performed and the results were included as
Supplementary Materials (Figure SM1). The specificity of the measurement is that SW-FA
particles suspended in an aqueous solution were analyzed, and those heavier and larger in
diameter got to the bottom of the suspension. Merely one peak was observed in the graph at
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a particle size of 963.9 nm. According to the literature, material properties, such as strength
and hydration rate are influenced by the particle size distribution [49,50]. Additionally,
this parameter acts as a key indicator of particle quality and performance in many different
processes. The smaller particles are able to dissolve more quickly in solution and form a
more stable suspension compared to the larger ones. Moreover, smaller adsorbent particles
achieve a higher efficiency in adsorption processes [41,51,52].

The SW-FA material was subjected to thermogravimetric analysis and the graph is
presented in Figure 6. In general, with increasing temperature, the weight loss of the sample
is observed in the temperature range from 30 to 600 °C. In the case of TG curve, denoting
a change in the loss of mass, the total mass loss was about 2.53% and it was rectilinear
and constant. This may be related to the get rid of adsorbed water from the SW-FA as
well as carbon monoxide and volatile components, e.g., organic compounds that may
have condensed on the sample. Other reaction may be associated with dehydroxylation
of calcium hydroxide [45,53]. The SEM-EDS analysis indicated the presence of carbon,
calcium and oxygen in the SW-FA after the combustion process. It can be assumed that
oxidation of carbon to carbon dioxide took place at temperatures below 700 °C (reaction
Equation (7)). As a result of the thermogravimetric analysis (TGA) there is also a further
weight loss in the range 500-600 °C, which can be explained by the decomposition of
CaCOs into CaO and CO; (reaction Equation (8)) [46,47,54]:

C+ 02 — C02 (7)

CaCO3; — CaO + CO, (8)

According to our previous studies and the literature, further heating of FA at tem-
peratures above 600 °C causes another weight loss, which may be a consequence of the
deterioration of the grain wall surfaces attributable to the release of gaseous products
from their internal areas [46]. DTG analysis shows the rate of weight loss as a function
of temperature (derivative of weight loss [%/min]). The diagram shows three major
weight losses over the temperature range of 30-70 °C (removal of free and unbound water),
300-340 °C (loss of water from hydrates (dehydration)), 550-600 °C (beginning of gaseous
substances release and decomposition of carbonated products) [55]. Negative values of the
DTG signals indicate the ongoing endothermic reactions. Thermal phenomena that occur
in SW-FA are important from the point of view of industrial applications including heat
treatment processes.

100.5 - - 0.10

100 - 0.05
TGA =
995 - L o000 E
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= =
x [
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2
Z
(]
a

97.5 - - -0.20

97 . , . , ‘ -0.25
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Figure 6. Thermogravimetric curves of SW-FA.
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Electrokinetic zeta potential analysis was performed on the sample SW-FA before and
after rinsing with distilled water (Figure SM2). Thanks to this parameter, it is possible to
determine the impact of surface charge on the sorption of metal ions and to estimate the
efficiency of this process [56]. Experimental data show that the surface charge of SW-FA
varies depending on the pH of the solution and decreases from 9.79 mV (pH 2.04) to
—12mV (pH 7.15). At pH 2.0-2.6 (1.8-8.13 mV) the system is characterized by low system
stability. In the range of pH 2—4, the values of surface charge indicate the prevalence of
negative ions in the system. The isoelectric point (IEP) was achieved at pH 4.2, which means
that the system has on average an equivalent amount of negative and positive charges.
In the pH range of 4.2-7.0, positive ions are predominantly present. In the next step, the
SW-FA was rinsed several times with distilled water to obtain pH 7 of the dispersion
system. In this case, the curve only slightly changed, the amount of negatively charged
ions decreased and the surface charge changed from 6.27 mV (pH 2.1) to —12 mV (pH 7.1).
The isoelectric point (IEP) was similarly achieved at pH 4.3. At this point, SW-FA particles
have the lowest osmotic pressure, viscosity, and solubility in aqueous solution.

The analysis of SEM-EDS spectrometry was performed and the results are presented in
Figure SM3. The EDS spectrum shows peaks corresponding to such elements as: O, Si, C, Al,
Ca, K, Ti, S, Mg, Fe, Cl, P. The SW-FA material is not homogeneous and slight quantitative
differences in composition may occur at each EDS measuring point on the material surface.
Additionally, the SEM-EDS mapping method using a backscattered detector was used to
determine the distribution of various elements on the material. The images show different
distribution of individual elements, and their intensity is dependent on the type of element,
but also on the combustion process or properties and chemical composition of sunflower
and wood waste (Figure SM4). The multi-component composition of FA affects its favorable
physicochemical properties, hence it can be used in industry as an additive to building
and construction materials (concrete, bricks), ceramics, soil treatment, zeolite synthesis,
but also as a material useful for removing pollutants from air and water due to its good
binding properties. FA from biomass combustion can be used as an additive to fertilizers,
but also to fertilize soils, especially in forests. On the other hand, FA from the combustion
of coal and a mixture of wood and biomass waste is currently used for the foundation of
roads, filling post-mining voids [57-59].

BET analysis was performed to analyze porosity of SW-FA (Figures SM5-SM21) and
determined parameters, such as specific surface area (Sggr), pore volume (V) and average
pore diameter (Apd) are presented in Table 2. The analysis showed that the shape of
the isotherms resembled type III isotherms, being convex towards the pressure axis. In
addition, the shape informs about the so-called cooperative adsorption, meaning that
previously adsorbed molecules allow for an increase in the adsorption of residual particles
present in the solution. If the particles have already been adsorbed on the adsorbent, the
adsorbate—adsorbate interaction has a positive effect on the adsorption of other ions,
which results in the enhancement of the isotherm towards the pressure axis. The type III
isotherm indicates that the adsorbed molecules are clustered around the most favorable
places on the surface of a nonporous or macroporous adsorbent [60].

The adsorptive and desorptive pore volume distribution was analyzed by the use
of the BJH method, the principle of which is that nitrogen gas is adsorbed on a specific
surface and is in relation to the relative pressure of the adsorbent. While the temperature is
constant, the adsorption isotherm is associated with the connection between gas adsorption
and gas balance relative pressure. Based on the desorption line of isothermal adsorption
curve, the calculation of pore size distribution is carried out by determining the amount of
nitrogen adsorbed at a relative pressure of 0.99 using Equation (9):
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where: V,,—the pore volume; t,—the adsorbed nitrogen layer thickness; ri,—the capillary
radius; rp,—the maximum pore radius; A;;—the area after the emptying; V,—capillary
volume [61].

The BJH method is related to capillary condensation appearing in the pores. During
the capillary condensation process, pressure increase causes an increase in the thickness
of the adsorbate layer on the pore walls [62]. In this way, the adsorption isotherms
were determined and the volume and distribution based on the size of the pores were
obtained (Table 2). The form of the isotherm indicates that the SW-FA probably has a
non-porous structure and that slit pores are formed between the gaps of FA particles, some
of which are meso-sized. The results as graphs are presented in the figures attached as
Supplementary Materials.

Table 2. Adsorption and desorption surface parameters of SW-FA.

Parameters Values
BET adsorption cumulative surface area (Sggt) [m2/ gl 3.264
BET desorption cumulative surface area (Sggr) [m2/ gl 3.660
BJH adsorption cumulative volume of pores (Vpa) [cm3/g] 0.014325
BJH desorption cumulative volume of pores (Vpd) [cm3/g] 0.014752
BJH adsorption average pore diameter (Apda) [nm] 17.553
BJH desorption average pore diameter (Apdd) [nm] 16.1218

The surface morphology of the SW-FA particles was analyzed with a scanning electron
microscope (SEM) and the images are shown in Figure 7. Generally speaking, the particles
have irregular shapes of various sizes. Shape irregularities appear with both larger and
smaller particles. Characteristic are heterogeneous structure, porous surface, sharp ends
and visible developed flat surfaces. The particles are combined into agglomerates of
polygonal, shorter, longer or oval lumps, often resembling various sharp-edged crystals.
Spherical shapes with microscopic structure were not observed. The particles take an
irregular, elongated or acicular shape depending on the parameters of the combustion
process, such as temperature and time. Spherical or crystalline shapes are formed during a
longer combustion process. Similar observations were observed in the literature [35,63,64].
Gao et al. reported that the surface morphology and specific surface area of FA particles
influence the surface energy of particles, which is the force initiating the processes at the
liquid-sorbent interphases. FA particles have a stronger surface activity and a higher
surface energy for a finer specific surface area. Additionally, FA porosity depends on the
extent of the particle distribution, grain shape and microporosity [65]. Based on granulation
analysis, the most particles are contained in the fraction with the grain size range 0-212 um
and particle size distribution analysis indicated SW-FA particle size of 963.9 nm. BET
adsorption specific surface area is 3.264 m?/g. Hence, it should be stated that the larger the
specific surface area and the finer particle size distribution of the FA adsorbent, as well as
the greater its adsorption capacity and interaction with metal ions [66].

3.2. Adsorption Studies of Pb(II) and Cu(Il) lons
3.2.1. Analysis of pH Profile

In the next stage of the research, the influence of initial and equilibrium pH on the
adsorption process was analyzed. Increasing the ionization of functional groups on the
adsorbent surface occurs at lower pH values, which in turn is favorable for the adsorption
process. In alkaline solutions with higher pH values, Pb(II) and Cu(Il) metals have ability
to precipitate in the form of hydroxides [67,68]. Therefore, based on the literature and our
experience from previous studies, the following experimental conditions were used: the
initial concentration of metal ions 100.1-100.2 mg/L, SW-FA dosage 2-5 g/L, pH range
of 1.5-2.7, contact time 60 min, rotation speed 200 rpm, T = 23 + 1 °C. After analyzing
the results presented in Figure 8 and Figure SM24, it was found that pH significantly
influences the efficiency of the process. In all cases of SW-FA doses (2-5 g/L), an increase
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in adsorption from the minimum to the highest values was demonstrated. The maximum
adsorption efficiency was achieved in the following cases: A) Pb(II): 99.76% (initial pH 2.06,
equilibrium pH 7.07, 2 g/L SW-FA), 99.81% (in. pH 2.64, eq. pH 7.59, 3 g/L SW-FA), 97.80%
(in. pH 1.87, eq. pH 6.96, 4 g/L SW-FA), 99.56% (in. pH 2.05, eq. pH 6.86, 5 g/L SW-FA);
B) Cu(I): 99.15% (in. pH 2.08, eq. pH 7.11, 2 g/L SW-FA), 99.53% (in. pH 2.68, eq. pH
7.6,3 g/L SW-FA), 98.20% (in. pH 1.94, eq. pH 6.97, 4 g/L SW-FA), 99.61% (in. pH 2.15,
eq. pH 6.86, 5 g/L SW-FA). The results show that the initial pH affects the adsorption
efficiency and capacity relative to different doses of SW-FA. Probably the cation exchange
mechanism was responsible for binding these metal ions. In aqueous solutions, the SW-FA
surface and functional groups could be protonated by available hydrogen ions, which
increased the number of positively charged active centers and decreased the number of
negative ones. In water, competition takes place between Pb%*, Cu?* ions and H" ions,
which are not beneficial for metal adsorption due to electrostatic repulsion. The gradual
increase in the pH value caused negative electrostatic charging of the SW-FA surface and
deprotonation of groups containing H* ions. This situation favored greater adsorption of
metal ions. According to the literature, lead and copper exist in the ionic form in pH range
2-7 and 2-6.5, respectively. On the other hand, at higher pH, these metals precipitate in
the form of Pb(OH); and Cu(OH), hydroxides [69-71]. Hence, the maximum adsorption
was obtained at lower pH. Additionally, the literature describes the process of Pb(II) and
Cu(Il) adsorption, taking into account the influence of many factors (including pH) [72-74].
The XRD analysis showed the presence of SO42~, Cl~,CO32~, OH™, SiO32~ anions which
means that they could participate in the precipitation of Cu(Il) and Pb(II) ions. Based on the
XRF analysis, many metal oxides are present in the sample. Their electrostatic charge and
behavior are strongly influenced by pH of aqueous solution. Hence, with a high degree of
probability the complexation through ion exchange could take place. The complexation
process of Pb®* and Cu?* ions with oxygen groups was accompanied by the release of H*
cations. The mechanism can be generally presented according to Equations (10)—(13):

—XOH + H30" — XOH; + H,0 (10)

—XOH + OH~ — XO~ + H,0 (11)
2(=XO7) +Pb** — (=XO),Pb (12)
2(—X07) +Cu*" — (=X0),Cu (13)

where: X can be Si, Al, Ca, K or other. As the pH of the solution increased, the number
of anions, dissociated from hydroxyl groups on the surface of SW-FA, also increased,
with a consequence of increasing electrostatic attraction capacity between the interacting
ions. Nevertheless, these possible mechanisms have not been confirmed with appropriate
experiments in these studies [45,75].

Figure 7. SEM images of SW-FA: (a) magn. 1500, scale bar: 50 um, (b) 10,000, 10 um.
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Figure 8. The dependence between initial (a,c) and equilibrium pH (b,d) and removal efficiency of Pb(II) and Cu(Il) ions

with SW-FA.

3.2.2. Impact of Adsorbent Dosage

The influence of SW-FA dosage on the efficiency of Pb(II) and Cu(Il) removal from
aqueous solutions was investigated and the results are presented in Figure 9a,b. The follow-
ing experimental conditions were used: initial concentration of metal ions 20-100 mg/L,
initial pH 2.2, rotational speed 200 rpm, T =23 + 1 °C, contact time 60 min. As it is seen in
these experimental conditions, the adsorbent dose of 3 g/L can be considered optimal due
to the highest efficiency at the tested pH and the initial concentration range of 20-100 mg/L.
Further increase of the SW-FA dosage was not necessary as no significant changes in the
adsorption process were observed. The maximum sorption results for the SW-FA dosage
of 5 g/L are as follows: A) Pb(Il): 98.85% (20 mg/L Pb(II)), 99.48% (40 mg/L), 99.67%
(60 mg/L), 99.76% (80 mg/L), 99.81% (100 mg/L); Cu(Il): 98.16% (20 mg/L Cu(Il)), 99.08%
(40 mg/L), 99.30% (60 mg/L), 99.55% (80 mg/L), 99.64% (100 mg/L). In addition, an initial
increase in calculated adsorption capacity was observed at 1 to 3 g/L SW-FA dosages,
followed by a decrease at higher values of 4 and 5 g/L (Figure SM22). The increase depends
on the initial concentration of the metals. The highest values of the adsorption capacity
were reported at the dose of 2-3 g/L and are as follows: A) Pb(Il): 9.76 mg/g (20 mg/L
Pb(1l)), 15.44 mg/g (40 mg/L), 19.92 mg/g (60 mg/L), 26.55 mg/g (80 mg/L), 32.94 mg/g
(100 mg/L); B) Cu(ll): 9.11 mg/g (20 mg/L Cu(ll)), 14.77 mg/g (40 mg/L), 19.80 mg/g
(60 mg/L), 26.48 mg/g (80 mg/L), 32.70 mg/g (100 mg/L). In this process, at lower doses
of SW-FA, the active sites could be fully occupied by metal ions when interacting with the
adsorbent, and at higher doses, they could not be fully utilized. The decrease in adsorption
capacity is related to an increase in the SW-FA dose and thus an increase in the number of
available sites capable of binding metal ions. Similar results of studies involving FA are
confirmed in the literature [45,46,76,77]. Harja et al. also reported in their studies on Cu(II)
adsorption with FA and FA /Fe3O; that ‘adsorption capacity decreases with an increase in
the adsorbent dose” due to ‘the aggregation of the magnetic particles” [78]. Militaru et al.
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revealed that as sewage sludge ash dose increases, the adsorption efficiency of Pb(II) and
Cu(Il) increases as well, and it was higher in the case of Pb(II), quite similar to results in
this research studies [79].
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Figure 9. The impact of SW-FA dosage on adsorption efficiency of Pb(II) (a) and Cu(Il) (b) ions.
3.2.3. Impact of Initial Concentration of Pb(II) and Cu(II)

The adsorption properties at different initial concentrations of Pb(Il) and Cu(II) ions
were investigated, and the results are presented in Figure 10. The analysis of the previously
conducted tests allowed for the use of the following experimental conditions in this stage:
initial concentration of metal ions 20-100 mg/L, doses of adsorbent 1-5 g/L, initial pH 2.2,
contact time 60 min, rotational speed 200 rpm, T = 23 + 1 °C. As observed, the lowest
adsorption occurs at a lower dose of 1 g/L. As observed, the lowest adsorption occurs at a
lower dose of 1 g/L. At the dose of 2 g/L, the adsorption increased to about 60%. However,
at higher doses of 3-5 g/L, the maximum adsorption efficiency was equal to 99.76% (Pb(Il))
and 99.49% (Cu(ll)). The equilibrium pH after the entire sorption process ranged from
3.5 to 8.3. Moreover, a constant increase in the adsorption capacity was observed in the
range from the minimum values (0.32-2.3 mg/g for Pb(II), 0.91-2.44 mg/g for Cu(ll)) to
the maximum value of 33.47 mg/g for Pb(Il) and 33.3 mg/g Cu(ll) (Figure SM23).

The analysis of the sorption process showed that the initial concentration of metal ions
has an influence on the saturation of the SW-FA surface. However, at higher concentrations,
the process of intramolecular diffusion of metal ions on the SW-FA surface could take
place. In aqueous solutions with low acidic pH, the hydrous oxide (MOH) surface of the
adsorbent will be fully covered by H* ions (MOH + H* — MOH,*). As a result, the greater
positive electrostatic charge appears on the surface of the adsorbent and the adsorption
of metal ions becomes more complex. Competition between H" ions and Cu(II) or Pb(II)
ions for the active surface centers and lower adsorption was noted. In alkaline solutions,
negative charge is dominant and hydroxide ions can react with hydrous oxides to form
deprotonated particles (MOH + OH™ — MO~ + H,O). The adsorbent surface becomes
deprotonated, which results in electrostatic attraction between the positively charged metal
ions and the negatively charged adsorbent surface [77,80]. Figure 10 shows that the initial
low metal concentration of 20 mg/L has already caused the first ion exchange reactions
at the interface between the aqueous and solid phase. According to the literature, Pb?*
and Cu?* ions have ionic radii of 0.119 A and 0.73 A, respectively. If ionic radius of metal
ions is smaller, the easier it is to hydrolyze in aqueous solutions. Furthermore, hydrolysed
molecules have lower ability to adsorb on the adsorbent surface, which is related to the
lower efficiency of the adsorption process [79-83].
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Figure 10. The impact of initial concentration of Pb(Il) (a) and Cu(Il) (b) ions on SW-FA removal efficiency.

3.2.4. Reaction Kinetics
Contact Time Studies

The contact time parameter is important for industrial applications, hence its influence
on adsorption was investigated and the results are shown in Figure 11 and Figure SM25.
Determining the optimal contact time in the process is important when properly designing
the entire adsorption process, as well as reducing costs and energy consumption. Based
on our previous research, the following experimental conditions were proposed: initial
concentration 100.2 mg/L, initial pH 2.0, SW-FA dosage 5 g/L, contact time range 0-
60 min, rotation speed 200 rpm, T = 23 £ 1 °C. The obtained results indicated that the best
adsorption efficiency was reported within the first 5 min of the process and there were
no significant changes up to 60 min. Hence, it was not necessary to conduct research on
longer time of adsorption. The results after 5 min. were as follows: 99.01%, 19.84 mg/g,
equilibrium pH 5.04 (Pb(Il)) and 98.76%, 19.79 mg/g, equilibrium pH 4.75 (Cu(Il)). The
rapid initial increase in adsorption is the hallmark of the SW-FA material. This phenomenon
can have many reasons, such as: high concentration of metal ions at the water-solid
interface, high electrostatic attraction on the adsorbent surface, and the availability of a
larger number of free active sites on the SW-FA surface. The mechanism of ion exchange
reactions can take various forms, but after each of them, the equilibrium of the entire process
is gradually achieved through the occupation of active centers by metal cations [10,84].
Likewise, Hatas et al. reported in their studies of contact time that during the first stage,
rapid and intensive sorption of Cu(Il), Fe(IIl), Mn(II) and Zn(II) was observed because of
large availability of surface active sites. The second step was much slower, because the
process remained at the same level and reached equilibrium as most of the active sites
were adsorbed. Other processes could also take place, such as ion exchange, interactions
between metal ions and functional groups of the adsorbent, and diffusion of metals into
its structure [85]. Alinnor reported in his study that at higher pH, the FA surface was
negative and the adsorption of Cu(Il) and Pb(Il) ions increased. This could be caused by
electrostatic interaction, which was manifested by a sudden increase in the amount of
adsorbed metal ions when the pH value increased from the initial 6 to the equilibrium
value of 10. This can be attributed to the contents of SiO,, Fe;O3, Al,O3 and Ca in FA,
which increase pH to strongly alkaline values and increase the adsorption of Cu(Il) and
Pb(II) ions. The simultaneous precipitation and adsorption of the metal ions on FA surface
can also occur at low pH values ranging from 4 to 6. Hydration of FA increases pH to
values in the range 10-13 and is a consequence of a developed precipitation degree of metal
ions, and to increase their adsorption [86].
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Figure 11. The impact of contact time on the Pb(II) (a) and Cu(II) (b) ions removal efficiency.

Pseudo-First-Order and Pseudo-Second-Order Kinetic Models

The kinetics of the adsorption of Pb(Il) and Cu(Il) ions was analyzed. For this purpose,
a pseudo-first-order and pseudo-second order model was applied. The kinetic parameters
of these models were determined and the results are presented in Table 3 and Figures
SM26-5M29. Higher correlation coefficients R? (0.999 and 0.999) were obtained for the
pseudo-second reaction model, which better fits the description of kinetics of the adsorption
process. Pb(II) and Cu(Il) ions could be bound by the process of chemical reaction, create
chemical bonds and have an affinity for active sites, which resulted in high adhesion to
the SW-FA surface [87]. Under the conditions of a lower concentration of metal ions in
aqueous solutions, the particles collided with each other less frequently. The situation of
lower intensity of obstacles in the solution meant that metal ions could bind to SW-FA
active centers much faster.

Table 3. Adsorption parameters of pseudo-first-order and the pseudo-second-order rate equations.

Pseudo-First-Order Kinetic Pseudo-Second-Order
Adsorbent Model Kinetic Model
Metal Ion Dosage r k
[g/L] ad qe R2? [e/m 9e R2
S g/mg
[min—1] [mg/gl min] [mg/g]
Pb(II) 5 0.086 0.052 0.828 106.14 0.212 0.999
Cu(ID) 5 0.124 0.046 0.878 72.66 0.257 0.999

3.2.5. Isothermal Studies

In these studies, Langmuir and Freundlich isothermal models were used to further
describe the adsorption process (Figures SM30-SM33). The calculated parameters of the
isotherms indicate that the process fits the Freundlich model better (Table 4). The Freundlich
isotherm relates to the relationship between the concentration of metal ions in a liquid at
equilibrium (Ce) and the concentration of dissolved ions on the surface of the adsorbent (ge).
The determined values of the Freundlich isotherm parameters (Kr—adsorbent adsorption
capacity index, n—adsorption intensity index) suggest that Pb(II) and Cu(II) ions can easily
separate from the solution. In these studies, the highest calculated adsorption capacity
(Langmuir parameters) was as follows: 138.37 mg/g (Pb(Il), 5 g/L SW-FA) and 97.43 mg/g
(Cu(ll), 5 g/L SW-FA).
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Table 4. Isotherm model constants and correlation coefficients for adsorption of Pb(II) and Cu(II)
using SW-FA.

Langmuir Isotherm Freundlich Isotherm
Adsorbent
Metal Ion Dosage Calculated K, " : Kj; ] -
[g/L] Im [L/mg] g %1/ ) "
[mg/g] [L/mg]*™
1 16.18 0.0009 0.998 0.019 1.080  0.999
2 46.37 0.024 0.956 2.145 1.584  0.990
Pb(II) 3 68.76 2.228 0.966 57.344 1430  0.989
4 72.92 1.325 0.963 57.504 1.167  0.967
5 138.37 0.537 0.992 61.209 1.045 0.996
1 7.57 0.007 0.953 0.148 1.608  0.984
2 48.53 0.02 0.981 1.686 1.390  0.993
Cu(II) 3 65.63 1.597 0.957 46.24 1.357  0.982
4 72.63 0.818 0.979 35.48 1223 0.989
5 97.43 0.462 0.989 34.08 1.102  0.990

3.3. FT-IR Analysis

FT-IR analysis of SW-FA was carried out before and after the adsorption process, and
the corresponding spectra are presented in Figure 12. The following experimental condi-
tions were used in this study: SW-FA dose 5 g/L, initial concentration of Pb(II) and Cu(II)
ions 10 mg/L, initial pH 2.0, T = 23 £ 1°C, contact time 60 min. The explanation of FT-IR
peaks and their wavelengths are explained in Table 5. The spectra were interpreted before
and after the adsorption process, taking into account the intensity of bands, frequency,
shape differences and possible interactions of functional groups with Pb(Il) and Cu(II)
ions. As it is seen in Figure 12, after the adsorption process, the intensity of the bands
changed towards other transmittance values. The positions of the bands were either at
the same wavelengths or slightly shifted. These changes are as follows: 3261.76 (shift to
3258.62 cm ™! (Pb(II)) and 3314.28 cm ™! (Cu(Il))), 1412.41 (shift to 1410.22 cm~! (Pb(II))
and 1414.53 cm ™! (Cu(ID))), 985.11 (shift to 984.74 cm~! (Pb(1I)) and 984.27 cm~! (Cu(1l))),
874.03 (shift to 874.28 cm~! (Pb(II)), 678.61 (shift to 712.96 cm~! (Pb(II)) and 693.48 cm ™!
(Cu(II))), 430.92 (shift to 422.84 cm~! (Pb(II)) and 432.25 cm~! (Cu(Il))). The peak shifts are
a consequence of the interaction and binding of metal ions with functional groups present
on the SW-FA surface and confirmed by the XRF analysis. Comparing these results with
literature, for example FA from the combustion of wood chips and deciduous trees waste
was used for FT-IR research. There was reported similar bands related to the following
vibrations: asymmetric stretching Si-O (1110 em ™!, 1044 cm™!), symmetric stretching
Si-O-Si (796 cm™1), symmetric stretching Al-Si-O (571 cm~!), bending O-Si-O (467 cm ™!,
silica glass and quartz) [88].
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Figure 12. FT-IR spectrum of SW-FA before and after Pb(II) and Cu(II) ions adsorption.

Table 5. FT-IR peaks of SW-FA and explanation.

FT-IR Band [em~1] Assignment (Vibrations, Species)

3258.6, 3261.8, 3314.28
1410.2,1412.4, 1414.53

984.7,984.27,985.1

873.3, 874.03, 874.28

713
678.6, 693.5, 678.6
612.2
594.6
396.3,395.7, 387.3, 422.8, 430.9, 432.2

stretching vibrations O-H
valence vibration of carbonate ions
asymmetric stretching vibrations of silica
Si—-O-Si and Al-O-Si
symmetric stretching of Al-O-M, vibration of
carbonates (calcite)
symmetric stretching of Si-O-Si and Al-O-Si
stretching vibrations Al-O
stretching vibrations Al-O
vibrations Si-O-Pb
bond bending vibrations Si-O-Si

4. Conclusions

In this study, fly ash produced as a result of the incineration of sunflower (20%, m/m)
and wood (80%, m/m) waste (SW-FA) using the circulating fluidized bed combustion
(CFBC) technology was examined for the possibility of adsorption of Pb(II) and Cu(II) ions
from aqueous solutions. The physicochemical and textural properties of SW-FA have been
evaluated using a number of research methods to provide the most complete characteri-
zation of the material. The granulation analysis showed the most SW-FA particles in the
diameter range of 0-212 um (90.93%), while the particle size distribution analysis showed
mainly the size of 963.9 nm. The bulk density was equal to 0.85 g/cm? (loosely filling the
cylinder) and 1.51 g/cm?® (compacted on a vibrating table). Based on the XRD analysis,
the following substances were identified: quartz, anhydrite, sylvite, calcite, potassium
aluminum silicate, muscovite, orthoclase, calcium oxide and periclase. The XRF analysis
showed the content of mainly oxides such as: SiO; (50.2%), Al,O3 (12.3%), CaO (11.8%),
K>0 (8%), MgO (3.3%), P2Os5 (2%), Fe;03 (1,5%). Thermogravimetric analysis (TGA) pre-
sented that with increasing temperature, the weight loss was observed in the temperature
range from 30 to 600 °C (in total approx. 2.53%). Electrokinetic zeta potential analysis
showed the predominance of negative ions at pH 2—4 and positive ones at pH 4.2-7.0. The
isoelectric point (IEP) was reached at pH 4.2. According to the EDS analysis, the following
elements were determined: O, Si, C, Al, Ca, K, Tj, S, Mg, Fe, Cl, P. The SEM-EDS mapping
method revealed different distribution of individual elements and their intensity. The
BET and BJH analysis determined adsorption parameters, such as specific surface area
(3.264 m? /g), pore volume (0.014325 cm?/g) and average pore diameter (17.553 nm). The
shape of the isotherms resembled type III isotherms, being convex towards the pressure
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axis, which informed about the so-called cooperative adsorption. The adsorbent consists of
slit pores formed between particles, some of which are meso-sized. The analysis of SEM
surface morphology revealed that the SW-FA particles are combined into agglomerates,
have irregular shapes of various sizes, porous surface, sharp ends and visible developed
flat surfaces.

The effectiveness of the adsorption process was established on the basis of the analysis
of the effect of sorbent dose, initial and equilibrium pH, initial concentration and contact
time. The obtained research results gave a clear message that in many experimental condi-
tions the efficiency of the process was high and ranged from 90 to 100%. The maximum
removal efficiency for Pb(II) was 99.81% (initial pH 2.64, equilibrium pH 7.59, initial con-
centration 100.1 mg/L, SW-FA dosage 3 g/L) and for Cu(Il) was 99.61% (initial pH 2.15,
equilibrium pH 6.86, initial concentration 100.1 mg/L, SW-FA dosage 5 g/L) at contact time
60 min, rotational speed 200 rpm, T =23 &+ 1 °C. The binding of metal ions by functional
groups was confirmed not only by AAS measurements, but also by changes in the intensity
of bands and slight shifts of peaks visible in the FT-IR spectrum. The process was described
by the analysis of kinetics and determination of isotherms. It has been shown that the
kinetic model of pseudo-second-order reaction and Freundlich model best describe the ad-
sorption processes. Based on the Langmuir equation, the calculated maximum adsorption
capacity gmax is 138.37 mg/g for Pb(Il) (5 g/L SW-FA) and 97.43 mg/g for Cu(Il) (5 g/L
SW-FA).

In summary, it can be stated that the fly ash formed as a result of combustion of
post-production sunflower and wood waste is capable of removing Pb(II) and Cu(Il) ions
with a very high process efficiency due to the content of appropriate functional groups and
favorable properties of the adsorbent. The results of the experiments gave sufficient reasons
to continue research on the use of SW-FA in the processes of adsorptive removal of other
metal ions. Currently, great emphasis is placed on improving water quality through its
purification using various methods. Certainly, the use of SW-FA waste in cheap adsorption
processes can be successfully used in industry for the removal various metal ions from
waste waters, including Cu, Pb, Zn, Mn, Cd, Cr, Ni, Fe, Al, Tj, Ge, Ga, U, Li, precious metals
and others (e.g., phenol derivatives, flue gas desulphurisation). After adsorption processes,
the SW-FA samples could be disposed of safely by solidification, vitrification or burning
after drying. The beneficial properties of SW-FA allow for other industrial applications,
including the use as a soil amelioration agent for agricultural purposes; as porous material
for separation and catalytic processes due to its potential to reduce the consumption of
materials that have limited reserves and/or are expensive to produce; as a low cost material
for the production of ceramics, glass-ceramics, and glass materials due to the content of
5i0,, Al,O3, CaO, and FepOg3; as a component in the synthesis of geopolymers that can
be used in construction, transport, aerospace, mining, and metallurgy industry. All these
applications make them fit into the latest global trends in circular economy, they can
contribute to the reduction of CO, emissions, so the impact on climate neutrality.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1996-107
3/14/6/1771/s1, Figure SM1: Particle size distribution of SW-FA determined by laser diffraction,
Figure SM2: Electrokinetic zeta potential of SW-FA before and after rinsing with distilled water,
Figure SM3: EDS spectrum of SW-FA, Figure SM4: SEM-EDS images (mapping) of the distribution
and relative proportion (intensity) of defined elements (C, O, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe) over
the scanned area of SW-FA (scale bar: 20 um), Figure SM5: The low temperature BET adsorption
and desorption isotherm linear plot, Figure SM6: BET surface area plot, Figure SM7: Langmuir
surface area plot, Figure SM8: Harkins and Jura t-plot, Figure SM9: BJH adsorption cumulative
pore volume, Figure SM10: BJH adsorption dV/dD pore volume, Figure SM11: BJH adsorption
dV/dlog(D) pore volume, Figure SM12: BJH adsorption cumulative pore area, Figure SM13: BJH
adsorption dA/dD pore area, Figure SM14: BJH adsorption dA/dlog(D) pore area, Figure SM15:
BJH desorption cumulative pore volume, Figure SM16: BJH desorption dV/dD pore volume, Figure
SM17: BJH desorption dV/dlog(D) pore volume, Figure SM18: BJH desorption cumulative pore area,
Figure SM19: BJH desorption cumulative pore area, Figure SM20: BJH desorption dA/dD pore area,
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Figure SM21: BJH desorption dA/dlog(D) pore area, Figure SM22: The impact of SW-FA dosage on
adsorption capacity of Pb(II) and Cu(Il) ions, Figure SM23: The impact of initial concentration of
Pb(II) and Cu(II) ions on SW-FA adsorption capacity, Figure SM24: The dependence between initial
and equilibrium pH and Pb(II) and Cu(II) adsorption capacity of SW-FA, Figure SM25: The impact of
contact time on adsorption capacity of SW-FA during the removal of Pb(II) and Cu(II) ions, Figure
SM26: Pseudo-first-order isotherm for adsorption of Pb(Il) ions with SW-FA, Figure SM27: Pseudo-
first-order isotherm for adsorption of Cu(II) ions with SW-FA, Figure SM28: Pseudo-second-order
isotherm for adsorption of Pb(II) ions with SW-FA, Figure SM29: Pseudo-second-order isotherm for
adsorption of Cu(Il) ions with SW-FA, Figure SM30: Langmuir isotherms for adsorption of Pb(II) ions
with SW-FA, Figure SM31: Langmuir isotherms for adsorption of Cu(II) ions with SW-FA, Figure
SM32: Freundlich isotherms for adsorption of Pb(II) ions with SW-FA, Figure SM33: Freundlich
isotherms for adsorption of Cu(Il) ions with SW-FA.
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