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Abstract: The valorization of natural polymeric substrates has increased due to their uses and appli-
cations in several fields. The existence of many functional groups in their chemical structures allows
them to be easily subjected to chemical modifications. This work focuses on the exploration of a new
low-cost and abundant cellulosic biomass, Zilla spinosa fruit. The biomaterial was functionnalized
with polyethyleneimine (1%, 3%, 5%, and 8%) in order to impart new reactive sites on its surface.
The virgin and functionnalized biomaterials were analysed using several analytical methods; X-ray
Photoelectron Spectroscopy (XPS), Fourier Transform Infrared (FT-IR), Scanning Electron Microscopy
(SEM), and Thermogravimetric analysis (TGA). XPS spectrum of Zilla spinosa-polyethyleneimine
exhibited the appearance of a new peak at 399 eV, which corresponds to N1s (5.07%). The adsorption
characteristics of the prepared adsorbents were evaluated toward calmagite, an azoic and anionic
dye. The adsorption capacity of Zilla spinosa-polyethyleneimine (5%) reached 114 mg/g at pH = 5,
T = 20 ◦C, and time = 60 min conditions; though, it does not exceed 8.4 mg/g for the virgin Zilla spinosa
under the same experimental conditions. The kinetic data followed both pseudo-first-order and
pseudo-second-order kinetic equations suggesting a physicochemical process. The adsorption mecha-
nism was found to be exothermic and non-spontaneous. Overall, Zilla spinosa-polyethyleneimine has
demonstrated a high adsorption level which could be considered a promising candidate to remove
synthetic dye molecules from contaminated water.

Keywords: Zilla spinosa; polyethyleneimine; X-ray photoelectron spectroscopy; adsorption; calmagite

1. Introduction

Inorganic and organic pollutants could be present in the environment in different
amounts due to daily human and industrial activities. These pollutants are known for their
particular toxic effect on human and aquatic systems. Indeed, most of them are resistant
to light, digestion, and they are carcinogenic. For these reasons, researchers throughout
the world attempted to develop and design several techniques which are mainly efficient,
facile to adopt, and economical in order to remove such pollutants. Numerous studies have
focalized on the use and application of biomaterials and their composites for the removal
of various kinds of pollutants from water, including synthetic dye molecules and toxic
metals [1–8]. These studied substrates are essentially derived from agricultural and non-
agricultural sources, which are naturally abundant, low-priced, and easy to manipulate.
The cellulose polymer is present in several parts of the agricultural products, mainly in the
leaves, shells, fibers, stems, fruits, etc. Cellulose, an important, biodegradable, cheap, and
eco-friendly biopolymer, has many functional hydroxyl groups in its chemical structure.
The chemical functionalization of cellulose was investigated, and it could be achieved using
several reagents [9–16].

Separations 2023, 10, 296. https://doi.org/10.3390/separations10050296 https://www.mdpi.com/journal/separations

https://doi.org/10.3390/separations10050296
https://doi.org/10.3390/separations10050296
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0003-1556-7774
https://doi.org/10.3390/separations10050296
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations10050296?type=check_update&version=1


Separations 2023, 10, 296 2 of 15

In this sense, the literature showed that many studies were carried out and reported the
introduction of new functional groups onto the cellulose backbone in attempts to increase
the adsorption characteristics of the biopolymer toward various pollutants. For instance,
cellulose was modified with guanidinium and successfully used to remove acid fuschin
(63.25 mg/g) and methyl orange (120.4 mg/g) [10]. Another study reported the amino-
functionalization of cellulose using tri-ethylene tetra-amine, tri-ethylamine hydrochloride,
and di-ethylene tri-amine. The adsorption capacities of the resulting products toward
Reactive black 5 and Acid black 194 ranged from 117 mg/g to 150 mg/g [11]. Another work
reported on the grafting of 4-vinylbenzenesulfonic acid sodium salt onto cellulose for the
adsorption of Basic Red 29 (320 mg/g) [12]. In another study, an acid-functionalized coconut
shell was prepared using sulfuric acid and used for the removal of methylene blue from
an aqueous environment. The maximum adsorption capacity of the prepared adsorbent
was equal to 50.6 mg/g at room temperature [13]. In summary, the functionalization of
cellulose is accessible via different chemical methods, and it can significantly improve the
adsorption characteristics of the biopolymer.

For example, we have previously investigated the extraction and the functionalization
of cellulose from Aegagropila Linnaei using a co-polymer of dimethyl diallyl ammonium
chloride and diallylamin. The prepared adsorbent displayed a high adsorption level for
Acid Blue 25 (139 mg/g) [14]. We have also studied the modification of Nerium oleander
and Populus tremula fibers with ethylene-diamine and hydrazine. The substrates modified
with ethylene-diamine exhibited adsorption capacities for Acid Blue 161 and Acid Blue 25,
equal to 35 mg/g and 67 mg/g, respectively [15,16].

Zilla spinosa grows naturally in the Sahara–Arabian deserts of North Africa in the
Middle East and the north-to-central Arabian Peninsula. It originates from arid regions and
is mainly adapted to desert climates. Its height reaches 60 cm. It is nearly leafless, dense-
growing, and round in shape, similar to a shrub. The color of the flowers is pale blue to pale
violet and develops 5-mm seedpods. Zilla spinosa was seldom studied in the literature, and
only a few works focusing on the investigation of some of its chemical features have been
carried out [17,18]. In the current work, we propose to evaluate the adsorption properties
of a biomass Zilla spinosa fruit toward calmagite dye (a model of anionic dyes) after its
functionalization with polyethyleneimine polymer at various contents (1%, 3%, 5%, and
8%). The studied materials were analysed using several analytical methods, including
FT-IR, SEM, XPS, and TGA. The adsorption process was assessed under the change of
several experimental conditions such as pH, time, initial calmagite concentration, and
temperature. Theoretical kinetic and isotherm equations were used to better understand
the behavior of the adsorption phenomenon.

2. Experimental Section
2.1. Reagents and Materials

Polyethyleneimine (Average Mw ~750,000, average Mn ~60,000, 50 wt.% in H2O) was
purchased from Sigma Aldrich and used for Zilla spinosa modification. All chemicals used
in this study, including HCl, NaOH, etc., are of pure grade and are handled without any
additional purification. Calmagite, with a molecular weight of 358.4 g/mol and chemical
formula C17H14N2O5S, was supplied from Sigma-Aldrich in salt form and used as an
adsorbate model. Deionized water was used to prepare aqueous solutions. Figure 1 gives
the chemical structures of polyethyleneimine polymer and calmagite dye.

2.2. Preparation of Zilla spinosa-Polyethyleneimine

Zilla spinosa fruit (Figure 2) was collected during the period of May–June from the
region of Al-Zulfi-Riyadh (KSA). In attempting to eliminate the impurities, including
sand and debris, which adhere to the biomass surface, the collected Zilla spinosa fruit was
thoroughly washed using water and dried in an oven at a temperature of 70 ◦C for 24 h.
Further, the fruits were ground into small powders using an electrical grinder, washed
again with purified water, and, lastly, oven-dried.



Separations 2023, 10, 296 3 of 15
Separations 2023, 10, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 1. Structures of: (a) polyethyleneimine polymer and (b) calmagite molecule. 

2.2. Preparation of Zilla Spinosa–Polyethyleneimine 
Zilla spinosa fruit (Figure 2) was collected during the period of May–June from the 

region of Al-Zulfi-Riyadh (KSA). In attempting to eliminate the impurities, including sand 
and debris, which adhere to the biomass surface, the collected Zilla spinosa fruit was thor-
oughly washed using water and dried in an oven at a temperature of 70 °C for 24 h. Fur-
ther, the fruits were ground into small powders using an electrical grinder, washed again 
with purified water, and, lastly, oven-dried. 

 
Figure 2. Photographs showing (a) fresh Zilla spinosa fruit, (b) dried and mature fruit, and (c) ground 
fruit. 

To impart functional amino groups on the Zilla spinosa fruit surface, the biomass was 
impregnated in a solution of polyethyleneimine, which was already dissolved in demin-
eralized water at the following percentages: 1, 3, 5, and 8 % v/v. The solution was heated 
at a temperature of 50 °C during a contact time of 40 min under a constant stirring speed 
(150 rpm). Finally, the modified Zilla spinosa samples were dried at 60 °C for 12 h and used 
as an adsorbent of anionic dyes from synthetic dye solution (herein, calmagite is used as 
a model of acid dyes). 

Figure 1. Structures of: (a) polyethyleneimine polymer and (b) calmagite molecule.

Separations 2023, 10, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 1. Structures of: (a) polyethyleneimine polymer and (b) calmagite molecule. 

2.2. Preparation of Zilla Spinosa–Polyethyleneimine 
Zilla spinosa fruit (Figure 2) was collected during the period of May–June from the 

region of Al-Zulfi-Riyadh (KSA). In attempting to eliminate the impurities, including sand 
and debris, which adhere to the biomass surface, the collected Zilla spinosa fruit was thor-
oughly washed using water and dried in an oven at a temperature of 70 °C for 24 h. Fur-
ther, the fruits were ground into small powders using an electrical grinder, washed again 
with purified water, and, lastly, oven-dried. 

 
Figure 2. Photographs showing (a) fresh Zilla spinosa fruit, (b) dried and mature fruit, and (c) ground 
fruit. 

To impart functional amino groups on the Zilla spinosa fruit surface, the biomass was 
impregnated in a solution of polyethyleneimine, which was already dissolved in demin-
eralized water at the following percentages: 1, 3, 5, and 8 % v/v. The solution was heated 
at a temperature of 50 °C during a contact time of 40 min under a constant stirring speed 
(150 rpm). Finally, the modified Zilla spinosa samples were dried at 60 °C for 12 h and used 
as an adsorbent of anionic dyes from synthetic dye solution (herein, calmagite is used as 
a model of acid dyes). 

Figure 2. Photographs showing (a) fresh Zilla spinosa fruit, (b) dried and mature fruit, and (c) ground fruit.

To impart functional amino groups on the Zilla spinosa fruit surface, the biomass
was impregnated in a solution of polyethyleneimine, which was already dissolved in
demineralized water at the following percentages: 1, 3, 5, and 8 % v/v. The solution was
heated at a temperature of 50 ◦C during a contact time of 40 min under a constant stirring
speed (150 rpm). Finally, the modified Zilla spinosa samples were dried at 60 ◦C for 12 h
and used as an adsorbent of anionic dyes from synthetic dye solution (herein, calmagite is
used as a model of acid dyes).

2.3. Characterization

FT-IR results were acquired using a Perkin Elmer model. An apparatus of SEM Hitachi
S-2360N was used to observe the morphological characteristics of the studied adsorbents.
Au was used to coat the Zilla spinosa samples by means of a vacuum sputter-coater using
an accelerating voltage equal to 20 kv. X-ray Photoelectron Spectroscopy equipped with
an Al-Kα X-ray source (1361 eV) was used to analyze the surface chemistry on a Thermo
ESCALAB 250XI X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The thermogravimetric analysis (TGA) of the samples was investigated in air
flow at a heating level of 10◦/min using an equipment NETZSCH STA 449F3.
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2.4. Adsorption Experiments

Batch adsorption experiments were carried out in Erlenmeyer flasks containing 20 mL
of calmagite solution and 0.01 g of powdered Zilla spinosa fruit. The experimental parame-
ters influencing the adsorption process, such as pH, contact time, initial calmagite concen-
tration, and temperature, were examined. The absorbance of calmagite was measured at
the maximum wavelength of the dye (528 nm) by using a UV-visible spectrophotometer
with a typical calibration curve.

The adsorbed amount of calmagite onto the adsorbent surface was calculated using
the Equation (1):

q(mg/g) =
(C0 − Ce)

m
× V (1)

where C0 is the calmagite concentration at the initial time, Ce is the residual calmagite
solution, V is the volume of calmagite used for the experiment, and m represents the mass
of virgin Zilla spinosa or functionalized biomass used during adsorption.

3. Results and Discussion
3.1. FT-IR Spectroscopy Analysis

Figure 3 gives the FT-IR spectra of raw Zilla spinosa and Zilla spinosa-polyethyleneimine.
The absorption peaks observed for the FT-IR spectrum of virgin Zilla spinosa prove the cellu-
losic structure of the studied biomass. Indeed, the absorption peak at 3337 cm−1 is assigned
to the hydroxyl stretching groups. The absorption peaks seen at 2924 cm−1 and 2854 cm−1

confirm the existence of C–H stretching of –CH3 and –CH2 groups, respectively [19,20]. The
peak at 1747 cm−1 corresponds to the C=O group of hemicelluloses [19,20]. The absorption
peak at 1508 cm−1 could be attributed to the stretching vibrations of C=C aromatic groups
in lignin [21,22]. The peak observed at 1319 cm−1 corresponds to the angular deforma-
tion of –CH groups in hemicelluloses [22]. The peak at 1030 cm−1 could be assigned to
either C–O symmetric or asymmetric stretching vibration (–C–O–C– ring) of cellulose. The
peak at 899 cm−1 is assigned to the out-of-plane angular deformation of –CH groups in
the substituted aromatic rings [23]. Globally, the FT-IR absorption peaks indicate that
Zilla spinosa contains massive oxygenous groups on its surface. Regarding the FT-IR spec-
trum of Zilla spinosa-polyethyleneimine, no significant changes are observed. However, the
position of the hydroxyl groups shifted from 3337 cm−1 to 3325 cm−1, which suggests that
the hydroxyl groups of cellulose interacted with the amino groups of polyethyleneimine
through hydrogen bonding or electrostatic interactions.
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3.2. SEM Analysis

The SEM images of raw Zilla spinosa and Zilla spinosa-polyethyleneimine are shown
in Figure 4 and observed at different magnifications (×100 and ×1000). As seen from
these images, the particles exhibit irregular shapes, and no significant difference in sur-
face roughness is observed for the unmodified and modified samples. However, the
Zilla spinosa-polyethyleneimine sample appears clearer compared with the raw sample. The
remarkable difference in color may indicate that the Zilla spinosa surface is homogenously
functionalized with the polymer of polyethyleneimine.
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3.3. XPS Analysis

XPS analysis is used to investigate the changes in the composition of the Zilla spinosa
surface after chemical modification. The survey spectra of virgin Zilla spinosa and
Zilla spinosa-polyethyleneimine are shown in Figure 5. According to the survey spec-
tra, C1s and O1s peaks are seen, for virgin Zilla spinosa, at 285 eV and 533 eV, respectively,
with the respective compositions of atomic concentration of 83.84% C and 9.07% O. How-
ever, the XPS spectrum of Zilla spinosa-polyethyleneimine clearly exhibits the appearance
of a new peak at 399 eV, which corresponds to N1s (5.07%), confirming, therefore, the
successful surface functionalization of Zilla spinosa fruit with amino groups.
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3.4. Thermal Analysis

Figure 6 shows the TGA curves of raw Zilla spinosa and Zilla spinosa-polyethyleneimine.
The analysis result reveals that the thermal degradation of cellulosic Zilla spinosa biomate-
rial occurs in several stages. During the first stage, the thermal degradation, which started
at around 50 ◦C and ends at 94 ◦C, is assigned to the evaporation of water molecules
from the hydrophilic sample. The weight loss at this stage is more important for func-
tionalized biomaterial (6%) compared to the raw sample (3%). This trend can confirm
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that more hydrophilic groups are added during amino-functionalization. During the second
stage, the thermal event corresponds to the decomposition of cellulose and non-cellulose
components. Indeed, this second decomposition includes dehydration, depolymerization,
and deterioration of glycosyl cellulosic units [24,25]. At this stage, significant weight loss
values are observed and are found to be equal to 57% and 52% for virgin Zilla spinosa and
Zilla spinosa-polyethyleneimine, respectively. Virgin Zilla spinosa starts to decompose at 209 ◦C
and ends at 342 ◦C. However, the thermal decomposition of Zilla spinosa-polyethyleneimine
proceeds from 197 ◦C to 345 ◦C. The overall mass remaining values are equal to 27% and
33% for virgin Zilla spinosa and Zilla spinosa-polyethyleneimine, respectively. The chemical
modification of Zilla spinosa with polyethyleneimine led to a reduction in the thermal
stability of the biomaterial from 209 ◦C to 197 ◦C. This may be due to the occurrence of
some new structural arrangements during the functionalization process.
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3.5. Application of Zilla spinosa and Zilla spinosa-Polyethyleneimine to the Adsorption
of Calmagite
3.5.1. Influence of Experimental Conditions on the Adsorption Capacity

The influence of the change in initial pH, contact time, initial calmagite concentration,
and temperature on the adsorption capacity was investigated in the presence of raw
Zilla spinosa and Zilla spinosa-polyethyleneimine used as adsorbents. Figure 7a shows the
effect of the change in polyethyleneimine content on the adsorption capacity (C0 = 30 mg/L,
Time = 60 min, pH = 5, T = 20 ◦C). Results reveal that the adsorption capacity increases with
polyethyleneimine content and achieves its maximum when the content of the polymer is
equal to 5%. It is also observed that a high content of polyethyleneimine (more than 5%)
lowers the adsorption capacity, which is due to the occurrence of a polymer layer on the
surface of the cellulosic material or also may cause clogging of the adsorption sites.
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Figure 7. Effect of the experimental conditions on the adsorption capacity: (a) polyethyleneimine con-
tent, (b) initial pH variation (c,d) time change, (e,f) initial dye concentration, and temperature change.

Figure 7b gives the effect of the change in the initial pH value on the adsorption
capacity of calmagite (C0 = 30 mg/L, Time = 60 min, T = 20 ◦C). The adsorption capacity
increases with the increase in initial pH, and it reaches the maximum at pH = 5. In fact,
at high acid conditions, many protons H+ are available in the solution, which favors the
electrostatic attraction with the sulfonate groups of calmagite molecules. On the contrary,
when the solution is alkaline, the adsorption capacity attains its minimum due to the
electrostatic repulsion between the sulfonate groups of calmagite and the negative hydroxyl
groups of cellulosic biomass.

The effect of time on the adsorption capacity is shown in Figure 7c,d (C0 = 30 mg/L,
pH = 5, T = 20 ◦C). Results demonstrate that the adsorption rate of calmagite using
Zilla spinosa-polyethyleneimine and virgin Zilla spinosa is rapid, and the equilibrium is
approximately achieved after 60 min of contact. Regarding the obtained plots, the profile
kinetic displays two important adsorption stages. From 0 min to 20 min, the adsorption is
very fast, and more than 90% of the target is attained. During this stage, many adsorption
sites are accessible at the adsorbent surface. Further, the adsorption continues slowly and
achieves the maximum value at 60 min, which could be explained by the saturation of the
active adsorption sites at this final stage of the process.
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Figure 7e,f describes the effect of the variation of initial calmagite concertation and
temperature on the adsorption capacity (Time = 60 min, pH = 5). Results reveal that the
maximum adsorption capacities obtained using the studied adsorbents are found to be
114.6 mg/g and 8.4 mg/g for Zilla spinosa-polyethyleneimine and virgin Zilla spinosa, respec-
tively. Indeed, the chemical modification of the cellulosic substrate with polyethyleneimine
polymer meaningfully improves the adsorption capacity owing to the incorporation of
many amino groups onto the cellulose backbone. However, the low adsorption capacity
observed for the virgin cellulosic substrate is caused by the repulsive attraction between
the negative sulfonic groups of calmagite and the negative hydroxyl groups of cellulose.
Results also indicated that the adsorption process is influenced by the change in tem-
perature value. As can be seen, the adsorption capacity of calmagite decreases with the
increase in temperature, indicating an exothermic phenomenon. In the case of using
Zilla spinosa-polyethyleneimine as an adsorbent, the adsorption level decreases from
114.6 mg/g to 89.1 mg/g when the temperature changes from 20 ◦C to 50 ◦C. However, the
adsorption level is reduced from 8.4 mg/g to 6.7 mg/g in the case of virgin Zilla spinosa
at the same temperature. This trend suggests that the interaction between the calmagite
dye and the active adsorption sites present in the adsorbent surface could be weakened
or broken at high temperatures and, consequently, the desorption process occurs at these
particular conditions.

As observed, the adsorption capacity of calmagite depends on many experimental
factors. The functional groups in the chemical structure of the studied adsorbent are also
considered of great importance in adsorption. In our case, the cellulosic Zilla spinosa fruit
can interact with polyethyleneimine through electrostatic interaction or hydrogen bonds.
Indeed, the enormous hydroxyl groups present in the structure of the biomass are able to
react efficiently with the reactive amino groups of polyethyleneimine in an aqueous media.
The resulting complex can further react with the anionic sulfonate groups of the calmagite
dye through ionic interaction or also through hydrogen bonds due to the presence of OH
groups in the chemical structure of the dye (Figure 1b).

Scheme 1 gives a probable mechanism showing a possible interaction between the
cellulosic biomaterial, polyethyleneimine, and calmagite.
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3.5.2. Kinetic Study

To understand and evaluate the adsorption behavior of calmagite using Zilla spinosa-
polyethyleneimine and virgin Zilla spinosa as adsorbents, the experimental data are corre-
lated with common theoretical linear kinetic equations. Figures 8 and 9 give the plots related
to the linearization results of the kinetic data. Tables 1 and 2 summarize the computed
values, including correlation coefficients, constant rates, and other calculated kinetic values.
The high regression coefficients (0.98 < R2 < 0.99) and the consistency of the experimental
adsorption capacities values with those calculated theoretically using kinetic equations,
observed for both pseudo-first order and pseudo-second order, suggest a physicochemical
adsorption process. Regarding the experimental data modeled through the Intra-particular
diffusion kinetic equation, the corresponding plots are found to be deviated from the origin,
which indicates that the adsorption phenomenon is controlled by intra-particular diffusion
and also some other kinetic processes [26–28].

Table 1. Summarized kinetics, isotherms, and thermodynamic parameters related to the adsorption
of calmagite on the surface of virgin Zilla spinosa.

Kinetic equation
Constants

Calmagite concentration (mg/L)

Isotherms
Parameters

Temperature (◦C)

Pseudo first order

30 75 20 40 50

K1 (min−1) 0.027 0.029 qm (mg·g−1) 10.31 9.52 9.83

q (mg·g−1) 2.57 4.34
Langmuir

KL (L·g−1) 0.008 0.007 1.37

R2 0.99 0.98 R2 0.99 0.99 0.97

Pseudo second order

K2 0.03 0.018
Thermodynamic

parameters

∆H◦ (KJ·mol−1) −5.53

q 3.09 4.42 ∆S◦ (J·mol−1) −54.20

R2 0.99 0.99
∆G◦ (KJ·mol−1) 15.88 16.97 17.51

Freundlich

KF (L·g−1) 10.02 31.62 210.77

Elovich

α (mg·g−1·min−1) 0.93 1.27 n 1.93 1.71 1.42

β (mg·g−1·min−1) 3.44 2.40 R2 0.96 0.96 0.96

R2 0.97 0.98

Temkin

bT (J·mol−1) 1135 1314 1428

Intra-particular-
Diffusion

K (mg·g−1·min1/2) 0.30 0.42 A (L·g−1) 9.99 11.90 15.14

R2 0.90 0.93 R2 0.97 0.97 0.97

Table 2. Summarized kinetics, isotherms, and thermodynamic parameters related to the adsorption
of calmagite on the surface of virgin Zilla spinosa-polyethyleneimine.

Kinetic equation
Constants

Calmagite concentration (mg/L)

Isotherms
Parameters

Temperature (◦C)

Pseudo first order

30 75 20 40 50

K1 (min−1) 0.038 0.04 qm (mg·g−1) 113.64 102.04 89.29

q (mg·g−1) 20.28 43.15
Langmuir

KL (L·g−1) 0.16 0.12 0.11

R2 0.99 0.99 R2 0.99 0.99 0.99

Pseudo second order

K2 0.01 0.004

Thermodynamic
parameters

∆H◦ (KJ·mol−1) −6.09

q 28.57 45.87 ∆S◦ (J·mol−1) −33.84

∆G◦(KJ·mol−1) 9.91 10.59 10.93

Elovich

α (mg·g−1·min−1) 61.61 35.43 n 2.27 2.08 1.92

β (mg·g−1·min−1) 0.38 0.23 R2 0.98 0.98 0.98

R2 0.94 0.94

Temkin

bT (J·mol−1) 83.68 96.63 110.60

Intra-particular-
Diffusion

K (mg·g−1·min1/2) 2.61 4.42 A (L·g−1) 9.75 11.70 13.59

R2 0.75 0.83 R2 0.98 0.98 0.97
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3.5.3. Isotherms and Thermodynamic Study

The adsorption of calmagite using virgin Zilla spinosa and Zilla spinosa-polyethyleneimine
is evaluated using Langmuir, Freundlich, and Temkin isotherms (Figures 10 and 11). The
fitted parameters are itemized in Tables 1 and 2. The experimental data exhibit higher
regression coefficients (R2 ≥ 0.98) in the case of the Langmuir model compared to other
models. This behavior shows that the active adsorption sites are homogeneously dis-
tributed on the surface of the studied adsorbents, and the monolayer creation is confirmed
by a straight line [29]. The parameter “n” calculated from the isotherm of Freundlich
gives an idea about the favorability of the adsorption phenomenon. From the obtained
results, 1 < n, which suggests that the adsorption of calmagite onto Zilla spinosa and
Zilla spinosa-polyethyleneimine is favorable [30].
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Figure 10. Isotherms plots related to the adsorption of calmagite for virgin Zilla spinosa: (a) ce/qe
versus ce, (b) Ln qe versus Ln ce, and (c) qe versus Ln ce.
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Figure 11. Isotherms plots related to the adsorption of calmagite for Zilla spinosa-polyethyleneimine:
(a) ce/qe versus ce, (b) Ln qe versus Ln ce, and (c) qe versus Ln ce.
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The thermodynamic parameters, such as ∆H◦ and ∆S◦, are calculated by plotting
the values of Ln (Kd) against 1/T (Figure 12). The positive value of ∆G◦ confirms that
the adsorption of calmagite is nonspontaneous. The negative value of ∆H◦ proves that
the interaction between Zilla spinosa, Zilla spinosa-polyethyleneimine, and calmagite is
exothermic. This trend agrees well with the decrease of the adsorption capacity of calmagite
with increasing temperature. The negative values of ∆S◦ reveal the reduction of the disorder
in the considered system calmagite-Zilla spinosa, in which some physical alterations could
occur [28].
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4. Conclusions

In this work, Zilla spinosa fruit was studied for the first time as an adsorbent and chem-
ically modified with polyethyleneimine polymer. The samples were analyzed using FT-IR,
SEM, XPS, and TGA techniques and further used as promising adsorbents for anionic dyes.
The adsorption characteristics of the functionnalized Zilla spinosa fruit were investigated
particularly toward calmagite, an azoic anionic dye. The adsorption capacity increased
with polyethyleneimine content and achieved its maximum when the content of the poly-
mer was equal to 5%. The adsorption capacity for Zilla spinosa-polyethtleneimine (5%)
was equal to 114 mg/g at the following conditions: pH = 5, T = 20 ◦C, and time = 60 min,
while it was 8.4 mg/g for the virgin Zilla spinosa. The adsorption followed both the
pseudo-first-order and pseudo-second-order kinetic models. The interaction between
Zilla spinosa-polyethtleneimine and calmagite is principally a physicochemical one. It
was shown that the adsorption capacity of calmagite was affected by many experimental
factors. The cellulosic Zilla spinosa fruit could interact with polyethyleneimine through
electrostatic interaction or hydrogen bonds. The resulting formed complex could react
with the anionic sulfonate groups of the calmagite dye through ionic interaction or also
through hydrogen bonds due to the presence of hydroxyl groups in the chemical structure
of the studied dye. Based on isotherms investigation, the active adsorption sites could
be homogeneously distributed on the surface of the studied adsorbents. The adsorption
mechanism was exothermic and non-spontaneous. Overall, it has been demonstrated that
Zilla spinosa-polyethyleneimine was an excellent adsorbent for color from contaminated
waters. As nature is rich in many biomaterials which could originate from either agriculture
or marine sources, efforts will continue to valorize such abundant and available matter in
many applications, including medicine, nanotechnology, water treatment, etc. Future inves-
tigations will be undertaken to explore other biomaterials for new environmental purposes.
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