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ABSTRACT
The heavy metals pollutants resulting from industrial wastewater are a major environmental problem due to
their toxicity and non-biodegradability. Their removal became a trending environmental subject. The preparation of low-cost and eco-friendly adsorbents for industrial wastewater treatment has been widely investigated.
Furthermore, the use of polymeric material for this purpose is highly increasing. In this study, banana stem
agro-waste was valorized by preparing and characterizing its derived activated carbon used as a filler to improve
the adsorption performance of polyurethane foams. The loaded polyurethane was synthesized in the shape of
pellets, characterized by SEM, and tested in removing Pb2+ and Cu2+ from aqueous solutions. The effects of activated carbon filler concentration, number of filtering passes, and pH were examined. The loaded polyurethane
demonstrated a good adsorption capacity that was enormously improved compared to the unloaded polymer.
77% Pb2+ and 40% Cu2+ removal were reached after one filtering pass only. The optimum pH was determined to
be 4. After the 10th pass, and at any pH, almost 100% of the studied metals were eliminated. Rapid and straightforward selectivity and seawater deionization tests were carried out and confirmed the capacity performance of
the prepared pellets in removing different aqueous ions.
Keywords: activated carbon, adsorption, banana stem, heavy metals, polyurethane.

INTRODUCTION
Excessive release of organic and inorganic pollutants due to urbanization, industrialization, agriculture, and domestic waste, is a critical global environmental problem. The discharge of wastewater
from industrial activities releases effluents rich in
toxic and carcinogenic pollutants. Heavy metals
are inorganic pollutants that have high solubility in aquatic environments. They are biologically
non-gradable and accumulate in the living tissues
through the food chain [Kinuthia et al., 2020].
Lead (Pb) is one of the most toxic environmental components. It is a poisonous element affecting nearly every organ in the body, especially
the nervous system. In addition, it belongs to the

mutagenic and carcinogenic heavy metals class.
Lead has several industrial, agriculture, and domestic applications. It is used in batteries, insecticides, solder and pipes, x-ray shields, and other
industries. Lead is released in the atmosphere by
burning fossil fuels and sulfides ores smelting. In
the lakes, it is emitted by acid mine drainage [Moradi & Baniamerian, 2011].
On the other hand, Copper (Cu) is a common
contaminant in the environment. It is an essential element for living organisms apart from its
toxicity upon a considerable amount of exposure.
Moreover, it can inhibit cell metabolism at high
concentrations. Copper is mainly used to manufacture cables, wires, and electrical equipment,
because of its excellent electrical conductivity.
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In addition, it is used in certain activities such as
mining, metal smelting, fungicides, paper industries, tanneries, petroleum refining, explosives,
and other related sectors, which are considered
the significant sources of contamination of copper in wastewater [Davarnejad & Panahi, 2016].
Traditional chemical methods such as precipitation and oxidation/reduction, and physical processes such as ion exchange and electrodialysis
were used to treat various pollutants-contaminated wastewater. Nevertheless, most of these techniques have disadvantages, including incomplete
removal of wastes, high consumption of reagents
and energy, low selectivity, and generation of secondary wastes that are difficult to be eliminated
[Akinhanmi et al., 2020].
Nowadays, adsorption is one of the most
common and effective processes for treating domestic and industrial wastewater. It is cheap, minimizes the generation of sludge, and allows the
adsorbent recovery. A large variety of solid substances were employed as adsorbents for heavy
metal ions. Biomass has demonstrated good sorption capacity and affinity for all types of inorganic
ions. Moreover, it is an available, eco-friendly,
and renewable crude carbon material involved in
synthesizing essential carbon products [Nadhirah
et al., 2020], i.e., activated carbon (AC). Due to
their surface properties, porosity, and high specific surface area, various types of biomass and
its derived AC were tested and reported in the
literature for several heavy metals removal from
aqueous solutions: rice husk [Wong et al., 2003],
wheat straw and corncob biochar [Amen et al.,
2020], orange peel [Hasan et al., 2021] and its
AC [Ali & Abdel-Satar, 2017], activated watermelon [Gupta & Gogate, 2016], olive solid waste
[Chouchene et al., 2014], sugar beet pulp [Aksu
& İşoğlu, 2005], tea [Wan et al., 2014], groundnut shell, yam and cassava peels AC [Thompson
et al., 2020], date seed-derived biochar [Mahdi
et al., 2018], sugarcane bagasse AC [Tao et al.,
2015], and many other agro-waste.
Bananas are one of the most consumed fruits
around the world, especially in tropical countries.
For this reason, banana stem and peel became a
major agro-waste. In literature, banana peel and
its AC were frequently described as adsorbent
[Anwar et al., 2010; Hossain et al., 2012]. However, to the best of our knowledge, very few studies were done on the banana stem for heavy metals removal from water [Praveena et al., 2020]. In
this study, banana stem activated carbon was used
100

as a filler to modify polyurethane foams (PUR)
adsorbent.
Polyurethane foams are known for treating
wastewater and their adsorption capabilities to remove heavy metals due to their porosity distribution and high surface area. Additionally, they are
thermally and chemically stable, highly accessible, and inexpensive. Polyurethane consists of
monomers linked together through the urethane
link (-NHOCO-) by reacting a polyol with a diisocyanate [Teodosiu et al., 2014].
The unloaded and loaded (physically or
chemically) PUR for heavy metals removal from
water were investigated and reported in many
studies [Teodosiu et al., 2014; Zhang et al., 2017].
Interestingly, polyurethane foams loaded with adsorbents such as activated carbon, zeolite, bentonite, hydroxyapatite, castor oil led to encouraging metal ions removal efficiency [Iqhrammullah
et al., 2020; Jang et al., 2008; Pinto et al., 2006].
This work aimed to valorize banana stem
agro-waste and study the adsorption efficiency
of a new activated carbon-loaded polyurethane
adsorbent in removing heavy metals from water.
For this purpose, banana stem AC was prepared,
characterized, and employed as a filler in PUR.
The latter was synthesized in the shape of pellets
in a one-step method and examined in removing
lead and copper ions from aqueous solutions by
studying several experimental parameters: effect
of AC filler concentration, the number of filtering
passes, and impact of pH. Simple selectivity and
seawater deionization tests were conducted as
well. In addition, iodine and methylene blue numbers, zeta potential, Fourier transform infrared
spectroscopy (FT-IR), x-ray diffraction (XRD),
particles size analysis, and scanning electron microscopy (SEM) were employed to characterize
either the AC filler or the loaded foams.

MATERIALS AND METHODS
Banana stem activated carbon preparation
The banana stem was collected from a region
situated in the south of Lebanon, cut into small
pieces, washed several times with ultra-pure water, and left to dry at room temperature for one
week before drying in an oven at 60 °C for two
days. The dried biomass was ground and sieved to
0.25 mm particles. The fine powder obtained was
placed in lid-covered crucibles and carbonized in
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a furnace (Wise-Therm, 4 °C/min) at 600 °C for
2 hours. The biochar was then collected, washed
several times with ultra-pure water, and dried
in an oven at 90 °C for 2 hours. The chemical
activation was carried out by adding 400 mL of
ultra-pure water and 30 mL of nitric acid (HNO3,
99%) to a 50 g charcoal sample and stirring for
24 hours at room temperature. The mixture was
then neutralized by adding sodium hydrogen carbonate solution (NaHCO3). The prepared banana
stem activated carbon (AC) was then filtered and
dried in an oven at 100 °C for 24 hours.
Banana stem activated carbon
properties determination
The yield of the AC particles was calculated
according to Eq. (1).
Yield (%) =

M (AC)
× 100
M (raw material)

(1)

The degree of oxidation or activation rate, usually called “burn-off” was calculated using Eq. (2).
Burn-off (%) =
=

M (charcoal before activation) − M(AC)
× 100 (2)
M (charcoal before activation)

The pH of AC was determined after adding
0.5 g of AC in 50 mL of ultra-pure water and stirring for 2 hours at room temperature. The ash
content was evaluated using Eq. (3).
Ash content (%) =

M (ash)
× 100
M (AC)

(3)

The water content was determined as
shown in Eq. (4).

=

Water content (%) =

M (AC before drying) − M (dried AC)
× 100 (4)
M (dried AC)

The iodine number of the synthesized AC
particles was examined as shown in Eq. (5). It
is defined as mg of iodine adsorbed per 1 g of
AC. The ASTM D4607-94 [2006] method was
implemented. It consisted of treating 0.2 g of AC
with 2 mL of HCl solution (5%). The mixture
of 0.2 M iodine solution was added to the room
temperature cooled mixture and stirred for 30
seconds. Soon afterward, the mixture was filtered, and a 20 mL filtrate sample was titrated

with 0.1 M sodium thiosulfate solution in the
presence of starch as an indicator.
Iodine number =

25.4 × (20 − Vn)
M (AC)

(5)

where: Vn is the volume of sodium thiosulfate at
the equivalence point.
The methylene blue number was assessed using Eq. (6). It is described as the maximum mass
of dye adsorbed per 1 g of AC adsorbent.
Methylene blue number =

(Co − Ce) × V
(6)
M (AC)

where: Co and Ce are the initial and equilibrium
methylene blue concentrations, and V represents the volume of the methylene blue
solution.
It was conducted by dissolving 1.2 g of dye
in 1 L of ultra-pure water. Then, in an Erlenmeyer
flask, 0.1 g of AC sample is added to 25 mL dye
solution and stirred at room temperature until the
color disappeared. At that point, the equivalence
point was determined by adding the methylene
blue solution from a burette while the mixture was
continuously stirring.
Polyurethane foams preparation
In a typical procedure, the polyurethane
foams (PUR)/AC-loaded PUR were prepared by
mixing polypropylene glycol triol (1750 g/mol,
Sigma Aldrich), an appropriate mass of AC, ultrapure water, 6 drops of dibutyltin dilaurate catalyst
(DBTL, 95%, Merck), and Bis(4-isocyanatocyclohexyl)methane (90%, Merck). The mixture
was stirred at room temperature for 3 min. The
PUR (or AC-loaded PUR) was then collected and
left to dry for 24 hours.
Adsorbate solutions preparation
Stock solutions of the metal ions were prepared by dissolving an appropriate amount of
Pb(NO3)2 (Sigma Aldrich, ACS reagent) and
Cu(NO3)2.3H2O (Sigma Aldrich, puriss) in
ultra-pure water. Different specific concentrations of adsorbate solutions were then prepared
from the stock solutions.
101
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Metal ions removal experiments
In a typical procedure, the adsorption experiments were done by placing a PUR/AC-loaded
PUR pellet (0.45 μm diameter) in a plastic syringe. Then, the metals solutions were passed
through it. Next, atomic adsorption spectroscopy (BRAIC spectrophotometer, flame, 217
nm wavelength) was conducted to assess the
adsorption (%) of metal ions solutions before
and after filtration as presented in Eq. (7).
adsorption (%) =

(Co − Cf)
× 100
Co

(7)

where: Co is the initial concentration of the metal
ion, and Cf is the metal ion concentration
after filtration.
Characterization
The AC powder and the PUR/AC-loaded PUR
were characterized using the following techniques:
Zeta potential (Zeta-Meter 4.0, 200 mg AC sample in 50 mL ultra-pure water), Fourier transform
infrared spectroscopy (JASCO FTIR-6300, 4004000 cm-1), x-ray diffraction (Philips X’pert Pro
MPD diffractometer, CuKα, 0.154 nm, 2θ: 5-80°,
Bragg–Brentano scanning mode), particles size
(Partica LA-950 Laser Diffraction Particle Size
Distribution Analyzer-HORIBA), and scanning
electron microscopy (AIS 2100C, 20 kV).

mesopores deterioration [Fernandez Ibanez &
Stoeckli, 2003; Wigmans, 1989].
The pH of AC was determined to be basic
(8.12) due to the presence of calcium oxide (CaO)
in the AC structure in addition to other bases such
as Na2O, MgO, and K2O that could be considered
as well [Baudu et al., 2001].
Charcoal can be viewed as a promising adsorbent if its ash content is not higher than 10%. The ash
is an impurity that can reduce the adsorption ability
of the activated carbon [Silgado Correa et al., 2014].
The water content (%) is the amount of water
physically bounded to AC. In general, a good quality AC should not contain more than 15% moisture
[Silgado Correa et al., 2014; Zulkania et al., 2018].
The iodine number is a simple and rapid test
conducted in this study to estimate the approximate AC surface area related to their adsorption
performance. The calculated iodine number is
comparable to a surface area between 900 and
1100 m2/g [Saka, 2012], reflecting the high adsorption capacity of these particles.
The methylene blue test was assessed to estimate the approximate surface area and the porosity
developed in the additive. The resulting large methylene blue number correlates with the high surface
area of the AC in addition to the presence of large
micropores, mesopores, and less likely macropores
in these particles [Warhurst et al., 1997], which can
lead to excellent adsorption capacity.
Table 1. Properties of banana stem AC
AC properties

RESULTS AND DISCUSSION
Properties of banana stem activated carbon
The vegetable AC prepared and used in this
study as filler in PUR was analyzed, and the determined properties are summarized in Table 1.
The relatively low yield obtained can be explained by losing highly volatile particles during
the pyrolysis process.
The activation reaction is the process that
involves an oxidizing agent leading to the formation of a porous product of lower mass. This
mass loss indicates the degree of oxidation,
or activation rate, usually called “burn-off”. A
burn-off lower than 50% can favor the production of micro and mesopores that contribute to
the AC’s adsorption capacity. Higher than 50%,
macropores can be formed upon the micro and
102

Yield (%)

31.10

Burn-off (%)

34.96

pH

8.12

Ash content (%)

6.01

Humidity (%)

10.38

Iodine number (mg/g)

990.6

Methylene blue number (mg/g)

361.2

Characterization
AC filler characterization
Zeta potential
As shown in Figure 1, the synthesized vegetable AC exhibits negative zeta potentials, which
can improve the ability of these particles to bind
to metal ions. The curve below shows that the zeta
potentials became more negative upon increasing the pH at room temperature. Since the zeta
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Figure 1. Zeta potentials of AC as a function of pH

potentials reach highly negative values starting
from pH = 4, the colloidal AC particles can exhibit
high stability [Pelissari et al., 2014; Tholstrup Sejersen et al., 2007] as their negative charge inhibits
coalescence. The isoelectric point was found to be
at pH = 2, where the AC particles can aggregate.
The high acidity of the material can explain the
negative zeta potential of the AC, and carboxylic
functional groups seemed to remain on the surface
although the pyrolysis at high temperature.

stretching by a carbonyl group. The peak at around
1630 cm-1 may be attributed to the C-O stretching
vibration in carbonyl and carboxy groups and can
be assigned to –C=C–C stretches of aromatic ring
groups. The peak at around 1385 cm-1 may refer
to hydroxyl (-OH) bending vibration and C=O
stretching of carboxylate ions. The peak at 1090
cm-1 could be attributed to the O-H bending vibration [DeMessie et al., 2015; Li et al., 2016].
X-ray diffraction (XRD)

Fourier transform infrared
spectroscopy (FTIR)
The banana stem was reported to include cellulose, holocellulose, lignin, ash content, and pectin [Li et al., 2010]. Our synthesized vegetable AC
powder derived from the banana stem was characterized by FTIR to investigate the main functional
groups present on its surface after pyrolysis and activation. Figure 2 shows a broad band at approximately 3431 cm-1 corresponding to O-H stretching
in carboxyl and hydroxyl groups. In addition, it
shows two peaks at 2933 cm-1 and 2855 cm-1 that
correspond to alkane C-H stretching. The peak
at approximately 1740 cm-1 may be due to C=O

The X-ray diffraction patterns of our synthesized AC (Figure 3) reveal, in general, an amorphous structure despite the pyrolysis process.
However, the two broad peaks at around 26° and
46° and the other sharper peaks appearing between
25 and 29 degrees denote the formation of a crystalline carbonaceous structure [Omri et al., 2013].
Particles size analysis
The original banana stem was ground and
sieved to 0.25 mm particles. After pyrolysis and
activation, the size of the smallest AC particle is
6 µm, and the largest particle is approximately

Figure 2. FTIR spectrum of AC powder
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Figure 3. XRD profile of AC

180 µm (Figure 4). However, the size of the majority of the particles is around 17 µm. Therefore, our particles are categorized as powdered
activated carbon having a distinctive average
size of 15–25 μm [Ahamed et al., 2020]. Due
to their tiny size leading to form dust, powdered
AC was reported to be implemented as a filler
in other process units rather than being used
independently, favoring the adsorption process
[Ahamed et al., 2020].

implemented as an adsorbent in this work. Irregular and uneven pores were observed on the surface of the AC before adding it to PUR (Figure
5A & A’), which can be the reason behind boosting the interactions between the adsorbent and
the metal ions. The PUR have a porous structure (Figure 5B & B’), favoring the adsorption
of metal ions as well. The pores identified in the
AC-loaded PUR (Figure 5C & C’) became more
evenly distributed in the matrix.

Adsorbent characterization

Effect of various experimental parameters
on the metal ions removal process

Scanning electron microscopy (SEM)
Figure 5 shows the SEM images that can
give an insight about the aspect of the surfaces
of the synthesized AC particles used as filler,
unloaded PUR, and AC-loaded PUR that was

In this work, several experimental parameters
were studied to evaluate their impact on the copper
(Cu) and lead (Pb) ions removal by polyurethane
foams. The metal adsorption was determined using
atomic absorption spectroscopy (AAS).

Figure 4. Particles size distribution of AC
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Figure 5. SEM images of AC (A), unloaded PUR (B), and AC-loaded PUR (C)

Effect of AC filler concentration
The evolution of the adsorption of copper
and lead ions as a function of the concentration of
the AC filler loaded in the synthesized PUR was
followed (Figure 6). Due to the porous structure
of PUR, and although the absence of AC filler,
16% and 14% adsorption was observed for Pb2+
and Cu2+, respectively. Additionally, the adsorption was enormously improving by increasing
the filler concentration to reach 77% for lead and
40% for copper at 8% AC concentration. This
is due to the addition of specific sites in PUR,
allowing for more metal ions capture. However,
when more than 8% AC was loaded, the mixture
became too dense and challenging to be stirred.
This was reflected in a drastic dropping of the

adsorption for both metal ions. This may be due
to the physical destruction and malformation of
the filter’s structure. Furthermore, the adsorption of the lead ions was always higher than that
of copper ions (Figure 6).
Effect of number of filtering passes
Two AC-loaded PUR were synthesized using
two different concentrations of additive (4 and 8%)
and compared to unloaded PUR in removing lead
(Figure 7A) and copper ions (Figure 7B). 1, 5, and
10 passes through the pellets were applied to investigate their effect on the adsorption. As expected, it
was noticed that the adsorption of both metal ions
increased by increasing the number of passes. After the 10th pass, 100% metal ions removal was
105
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Figure 6. Effect of the AC concentration (%) loaded in PUR on the metal adsorption (%)

Figure 7. Effect of the number of filtering passes through the different synthesized PUR:
a) on the lead ions adsorption (%); b) on the copper ions adsorption (%)
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achieved for both AC-loaded PUR. For the unloaded
PUR, low adsorptions were observed even after 10
passes. These results confirm the advantage of using
the AC-loaded pellets for both metal ions removal.
Effect of pH
8% AC-loaded PUR were synthesized and
studied by applying 1, 5, and 10 passes at different pH (2, 4, and 9). The results are represented in
Figure 8A for lead and Figure 8B for copper ions.
After the 10th pass, 100 % adsorption was achieved
for both metal ions at any pH. For 1 and 5 filtering
passes, the optimum pH was 4, where maximum
adsorption was reached for the two studied metal
ions. When 1 and 5 passes were applied at low pH
(2), lower adsorption was observed. This can be

explained by the excessive protonation of the specific sites on the adsorbent surface, which depreciated the bonds formed with the metal ions. At moderate pH (4), the H+ ions were released, and the
adsorption became more remarkable. Moreover, at
higher pH (9), the precipitation of lead and copper
ions as hydroxide salts may predominantly lead to
the lower adsorption by the AC-loaded PUR.
Simple adsorption tests
Selectivity test
In wastewater, the metal ion is not found
alone; it always exists with other ions. While ions
can compete for binding sites, a test was carried
out to investigate the selectivity of unloaded PUR

Figure 8. Effect of pH: a) on the lead ions adsorption (%) with various number of filtering
passes; b) on the copper ions adsorption (%) with various number of filtering passes
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and 8% AC-loaded PUR in removing lead and copper ions. For this purpose, an aqueous solution of
similar concentrations of both ions (10 ppm) was
prepared and filtered at room temperature, and the
metal adsorption was determined using AAS. The
results are summarized in Figure 9 below. It shows
that lead ions were eliminated in higher amounts
than copper, whether using unloaded or loaded
PUR. This may be explained by the ionic radius of
lead which is larger than copper. The higher metal
adsorption held by the modified PUR demonstrates
the advantage of increasing the surface-specific
binding sites by adding 8% of AC.

The results show the important ability and
high efficiency of our vegetable AC-loaded PUR
to eliminate several ions (Cu2+, Fe2+, Zn2+, Mg2+,
Ca2+, Mg2+, NO3- and PO43-) from seawater whether after 1 or 10 passes. After 1 pass filtration, the
vegetable AC-loaded polyurethane decreased the
concentration of the cations by 26% for calcium
up to 70% for copper. At the same time, it lessened the concentration of the anions by 52% for
nitrate and 23% for phosphate. After the 10th pass
filtration, the vegetable AC-loaded polyurethane
showed a drop of 44 to 94% for the cations and
49 to 60% for the anions in the seawater sample.
The reduction of the different ions concentration
in the sample was interestingly higher in the vegetable AC-loaded polyurethane compared to the
pure polyurethane foams.
Nevertheless, our AC-loaded PUR showed
relatively comparable results to polyurethane
foams that industrial AC filled. The AC filling
was done using the same procedure and the same
AC concentration.

Seawater deionization test
A seawater solution was used to conduct a
simple deionization test through unloaded PUR,
vegetable 8% AC-loaded PUR, and an industrial
AC loaded in the synthesized PUR. 1 and 10 filtering passes were applied at room temperature.
The results are shown in Table 2.

Figure 9. Metal adsorption (%) by unloaded PUR and AC-loaded PUR in the selectivity test
Table 2. Simple seawater deionization test comparison between unloaded PUR, vegetable AC-loaded PUR, and
AC (industrial)-loaded PUR after 1 and 10 filtering passes
Ion

Cu+2

Fe2+

Zn2+

Mg2+

Ca2+

NO3-

PO43-

Initial concentration (ppm)

30

35

44

15

70

100

65

Residual
concentration (ppm)
after 1 filtering pass
Residual
concentration (ppm)
after 10 filtering
passes

108

Unloaded PUR

20

28

25

14

60

90

55

8% vegetable AC-loaded PUR

9

15

20

10

52

48

50

8% AC
(industrial)-loaded PUR

10

9

24

12

55

64

45

Unloaded PUR

10

15

23

8

50

80

40

8% vegetable AC-loaded PUR

4

2

15

5

39

40

33

8% AC (industrial)-loaded PUR

5

0.5

16

6

44

59

20
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CONCLUSION
In this study, activated carbon was prepared
from banana stem natural by-product by carbonization at 600 °C and activation with nitric acid.
The yield was around 31% with encouraging
activation burn-off (37.96%), ash (6.01%) and
humidity (10.38%) content, and relatively high
iodine (990.6 mg/g) and methylene blue (361.2
mg/g) numbers. The synthesized particles were
characterized using several methods. Their zeta
potential was negative at pH > 2, FTIR spectrum
was comparable with other synthesized vegetable
activated carbon from the literature. The XRD
profile showed a generally amorphous to an almost crystalline structure. In addition, the average AC particles size was 17 µm, and their SEM
images showed an irregular porous surface.
Low-cost and eco-friendly vegetable ACloaded polyurethane foams were synthesized in
one step and proved to be a promising adsorbent
for removing lead and copper ions from aqueous
solutions. The SEM images of the loaded PUR
indicated an almost uniform porous structure. By
studying the effect of AC-loaded concentration,
the number of filtering passes, and pH, the results
obtained by AAS showed better adsorption of Pb2+
compared to Cu2+. Furthermore, 8% AC-loaded
PUR yielded the maximum metal ions removal
after one filtering pass, and the optimum pH was
4. Almost 100% adsorption was obtained after 10
filtering passes at any pH with 4 or 8% AC concentrations opening the door for a future application by assembling a series of modified polyurethane foams to ensure a remarkable wastewater
one-pass purification. Finally, the loaded foams
exhibited promising results in the purification of
a seawater sample by removing several ions.
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