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Abstract

This study explores the use of waste materials such as activated fly ash (AP1) and its mixture with activated
carbon (AP2) for rainwater treatment. The adsorption of heavy metals (Ni, Pb, Cu) and bisphenol A (BPA)
was tested under varying adsorbent doses, contact times, and solution pH. Fly ash was chemically activated
with NaOH, while activated carbon was obtained from spent filter cartridges and similarly treated. Both
adsorbents were characterized for surface area, porosity, pore size distribution, and point of zero charge.
Activation significantly increased the surface area of fly ash and combining it with activated carbon further
improved adsorption performance. AP2 showed the highest removal efficiencies, indicating a synergistic
effect of the two materials. The results demonstrate the potential of reusing industrial and municipal waste
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in rainwater treatment, supporting sustainable development and circular economy practices.
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1. INTRODUCTION

In recent years, there has been growing interest in developing
modern adsorbents with high efficiency for removing pollu-
tants from water, including rainwater. Waste materials are
particularly important in this context, as they exhibit good
sorption properties and align with the principles of a circular
economy (Dehghani et al., 2023; Othmani et al., 2022).

Fly ash, a by-product of coal combustion in power plants, is
one of the most widely used industrial wastes (Alterary and
Marei, 2021; Bhatt et al., 2019; Yao et al., 2015). Its high
specific surface area, porosity and reactive aluminosilicate
compounds make it an effective adsorbent for heavy metals
and organic pollutants in aqueous solutions (Aigbe et al.,
2021; Hosseini Asl et al., 2019). In addition, its sorption
capacity can be further enhanced through chemical, physical,
or thermal activation (Gong et al., 2019; Katara et al., 2013).

The second waste material considered in this study is activated
carbon from household jug filters. These filters, commonly
used in households, contain ion exchange resin and activated
carbon (Szymanska and Nowicki, 2019). The average con-
sumer uses six to twelve filters per year, representing a signif-
icant source of reusable adsorbent material (Szymanska and
Nowicki, 2019). To date, only a limited number of studies have
explored the reuse of this type of waste in rainwater treatment.

Combining activated fly ash with used activated carbon can be
particularly beneficial in urban areas, where rainwater runoff
is a major source of pollution (Zhang and Husain, 2021).

fly ash, activated carbon, adsorption, bisphenol A, heavy metals

This approach can relieve the burden on urban wastewater
treatment plants and reduce the environmental impact of
urbanisation. Additionally, reusing these materials represents
a sustainable and rational waste management strategy (Mush-
taq et al., 2019).

The purpose of this study was to experimentally investigate
the efficiency of the removal of selected pollutants (nickel,
lead, copper, and bisphenol A) from rainwater using activated
fly ash and its mixture with waste activated carbon. The study
included physicochemical analysis of rainwater samples, adsor-
bent characterisation, and evaluation of adsorption efficiency
as a function of adsorbent dose, contact time, and solution pH.

2. MATERIALS AND METHODS

2.1. Methodology of adsorbent preparation

The study used fly ash taken from the New Jaworzno Power
Plant Branch in Jaworzno and activated carbon from tap water
filter cartridges from a popular company on the Polish market.

Fly ash was activated by mixing it with a 10 M NaOH solution
in a weight ratio of 1:1, according to procedures described in
the literature (Oktaviansyah et al., 2024). The mixture was
mixed with a mechanical stirrer for 15 minutes, then placed
in heat-resistant silicone moulds and dried in a laboratory
dryer at 60°C for 24 hours to cure. The resulting material
was crushed in a mortar and washed with distilled water
to remove excess unreacted NaOH. The mixture was then
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dried again at 105°C for 12 hours. A fraction with a grain
size of 0.2-0.5 mm was obtained by pneumatic sieving. This
adsorbent was designated AP1. A second AP2 adsorbent was
prepared in a similar manner, in which fly ash was mixed with
activated carbon spent from household jug filters in a weight
ratio of 5:1. To add the activated carbon, the spent filter

medium was first subjected to drying at 105°C for 12 hours.

After drying, the activated carbon was mechanically separated
from the ion exchange resin (Fig. 1).

Figure 1. Filling of the filter cartridge before and after separation
of the ion exchange resin (own photo).

The activated carbon was then crushed in a mortar. The
ash/carbon mixture was subjected to an activation identical
to AP1. The purpose of adding the waste activated carbon
was to reuse it and increase the adsorption efficiency of the
composite, in line with the concept of a circular economy.

2.2. Characteristics of adsorbents

The pore structure of the samples was characterised by the
volumetric low-pressure nitrogen adsorption (LPNA) method
on the ASAP 2020 analyser (Micromeritics). The nitrogen ad-
sorption isotherms were determined under controlled pressure
conditions in the range of 0-0.1 MPa and a temperature of
77 K. Based on nitrogen isotherms, the specific surface area
was determined assuming monolayer Langmuir model (Lang-
muir, 1918) and multilayer BET model (Brunauer et al., 1938)
filling of adsorbate molecules, micropore volume DFT model
(Olivier, 1995), and pore size distribution (DFT model).

The zero charge point was measured using the suspension
method (Sulyman et al., 2021). For this purpose, 100 mg
of adsorbent was added to 100 ml of distilled water with an
initial pH in the range of 2 to 10. The suspensions were stirred
at 25°C for 24 hours. After this time, the final pH of the so-
lutions was measured. The difference between the initial and
final pH values (ApH = pHf — pHi) for each series was plotted
as a function of pHi. The pH of pzc was then estimated at the
point where it crossed ApH (pHi — pHf) = 0.0. The pH adjust-
ment was performed using 0.1 mol/L HNO3 or NaOH solution.
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2.3. Subject of research

The subject of the study was rainwater collected from the
metal roof of a single-family building. Physicochemical pa-
rameters such as pH, conductivity, colour, total hardness, UV
absorbance at 254 nm, phenolic index and metal concentra-
tions were determined in the analysed sample: Zn, Cu, Ni, Pb,
Mn and Fe. The results are summarised in Table 1, together
with the allowed values (Regulation, 2019).

Table 1. Physico-chemical parameters of the tested rainwater.

Parameter Unit  Rainwater (Regulzla\lt(i):r:], 2019)
pH - 6.25 6.50-9.00
Conductivity — pS/cm 56.90 -
Colour mgPt/L  87.00 -
Hardness og.  mval/L 0.50 =
Zinc 0.47 2.00
Copper 0.03 0.50
Nickel me/L 0.18 0.50
Lead 0.07 0.10
Phenolic index 0.32 0.1

The presence of phenols in rainwater can be explained by the
location of the building from which the sample was taken —
there are industrial plants nearby. Phenolic compounds are
deposited on the roof surface and then enter the drain with
rainwater (De Buyck et al., 2021).

2.4. Adsorption methodology

The prepared adsorbents were used to remove selected pol-
lutants from rainwater. For this purpose, model aqueous
solutions were prepared. Selected heavy metals were added
to the actual rainwater sample, obtaining a concentration of
2 mg/L: copper (Cu), lead (Pb) and nickel (Ni) — designated
as sample WO1 — and bisphenol A with a concentration of
1 mg/L — designated as sample WO?2.

The aim of the study was to determine the removal efficiency
of heavy metals and organic compounds (bisphenol A as an
example) from rainwater. Adsorption studies were conducted
in a static system in 100 mL glass bottles, on a mechanical
shaker at 320 rpm.

The influence of the following process parameters on adsorp-
tion efficiency was analysed:

e adsorbent dosage (1-8 g/L),

e contact time (10-180 min. for Cu, Pb, Ni, and 60-360
min. for BPA)

e pH of the solution (2-10).

https://journals.pan.pl/cpe
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The volume of solution in each experiment was 50 mL. When
studying the effect of the adsorbent dose, the contact time was
60 minutes. In contrast, when studying the effect of contact
time and solution pH, a constant adsorbent dose of 6 g/L (i.e.
0.03 g per 50 mL) was used. The concentration of BPA after
the adsorption process was calculated using the Beer-Lambert
formula based on calibration with standards of known BPA
concentration. BPA shows characteristic absorption at 275 nm,
which allows its detection. Metal concentration determinations
were performed using Merck assays.

Reagents used in research:

Copper standard solution 1000 mg Cu (CuCl, in Hy0)
Titrisol  ®from Merck KGaA (Germany). Lead standard
solution 1000 mg Pb lead solution (Pb(NO3), in H,0) from
Merck (Germany). Nickel standard solution 1000 mg Ni (NiCl,
in H,0) Titrisol _®), from Merck (Germany).

All adsorption experiments were performed in triplicate, and
the results showed very good reproducibility (standard devia-
tion did not exceed 3 % of the mean values).

Table 2. Summary of structural properties of adsorbents.

Adsorbent BET surface area

DFT total micropore

Adsorption of pollutants from rainwater: An efficient combination of fly ash and activated carbon

2.5. Adsorption Kinetics

The adsorption kinetics was evaluated using the pseudo first
and pseudo second order models. The calculation of kinetic
parameters was performed following the procedures described
in our previous study (Marszatek, 2022), using linearized forms
of the models.

3. RESULTS AND DISCUSSION

3.1. Characteristics of adsorbent

The structural properties of the adsorbents were measured
to better understand their potential to remove pollutants
from rainwater. These properties include specific surface area,
porosity and pore size distribution, which have a significant
impact on adsorption efficiency (Table 2, Fig. 2, 3).

The results of the specific surface area (SSA) measurements
for the prepared adsorbents indicate a significant influence of
both the activation process and the modification of the fly ash
by the addition of waste activated carbon. For sample FA, the

Langmuir surface .
= Pore size [nm]

[m?/g] volume [cm®/g] area [m?/g]
Fly ash before activation 395 0.00 10.70 7 a2
(FA)
Waste activated carbon 1 465.10 0.65 2 915.40 252
(AC)
Fly ash after activation
(AP1) 36.80 0.03 66.20 2.18
FIy. ash with carbon after 153.90 0.07 37.90 4.97
activation (AP2)
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Figure 2. Dependence of adsorbed quantity on relative pressure.
https://journals.pan.pl/cpe 30of 12



A. Marszatek, E. Puszczato, M. Dudziak

0.04
0.035
0.03 |-
0.025
0.02
0.015
0.01 |-
0.005

Incremental Pore Volume (cm?®/g)

Chem. Process Eng., 2025, 46(4), e116

Pore Width (nm)

=——iAPls

= APD

AC FA

Figure 3. Dependence of pore volume per specific pore diameter interval.

specific surface area of approximately 3.5 m?/g is relatively
low, suggesting that the fly ash without activation has lim-
ited adsorption capacity. Sample AP1, after activation, shows
a significantly higher specific surface area of up to 36 m?/g,
which is more than a 10—fold increase compared to sample
FA. This increase in surface area is the result of the activation
applied, which opens up additional micropores in the fly ash
structure, improving its ability to adsorb contaminants. A sim-
ilar increase in the specific surface area is observed in sample
AP2, which reached a surface area of almost 154 m?/g when
waste activated carbon of 1465 m?/g was added to fly ash.

The phenomenon of a fourfold increase in specific surface area
after the addition of activated waste carbon in sample AP2 is
an interesting result that suggests that activated waste carbon

can be an effective support material in adsorption processes.

Furthermore, activated carbon, known for its high specific
surface area and adsorption capacity, could work with fly ash

4.0

%Y
n o

pHf-pHi
[ T ]

to improve its effectiveness in the removal of contaminants
(Tan et al., 2017).

The zero charge point (pHpzc) of the adsorbents was mea-
sured using the slurry method. Figure 4 shows the results of
the zero charge point measurement for both absorbents.

The pHpzc values of the adsorbents used were read from
the graphical data. For adsorbent AP1, the pHpzc value is
9.2 for AP2 9.3, suggesting that at a solution pH below this
value, the surface of the adsorbent gains a positive charge.
In practice, this means that under such conditions they can
adsorb anionic ions more efficiently, which will be attracted
to the positively charged surface. However, when the pH of
the solution exceeds the pHpzc value, the adsorbents will
assume a negative charge, which favours the adsorption of
cations, which will be attracted to a negatively charged surface
(Zaimee et al., 2012).
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Figure 4. Measurement of the zero charge point of the absorbents.
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3.2. Time- and dose-dependent adsorption
efficiency of heavy metals from rainwater

Figures 5 and 6 show the effect of the adsorbent dose on
the removal efficiency of Ni(ll), Cu(ll), and Pb(ll) ions from
rainwater for AP1 and AP2, respectively.

The use of AP2 adsorbent, a combination of activated fly
ash and spent activated carbon, showed significantly higher
heavy metal removal efficiency compared to AP1, especially
at lower doses of adsorbents (1-2 g/L). The presence of
activated carbon significantly improved the adsorption prop-
erties of the material, confirming the effectiveness of such
a modification.

W Ni(I) ™ CuIl) ™ Pb(ID)

100
90 ~
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70
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50
40
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%
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The most noticeable difference between the two materials
was in the adsorption of nickel ions. At a dose of 1g/L,
AP2 removed nearly twice as many Ni(ll) ions as AP1. In
the case of lead Pb(ll), both adsorbents showed very high
efficiencies, but here AP2 also achieved full removal of the
contaminant (100%) already at a dose of 4 g/L, making it
an extremely effective material. When considering a dose of
4 g/L, the heavy metal adsorption for AP2 was successively
Ni(Il) 64%, Cu(ll) 89%, Pb(ll) 100%. To further investigate
the adsorption behaviour over time, the effect of contact time
on the amount of adsorbed Ni(ll), Cu(ll), and Pb(ll) ions for
both AP1 and AP2 is presented in Figure 7. These graphs
allow for a direct comparison of the adsorption kinetics of the
two materials and highlight the rate at which equilibrium is
reached for each metal ion under the tested conditions.

4 6 8

Dose, g/l

Figure 5. Effect of AP1 adsorbent dose on the removal efficiency of Ni (I), Cu (I1) and Pb (lI) ions from rainwater (static adsorption,
solution volume: 50 cm?, contact time: 60 min). Data are presented as mean SD (n = 3).

M Ni(I) ™ Cul) M Pb(I)

100 -
90 -~
80 -~
70:
60 -
50 -
40
30
20 -

%

4 6 8

Dose, g/L

Figure 6. Effect of AP2 adsorbent dose on the removal efficiency of Ni (I1), Cu (I1) and Pb (Il) from rainwater (static adsorption,
solution volume: 50 cm®, contact time: 60 min). Data are presented as mean £SD (n = 3).
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Figure 7. Effect of contact time on the amount of adsorbed Ni(Il), Cu(ll) and Pb(ll) ions by AP1 and AP2 adsorbents. Data are

presented as mean +SD (n = 3).

In the case of nickel ions, there is a clear increase in qt values
over time for both adsorbents, with AP2 reaching slightly
higher maximum values. The highest adsorption intensity oc-
curs in the first 30 minutes, after which the process stabilises.
A similar trend was observed for copper (Cu), where AP2
also shows a higher adsorption capacity than AP1. For lead,
irrespective of the type of adsorbent, the adsorption curves are
almost flat — this means that the equilibrium state is reached
quickly and the variation of qt values over time is low.

In connection with the research presented here, information
was collected on the effectiveness of different waste materials
used as adsorbents in removing heavy metals from water
under laboratory conditions (Table 3). The data show the
effectiveness of the different materials because of their dif-
ferent physico-chemical properties. This compilation allows
for an assessment of the potential of using waste materials
as low-cost and environmentally friendly solutions in water
treatment processes.

Both NaOH-activated fly ash and activated carbon are chem-
ically stable materials, resistant to dissolution and structural
damage in aqueous environments. Although detailed regen-
eration tests were not included in the present study, reports
in the literature indicate that alkali-activated fly ash can be
effectively regenerated by simply washing or mild thermal
treatment, with only a slight decrease in adsorption efficiency
after several cycles (Guo et al., 2024; Singh et al., 2022).
Activated carbon is also well known for its reusability through
chemical or thermal regeneration, which supports its sus-
tainable application in adsorption-based processes (Gkika et
al., 2022). Therefore, the investigated composite adsorbent
(AP2) can be considered a promising material in terms of
high adsorption.
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Table 3. Comparison of the effectiveness of different waste
materials used as adsorbents in the removal of heavy
metals from water under laboratory conditions.

Metal Adsorption

Waste material .. Source
removed efficiency
\Iizvgls:esggil\ited Pb(11) 100%

o .
carbon of NaOH EL.J((IIII)) gzgoﬁ) This work
modified (AP2) ' e

0,

Fly ash of NaOH Pb(11) 98'5? .
dified (AP1) Cu(ll) 86.0% This work
modine Ni(ll) 50.0%
Activated carbon G ¢ al
from sewage Cu(Il) 97.0% vo € al.
(2017)
sludge
0,
Peanut shell Cd(lt) 99'70% Cobbina et al.
biochar He(11) SRl (2019)
Pb(11) 99.1%
Activated carbon
from sewage Cu(ll) 99.6% Mao et al.
sludge modified Cd(IN) 99.7% (2024)
with fly ash
Cu(Il) 91.4% Alinnor
Fly ash Pb(Il) 77.6% (2007)

[v)

Modified fly ash Pb(l) 90'00/0 Qiu et al.

(MSWI) Cu(ll) 70.0% (2018)
Ni(I1) 40.0%

Fly ash of KOH o Jiang et al.

modified Cr(i) L0 (2019)
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3.3. Time- and dose-dependent adsorption
efficiency of bisphenol A from rainwater

Figure 8 show the effect of adsorbent dose on the removal ef-
ficiency of BPA from rainwater for AP1 and AP2, respectively.
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ol of I NN
1 2 4 6 8

Dose, g/L

0.16 B
—8— AP2 —0— AP2

0.14
012
0.1

= 0.08
0.06
0.04

0.02

0 100 200 300 400
Time, min

Figure 8. Effect of adsorbent dose on bisphenol adsorption
efficiency (A) and bisphenol adsorption kinetics (qt) as
a function of time (B) for samples AP1 and AP2. Data
are presented as mean £SD (n = 3).

Analysis of the bisphenol adsorption efficiency of the two
types of adsorbents, AP1 and AP2, showed clear differences
in their effectiveness. According to the results, the adsorption
efficiency increased with increasing adsorbent dose only in
the case of the AP2 sample. At the highest dose, i.e., 8 g/L,
AP2 reached an efficiency of 46.15%, while AP1 remained
constant at 15.38% from as low as 4 g/L, which may indicate
saturation of the sorption surface or lower adsorption activity
of this material. In the adsorption kinetics graph, it can be

https://journals.pan.pl/cpe
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seen that AP2 reached much higher adsorption values in
a shorter time and showed a more stable increase in the
amount adsorbed over time compared to AP1. AP2 reached
a value close to 0.16 mg/g after 360 minutes, while AP1 only
reached about 0.11 mg/g. The curve for AP2 indicates a rapid
initial phase of adsorption (up to about 100 minutes), followed
by a stabilisation phase. For AP1, the rate of adsorption was
lower and the growth curve was more gradual. These data
confirm that the AP2 sample, containing activated carbon, has
a higher sorption capacity and bisphenol A removal efficiency
than AP1. These findings indicate that the higher activated
carbon content in AP2 provides a more favourable surface
for BPA uptake, particularly due to the presence of aromatic
domains that promote m— interactions.

3.4. Influence of solution pH on the performance of
the adsorbent

Figure 9 presents the adsorption efficiencies of lead (A), cop-
per (B), nickel (C), and bisphenol A (D) as a function of the
pH of the solution for AP1 and AP2. The graphs highlight
the influence of pH on the removal performance of both ad-
sorbents and allow for a direct comparison of their efficiency
toward metal ions and organic pollutants under varying acidic
and alkaline conditions.

Investigation of the effect of pH on nickel and copper adsorp-
tion efficiencies showed that AP2 had very high adsorption
efficiencies in a wide pH range (4-10), reaching a maximum
of 81%, also AP1 reached similar values, i.e. 76.5%.

In acidic environments (pH 2), the adsorption efficiency of
both samples decreased, probably due to the competition of
HT ions with Ni(Il) and Cu(ll) for active sites (Jiang et al.,
2019). In contrast, Pb(Il) adsorption remained high through-
out the pH range studied, which may be related to its higher
affinity for oxygen—containing functional groups and the for-
mation of strong surface complexes, which is consistent with
reports by other authors (Chowdhury et al., 2012). For bisphe-
nol A (BPA), adsorption efficiency was much lower compared
to metal ions, and was strongly dependent on the solution
pH. For AP2, efficiency reached 35% at pH 2 and 33% at
pH 6, but decreased sharply to 20% at pH 8 and below 10%
at pH 10. AP1 showed even lower values under analogous
conditions. This behaviour can be explained by the molecular
properties of BPA. With two phenolic groups (pKa 9.6-10.2),
BPA remains mostly in neutral form at low and moderate pH,
where adsorption is mainly driven by hydrophobic interactions,
hydrogen bonding and m—7 stacking with the carbonaceous
surface (Tursi et al., 2018). As the pH increases towards alka-
line values, BPA undergoes deprotonation, which enhances its
solubility in water and leads to stronger electrostatic repulsion
from the negatively charged surface, additionally reinforced
by OH™ competition. This explains the sharp drop in removal
efficiency at higher pH values (Amadou Kiari et al., 2024).
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Figure 9. Adsorption efficiencies of lead (A), copper (B), nickel (C) and bisphenol A (D) as a function of solution pH for samples AP1

and AP2. Data are presented as mean £SD (n = 3).

4. ADSORPTION KINETICS

The adsorption kinetics of Ni, Pb, Cu and BPA on the two
adsorbents (AP1 and AP2) was examined using pseudo-first
order (PFO) and pseudo-second order (PSO) models, with
the corresponding parameters presented in Table 4 and the
fitted curves in Figure 10.

The pseudo-first order model showed good agreement for
most systems, with correlation coefficients (R?) ranging from
0.93 to 0.99 for Cu(ll), Ni(ll) and Pb(ll), indicating a rela-
tively fast adsorption process. On the contrary, BPA exhibited
a much lower fit (R?= 0.72-2.82), suggesting slower adsorp-
tion kinetics and weaker interaction with the surface. The
pseudo-second order (PSO) model provided an excellent fit
for all the studied adsorbates (R?= 0.89-0.99), particularly
for Cu(ll) and Pb(11) (R?= 0.99), confirming that chemical
interactions such as surface complexation and specific bind-

8 of 12

ing to oxygenated functional groups predominantly control
the adsorption mechanism. The high correlation of PSO for
Ni(ll) and BPA (R= 0.99) also suggests the involvement of
chemisorption, although diffusion effects may still contribute
to the overall rate.

For AP2, the PFO model adequately described Cu(ll) and
Ni(ll) adsorption (R?= 0.97-0.99), while Pb(ll) and BPA
showed weaker fits (R2= 0.72-0.73), consistent with slower
uptake. The PSO model again achieved excellent agreement
(R?= 0.89-0.99), especially for Cu(Il) and Pb(Il), indicating
stronger surface interactions and possible electron exchange
or exchange mechanisms. The relatively lower fit for BPA
under the PSO model suggests a multistep adsorption process
involving both chemisorption and intraparticle diffusion, in
line with previously reported findings for phenolic compounds
in carbonaceous materials (Aigbe et al., 2021; Guo et al,,
2017; Mao et al., 2024).
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Figure 10. The adsorption kinetics of Ni, Pb, Cu, and BPA on the two sorbents (AP1 and AP2).
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Table 4. Parameters of kinetic models (PFO, PSO) for the adsorption of Ni, Pb, Cu, and BPA onto AP1 and AP2.

PFO PSO
AP1
Adsorbate K1 [1/min] qe [mg/g] R? Adsorbate  g. [mg/g] K2 [g/(mg-min)] R?
Cu 0.027 0.102 0.99 Cu 0.69 0.12 0.99
Pb 0.009 0.0004 0.93 Pb 0.33 1.49 0.99
Ni 0.020 0.162 0.99 Ni 0.72 0.059 0.99
BPA 0.016 0.040 0.82 BPA 0.18 0.076 0.99
AP2
Cu 0.031 0.072 0.97 Cu 0.69 0.176 0.99
Pb 0.003 0.0003 0.73 Pb 0.34 1.341 0.99
Ni 0.029 0.282 0.99 Ni 0.67 0.055 0.99
BPA 0.012 0.026 0.72 BPA 0.16 0.042 0.89
5. SUMMARY 5. The combination of activated fly ash with waste acti-

The purpose of the study was to evaluate the effectiveness of
two adsorption materials — activated fly ash and activated fly
ash combined with activated carbon of waste — in removing
pollutants, including heavy metals and organic substances,
from rainwater. The research carried out allowed one to for-
mulate the following conclusions:

1. An increase in adsorbent mass and contact time with
the solution resulted in an increase in the amount of
heavy metal ions (nickel, copper, lead) adsorbed in both
materials tested.

e Nickel: for AP1 adsorbent, dose of 0.4 g/50 mL,
contact time 120 minutes; for AP2 adsorbent, dose
of 0.3 g/50 mL, contact time 120 minutes.

e Copper: 0.3 g/50 mL dose and 60 minutes contact
time for both adsorbents.

e Lead: for AP1 adsorbent, 0.2 g/50 mL dose rate
and 60 minute contact time; for AP2 adsorbent, 0.2
g/50 mL dose rate and 20 minute contact time.

2. The highest adsorption efficiency was observed for lead
removal, reaching 100% efficiency, demonstrating high
efficiency of both adsorbents in removing this metal.

3. The use of AP2 adsorbent (a combination of fly ash
and waste activated carbon) resulted in a 20 % increase
in the efficiency of bisphenol A removal from rainwater,
indicating the beneficial effect of activated carbon in
improving the adsorption capacity of the material.

4. The pH value had a significant effect on the adsorption
efficiency of heavy metals and BPA, appropriate adjust-
ment of the pH of the solution improved the adsorption
efficiency. The favourable pH for heavy metal adsorption
is in the slightly acidic to neutral range (pH 5-7), while
for BPA it is in the acidic range (pH 2-6).
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vated carbon proved to be a very favourable solution as
it increased the adsorption efficiency of the pollutants.
Activated carbon, due to its large specific surface area and
ability to adsorb a wide range of contaminants, supports
fly ash by improving its adsorption properties.

It should be noted that adsorption isotherm and adsorbent
regeneration tests were not conducted in this study. These as-
pects should be addressed in future research to provide a more
comprehensive understanding of the adsorption mechanism
and the reusability potential of the tested materials.
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