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Abstract: In this work, we present a process for converting olive industry solid waste (OISW) into a
value-added material with ionic receptors for use in the removal of toxic metal ions from wastewater.
This 3D polymer is a promising adsorbent for large-scale application, since it is a low-cost material
made from agricultural waste and showed exceptional performance. The synthesis of the network
polymer involved the carboxymethylation of OISW and curing of the carboxymethylated OISW at an
elevated temperature to promote the formation of ester linkages between OISW’s components. FT-IR,
atomic force microscopy, and thermal analysis were performed on the crosslinked product. The
adsorption efficiency of the crosslinked carboxymethylated OISW toward Pb(II), Cu(II), and other
toxic metal ions present in sewage was evaluated as a function of adsorbent dose, temperature,
pH, time, and initial metal ion. The percentage removal of about 20 metal ions present in a sewage
sample collected from a sewer plant located in the Palestinian Territories was determined. The
adsorption efficiency did not drop even after six cycles of use. The kinetic study showed that the
adsorption process follows the Langmuir isotherm model and the second-order adsorption rate.
The experimental Qe values of 13.91 and 13.71 mg/g were obtained for Pb(II) and Cu(II) removal,
respectively. The thermodynamic results confirm the spontaneous metal bonding to the receptor sites
of the crosslinked carboxymethylated OISW.

Keywords: 3D polymer; cellulose; hemicellulose; lignin; Langmuir isotherm; wastewater; adsorption;
kinetic

1. Introduction

One of the most economically significant agri-food sectors in the Mediterranean and
Middle Eastern regions is the olive oil industry. Due to the extent and scope of olive
production worldwide, enormous amounts of unutilized agronomic waste are produced
annually [1], creating serious environmental issues in the area.

The waste generated from the mills of the olive industry is made up of 43.8% solid
waste and 56.2% liquid waste (OILW) [1,2]. The biological oxygen demand (BOD) and
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chemical oxygen demand (COD) values of these wastes are extraordinarily high, and they
also contain hazardous amounts of polyphenols [1]. Environmentalists are concerned about
the waste materials because they pose a significant disposal issue for waste management,
which is problematic for the olive mills [1]. While OILW is typically disposed of through the
sewage system, which has an impact on water quality, olive industry solid waste (OISW) is
typically burned or allowed to rot in some countries, releasing CO2 into the atmosphere.
Therefore, one of the biggest issues facing entrepreneurs considering rising environmental
regulations is waste. Additionally, by disposing of the effluent or selling it for a cheap price,
the olive business suffers economic loss.

Utilizing and transforming these wastes into beneficial and affordable commercial
products is a difficult task; several studies [3–23] have reported examples on converting
olive industry solid waste into product with various applications. None of the studies were
related to using OISW in wastewater purification from toxic metal ions or other toxic organic
matters. Wastewater purification and recycling have recently received a lot of attention from
scientists. Several techniques such as adsorption, neutralization, ion exchange, filtration,
and precipitation are used to remove heavy metal ions from contaminated wastewater.
Among these methods, the adsorption technique has received the most attention [24–30].

The adsorption approach was chosen for this study as it is practical and affordable.
There are numerous safe, recyclable, and environmentally friendly adsorbents that are re-
ported in the literature [31–33]. Many other eco-friendly adsorbents with high efficiency for
hazardous heavy metal ions prevalent in wastewater [17] are known in the literature. These
adsorbents include those produced from neutral polymeric materials such as cellulose,
lignin, and chitosan [34–37]. Although adsorbent technology has advanced quickly, those
derived from the natural macromolecules mentioned above have not yet been completely
investigated [38–44]. Cellulose nanocrystalline (CNC)-based adsorbents were among the
most promising, but they had several issues with crystallinity that restrict the accessibility
of backbone binding sites [45,46].

In this study, we developed a novel approach for combining the components of OISW
into a 3D polymeric network with ionic sites for metal extraction from wastewater. The
components of OISW include cellulose, hemicellulose, and lignin. They were carboxymethy-
lated by reacting them with sodium chloroacetate in alkaline medium and then cured at a
high temperature to promote the formation of ester linkages between the components and
the formation of the target 3D network polymer.

2. Materials and Methods
2.1. Material

Deionized water was used in this work, collected using a 18.2 MΩ cm Millipore
(Millipore Corporation, Burlington, MA, USA). All chemicals and reagents used in this
work were of analytical grade and were purchased from Sigma-Aldrich chemical company
(Jerusalem, Israel) and used as received. The chemicals included sodium chloroacetate,
copper(II) sulfate pentahydrate, and lead(II) nitrate. All solutions were prepared using
deionized water. OISW used in this work was collected from an olive mill located in the
city of Tukaram (Palestinian Territories).

2.2. Methods
2.2.1. Characterization

The thermal behaviors of the CMOISW and curing product were evaluated using
the thermo-gravimetric analysis TG/DSC Star System (Mettler-Toledo, Columbus, OH,
USA), heated at a rate of 5 ◦C/min from 25.0 to 1100.0 ◦C. FT-IR spectra were recorded on
a Fourier transform infrared (FT-IR) spectrometer (Nicolet 6700, Thermo Fisher Scientific,
Waltham, MA, USA). The FT-IR resolution was set at 4 cm−1. The spectra were recorded in
the range of 400–4000 cm−1 with 128 scans. For controlled data analysis, Mettler-Toledo
STARE software version 10.0 was employed.
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The concentrations of control ions Pb(II) and Cu(II) were determined using a flame
atomic absorption spectrometer (FAAS, ICE3500 AA System, Thermo Scientific, Horsham,
UK). The quantitative and qualitative examinations of wastewater were performed using
inductively coupled plasma mass spectrometry (ICP-MS, CAPTM RQ ICP-MS, Thermo
Fisher Scientific, Waltham, MA, USA). The mean of three runs was provided for each
analysis. The pH values of the aqueous solutions were determined using the pH electrode
by Mettler-Toledo (Mettler-Toledo (Schweiz) GmbH).

2.2.2. Purification of Olive Industry Solid Waste

A 100.00 g sample of dried OISW was ground by passing it through a Wiley mill fitted
with a 200-micron screen (Thomas Wiley® Mini Cutting Mills, Swedesboro, NJ, USA). The
ground OISW was stirred in acidic solution with a pH of 3.0 (0.50 L) for about 60 min to
remove water-soluble extractives. The solid was then collected by suction filtration and
washed several times with water until the filtrate was neutral and clear. The collected
OIWS was allowed to dry at room temperature.

2.2.3. Soxhlet Extraction

Soxhlet extraction is one of the most popular techniques for the extraction of organic
impurities from a solid material. In this work, it was performed on OISW to remove
residual olive oil and other organic extractives. The OISW collected from the previous
experiment was placed in the extractor and extracted with ethyl acetate (500 mL) for 2.0 h.
The collected OISW sample was dried at room temperature and stored in a refrigerator for
further reactions.

2.2.4. Carboxymethylation of OISW (CMOISW)

A 10.00 g sample of purified OISW was placed in a three-neck round bottom flask fitted
with a large magnetic bar, a thermometer, and a condenser attached to a bubbler. To the
OISW in the flask, 150.00 mL of isopropyl alcohol and 15.00 mL of distilled water were
added. Then, 12.00 mL of 50.00% NaOH solution was added to the mixture dropwise with
a syringe over a period of 10.0 min. After that, 21.00 g (0.18 mol) of sodium chloroacetate
was added in one portion. The flask contents were heated to 62 ◦C in 30.0 min and kept at
this temperature for 60 min. The reaction was then quenched by the addition of 8.0 mL of
acetic acid. The produced solid was collected by suction filtration and washed three times
with a methanol/water solution (2:1 ratio by volume). The last wash was performed with
only acetone. The mass of the produced carboxymethylated OISW polymer was 12.00 g.

2.2.5. Thermal Curing

A sample of CMOISW (1.00 g) was thermally treated at 160 ◦C for 20.00 min. The
produced sample was collected and evaluated for water solubility and carboxyl content as
shown below.

2.2.6. Carboxyl Content of CMOISW

The degree of substitution (DS) of CMOISW was determined according to the standard
procedure ASTM 2005 [47]. A sample of ground CMOISW (5.0 g) was suspended in 95%
ethyl alcohol (100.0 mL) and stirred for 10 min. Then, 5.0 mL of concentrated nitric acid
was added to the suspension. The mixture was agitated for 30 min at room temperature.
The solvent was decanted and the solid residue was washed with 60% ethanol (5 × 50 mL).
Each time, the solid was stirred in the ethanol solution for 20 min, then decanted. The
last wash was performed with methanol. The precipitate was then collected by suction
filtration and dried under vacuum at 60 ◦C for 2 h to ensure complete removal of solvent.
A 1.0 g sample of dried CMOISW was suspended in distilled water (100 mL) and 25.0 mL
of 0.3N NaOH. The mixture was agitated for 30 min. The produced clear solution was
titrated with 0.3N HCI in the presence of a phenolphthalein indicator. The end point was
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reached when the pink color converted to clear. The degree of substitution was calculated
according to Equations (15) and (16).

2.2.7. Water Solubility of CMOISW

A 1.00 g sample of CMOISW was drenched in water (25.00 mL) and agitated for about
2 h, collected by filtration, and dried in an oven adjusted at 110 ◦C for one hour. The
sample was cooled in a desiccator and weighed. A 0.04 g reduction in the sample mass
was recorded.

2.2.8. Wastewater Purification

A sewage sample collected from one of the wastewater purification plants in Palestine
was used in this study. The type and percentage of metal ions present in the sample were
analyzed by the Water Center, An-Najah National University, Palestine, using ICP-AES.
Two 20 mL vials each containing a 10 mL sample of wastewater were prepared. One of
them was treated with 50 mg of the adsorbent CMOISW and the second was kept as a
reference. The pH of both solutions was adjusted to 6.5. The vials’ contents were shaken at
room temperature for 30 min using a thermostat equipped with a shaker. A 5.0 mL sample
of each mixture was withdrawn and filtered through a 0.45 µm syringe filter and analyzed
by ICP-AES for residual metal ion concentrations.

2.2.9. Adsorption

Glass vials (20.0 mL) were used for the adsorption operations; they were clamped in a
water bath with a thermostat and mixed for the determined time. Copper (II) and lead (II)
ions were chosen as model metal ions in this work. The adsorption process was carried
out using the batch approach [37–39]. Adsorption was carried out at 25 ◦C using various
amounts of adsorbent and solutions of metal ions with concentrations ranging from 10 to
50 mg/L. The percentage of metal ions removed was studied in relation to a number of
parameters, including adsorbent dose, initial metal ion concentration (C0, ppm), mixing
duration (t, min), temperature (T, ◦C), and pH value; the pH was altered by adding either
HNO3 or NaOH. A plastic syringe (10.0 mL) fitted with a filter (0.45 µm) was used to obtain
filtered samples for analysis. The change in the metal ion content was monitored by flame
atomic absorption spectroscopy at a wavelength of 217.0 nm. Equations (1) and (2) were
used to calculate the adsorption capacity of the cured CMOISW.

Thermodynamic parameters were used to assess the nature of the adsorption pro-
cess [38–41].

%Removal =
C0 − Ce

C0
× 100 (1)

Qe =
C0 − Ce

W
V (2)

where C0 and Ce are the starting metal ion and the equilibrium metal ion concentration in
ppm, respectively. Qe is the equilibrium adsorption capacity in ppm, W is the weight in mg
of the absorbent, and V is the volume in L of the solution [42].

2.2.10. Isotherm

The Langmuir isotherm model is presented in Equations (3) and (4):

Ce

Qe
=

1
qmax

Ce +
1

qmaxKL
(3)

where Ce is the concentration of metal ion in ppm and Qe is the amount of metal ion
extracted per unit mass of CMOISW at equilibrium (mg/g), qmax is the highest single
layer adsorption capacity of the polymer (mg/g), and KL (L/mg) represents the Langmuir
constant [48–50].
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The Langmuir isotherm model can be used to forecast whether adsorption will be
favorable or unfavorable using the dimensionless constant separation factor provided in
Equation (4).

RL =
1

1 + KL Ce
(4)

where C0 stands for the initial metal ion concertation and KL stands for the Langmuir
constant. If the RL value exceeds one, the adsorption is deemed to be unfavorable; it will be
favorable or linear if it is between zero and one.

The Freundlich isotherm model shown in Equations (5) and (6) symbolizes the hetero-
geneous surface energy non-ideal adsorption process.

ln(Qe ) = ln k f +
1
n

ln Ce (5)

Qe = KF Ce
1/n (6)

where 1/n is the adsorption intensity and KF stands for a constant that denotes the relative
adsorption capacity [51,52].

2.2.11. Adsorption Kinetics

The rate of metal ion adsorption on a CMOISW surface was examined using the
pseudo-first-order and pseudo-second-order kinetic models shown below. The linearized
versions of the rate equations were calculated using Equations (7)–(10) [52].

ln(qe − qt) = ln qe − K1 t (7)

t
qt

=
1

K2q2
e
+

t
qe

(8)

Qt = Kidt1/2 + Z (9)

ln
K(T2 )

K(T1 )
=

Ea
R
·
(

1
T1

− 1
T2

)
(10)

ln(1 − F) = −Kfd × t (11)

where Qt is the temperature-dependent adsorption capacity and qe is the equilibrium
adsorption capacity (mg/g). K1 stands for the pseudo-first-order rate constant (min),
and K2 for the pseudo-second-order rate constant (g/mg.min). Z (mg/g) can be used to
determine the boundary layer thickness, where Kid is the diffusion rate constant measured
in mg/g.min1/2. In Equation (11), Kfd (min−1) stands for the rate of film diffusion, and F
represents the fractional accomplishment of equilibrium (F = qt/qe).

Equations (12)–(14) were used to compute the enthalpy (∆H◦), Gibbs energy (∆G◦),
and entropy (∆S◦).

Kc = Cads/Ce (12)

∆G◦ = −RTlnKc (13)

ln Ks =
∆S
R

− ∆ H
RT

(14)

where T (K) is the solution temperature, R is the ideal gas constant (J/mol K), Cads is the
equilibrium Pb(II) adsorbed quantity (mg/L), Ce is the equilibrium concentration (mg/L)
in the supernatant, and Kc is an apparent constant of the thermodynamics [53].

3. Results

The solid waste of the olive industry is composed mainly of three components: cellu-
lose, lignin, and hemicelluloses. The structures of these components are shown in Figure 1.
The repeat units of the three components contain hydroxyl groups that are known to be a
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precursor for a variety of functional groups. Previous studies showed that cellulose is the
major component of OISW [44,53].
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3.1. Synthesis of Carboxymethylated OISW

A sample of OISW was purified from residual metal ions and organic extractives
mainly composed of fatty acids, fatty alcohols, and fatty esters [44,53] by washing it
with acid solution and Soxhlet extraction using ethyl acetate. The purified OISW was
suspended in isopropyl alcohol and converted to alkoxide by reacting it with an aqueous
solution of sodium hydroxide (50 wt %). The produced alkoxide then reacted with sodium
chloroacetate at about 60 ◦C to produce carboxymethylated OISW (CMOISW). The reactants
were mixed in a ratio that allowed the formation of partial carboxymethylated OISW, as
shown in Figure 2. The carboxyl content was determined according to an ASTM 2005
method [47] based on cellulose molar mass (162.0 g/anhydrous glucose repeat unit), and
58 was the net increment in the molar mass of the anhydrous glucose repeat unit for every
substituted COOH group. DS was determined to be about 0.72.

Carboxyl milliequivalents in CMOISW = (VNaOH (mL)NNaOH − VHCl(mL)NHCl)/Mass (g) of CMOISW (15)

DS = 0.162 × Carboxyl milliequivalents/(1 − 0.058 × Carboxyl milliequivalents) (16)

The three carboxymethylated macromolecules were then heated at an elevated tem-
perature to cause thermal curing. Each of the three macromolecules contained OH and
carboxyl functional groups. Both groups tended to undergo a condensation reaction at an
elevated temperature to form an ester linkage with the loss of water molecules. The result
is that a 3D structure of covalently bonded lignin, cellulose, and hemicelluloses forms, as
shown in Figure 3. The produced structure is loaded with chelating ligands for metal ions;
in addition, it is expected to be highly porous.
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As mentioned earlier, the OISW is composed of cellulose, lignin, and hemicelluloses;
the IR spectrum (Figure 4a) of the waste clearly shows peaks corresponding to the functional
groups present in the OISW components. The spectrum shows a band at 3346 cm−1 corre-
sponding to O-H stretching and two bands at 2924.9 and 2847.5 cm−1 corresponding to C-H
stretching. The spectrum also shows several bands in the region of 1650 to 1742 that could
be attributed to C=O of ester, aldehyde, and carboxyl functional groups, and several weak
bands appear at about 1600–1610 corresponding to C=C of lignin aromatic rings, in addition
to the O-C-O that mainly represents the glycosidic linkage in cellulose and hemicelluloses.
The IR spectrum of the carboxymethylated OISW is shown in Figure 4b; the spectrum
shows a broad band that stretches from 3500 to 2800 cm−1 corresponding to O-H of carboxyl
and alcohol. A strong band appears at 1594 cm−1 corresponding to the stretching of C=O
of the carboxylate functionality. The bands that represent the carbonyl of aldehyde and
ester appear in the IR of OISW and disappear in the spectrum of CMOISW. This could be
attributed to the treatment with NaOH during the carboxymethylation process, since under
these conditions, the ester undergoes hydrolysis, and the aldehyde undergoes oxidation.
The IR spectrum of CMOISW after curing shows a new band at 1748 cm−1 corresponding
to the C=O of ester linkage that is formed by a condensation reaction between carboxyl
and the O-H groups of the carboxymethylated OISW components.
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The images obtained by the atomic force microscope (AFM) of the CMOISW are
shown in Figure 5 The average diameter for the CMOISW was about 30 ± 2 nm. Figure 6B
shows that for the thermally cured CMOISW, the particle size increased to 300 ± 15 nm.
The increase in the particle dimensions could be related to the particles fusing during the
curing process.
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Figure 5. Atomic force microscope image of (a) CMOISW and (b) thermally cured OISW car-
boxymethylated OISW.
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The thermal stability of CMOISW was measured by the TGA method. The obtained
results are shown in Figure 6. CMOISW showed a major weight loss at 250 ◦C; the loss could
be attributed to the decarboxylation and the fragmentation of cellulose and hemicelluloses.
However, the cured CMOISW showed a minor weight loss at about 100 ◦C, which could be
due to the evaporation of residual moisture present in the structure. The polymer showed
very high thermal stability; heating it up to 800 ◦C showed a loss of only 10% of weight,
and about 90% of its weight was reserved.

3.2. Adsorption Process

Batch adsorption experiments were conducted to test the efficacies of the thermally
cured CMOISW for heavy metal adsorption, and to determine the optimum conditions for
heavy metal removal from wastewater. Pb(II) and Cu(II) were selected as model ions in
this study. The residual concentrations of Pb(II) and Cu(II) were determined by FAAS.

Effects of Various Parameters
Solution pH

The solution pH is an important factor that affects both adsorbent and adsorbate, since
the ability of the functional groups to perform as a metal binder varies with pH value as
they transfer from protonated to ionic, going from low pH to high. The effect of pH on
the extraction ability of the cured CMOISW was evaluated while the other parameters
were kept constant with an adsorbent dose of 50.0 mg, metal ion concentration of 30.0 mg,
and solution volume of 10.0 mL. The adsorption was performed for 30.0 min at room
temperature. The results are shown in Figure 7a. The results show that a significant
removal of metal ions occurred at a pH of about 6.0. Since at this pH, the carboxyl group is
present in the ionic state, the carboxyl group is converted to a strong one.
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Figure 7. The effect of (a) pH on adsorption efficiency (time 30 min, temperature 25 ◦C, adsorbent
dose 50.0 mg, metal ion concentration 30.0 mg, and solution volume 10.0 mL), (b) adsorbent dose
(CMOISW) (time 30 min, temperature 25 ◦C. pH 6.0, metal ion concentration 30.0 mg, and solution
volume 10.0 mL), (c) metal initial concentration (time 30 min, temperature 25 ◦C, adsorbent dose
50.0 mg, pH 6.0, and solution volume 10.0 mL), (d) temperature (time, 30 min, temperature 25 ◦C,
adsorbent dose 50.0 mg, metal ion concentration 30.0 mg, and solution volume 10.0 mL), and
(e) contact time (temperature 25 ◦C, adsorbent dose 50.0 mg, metal ion concentration 30.0 mg, and
solution volume 10.0 mL).

Adsorbent Dose

Various amounts of CMOISW adsorbent dosage (10.0 mg to 60.0 mg) were used in
this extraction experiment; other parameters such as solution volume of metal ion, initial
concertation of Pb(II) and Cu(II), and pH were kept constant at 10.0 mL, 20.0 ppm, and 6.0,
respectively. Adsorption was performed at room temperature for 30.0 min. The obtained
results showed that the optimum amount of dosage is about 30.0 and 50.0 mg for extracting
Pb(II) and Cu(II), respectively (Figure 7b), with a maximum removal of about 74%.

Metal Ion Initial Concentration

The effect of the initial concentration of Pb(II) and Cu(II) on the efficiency of CMOISW
was also studied while keeping the other parameters of solution volume, pH, time, temper-
ature, and adsorbate dose constant at 10 mL, 6.5, 30 min, 25 ◦C, and 50.0 mg, respectively.
The results are shown in Figure 7c. The maximum %removal was reached at 20.00 ppm
of metal ion concentration. Increasing concentration did not show any effect on the %re-
moval. As the initial concentration increased from 2.0 ppm to 20.0 ppm, the %removal
increased and reached the maximum at 20.0 ppm. At a low concentration, there are plenty
of receptors on the adsorbent surface, and the adsorption process is regulated by an ion
diffusion mechanism [45,54]. The availability of the metal receptors begins to drop as
the concertation increases due to saturation, which also results in the adsorption efficacy
becoming constant.

Temperature

The percent removal of Pb(II)and Cu(II) as a function of temperature was studied in the
range of 10 to 60 ◦C. The highest removal was obtained at room temperature, as shown in
Figure 7d. However, the efficiency for CMOISW was dropped as the temperature increased
to 60 ◦C, which indicates that the adsorption is exothermic and requires no or little heat.
The kinetic energy of the adsorbed particles on the adsorbent surface increases as the
temperature rises, and this increases the probability of their detachment from the adsorbent
surface [55–58]. Moreover, the decline in adsorption at higher temperature can be related
to the increase in the solubility of ions with temperature [56].
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The percent removal of Pb(II) and Cu(II) as a function of temperature was investigated.
According to the obtained results shown in Figure 8d, the maximum adsorption was
achieved at room temperature. However, as the temperature rose to 60 ◦C, the efficiency
for CMOISW decreased, indicating that the adsorption is exothermic and does not require
heat. As the temperature rises, the kinetic energy of the adsorbed particles on the adsorbent
surface increases, increasing the likelihood that they will separate from the surface [51–53].
Additionally, the rise in ion solubility with temperature may be connected to the decrease
in adsorption at higher temperatures [39,58].
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Figure 8. Langmuir and Freundlich adsorption plots of Pb(II) and Cu(II) ions on CMOISW.

Mixing Time

While the parameters of solution volume, pH, initial concentration of Pb(II), temper-
ature, and adsorbent dose were held constant at 10 mL, 6.0, 20 ppm, 25 ◦C, and 20 mg,
respectively, the influence of the mixing time on the adsorption effectiveness of CMOISW
was examined. Figure 7e demonstrates that the percentages of Pb(II) and Cu(II) removal
grew somewhat with time until becoming constant at 30 min (80% removal) for Pb(II), but it
took longer for Cu(II) to achieve its maximum removal at about 60 min (90% removal).
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The availability of the adsorption receptors, which diminishes with time due to adsorption,
might explain the results; by about 30 min, practically all metal receptors are occupied.

3.3. Wastewater Purification from Toxic Metal Ions

A sample of real wastewater was collected from a wastewater treatment plant located
in Jericho (Palestine) and subjected to treatment with the adsorbate CMOISW using the
optimum determined adsorption conditions. The initial concentrations in ppm of the metal
ions and after adsorption experiments were determined using ICP-MS. A summary of the
results is shown in Table 1. The CMOISW showed moderate to high removal efficiencies
toward about 15 metal ions were achieved.

Table 1. Percent removal of metal ions from real sample of wastewater.

Metal Ions

Initial Concentration Adsorption Efficiency of CMOISW
(ppm)

Final Concentration %Removal

Ag 0.019 0.001 94%
Al 7.668 3.094 59%
As 0.624 0.360 42%
B 11.330 7.131 37%
Bi 7.176 0.527 92%
Cr 1.538 0.741 51%
Cu 14.774 0.923 93%
Fe 23.753 16.67 29%
Mo 0.515 0.192 62%
Na 3.885 1.487 61%
Ni 0.484 0.308 36%
Pb 11.805 1.550 87%
Te 0.547 0.047 91%

3.4. Adsorption Mechanism
Isotherm

The Langmuir (Equation (3)) and Freundlich isotherm (Equation (5)) models were
followed to determine the adsorption equilibrium between the Pb(II) and Cu(II) ions and
the 3D polymer CMOISW in water [38]. They were also utilized to assess the metal ion
dispersion on the CMOISW surfaces at equilibrium. One of the factors that may affect the
type of isotherm followed in the adsorption is the correlation coefficient (R2) [38].

Data listed in Table 2 represent the values of all adjustable parameters obtained from
Figure 8. As shown in Table 2, the obtained data showed that the correlation coefficients
obtained using the Freundlich isothermal model are lower, demonstrating that Pb and Cu
cations adsorption adhere to the Langmuir equation, in which Pb(II) and Cu(II) cations are
dispersed uniformly and evenly over the polymer porous surface. For various dosages of
polymer adsorbent, the separation factor RL ranges from 0 to less than 1 (Table 2). This
demonstrates the affinity of CMOISW toward the relevant metal ions.

Table 2. The isotherm parameters for the adsorption of Pb(II) and Cu(II) ions by CMOISW.

Metal Ions Pb(II) Cu(II)

Langmuir isotherm
Q0 (mg/g) 2.1584 2.0312
KL (L/mg) 0.098 0.1325

R2 0.795 0.8735
Freundlich isotherm

1/n 0.846 0.6095
KF (L/mg) 8.6639 9.2269

R2 0.9543 0.995
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3.5. Kinetics of Pb(II) and Cu(II) Ion Adsorption

The Pb(II) and Cu(II) ion adsorption by CMOISW was analyzed using various kinetic
models to understand the nature of the adsorption mechanism. Pseudo-first- and second-
order models, two of the most popular kinetic models, were followed to simulate the
metal adsorption by the CMOISW adsorbents. The used kinetic models are depicted in
Equations (7) and (8) [39].

The obtained equations’ parameter values are summarized in Table 3 and Figure 9.
The value of K1 is provided by the plots of ln (qe–qt) vs. t (Figure 9a), while the values of
K2 and the adsorption capacity qe are provided by the slope and intercept of the plot of
t/Qt vs. t (Figure 9b), and Kid and Z are calculated by plotting Qe vs. t1/2 (Figure 9c).

Table 3. Different kinetic model parameters for the CMOISW.

Metal Ions Pb(II) Cu(II)

Pseudo-first-order
kinetic model

K1 (g/mg.min) 0.664 0.769
Qcal (mg/g) 12.395 12.477

R2 0.916 0.903
Pseudo-second-order model for adsorption of Pb (II) and Cu (II) ions onto CMOISW

K2 (g/mg.min) 0.244 0.749
Qcal (mg/g) 5.170 3.717

R2 0.991 0.993
Parameters explain the intraparticle diffusion of Pb(II) and Cu(II) ions onto CMOISW

Kid 27.133 22.013
Z 6.081 12.668
R2 0.836 0.867

Thermodynamic parameters for the adsorption of Pb(II) and Cu(II) ions onto CMOISW
Cu(II) Pb(II)

∆G◦ (KJ/mol)
298 K −16.657 −18.421
313 K −17.496 −19.349
323 K −18.056 −19.967

∆H◦ (KJ/mol) 9.387 11.517
∆S◦ (J/K.mol) 55.930 61.855

Liquid film diffusion
model

Kdf 2.275 2.3671
R2 0.9036 0.9198

The results obtained from the experimental part reveal that the value of R2 for the
pseudo-second-order kinetics model (0.9916 to 0.9933) is higher than that of the pseudo-first-
order kinetics model (0.916 to 0.9035) of Pb (II) and Cu (II) ions onto CMOISW, respectively.

The values indicate that the Pb(II) and Cu (II) adsorption on the foam surfaces con-
forms to the pseudo-second-order model (Table 3 and Figure 9b).

Kid and Z were calculated from Figure 9c (Qe vs. t1/2); their values are shown in
Table 3. Several rate-limiting processes could be available for the adsorption process, since
all the graphs shown in Figure 9 are straight lines and do not cross their respective origins.

We may infer from the initial graph’s linearity in Figure 9b that Pb(II) and Cu(II)
adsorption on CMOISW starts with an instantaneous adsorption on the external sur-
face, which results in a chemical complexation between metal ions and surface functional
groups [38,39]. The other steps were also linear, showing that Pb(II) and Cu(II) ions were
gradually adsorbing and that the rate of intraparticle diffusion was being constrained.

Table 3 demonstrates that while the outside mass transfer potential decreased and the
top layer expanded, the inner mass transfer potential increased. Equation (9) was used to
determine the energy of activation of the adsorption at 298 and 323 K.

These results help explain how temperature impacts the Pb(II) and Cu(II) ions’ ability
to adsorb on CMOISW.
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Figure 9. (a) Pseudo-first-order model, (b) pseudo-second-order model, and (c) intraparticle diffusion
model for the Pb(II) and Cu(II) ion adsorption onto CMOISW at different concentrations.

3.6. Thermodynamics study

To comprehend the spontaneity and the sort of adsorption, the values of the parameters
of standard free energy, standard enthalpy, and standard entropy have been calculated.

The value of ∆G0 (J mol−1) was obtained using Equation (11). The figure shows the
mapping of ln Ks vs. 1/T. Table 3 lists the different thermodynamic parameters that were
calculated using the slopes and crossings (Figure 10) [38].

The results for ∆S0 and ∆H0 are positive, and the adsorption process is what raises
the entropy at the solid/solution contact. Additionally, the CMOISW has negative free
energies, pointing to a spontaneous uptaking process in a wide range of temperatures.

Adsorption is typically used to remove metal in phases. Metal ions move from most
of the solution to the outer surface of the adsorbent CMOISW in the first step, then diffuse
across the boundary layer to those surfaces that initiate the metal ion adsorption at the
coordination sites located at the surface of the adsorbent; at the end, intraparticle diffusion
across the CMOISW particles occurs, followed by more adsorption. Further investigation
was carried out using the liquid film model and the intraparticle diffusion model to achieve
a thorough understanding of the adsorption mechanism.
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Figure 10. Adsorption thermodynamics of Pb(II) and Cu(II) ions onto CMOISW.

The movement of metal ions through a liquid film enclosing the adsorbent is the
longest phase of the adsorption process, according to the liquid film diffusion model
described in Equation (17).

ln(1 − F) = kfd t (17)

where F is the fractional equilibrium achieved. The film diffusion coefficient is kfd (min−1),
and its formula is (F = qt/qe).

According to Equation (15), if plotting ln(1 − F) vs. t produced a straight line that
passed through the origin, then the adsorption process includes diffusion through a liquid
film around the CMOISW. Qe is the equilibrium (mg/g) adsorption capacity (Figure 11).
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The graph shown in Figure 11 does not exhibit linear lines crossing the origin, and has
extremely low R2 values of 0.9036 and 0.9198 for Pb(II) and Cu(II), respectively. This
suggests that the step determining velocity was not the diffusion of ions via the liquid film
surrounding the CMOISW. These results suggest that, although not the slowest stage in
determining the rate, the liquid film’s diffusion pattern may have an impact on the ad-
sorption of metal ions by CMOISW especially at the beginning of adsorption, as presented
in Table 3.

4. Conclusions

The solid waste of the olive industry was successfully converted to a material with
a 3D structure for application in wastewater purification. The target 3D polymer was
synthesized in a three-step process involving purification of OISW from residual olive oil
and other extractives, carboxymethylation of the purified OISW by reacting it with sodium
chloroacetate under alkaline conditions, and thermally curing the carboxymethylated
OISW. AFM, TGA, and FT-IR techniques were used in the polymer analysis. AFM results
showed that the polymer particles are nanosized. The ideal adsorption circumstances
were determined. The kinetic study of the metal ions Pb(II) and Cu(II) showed that the
adsorption process follows the pseudo-second-order kinetics model. Thermodynamic
analysis produced negative Gibbs free energy values, suggesting that Pb(II) and Cu(II)
spontaneously coordinated to the coordination site on the polymer surface. The prepared
3D polymeric material was utilized in removing the toxic metal ions from wastewater;
it showed high efficiency toward most of the metal ions present in the sewage sample. The
obtained results show that the 3D polymer prepared in this work from waste material could
be useful in commercial applications.
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