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a b s t r a c t
The study was conducted on a laboratory scale and the main objective was to evaluate the feasibil-
ity of using bentonite and calcium alginate-based granules to adsorb pollutants from rainwater in 
a columnar system. Therefore, in this study, the fine powder of clay materials was mixed with cal-
cium alginate to obtain capsules that can be easily separated and recovered. These granular sorbents 
were found to be a new and inexpensive solution for removing heavy metals from water. On the 
basis of the pollutant adsorption study, the sorption capacities of the adsorbent and bed, adsorp-
tion rates, and bed breakthrough time were determined. Characterisation of the structural features 
of the granules using modern observational and spectroscopic techniques, that is, scanning elec-
tron microscopy, Brunauer–Emmett–Teller, and Fourier-transform infrared spectroscopy, was also 
an important part of the study. The aim of the study was to conduct the adsorption process under 
dynamic conditions to determine the efficiency of removing copper and lead ions from rainwater. 
Static adsorption showed a high percentage of copper removal of 72.75% and lead removal of 84.5% 
for a dose of 2.0 g/L. The column adsorption system showed a high removal rate. Regeneration showed 
a high efficiency of copper and lead adsorption. In the fourth cycle in the case of Cu(II), 60%, col-
umn 2 - 52.5%, column 3 - 30%, for Pb(II) for column 1 - 73%, column 2 - 76%, column 3 - 50% were  
obtained.
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1. Introduction

The ecosystem is under increasing pressure due to 
anthropogenic activities such as urbanisation, agriculture, 
industry and infrastructure development [1]. Due to current 
global water scarcity, finding strategies that can effectively 
guarantee water security and sustainable use has become 
an urgent problem that needs to be solved [2,3]. Rainwater 
is a kind of clean energy, and the method of treating and 
reusing rainwater has become a key problem to consider 
[2]. Collecting rooftop rainwater with high water quality 
and large water volume can alleviate the water resource 
crisis [4,5]. More practical, easy to design, inexpensive, 

environmentally sustainable and environmentally friendly 
methods are needed to provide access to clean water [6–8]. 
Rainwater can be contaminated with both inorganic sub-
stances, such as toxic heavy metals, and organic substances, 
such as dyes and pesticides. Human exposure to heavy 
metal ions leads to various human diseases, such as respira-
tory problems, kidney disease, neurological disorders, and 
cancer. Although it is scientifically impossible to completely 
prevent heavy metal ions from leaching into the environ-
ment, the elimination of heavy metals from wastewater has 
been achieved through the use of polymeric materials and 
clay minerals. Among the processes used in water treat-
ment, adsorption is an important method with high removal 
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efficiency and no harmful by-products [9,10]. Adsorption 
is an attractive approach to water purification, especially 
if the adsorbent is inexpensive and does not require pre-
treatment before use [11].

However, presently, the use of inexpensive natural 
adsorbents dominates. The search for new sorption materi-
als for water purification is on for materials that are readily 
available, economical, and environmentally friendly. Much 
research is being done on the use of bentonite or chitosan. 
One of them is the production of composite hydrogel beads 
based on magnetic bentonite/carboxymethyl chitosan/
sodium alginate by Zhang et al. [12]. They used this adsor-
bent to remove Cu(II) from water. Another example is the 
removal of Cd(II) from water using alginate-based composite 
beads filled with phosphate and bentonite washing sludge 
[13]. Pawar et al. [14], on the other hand, used activated 
bentonite-alginate composite beads to effectively remove 
Cu(II) and Pb(II) from water.

As can be seen, a popular and inexpensive adsorbent is 
clay materials. It is known that sorbents should have a good 
sorption capacity for heavy metals and sufficient porosity to 
ensure their retention [9,15,16]. The role of clay minerals in 
the environment is due to their ability to exchange cations 
in the transport of toxic materials. The low cost, availabil-
ity, and recovery of clay give it an additional advantage as 
an effective adsorbent. Adsorbents can also remove pollut-
ants’ cations or anions because their surface charge can be 
positive or negative, depending on their pH state [17,18]. In 
the present study, we used fine powder from clay materials 
with calcium alginate to obtain capsules that can be eas-
ily separated and recovered. These granular sorbents were 
found to be a new and inexpensive solution for removing 
heavy metals from water.

It should be emphasised that the innovation is the use 
of alginate-bentonite capsules for adsorption of pollutants 
from real solutions, which were contaminated with rainwa-
ter. The study considered the influence of colour and organic 
compounds on the adsorption capacity in relation to heavy 
metals. The study was carried out in a static and column 
system. The sorption capacities of the adsorbent and bed, 
adsorption rates, and bed breakthrough time were deter-
mined in contaminant adsorption studies. An important part 
of the study was also the characterisation of the structural 
features of the granules using modern observational and 
spectroscopic techniques, that is, scanning electron micros-
copy (SEM), Brunauer–Emmett–Teller (BET), and Fourier-
transform infrared spectroscopy (FTIR). The first stage of 
the research was to determine the efficiency of adsorption 
under static conditions, where the dose and time of adsorp-
tion, as well as the effect of pH, on the adsorption of metal 
ions were determined. The second stage of the research 
was to carry out adsorption in a column system with and 
without the addition of sand in the adsorption column. The 
last stage of the research was to consider the possibility of 
regenerating the adsorption columns.

2. Material and methods

2.1. Rainwater

Rainwater collected in May from Gliwice, Poland, 
was spiked with a sufficient volume of copper and lead 

solution to obtain a concentration equal to 3 and 0.1 mg/L. 
Rainwater came from the reservoir located in the gutter 
on the ground. The roof was made of heat-sealable roofing 
felt. The water was characterised by a high concentration of 
colour and a chemical oxygen demand (COD) index. The 
basic physicochemical characteristics of raw rainwater are 
presented in Table 1.

2.2. Materials

Egyptian bentonite (Ben) powder was obtained from the 
Al Barkan region on the northwest Egyptian coast and was 
supplied by the Egypt Bentonite and Derivatives Company, 
Alexandria, Egypt (Table 2). All the chemical materials used 
in this study were purchased as analytical grade reagents. 
Sodium alginate, HCl and CaCl2 were purchased from 
Sigma-Aldrich (Poznań, Poland). Copper ion concentra-
tions were monitored spectrophotometrically with Merck 
test kits. The standard copper and lead solution (CuCl2 and 
PbCl2) was purchased from Merck (Merck sp. z o.o., Poland).

2.3. Preparation of samples

Bentonite (12 g) was dispersed in 50 mL of deionized 
water with constant stirring. In a separate beaker, a 2% (w/v) 

Table 1
Physico-chemical characteristics of rainwater

Parameter Rainwater (average value)

pH 6.9
Conductivity, µS/cm 204.5
Color, mg·Pt/L 154
COD, mg/L 150
TOC, mg/L 15.6

Table 2
Chemical composition of raw bentonite

Main constituents Weight (%)a

SiO2 51.33
TiO2 1.34
Al2O3 17.64
Fe2O3 4.19
MnO 0.02
MgO 2.67
CaO 6.19
Na2O 2.96
K2O 1.09
P2O5 0.13
SO3 0.18
F 0.21
Cl 0.44
LOI 11.51
Total 99.9

aData obtained by X-ray fluorescence using an Axios Panalytical 
2005 apparatus.
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suspension of alginate was prepared by thoroughly dissolv-
ing 4 g of sodium alginate in deionised water (200 mL). A 
homogenised suspension of diatomite (50 mL) was added 
to the alginate suspension and then the mixture was stirred 
for 4 h. When the mixture became homogeneous, the mix-
ture was transferred to a separate funnel and slowly added 
dropwise to an aqueous coagulation bath containing 
500 mL of a 2% CaCl2 solution which was stirred continu-
ously for 3 h. After 3 h, the beads were filtered and washed 
with deionised water (4 × 200 mL). The beads were dried 
for 24 h at room temperature and then in a laboratory drier 
at 60°C. The humidity of the adsorbents was not deter-
mined. Before starting each stage of the investigation, the 
beads were dried in an oven at 60°C.

2.4. Characterisation of adsorbents

The surface morphology of the studied minerals was 
investigated by SEM. Scanning electron microscope of the 
JSM 6360LA model manufactured by JEOL-Japan. The struc-
tural properties of the adsorbents were determined by mea-
suring the surface area and pore size distribution using the 
low-temperature nitrogen adsorption and desorption tech-
nique according to the BET method. The functional groups 
on the adsorbent surface were determined using the FTIR 
technique. A series of measurements of infrared spectra 
was performed using the ATR technique on a Bruker FTIR 
TENSORII spectrometer. Measurement range: 400–4000 cm–1 
with a resolution of 1 cm–1.

2.5. Batch adsorption studies

The adsorption of Cu(II) and Pb(II) was performed 
to evaluate the adsorption capacity of the encapsulation 
diatomite by using a batch experiment. The effects of con-
tact time and dose on the adsorption capacity of the com-
pounds were investigated. The research was carried out in 
a multi-component solution. Adsorption was carried out in 
100 mL glass flasks with 100 mL of solution at room tem-
perature (20°C ± 2°C) in an incubator shaker at 300 rpm. 
The mass of the sorbents varied in the range of 0.25–2 g/L. 
Kinetic experiments were carried out as follows: 1 g/L of 
sorbent was added to 100 mL of feed water (C0 = 4 mg/L) in 
a glass flask, the flask was shaken at 300 rpm/min for the 
following times: 15, 30, 45, 60, 90, 120, 180, and 240 min. In 
studies of the pH of the effect of solution on adsorption, 
the pH was adjusted with 0.1 M HNO3/NaOH solutions. 
In these studies, an adsorbent dose of 1 g/L was used and 
the contact time was 2 h.

2.5.1. Adsorption isotherms

The experimental data were fitted by two common 
adsorption isotherm models. The Langmuir model and the 
Freundlich model. All calculations used in the article have 
been described in the previous paper by Marszałek et al. [19].

2.5.2. Kinetics of adsorption

To determine the adsorption kinetics of adsorbent, the 
experimental data were analysed using pseudo-first-order 

and pseudo-second-order kinetic models, which have been 
described in the article by Kamińska and Bohdziewicz [20].

Errors were estimated on the standard deviation of 
three replicates of each analysis. Error values for all tested 
samples did not exceed 5%.

2.6. Column adsorption studies

Dynamic adsorption experiments were performed 
at room temperature under laboratory conditions. Three 
adsorption columns were designed. The depth of the bed 
was column (1): 10 cm contained sand (15 g) + bentonite/
alginate beads (10 g), column (2): 10 cm contained benton-
ite/alginate beads (10 g) + sand (15 g), column (3): 5 cm con-
tained only bentonite/alginate beads (10 g) [21].

The rainwater flow rate was 1 mL/min. Additionally, 
copper and lead were added to the rainwater. with a fixed 
concentration (Cu(II) = 3 mg/L, Pb(II) = 0.2 mg/L). A photo of 
the test equipment is shown in Fig. 1.

2.7. Desorption

The study of the possibility of reusing adsorbents based 
on bentonite and calcium alginate was carried out in four 
cycles. Regeneration was carried out by passing 4% HCl 
through the columns for 2 h. The columns packed with the 
adsorbent were then washed several times with deionised 
water until the pH was neutral. The process of adsorption 
of pollutants from rainwater was carried out again.

3. Results

3.1. SEM analysis

The surface morphology of the composite pellets 
was examined by SEM analysis, as illustrated in Fig. 2. 
Images of wet and dry pellets are shown in Fig. 3A and 
B. The surface of the pellets is rough with irregular pores. 
Numerous bulges were observed on the composite beads. 
This is also confirmed by other studies [22].

3.2. FTIR study

Then, the chemical structure (functional groups) of the 
tested samples was determined. Changes in the chemical 
composition of the tested samples were investigated. The 
FTIR spectrum of bentonite is shown in Fig. 4B, calcium algi-
nate is shown in Fig. 4A, and alginate-bentonite beads are 
shown in Fig. 4C. The FTIR spectrum of the calcium algi-
nate balls shown in Fig. 3 is characterised by the presence 
of the following bands: band located at 3,320 cm–1, derived 
from tensile vibrations of the OH group, two signals cor-
responding to tensile vibrations of groups CH, located 
at 2,910 and 3,050 cm–1, bands derived from asymmetric 
vibrations at 1,590 cm–1 and symmetric at 1,420 cm–1 tensile 
vibrations of the COO– group [23].

Intense bands of approx. 1,000 cm–1 indicate tensile 
vibrations Si, Al–O. In the range of about 1,050 cm–1 there 
are very clear tensile vibrations of Si–O silicon oxides; these 
are also bands characteristic of minerals containing mont-
morillonite [24]. In the lowest absorption ranges, approx. 
670 cm–1, vibrations of the Al–OH, Si–O, and Al–O groups 
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Fig. 2. SEM images of bentonite/alginate bead, 100×, 5,000×, respectively.

  
Fig. 3. Photos of beads: (A) wet beads and (B) dry beads.

 

Fig. 1. Columns with fixed beds.
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appear which are difficult to clearly identify. The charac-
teristic absorption band visible for 1,630 cm–1 is related 
to the occurrence of water in the structure of the material 
(tensile vibrations O–H–O). The most important bands in 
the absorption area between 3,700 and 3,400 cm–1 are caused 
by tensile vibrations of OH groups. The most common ten-
sile vibrations in this range are symmetrical –OH (~3,600 
and ~3,400 cm–1) [24]. These are vibrations of water glob-
ules from the interpacket space of layered aluminosilicates 
and hydroxyl groups.

The strong band observed at 982 cm–1 is attributed to 
the Si–O stretching vibrations characteristic of layered sili-
cates [22]. A characteristic band in the range of 2,360 cm–1 
indicating the presence of atmospheric carbon dioxide that 
does not originate from the sample can also be observed in 
the FTIR spectrum shown. The presence of a broad band in 
the range resulting from the presence of molecular water, 
a band characteristic of the OH group [25] was observed. 
The presence of a band resulting from the stretching vibra-
tions of the octahedral aluminosilicate layer at the 674 cm–1 
position and the Si–O band at 550 cm–1 in the recorded FTIR 
spectra confirms the presence of bentonite in the spherical  
sample.

3.3. BET study

A nitrogen adsorption–desorption method was used 
to evaluate the pore structure of the granules to deter-
mine the specific surface area and pore structure of the 
samples and is shown in Table 3. The specific surface area 

and pore volume of natural bentonite were 30.35 m2/g and 
0.0712 cm3/g, respectively; After encapsulation of bentonite, 
the specific surface area and pore volume values decreased 
to 10.945 m2/g and 0.0225 mL/g, respectively. On the other 
hand, had a lower specific surface area because alginate 
blocks the porosity of clays. In contrast, the pore size was not 
significantly reduced. This means that the granule contained 
fewer of them, while encapsulation did not affect their size.

3.4. Effect of the adsorbent dose and process time on the adsorption 
of copper and lead from rainwater

The influence of the adsorbent dose on the efficiency of 
removal of copper and lead ions from rainwater was inves-
tigated. As shown in Fig. 5A, the removal efficiency clearly 
changed with increasing adsorbent dose. This increase is 
explained by the sorption sites on the surface of the gran-
ules. The highest efficiency was obtained for two 2 mg/L 
for both metals.

Fig. 4. (A) IR spectra of the calcium alginate sample, (B) IR spectra of the bentonite sample, and (C) IR spectra of the cross-linked 
calcium alginate bentonite sample.

Table 3
Characteristics of and from nitrogen sorption–desorption 
measurements

Adsorbent Specific surface 
area (SSA) (m2/g)

Total volume 
in pores (mL/g)

Pore size 
(nm)

Bentonite 30.3524 0.0712 2.152
Bentonite beads 10.945 0.0225 2.095



105A. Marszałek, E. Puszczało / Desalination and Water Treatment 311 (2023) 100–110

Contact time is an important factor that influences 
the adsorption of heavy-metal ions by the adsorbent. The 
study investigated the effect of contact time on the interac-
tion between bentonite/alginate granules and metal ions 
in a periodic experiment. The results obtained are shown 
in Fig. 5B. The obtained results indicate that lead adsorp-
tion was at a higher level than that of copper. You can see 
that the copper adsorption is stable after half an hour of the 
process. On the other hand, in the case of lead, the adsorp-
tion increased with time and was fixed only after 180 min.

The achievement of equilibrium of adsorption may 
result from a decrease in the time of the available adsorp-
tion sites on the adsorbent, which in turn leads to limited 
mass transfer of adsorbate molecules from the liquid to the 
outer surface of the adsorbent [26]. The difference in the 
adsorption capacity of bentonite granules for lead and cop-
per may result from the different nature of the tested metals, 
which can be explained by their ionic radius. The effective 
ion radius Pb (1.19 Å) differs from the Cu radius (0.73 Å) 
in the ionic state [27]. This could possibly have played a 
role in the interaction of these metals with the surface of 
the granules used because the smaller the ionic radius, the 
closer the electrons are to the nucleus, and therefore these 
electrons are strongly attracted to the nucleus and less 
available for binding to the adsorbent surface. Therefore, 
a higher efficiency in the removal of lead was observed, 
which took over the adsorption sites for copper.

3.5. Influence of the pH of the solution

The pH of the solution plays an important role and 
has a significant impact on the adsorption efficiency of 
heavy metals. Fig. 6 shows the adsorption efficiency of 
copper and lead as a function of pH for their constant con-
centration in rainwater of 4 mg/L, at a dose of 1 g/L beads, 
for an adsorption time of 120 min at 25°C.

The pH value of an aqueous solution affects both the 
surface charges of the adsorbent and the degree of ionisa-
tion of heavy substances of the metal ion. Therefore, it is a 
variable that affects the adsorption effect. Heavy metal ions 
in aqueous solutions occur in various forms; therefore, they 
can adsorb on the surface of the adsorbent or precipitate on 
its surface to varying degrees. Therefore, the specification 
of the metal form directly affects the adsorption process. 
The adsorption process is more effective at alkaline pH 

(pH 8.0–10.0) than at acidic pH (pH 4.0–6.0) [28]. Such a ten-
dency was shown by the adsorption of lead ions, where as 
the pH increased, its concentration in rainwater decreased.

However, in the case of the adsorption of copper ions, 
a different course was shown, in the pH range of 4.0–8.0 
it increased, and after reaching the pH value of 8.0 it 
decreased rapidly. When considering the adsorption of 
Cu(II) and Pb(II), it should be noted that speciation forms 
of metals occur up to pH 6.0, above which the concentra-
tion of solid CuO and Pb(OH)2 increases. The ions were best 
adsorbed in the pH range of 8.0–10.0. When the chemical 
characteristics of the studied metals are analysed, it can be 
assumed that their electronegativity and ionic radiation 
values are responsible for the adsorption of copper and 
lead. Therefore, the adsorption of Cu(II) was also influenced 
by the presence of Pb(II) ions in the rainwater solution, 
which were first adsorbed [29].

3.6. Adsorption isotherms and adsorption kinetics of lead and 
copper

The data obtained for copper and lead adsorption 
were analysed using Langmuir and Freundlich models. 
The parameters, equations, and correlation coefficients of 
Freundlich and Langmuir for the adsorption of Cu(II) and 
Pb(II) in capsules are shown in Table 4 and in Fig. 7A and B.

Comparison of the correlation coefficients of the 
Freundlich and Langmuir models on alginate-bentonite 
capsules shows that the best model describing the adsorp-
tion of copper and lead may be the Langmuir isotherm. 
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The Langmuir model is the most widely used isothermal 
model. It assumes that adsorption is limited to one molec-
ular layer, all adsorption sites on the surface are ener-
getically identical, and there is no interaction between 
adsorbate molecules [30]. The pseudo-second-order model 
described the adsorption of heavy metals into alginate- 
bentonite capsules very well, and the calculated parame-
ters are presented in Table 5.

The calculated values corresponded well to the exper-
imental data. This suggests that the adsorption of Cu(II) 
and Pb(II) follows second-order kinetics, and the model 

used can be used to determine the corresponding kinetic  
parameters.

3.7. Fixed-bed column investigations

The next stage of the research was an attempt to use 
capsules in a beads system. Many studies present results 
that determine that the metal absorption capacity of a 
fixed bed column reactor can be increased by increasing 
the height of the bed and decreasing the discharge rate 
[31,32]. Therefore, in this investigation, it was decided to 

Table 4
Parameters of Freundlich, Langmuir and the equations, and the correlation coefficients for the adsorption of copper and lead on 
the studied sorbents

Adsorbent Langmuir Freundlich

Qm (mg/g) KL (L/mg) R2 (–) KF ((mg/g)(L/mg)n) n (–) R2 (–)

Cu(II) 2.884 0.913 0.725 1.362 2.427 0.655
Pb(II) 41.152 0.061 0.880 2.240 0.578 0.761

y = 0.412x + 0.1341

R² = 0.6554

y = 1.7304x + 0.3502

R² = 0.761
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Fig. 7. Freundlich (A), Langmuir (B), and pseudo-second-order kinetic model (C) isotherms of Cu(II) and Pb(II).

Table 5
Parameters for the pseudo-first and pseudo-second-order kinetic models for the adsorption of copper and lead

Adsorbate Pseudo-first-order equation parameters Pseudo-second-order equation parameters

K1 (1/min) Qe (mg/g) R2 K2 (g/(mg·min)) Qe (mg/g) R2

Cu(II) 0.0053 2,452 0.480 0.112 2.77 0.994
Pb(II) 0.0017 6.945 0.936 0.009 3.86 0.982
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keep the flow rate and the height of the bed constant, while 
changing the configuration of the bed fill. The study was 
carried out in three systems with sand at the column input 
(1), at the column outlet (2), and without sand (3). In col-
umn tests, the concentrations of heavy metals that were 
dosed into the rainwater were changed. The concentrations 
were selected according to the literature and DIN [33–35], 
suggesting possible amounts of these elements in water. 
The effect of column fill material on rainwater treatment 
and reduction of COD, colour, Pb, and Cu concentrations 
is shown in Figs. 8 and 9, respectively.

In the dynamic adsorption, the bed used, and the flow 
rate, there was no significant reduction in the COD value. 
The degree of this parameter was at the level for column 1 
- 3%, column 2 - 20%, and column 3 - 23%. It was observed 
that, contrary to the adsorption of pollutants determined by 
the COD index, a reduction in the colour of the rainwater 
was observed. Rainwater taken from the roof with the roof 
had a high colour concentration at 154 mg·Pt/L. The best 
removal after 8 d of the process was recorded for column 
1, that is, 43.5%, in which the sand was placed in the upper 
part of the bed. This was followed by column 2 = 40.3% and 
column 3 = 33.8%, which contained no sand. The degree 
of colour removal in the three columns is shown in Table 6.

It should be emphasised that the presence of organic 
compounds or other coexisting ions in solution affects the 
binding strength of the adsorbate and the adsorbent during 
the adsorption process [29]. Organic and inorganic com-
pounds compete for adsorption sites on the adsorbent. In 
various studies carried out on single-component model solu-
tions, alginate beads have been shown to be a good adsor-
bent of water dyes [36,37]. In the case of rainwater, which is 
polluted and has high COD and colour values, heavy metal 
adsorption will occur in the real multicomponent solution. 

On the other hand, it was observed that the adsorption col-
umn took quite a long time to run, as only in column 1, for 
example, lead appeared in the water after 36 h and at a low 
level of 0.02 mg/L. On the copper contrary, the concentration 
in the water was determined after the first hour of operation 
of the three columns. However, it was a low concentration at 
a maximum of 0.5 mg/L. It should be noted that the concen-
tration allowed in drinking water according to the Ministry 
of Health Regulation [38] may be 2 mg/L. Other studies 
report that the effect of coexisting ions in solution such as 

 

 

Fig. 8. Effect of time and type of bed on the effectiveness of 
COD and colour reduction in rainwater, CCOD = 150 mg/L, 
Ccolour = 154 mg/L (1; 2; 3 means consecutive columns).

 

 
Fig. 9. Effect of time and bed type on the efficiency of lead and 
copper adsorption from rainwater (1; 2; 3 means consecutive  
columns).

Table 6
Degree of colour removal depends on the time and the adsorp-
tion column used

Time, h Column 1 Column 2 Column 3

Removal degree, %

1 43.5 45.5 31.8
2 43.5 47.4 28.6
3 40.9 47.4 33.8
4 47.4 47.4 33.8
8 46.8 46.1 37.0
12 47.4 46.8 37.7
36 44.8 39.0 27.3
60 53.2 50.6 35.7
84 47.4 44.2 27.9
108 49.4 41.6 32.5
132 48.1 44.2 34.4
156 46.1 42.9 30.5
180 44.8 41.6 31.8
204 43.5 40.3 33.8
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Fig. 10. Pb(II) and Cu(II) concentration depending on the adsorption time and the column used after four regeneration cycles 
(1; 2; 3 means consecutive columns).
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NaCl and KCl has no significant effect on the removal of 
copper and lead using alginate/bentonite composite beads. 
This study was conducted by Pawar et al. [39] and estab-
lished the suitability of ABn composite beads for the effec-
tive and selective removal of toxic copper and lead from a 
natural water matrix or wastewater.

The study also concluded that sand in column systems 
increased the efficiency of removal. Higher removal rates 
of concentration of colour and removal heavy metal ions 
were shown on the column with a sand charge at both the 
bottom and top of the column. The efficiency of the column 
filled with bentonite/alginate beads alone was found to be 
lower than that with sand charge. The effluent of column 3 
exceeded the normalised value with respect to lead in 84 h 
of process execution, while columns 1 and 2 exceeded it in 
180 h of adsorption. In the case of copper ions, the concentra-
tion value in columns 1 and 2 was not exceeded during the 
study and a three-column breakthrough occurred at 180 h.

3.8. Regeneration and reuse of the adsorbent

One of the most important factors in adsorption stud-
ies is the reusability of the adsorbent. For this purpose, 
four adsorption–desorption cycles were used for the tested 
capsules. The results showed that the possibility of using a 
given adsorbent is very high. The percentage of adsorption 
capacity after 4 d of column operation, after four cycles of 
use, was calculated for Cu(II) column 1 - 73%, column 2 - 
52.5%, column 3 - 30%, for Pb(II) column 1 - 73%, column 
2 - 76%, column 3 - 50%. The high efficiency of adsorption 
after regeneration of all columns used may be related to poor 
surface adsorption. It should be emphasised that the con-
centration of pollutants in the outflow of the columns was 
in accordance with the Polish regulation [38]. This decrease 
is often observed in similar studies and with similar alginate 
adsorbents [40–42]. These results demonstrate the excellent 
reusability of the beads to remove Cu(II) and Pb(II) ions 
from aqueous solution. Fig. 10 shows the concentration 
of lead and copper after four cycles of operation of each  
adsorption column.

4. Conclusions

In the studies carried out, alginate-bentonite capsules 
were used for real samples of contaminated rainwater. On 
the basis of the conducted research, the following conclu-
sions were drawn:

• It was found that mixing sodium alginate with other 
materials can further increase the adsorption capacity 
and physical properties of composite materials.

• The best results were obtained with a rainwater solu-
tion with pH 6 for the Cu(II) and pH 8 for adsorption of 
Pb(II). The removal rate was 37% and 87%.

• The adsorption equilibrium of Cu(II) and Pb(II) on the 
composite was consistent with the Langmuir isotherm 
model.

• The pseudo-second-order model described the adsorp-
tion of heavy metals in alginate-bentonite capsules very 
well.

• Rainwater contamination (high COD and colour val-
ues) was found to affect the adsorption of heavy metal 
adsorption.

• Column studies also show that the sand in columnar 
systems increases the efficiency of removal. The higher 
efficiency of both colour and heavy metals was demon-
strated in the sand column at both the bottom (column 1) 
and the top of the column (column 2).

• Regeneration showed a high efficiency of copper and 
lead adsorption. In the fourth cycle in the case of Cu(II), 
60%, column 2 - 52.5%, column 3 - 30%, for Pb(II) for 
column 1 - 73%, column 2 - 76%, column 3 - 50% were 
obtained.
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