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A B S T R A C T   

Contamination in water is due to various environmental pollutants from natural and anthropogen activities. To 
remove toxic metals from contaminated water, we developed a novel adsorbent in foam form based on an olive 
industry waste material. The foam synthesis involved oxidation of cellulose extracted from the waste to dia
ldehyde, functionalization of the cellulose dialdehyde with an amino acid group, reacting the functionalized 
cellulose with hexamethylene diisocyanate and p-phenylene diisocyanate to produce the target polyurethanes 
Cell-F-HMDIC and Cell-F-PDIC, respectively. The optimum condition for lead(II) adsorption by Cell-F-HMDIC 
and Cell-F-PDIC were determined. The foams show the ability to quantitatively remove most of metal ions 
present in a real sample of sewage. The kinetic and thermodynamic studies confirmed a spontaneous metal ion 
binding to the foams with a second pseudo-order adsorption rate. The adsorption study revealed it obeys the 
Langmuir isotherm model. The experimental Qe values of both foams Cell-F-PDIC and Cell-F-HMDIC were 
2.1929 and 2.0345 mg/g, respectively. Monte Carlo (MC) and Dynamic (MD) and simulations showed excellent 
affinity of both foams for lead ions with high adsorption negative energy value indicating vigorous interactions of 
Pb(II) with the adsorbent surface. The results indicate the usefulness of the developed foam in commercial 
applications. 
Environmental implication: Elimination of metal ions from contaminated environments is important for a number 
of reasons. They are toxic to humans via interaction with biomolecules, resulting in disruption of the metabolism 
and biological activities of many proteins. They are toxic to plants. Industrial effluents and/or wastewater dis
charged from production processes, contain a considerable amount of metal ions. 
In this work, the use of naturally produced materials, such as olive waste biomass, as adsorbents for environ
mental remediation has received great attention. This biomass represents unused resources and presents serious 
disposal problems. We demonstrated that such materials are capable of selectively adsorbing metal ions.   

1. Introduction 

Water contamination is becoming a major global concern as 

agricultural waste, industrial waste, and the household washing items 
are disposed in the sewage system [1]. The disposed materials are 
known to release toxic materials include organic matters, metal ions, 
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dyes and others [2–4]. Toxic heavy metal ions such as Mn(II), Cd(II), Co 
(II), Ni(II), Cr(III), Zn(II), Cu(II), Pb(II) and others pose a high health risk 
and need immediate attention [5,6]. Wastewater purification by 
adsorption is one of the most effective and least cost technology used for 
making water reusable for purposes other than drinking [7]. Adsorption 
is a simple, convenient method, and can be run at low cost. Many ad
sorbents are available for use in this technology that are ecofriendly, 
recyclable, and safe [8–10]. Ecofriendly adsorbents such as those made 
from cellulose, lignin, and chitosan [11–14] showed high efficacy for 
toxic heavy metal ions present in wastewater [15]. Despite the rapid 
enhancement in the development of adsorbents, those originated from 
natural macromolecules such as those made from cellulose, microcrys
talline cellulose or nanocellulose have not been fully explored [16–20]. 
Adsorbents made from cellulose nanocrystalline (CNC) were among the 
most promising, however, they suffer from several drawbacks that are 

related to crystallinity which limits the accessibility to backbones 
binding sites [21,22]. 

A convenient solution for this issue was done by impeding carbox
ymethyl cellulose in a PU foam matrix and used it as metals adsorbent 
[21]. The work is interesting but will not solve the accessibility and the 
aggregation issue in the cellulose polymer. In this study, new cellulose- 
based foam with ionic functionality was prepared and used as an 
adsorbent of metals present in wastewater. Polyurethane foam (PUF) 
was selected because of its attractive characteristics that include elas
ticity, porosity with controllable pore structure. The attractive parts of 
the foams are the simple process of making it, the high stability, and the 
high porosity which make it adsorb and desorb in a high rate. It is also 
easy to isolate and recycle, all these factors make foams very suitable for 
use as an adsorbent for wastewater purification. Recently, several 
research studies investigated the possibility of using PU as an adsorbent 

Fig. 1. The steps and accompanying calculation details for building the Cell-F ascorbates PBC model.  

Fig. 2. FT-IR spectrum of Cell-DA.  
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for organic matters and toxic metal ions [22,23]. Some PUF showed 
excellent adsorbent properties due to its resistant to change in pH value, 
high surface area, low cost, and high stability in aqueous and organic 
solvents [24]. It has been shown that, PUFs can be used in a continuous 
or batch process [25]. PUF with no active groups for metal ions has 
limited activity as an adsorbent, in additions it suffers from the low rate 
of adsorption and low selectivity [26]. Whereas PUF chemically of 
physically modified and composite showed improvement in adsorption 
and selectivity for organic matters and metal ions [27]. 

In this project the disadvantages present in PUF reported in the 
literature as an adsorbent for metal ions were eliminated by preparing 
cellulose based polyurethane foam with ionic functional groups that are 
covalently attached to it. Cellulose powder employed in this work was 
isolated from the solid waste of the olive industry (OISW) [20]. The 
prepared foams with multidentate chelating pendant groups showed 
high affinities for toxic heavy metals. The adsorption efficiencies of the 
two foams were evaluated toward Pb(II) and other metal ions present in 
sewage. Kinetic and thermodynamic analysis in addition to Monte Carlo 
(MC) and Dynamic (MD) and simulations were performed on the foam as 
adsorbent. 

2. Experimental 

2.1. Material 

All staring materials and reagents employed in this study were of 
analytical grade (Sigma-Aldrich Chemical Company, Jerusalem) and 
used as received. The chemicals are hexamethylene diisocyanate, 1,4- 
pheneylne diisocyanate, sodium chloroacetate, and lead(II) nitrate. All 
solutions were prepared using deionized water. Cellulose used in this 
study was in powder form, it was isolated from the solid waste of the 
olive industry by the kraft cooking process that was developed by our 
research team [20]. 

2.2. Characterization 

FT-IR (Fourier Transform Infrared spectrometer) analysis was per
formed on Nicolet 6700 by Thermo-Fisher Scientific (MA, USA) fur
nished with the Smart Split Pea micro-ATR accessory. The IR parameters 
settings were the resolution was 4 cm− 1, spectral range 600–4000 cm− 1, 
and number of scans 256. Thermal behavior of the prepared foam was 
studied using Thermo-gravimetric analysis (TGA) TG/DSC Star System 
(Mettler-Toledo) equipped with a HT1100 oven that is connected to a 

Fig. 3. Preparation of cellulose diaminobenzoic acid (Cell-ABA).  

Fig. 4. FT-IR spectrum for Cell-ABA.  

Fig. 5. A representative scheme showing the formation of polyurethane foam.  
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MX5 microbalance (thermostatic at 22 ◦C) heated to a temperature 
ranged from 25 to 1100 ◦C at a heating rate of 5 ◦C/min. The STARE 
software v.10.0 (Mettler Toledo) was used for controlled data analysis. 

Initial and final concentrations of metal ion solutions were deter
mined using Flame Atomic Absorption Spectrometer FAAS, ICE3500 AA 

System (Thermo Scientific, UK). Inductively coupled plasma mass 
spectrometry (CAP™ RQ ICP-MS) used in this work was purchased form 
Thermo Fisher Scientific (Waltham, MA, USA) was used in quantitative 
and qualitative analysis of wastewater. All performed analysis were 
done in triplicate. The t-test method was used in data analysis. All 
determined variations were statistically considered significant when the 
value of p term is lower than 0.05. 

2.3. Preparation of Cellulose aminobenzoic acid (Cell-ABA) 

Cellulose powder (10.0 g, 0.016 mol) was in a flask (1.0 L) with a 
half-liter of distilled water. The mixture was stirred for 2 h, then dosed 
with a 20 g (0.093 mol, 5.8 mol/AGU) sample of sodium periodate. The 
reaction container was covered completely with aluminum sheet to 
prevent photo-induced reduction of periodate. The reaction mixture was 
placed in a water bath at 40 ◦C and mechanically mixed for 24 h. The 
resulting dialdehyde cellulose was collected by suction filtration, 
washed (3 × 150 mL) with water and dried in the hood at room tem
perature [20]. 

A portion of CDA (1.00 g, 0.0117 mol)) was suspended in 50 mL of 
methyl alcohol, acetic acid (1 mL) was added to the mixture as catalyst 

Fig. 6. IR spectra of Cell-F-PDIC and Cell-F-HMDIC.  

Fig. 7. A schematic diagram showing the binding sites in cellulose-based foam.  
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followed with the addition of 4-aminobenzoic acid (1.2 g, 0.02 mol). The 
reaction mixture was stirred at 60 ◦C for 24 h. The resultant Schiff base 
was collected by suction filtration, washed several times with methanol. 
It was then transferred to a round bottom flask containing a 20 mL of 
MeOH. The produced suspension was treated with sodium borohydride 
(0.25 g) at room temperature for 10 min, then the temperature was 
increased to 60 ◦C, and kept at this temperature for 3 h. Residual sodium 
borohydride was eliminated by the addition of ice-cold water (5.0 mL), 
and the reaction mixture was filtered, and the collected product was 
washed with water, methanol, and dried in the hood. 

2.4. Preparation of the cellulose based foam Cell-F-HMDIC and Cell-F- 
PDIC 

A solution of 1,6-hexamethylene diisocyanate (1.0 mL, 0.06 mol) or 
1,4-phenylene diisocyanate (1.0 g, 0.0625 mol) in 10 mL DMF was 
prepared, 3 drops of trimethylamine was added as a base to the solution. 
Cell-ABA (1.0 g, 0.0625 mol of AGU) was added to the solution and 
heated to 60 ◦C to initiate the reaction. Once an exothermic reaction 
started, the heat was turned off. A mass of foam was formed in about 10 
min. The reaction was mixed for 60 min. The produced foam was then 
collected, washed with distilled water, methanol and dried at room 
temperature. 

2.5. Adsorption study 

Adsorption process was performed in plastic tubes with screw cover 

(50 mL each) that were clamped in a water bath furnished with a shaker 
and a thermostat. The effect of the parameters adsorbent dose, initial 
concentration of metal ions (C0, ppm), mixing time (t, min), pH value, 
and temperature (T, ◦C) on adsorption efficacy was evaluated. Lead (II) 
was selected as a model ion for the adsorption experiments. A 10 mL 
plastic syringe was used to withdraw a sample during the adsorption 
experiment then filtered through a 0.45 μm syringe filter for analysis of 
residua metal by FAAS at 217 nm. 

2.6. Water purification 

A sample of wastewater obtained from a plant located in Jericho 
(Palestine) was filtered by passing it through plastic filter (a 0.45 μm) 
fitted on a 10 mL plastic syringe. The filtered sample was subjected to 
qualitative and quantitative analysis using ICP-AES (Water Center 
operated by An-Najah University, Palestine), the samples was used as a 
control. A 20 mL sample of wastewater was passed through a sample of 
foam (1.0 g, of Cell-F-HMDIC or Cell-F-PDIC) packed in a 50.0 mL sy
ringe and analyzed by ICP-AES for leftover metal ions. 

2.7. DFT calculations 

The adsorbate (polymeric foams) and Pb(II) ions interaction energies 
were calculated using the DMol3 module of the Materials Studio soft
ware. To comprehend electrical interaction factor and correlation 
(DNP), the M06-L was combined with polarization techniques and a 
double numerical basis set [28–30]. The self-consistent field required a 
change in energy of less than 10–7 Ha to be met. In this investigation, the 
conductor-like screening model (COSMO) was utilized to describe the 
effects of water as a solvent [31,32]. 

2.8. Monte Carlo (MC) and Molecular Dynamic (MD) simulations 

MD and MC simulations were used in the simulated adsorption 
process to explore the interaction between lead ions and the modelled 
foam surface. The environment is modelled after an adsorption process. 
The dimensions of the slab model that was utilized in the computations 
are as follows: 20.52 on each side by 55.53 Å on the height. The MC and 
MD computations were carried out inside of a simulation box that 
included 700 water molecules and one Pb(II) ion. For both the MC and 
MD calculations of the simulations, the widely known COMPASSII 
forcefield was employed [33–38]. The following settings were used in 
the MD: NVT ensemble, T = 298.00 K utilizing Berendsen thermostat (1 
fs time step with a total duration of the simulation 700 ps) [39–41]. 

A Periodic Boundary Condition (PBC) slab of the Cell-F-HMDIC or 
Cell-F-PDIC was generated in the initial stage prior to Molecular 

Fig. 8. Digital and SEM photographs of Cell-F-HMDIC.  

Fig. 9. TGA analysis results of Cell-F-HMDIC and Cell-F-PDIC.  
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Dynamic (MD) and Monte Carlo (MC) simulations. As shown in Fig. 1, 
the PCB has 8 chains of the matching adsorbate structures. 

2.9. Adsorption 

The lead (II) used in this study was chosen as a model metal ion. The 
adsorption process was carried out using the batch approach [42]. 
Adsorption was carried out at 25 ◦C using various amount of foam and 
solutions of metal ions with concentrations ranging from 40 to 50 mg/L. 

Adsorption time and pH effects were investigated, and the pH was 
altered by adding either HNO3 or NaOH. Thermodynamic parameters 
were used to assess the nature of the adsorption process. 

The change in the metal ion content was monitored by AAS flame 
atomic absorption spectroscopy. Eqs. (1) and (2) were used to calculate 
the adsorption capacity of foam [14]. 

%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. The Qe is the equilibrium adsorption 

Fig. 10. The effect of various parameters on the removal (%) of Pb(II) by of the two foams (a) pH value (b) foam dose (c) initial [Pb(II)] (d) temperature (e) time.  

Table 1 
Foam adsorption efficiencies toward various metal ions present in sewage water.  

Metal ions Initial Concentration (ppm) Foam adsorption Efficiency; % 
Removal 

Cell-F-HMDIC Cell-F-PDIC 

Al  52.691  99.22  98.85 
Ca  15.302  82.34  64.06 
Co  0.029  99.79  95.017 
Cr  0.372  56.79  75.69 
Cu  1.564  97.05  97.7 
Fe  69.821  98.07  90.71 
Ga  0.031  80.64  71.612 
Pb  0.159  95.43  90.49 
Rb  0.284  71.77  47.59 
Sr  5.401  81.73  56.86 
Tl  0.003  92.8  96.8 
U  0.025  90.08  85.16 
V  1.211  54.72  27.40 
Zn  8.819  98.07  98.24  

Table 2 
The isotherm parameters for the adsorption of Pb(II) ions by Cell-F-PDIC and 
Cell-F-HMDIC.   

Cell-F-PDIC Cell-F-HMDIC 

Langmuir isotherm 
Q0 (mg/g)  2.1929  2.0345 
KL (L/mg)  0.1308  0.1162 
R2  0.8834  0.8372  

Freundlich isotherm 
1/n  0.7149  0.8244 
KF (L/mg)  8.8795  8.6800 
R2  0.9867  0.9762  
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capacity in ppm, W is the weight in mg of the absorbent foam, and V is 
the volume in L of the solution. 

where Co is the initial of metal ion, Ce is the and equilibrium con
centration of metal ion in ppm, Qe is the adsorption capacity at equi
librium (ppm), W is the adsorbent foam weight (mg) of absorbent foam, 
and V is volume (L) of the analyzed solution. 

2.10. Isotherm of the adsorption process 

The Langmuir and Freundlich isotherm models were followed in this 
study to conclude the adsorption behavior of Pb(II) ions on Cell-F- 
HMDIC or Cell-F-PDIC surface [14]. The Langmuir isotherm model is 
presented in Eqs. (3) and (4): 

Ce

Qe
=

1
qmax

Ce +
1

qmaxKL
(3)  

where Ce is the concentration of Pb(II) in ppm and Qe is the amount of 
metal ion extracted per unit mass of Cell-F-HMDIC or Cell-F-PDIC at 
equilibrium (mg/g), qax is the highest single layer adsorption capacity 
of the foam (mg/g), and KL (L/mg) represent Langmuir constant. 

The Langmuir isotherm model can be used to forecast whether 
adsorption will be favorable or unfavorable using the dimensionless 
constant separation factor provided in Eq. (4). 

RL =
1

1 + KLCe
(4)  

where C0 stands for the initial [Pb(II)] and KL stands for the Langmuir 

constants. If the RL value exceeds one, the adsorption is deemed to be 
unfavorable, favorable, or linear if it is between one and one. 

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

ln(qe) = lnkf +
1
n
lnCe (5)  

Qe = KF Ce1/n (6)  

where 1/n is the adsorption intensity and KF stands for a constant that 
denotes the relative adsorption capacity [38,39]. Adsorption is advan
tageous if 1/n is between 0.1 and 0.5; it is unfavorable if 1/n is more 
than. 

2.11. Kinetics of the adsorption process 

The rates of Pb(II) adsorption on the Cell-F-HMDIC and Cell-F-PDIC 
surfaces were examined using the pseudo first-order and second order 
kinetic models shown below. The linearized versions of the rate equa
tions were calculated using Eqs. (7) through (10) [38,39]. 

ln(qe − qt) = lnqe − K1 t (7)  

t
qt

=
1

K2q2
e
+

t
qe

(8)  

Qt = Kidt1/2 +Z (9)  

Fig. 11. Langmuir and Freundlich adsorption plots of Pb(II) ions on Cell-F-PDIC and Cell-F-HMDIC at different temperatures.  
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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 Eq. (11), kfd (min1) stands for the rate of film diffusion, 
and F represents the fractional accomplishment of equilibrium (F = qt/ 
qe). 

Eqs. (12) through (14) were used to compute the enthalpy (ΔH◦), 
Gibbs energy (ΔG◦), and entropy (ΔS◦). 

Kc = Cads/Ce (12)  

ΔG0 = − RTlnKc (13)  

lnKs =
ΔS
R

−
ΔH
RT

(14)  

where T is the solution temperature (K), 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), and T is the thermodynamic 
constant (Kc) [38,39]. 

3. Results and discussion 

3.1. Cellulose dialdehyde (Cell-DA) 

Cellulose powder used in this study was extracted from the waste 
material of the olive oil industry. And purified according to a published 
process [20]. It was purified using the Kraft pulping process with some 
modifications regarding the concentration of NaOH and Na2S used in 
the process [20]. The extracted cellulose was subjected to a whitening 

process using various bleaching chemicals such as hydrogen peroxide 
and sodium hypochlorite. Obtained cellulose was converted to cellulose 
dialdehyde (Cell-DA) by oxidizing it with sodium periodate as shown in 
Fig. 2 [42]. The reaction was performed at 45 ◦C for 12 h, no adjustment 
on the pH value was made to the reaction mixture (pH = 3.7). Analysis 
of the produced Cell-DA by FT-IR showed the presence of the expected 
peaks (Fig. 2) 1728 cm− 1, 1424 cm− 1, 1373 cm− 1, and 1142 cm− 1 

corresponding to C––O of aldehyde group, asymmetric bending of CH2, 
stretching of ether of glycosidic linkage (C-O-C) and C–O of alcohol, 
respectively. The band at 1732 cm− 1 corresponding to C––O was not 
intense, which could be related to the formation of acetal by hydration 
[43]. 

3.2. Amination reaction of 2,3-dialdehyde cellulose through Schiff's base 
formation 

The tendency of cellulose to undergo modification reaction increases 
as the hydroxyl groups are converted to aldehydes. The generated Cell- 
DA was derivatized with the aromatic amine p-aminobenzoic acid to 
produce the cellulose Schiff base Cell-ABA, as shown in Fig. 3 below. The 
reaction was performed in methanol at 60 ◦C for 24 h. The reaction 
represents a condensation reaction that starts with nucleophilic attack of 
an amine at the carbonyl carbon, followed with a water elimination and 
formation of Schiff base. Reductive amination of the produced imine 
was performed using sodium borohydride. 

The change in the functional group was detected by FT-IR (Fig. 4), 
which represents the IR spectrum of the Cell-ABA. The IR spectrum 
shows the disappearance of the peak corresponding to the C––O (1732 
cm− 1), and the existence of the C––O of carboxyl group. The C––C of 
benzene ring appear at 1682 and 1602 cm− 1, respectively. The O–H 
stretching peak of the carboxylic acid group appear as a broad peak 
extends from 3366 cm− 1 to 2600 cm− 1 [44,45]. 

3.3. Cellulose-based polyurethane foam with ionic group 

One of the most common PUF preparation techniques involves using 
diisocyanate for the formation of a polycondensation reaction between 
diol and diisocyanate [42]. Diisocyanates suitable for use could be 
aliphatic or aromatic. For comparison purposes, in this study, two 
different polymers were prepared via reacting the final product with 
aliphatic and aromatic diisocyanate compounds. The foam preparation 
was performed in dimethyl formamide by reacting cellulose amine de
rivatives with the hexamethylene diisocyanate in presence of triethyl 
amine base to form the aliphatic foam Cell-F-HMDIC, and with 1,4-phe
nylene diisocyanate to form the aromatic foam Cell-F-PDIC. A repre
sentative diagram summarizing the reaction is shown in Fig. 5. 

The IR spectra of both foams Cell-F-HMDIC and Cell-F-PDIC are 
shown in Fig. 6. Both spectra show the N–H stretching band at about 
3300 cm− 1. The peaks at 1630 cm− 1 could be related to the C––O of the 
urethane. C––C stretching band of aromatic group of Cell-F-PDIC ap
pears at 1561 cm− 1. C–H stretching band was also observed at 2933.63 
cm− 1 corresponding to the methylene of Cell-F-HMDIC. The vibration 
band of C–O alkoxy was observed at 1261.8 cm− 1. 

The cellulose-based foams were designed to contain many sites with 
high affinity for metal ions (Fig. 7). The metal binding sites include 
carbonyl, carboxyl, amine, aromatic and hydroxyl groups. 

A photo and a SEM image of the Cell-F-HMDIC foam are shown in 
Fig. 8. Both images show highly porous and spongy structure. This could 
be related to the presence of the polyurethane functionality. This spongy 
morphology makes the polymer accessible and adds a filtering capability 
to the foam. 

3.4. Thermal analysis 

The prepared two foams were subjected to thermal analysis the ob
tained results are summarized in Fig. 9. Both foams show almost similar 

Table 3 
Parameters obtained by the kinetic models for the foams Cell-F-PDIC and Cell-F- 
HMDIC.   

Cell-F-PDIC Cell-F-HMDIC 

Pseudo-first-order kinetic model 
K1 (g/mg⋅min)  0.087  0.056 
Qcal (mg/g)  10.878  10.990 
R2  0.988  0.853  

The pseudo-second-order parameters 
K2 (g/mg.min)  0.142  0.268 
Qcal (mg/g)  4.541  3.977 
R2  0.966  0.981  

Intra-particle diffusion parameter 
Kid  27.288  27.678 
Z  0.814  1.8557 
R2  0.847  0.8512  

Liquid film diffusion model 
Kdf  2.1423  2.0931 
R2  0.9459  0.9184  

Parameters values for the adsorption  
T(K)   

ΔG◦ (KJ/mol) 
298  − 21.517  − 20.224 
313  − 22.602  − 21.247 
323  − 23.326  − 21.927 

ΔH◦ (KJ/mol)  39.8195  39.3952 
ΔS◦ (J/K⋅mol)  72.3405  68.009  
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trend regarding thermal decomposition. A high mass loss started at 
200 ◦C, which could be attributed to the loss of the side groups. A major 
degradation started at 400 ◦C which could be related to the degradation 
of the cellulose chain. The foams is considered a stable for performing 
water purification form metal and organic matter. 

3.5. Adsorption of Pb(II) 

A batch adsorption method was conducted to test the efficacies of the 
synthesized foams for heavy metal removal, and to determine the opti
mum conditions for heavy metal adsorption. Pb(II) was selected as a 
model ion for the adsorption experiments. 

3.5.1. Effects of various parameters 

3.5.1.1. Effect of pH. Solution pH is a main factor since the during the 
variation in this factor the receptor sites could be activated for binding 
or blocked. The study was carried out on a 10 mL solution of adsorbate at 
room temperature using a 25 mg foam for 30 min. The results are shown 
in Fig. 10a. At low pH (at about 2.5) both the carboxyl and the amine 

groups are present in their protonated forms, this could reduce their 
affinity for heavy metal. As a result, the adsorption efficiency drops 
significantly at low pH. As the pH increases, however, the amine and 
carboxyl groups start to shift from their Lewis acid forms to their Lewis 
base forms, which convert them from weak chelating agents to strong 
chelating agents. This could be related to the lone pairs of electrons 
present on N and O. The highest adsorption efficacy occurred at a pH of 
7.5. At pH values greater than 8.0, the adsorption efficacy started to 
decline. The decline could be related to the generation of metal oxide 
that is soluble in aqueous solutions. 

3.5.1.2. Effect of adsorbent dose. The scheme depicted in Fig. 10b dis
plays the impact of adsorbent foam dosage on removal percentage. Foam 
adsorbents were utilized in various concentrations of Pb(II) ranging 
from 5.0 mg to 50.0 mg, while the other variables remained constant at 
10.0 mL of solution volume, 15.0 ppm of initial Pb(II) concentration, 
and a pH valued of 4.3. The mixtures were mixed for 30 min at room 
temperature. The findings demonstrate that raising the foam dosage 
increases the amount of metal removed. It was found that at a dosages of 
25 mg the maximum Pb(II) reductions were about 95.0 % and 75 % for 
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Cell-F-PDIC and Cell-F-HMDIC, respectively,. 

3.5.1.3. Effect of metal ion concentration. The effect of the lead ions 
concentration on rate of removal was investigated while the other 

parameters were kept constant: solution volume, pH, time, temperature, 
and foam dose were kept constant at 10 mL, 4.3, 30 min, 25 ◦C and 15 
mg, respectively. The maximum removal was 70 % and 90 % for the 
foams Cell-F-HMDIC and Cell-F-PDIC, respectively (Fig. 10c). At an 
initial concentration higher than 20 ppm both foams showed a drop in 
the adsorption efficacy. The results depicted in Fig. 10c show that at a 
concentration of 20.0 ppm or lower, there are Meta receptors, and the 
adsorption process is regulated by ion diffusion mechanism [46]. At a 
concentration higher than 20 ppm, the availability of the metal re
ceptors starts to decline as a result of saturation, which also causes the 
adsorption efficacy to drop. 

3.5.1.4. Temperature effect on adsorption. The percent removal of Pb(II) 
as a function of temperature was studied in the range of 15 to 45 ◦C. The 
highest removal was obtained at room temperature as shown in Fig. 10d. 
However, the efficiency for Cell-F-HMDIC dropped as the temperature 
increased to 45 ◦C, which indicates that the adsorption is exothermic 
and requires no heat. The other foam (Cell-F-PDIC) showed a little drop 
in the efficiency as the temperature raised from room to 45 ◦C. This 
could be attributed to the presence of the aromatic rings since aromatic 
complexation might require some heat, as reported in the literature. The 
metal ions tend to form sandwich type of complexes with aryl groups. 

3.5.1.5. Effect of contact time. The effect of the contact time on rate of 
removal of Pb(II) was determined while the other parameters such so
lution volume, pH, initial concentration of Pb(II), temperature, and 
foam dose were kept constant at 10 mL, 7.5, 20 ppm, 25 ◦C and 15 mg, 
respectively. Fig. 10e shows that the % removal of Pb(II) increased with 
time, then at 30 min period it tends to become constant. The results 
could be explained based on the availability of the metal receptors, 
which decreases with time due to adsorption, at about 30 min almost all 
metal receptors are engaged [47]. 

All results indicate that Cell-F-PDIC has a higher metal adsorption 
capacity than Cell-F-HMDIC. The polymer rigidity due to the presence of 
more aromatic pendant groups could be the reason for this finding. In 
addition, aromatic rings considered binding sites for metal ion, thy tend 

Fig. 13. Adsorption thermodynamics of Pb(II) ions onto Cell-F-PDIC and Cell-F-HMDIC.  

Fig. 14. Plot of Liquid film diffusion model for the adsorption of Pb(II) by Cell- 
F-PDIC and Cell-F-HMDIC 
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to form with metals sandwich type of complexes. The presence of the 
long aliphatic group (hexyl) causes the polymer to fold. Polymer folding 
reduces the number of exposed metal biding sites thus reduces the 
efficiency. 

3.6. Wastewater purification from metals 

Contaminated water samples were taken at the Jericho wastewater 
treatment facility in Palestine. The produced foams were applied to two 
samples of the collected water in accordance with the established ideal 
adsorption conditions. ICP-MS was used to calculate the metal ion 
concentrations in ppm before and after treatment with the foams. 
Table 1 displays the results in summary. The obtained results showed 
that, with regard to practically all metal ions included in the sewage 
samples, both foams demonstrated outstanding adsorption efficiencies. 

3.7. Adsorption analysis 

3.7.1. Isotherm 
The Langmuir (Eq. (3)) and Freundlich isotherm (Eq. (5)) models 

were followed to determine the adsorption equilibrium between the Pb 
(II) ion and the two foams Cell-F-PDIC and Cell-F-HMDIC in water [15]. 
They were also utilized to assess the metal ion dispersion on the Cell-F- 
PDIC and Cell-F-HMDIC surfaces at equilibrium. One of the factors that 
may affect the type of isotherm followed in the adsorption is the cor
relation coefficient (R2) [15]. 

Data listed in Table 2 represents the values of all adjustable param
eters obtained from Fig. 11. As shown in Table 2, the obtained data 
showed that the correlation coefficients obtained using Freundlich 
isothermal model are lower, demonstrating that lead cations adsorption 
adheres to the Freundlich equation, in which Pb(II) cations are dispersed 
uniformly and evenly over the foam porous surfaces. For various dosages 

of foam adsorbent, the separation factor RL ranges from 0 to less than1 
(Table 2). This demonstrates the great affinity of Cell-F-PDIC and Cell-F- 
HMDIC for the relevant metal ions. 

3.7.2. Adsorption kinetics of Pb(II) ions on Cell-F-PDIC and Cell-F-HMDIC 
The Pb(II) ion adsorption by the Cell-F-PDIC and Cell-F-HMDIC 

foams was analyzed using various kinetic models to understand the 
nature of the adsorption mechanism. Pseudo-first and pseudo-second 
order models, two of the most popular kinetic models, were followed 
to simulate the metal adsorption by the foam adsorbents. The used ki
netic models are depicted in Eqs. (7) and (8) [15]. 

The equations parameters values are shown in Table 3 and Fig. 12. 
The value of K1 is provided by the plots of Ln (qe-qt) versus t (Fig. 12a), 
while the values of K2 and the adsorption capacity qe are provided by 
the slope and intercept of the plot of t/Qt versus t (Fig. 12b), and Kid and 
Z were calculated by plotting Qt versus t1/2 (Fig. 12c). 

The results obtained from the experimental part reveals that the 
value of R2 for the pseudo-second order (0.9663 to 0.9815) is higher 
than that obtained by the pseudo-first order (0.9881to 0.8532) on the 
Cell-F-PDIC and Cell-F-HMDIC, respectively. The computed qe values 
(4.5414 mg/g) are close to the observed qe values (3.977 mg/g) the Cell- 
F-HMDIC, for the pseudo-second order model. The values indicate that 
the Pb2+ adsorption on the foam surfaces conforms the pseudo-second 
order model (Table 3 and Fig. 12b). 

Kid and Z were calculated from Fig. 12c (Qt vs. t1/2), there values 
are shown in Table 3. Several rate-limiting processes present could be 
available for the adsorption process, since all the graphs shown in Fig. 9 
are straight lines and that do not cross their respective origins. 

We may infer from the initial graphs linearity in Fig. 12b that Pb(II) 
adsorption on Cell-F-PDIC and Cell-F-HMDIC foams starts with an 
instantaneous adsorption on the external surface, which results in a 
chemical complexation between Pb(II) and surface functional groups 

Fig. 15. DFT final geometries and corresponding molecular graphs derived from Quantum Theory of Atoms in Molecules (QTAIM) study.  

H.A. Rub et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 239 (2023) 124328

12

[38,39]. The other steps were also linear, showing that Pb(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. Eq. (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) ion's 

ability to adsorb on Cell-F-PDIC and Cell-F-HMDIC. The nearly nonex
istent activation energy calculated suggested a spontaneous adsorption 
mechanism. 

Fig. 16. a, b) the lowest energy geometry of the simulation box as obtained from MC and c) the adsorption energy distributions probability during MC for the Pb(II) 
ions onto Cell-F surfaces. 

H.A. Rub et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 239 (2023) 124328

13

3.8. Thermodynamics study 

To comprehend spontaneity and the sort of adsorption, the values of 
the parameters: standard free energy, standard enthalpy, and standard 
entropy were estimated. 

The value of ΔG0 (J/ mol) was obtained using Eq. (12). Fig. 13 shows 

the mapping of the ln Ks vs. 1/T. Table 3 lists the different thermody
namic parameters that were calculated using the slopes and crossings. 

The results for ΔS0 and ΔH0 are positive, and the adsorption process 
is what raises the entropy at the solid/solution contact. Additionally, the 
Cell-F-PDIC and Cell-F-HMDIC both had negative free energies, which 
pointed to a spontaneous uptaking process at wide range of 
temperatures. 

Adsorption is typically used to remove metal in phases. Metal ions 
move from most of the solution to the outer surfaces of the Cell-F-PDIC 
and Cell-F-HMDIC in the first step, then diffuse across the boundary 
layer to those surfaces, that initiate the metal ion adsorption at the co
ordination sites located at the surface of the foams Cell-F-PDIC and Cell- 
F-HMDIC, at the end intraparticle diffusion across the Cell-F-PDIC and 
Cell-F-HMDIC particles occurs flowed by more adsorption. Further 
investigation was done using the liquid film model and the intraparticle 
diffusion model to get a detailed picture about the adsorption 
mechanism. 

The movement of metal ions through a liquid film enclosing the foam 
adsorbent is the longest phase of the adsorption process, according to the 
liquid film diffusion model. Described in Eq. (15). 

ln(1 − F) = kfd t (15)  

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

If equation shows that the plot of ln(1 - F) versus t produced a straight 
line that if possess through the origin, then adsorption process includes 
diffusion through a liquid film around the Cell-F-PDIC and Cell-F- 
HMDIC. Qe is the equilibrium (mg/g) adsorption capacity (Fig. 14). 

Fig. 17. The geometry of the lowest bonding energy poses obtained from MD for the adsorbate molecules onto the Cell-F (a. Cell-F-HMDIC and b. Cell-F- 
PDIC) surfaces. 

Fig. 18. Temperature change during the course of the MD simulation.  
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The graph shown in Fig. 14 didn't exhibit linear lines crossing the 
origin, and had extremely low R2 values of 0.9459 and 0.9184 for Pb(II), 
respectively. This suggests that the step determining velocity was not 
diffusion of ions via the liquid film surrounding the Cell-F-PDIC and Cell- 
F-HMDIC. 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 adsorption of lead(II) by foam, especially at the beginning 
of adsorption, as presented in Table 3. 

3.9. Theoretical results 

3.9.1. DFT results 
The final geometries of the matching pairs of Pb(II) adsorbate 

structures are depicted in Fig. 15. The interaction energy of the Pb(II) 
ions is comparable for both of the adsorbate structures as estimated from 
DFT. The value for Cell-F-HMDIC/Pb(II) is − 141.38 kcal/mol, while the 
value for Cell-F-HMDIC/Pb(II) is − 143.50 kcal/mol. 

The integration of electron density over Bader atoms was the focus of 
an AIM investigation that was carried out. On the bond critical points 
(BCPs) binding the Pb(II) cation and oxygen atoms, critical points were 
identified, and local or integrated characteristics were calculated. The 
findings point to a significant amount of ionic character within the 
metal–ligand Pb–O binding leading to the adsorption of these ions onto 
Cell-F adsorbent [48,49]. First, the presence of closed-shell interactions 
may be deduced from the low electron density (ρBCP ≈ 0.03 a.u.) and 
positive values of the laplacian (∇2ρBCP 0.06–0.16 a.u.) [50]. 

3.9.2. Monte Carlo (MC) and Molecular Dynamic (MD) simulations 
Monte Carlo simulations involve randomly sampling the potential 

energy surface of a system to simulate the behavior of molecules. In this 
method, the system is treated as a collection of interacting particles, and 
the positions and velocities of these particles are randomly changed in 
order to calculate the potential energy of the system. The simulation 
proceeds by sampling many possible configurations of the Pb(II) 
adsorption configuration on the Cell-F surface that is the most efficient. 
and calculating the probability of each configuration occurring (Fig. 16). 

In this method, the computation of the adsorption energetics is made 
possible because to the interaction of the molecules of the adsorbate 
with the surface of the lead(II). Quantitatively speaking, this is accom
plished by using the following equation to get the adsorption energy 
(Eads) [50–53]: 

Eads = ECell/Pb(II) −
(
ECell− F +EPb(II)

)
(16) 

The experiment's results are supported by the fact that the adsorbate 
ions introduced on both Cell-F surfaces possessed a much greater 
negative value of Eads [54–56]. In MD simulations, the method for 
calculating and documenting the dynamics of adsorbate on the modelled 
material's surface is employed [37–39,57]. During the course of MD, the 
ultimate structure of the adsorbate ions as they reside on the Cell-F 
surfaces is seen in Fig. 17. 

Checking for and accounting for any changes in temperature that 
take place while the MD simulation is being carried out is one way to 
ensure that the energy content of the molecules is as low as is feasibly 
conceivably able to be. This is one way to ensure that the energy content 
of the molecules is as low as is feasibly able to be [37,39,58]. The fact 
that there is no apparent change in temperature, as shown in Fig. 18, is 
evidence that the MD that we utilized in our system worked effectively 
[59,60]. 

Because of their relatively high adsorption negative energy value and 
their proximity to the Cell-F surfaces, Pb(II) ions perform to have 
vigorous interactions with the adsorbate surface [41,56] [47, 71]. This is 
demonstrated by the fact that the Pb(II) ions are positioned fairly 
adjacent to the Cell-F surfaces. 

4. Conclusion 

The current study represents a novel method for converting the 
agricultural solid waste material to a novel polymeric foam with com
mercial application. The solid waste of the olive industry (OISW) was 
used as a source of cellulose powder which was converted in a four-step 
method to foam with ionic receptor sites. The method involved intro
ducing dialdehyde functionality on the repeat unit of cellulose by 
oxidation with periodate, reacting cellulose with dialdehyde function
ality with the aromatic amino acid 4-aminobenzoic acids to form a Schiff 
base, reduction of the Schiff base with sodium borohydride, then con
verting it into foam by polymerizing it with hexamethylene diisocyanato 
and p-phenylene diisocyanate. The prepared polymers and foams were 
characterized by SEM, TGA, and FT-IR. The produced foams were used 
in wastewater purification form toxic metal ions. Optimum adsorption 
conditions were determined. Quantitative removal of several metal ions 
from sewage sample was achieved. Kinetic study revealed that the 
adsorption of the metal ion Pb(II), which was used a model ion, follows 
the pseudo second order kinetics. Thermodynamic study revealed 
negative Gibbs free energy values, indicating a spontaneous coordina
tion of Pb(II) to foam surface. Theoretical computation using Monte 
Carlo (MC) and Molecular Dynamic (MD) simulation models showed 
excellent affinity of prepared foams for the model ion Pb (II) with highly 
negative adsorption energy values indicating vigorous interactions of Pb 
(II) with the adsorbate surfaces. 
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