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Abstract

The release of dye contaminated effluents from industrial activities poses a serious threat to aquatic
environments due to their toxicity, persistence, and aesthetic impact. In this study, dried leaves of Capparis
spinosa (CPL) were evaluated as a low-cost and eco-friendly bio-adsorbent for the removal of methylene blue
(MB) from aqueous solutions. Batch adsorption experiments were performed to investigate the effects of
contact time, adsorbent dosage, initial dye concentration, solution pH, and temperature. Surface functional
groups of CPL were identified using ATR-FTIR spectroscopy. Adsorption equilibrium, kinetic behavior, and
thermodynamic feasibility were analyzed using Langmuir and Freundlich isotherms, pseudo-first-order and
pseudo-second-order kinetic models, and thermodynamic parameters (AG®, AH®, AS®), respectively. The
adsorption process were determined to be at pH 8, with the highest removal efficiency observed at pH 12. A
contact time of 40 minutes and the removal attained to 91.58%, with an adsorption capacity of 1.99 mg/g.
The highest adsorption capacity, 12.469 mg/g, was attained under conditions of 20 g/L dye concentration, 0.5
g dose and the optimum removal efficiency 99.95%. The equilibrium data were best fitted by the Langmuir
model (R2=0.9997) fit than Freundlich model (R2=0.894), confirming a monolayer adsorption process on a
homogeneous surface and the separation factor (RL) 0.4332 confirming that the adsorption of MB onto CPL
is a favorable. While the kinetic data followed PSO model exhibited (R2= 0.9995) compared to the PFO
model (R2=0.9296) and the calculated ge,cal (2.068 mg/g) close with the experimental ge,exp (1.99 mg/g).
Thermodynamic analysis, where the positive enthalpy (AH®) 80.041kJ/mol confirmed that MB adsorption
onto CPL is endothermic, and negative Gibbs free energy (AG°®) values (-6.687, -9.597, -12.508, and -
15.418kJ/mol) confirmed that the process is spontaneous. These results demonstrate that Capparis spinosa
leaves are a promising sustainable adsorbent for dye-laden wastewater treatment.
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impact aquatic life by reducing light penetration, which
hinders photosynthesis. Furthermore, their anaerobic
degradation can lead to the bioaccumulation of toxic
amines. Consequently, the presence of color in
wastewater poses a serious hazard to human health
through the food chain and overall environmental
stability. Moreover, several synthetic dyes exhibit
mutagenic and carcinogenic properties [4,5]. Therefore,

1. Introduction

Water is the most vital natural resource, essential for both
biological life and industrial applications. However, it is
increasingly exposed to diverse pollutants stemming
from human activities and industrial processes, rendering
it unsuitable for reuse [1]. Major industries, including
pulp and paper, tanneries, textiles, pharmaceuticals, and

dye intermediates, are the primary consumers of
synthetic dyes. It is estimated that 10-15% of the dyes
used in these processes are discharged into natural water
bodies or wastewater, representing a significant global
environmental challenge [2,3]. Dyes are highly visible
pollutants; even at low concentrations, they can severely

the removal of these organic pollutants is imperative.
Various treatment methods have been developed, such
as: chemical precipitation and electrochemical
treatments. Aerobic/anaerobic microbial degradation and
advanced oxidation processes. Membrane technologies
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like ultrafiltration and reverse osmosis. Coagulation,
flocculation, and adsorption eta [6,7]. While many of
these techniques are complex, expensive, and require
high technical expertise, the adsorption process stands
out as one of the most effective methods. It is
characterized by its ease of application, low cost, high
efficiency, and minimal environmental impact.
Adsorption also allows for the utilization of natural
materials such as agricultural by-products, plant parts
(leaves, flowers, fruits), cotton fiber, and biochar, which
possess high specific surface areas and porous structures.
These bioadsorbents contain critical functional groups,
including phenolic, hydroxyl, and carboxyl groups,
which facilitate the removal of organic pollutants from
aquatic environments [8-12]. Capparis spinosa is an
evergreen shrub belonging to the Capparaceae family,
Fig.1 the picture of Capparis spinosa. It grows wild in
rocky crevices, mud walls, and nutrient-poor soils. Its
remarkable resistance to drought, salinity, and high
temperatures has led to its wide distribution across the
Canary Islands, Morocco, the Mediterranean, the Middle
East, and as far as China [13, 14]. As an aromatic plant,
Capparis is rich in carbohydrates, proteins, minerals, and
vitamins (C, B1, B3, B6, B9, E, A, C, and K.), making it
a valuable additive in the food industry. Furthermore, it
is considered a medicinal herb; various parts of the plant
(leave, flower, fruit, root, bark or whole and extracts) are
used to treat diseases such as malaria, diabetes, and
gastrointestinal infections, exhibiting anti-inflammatory,
antioxidant, and antitumor activities. These properties
are attributed to its bioactive functional groups, including

glycosides, alkaloids, flavonoids, and phenolic acids [15-
17]. Methylene Blue (MB), with the chemical formula
C16H18CINsS, is a prominent cationic azo dye widely
used in the pharmaceutical, textile, and cosmetic
industries. Currently, MB is ranked among the most
hazardous environmental pollutants, causing health
issues such as eye burns, respiratory problems, and tissue
necrosis. Its stable chemical structure makes it difficult
to decompose, further impeding photosynthesis in
aquatic  ecosystems  [18-20]. Based on the
aforementioned literature, there is a lack of extensive
research regarding the use of Capparis spinosa in
adsorption processes. The Yemeni Capparis spinosa is
natural abundance wunder various environmental
condition, as previously indicated. Consequently, this
study evaluates the efficiency of Capparis leaves as a
bioadsorbent for removing Methylene Blue from
aqueous solutions. The influence of parameters such as
contact time, initial concentration, adsorbent dosage, and
pH were investigated. Additionally, the data were
analyzed using isotherm models (Langmuir and
Freundlich) and kinetic models (Pseudo-first and
Pseudo-second order), while The Attenuated Total
Reflection-Fourier Infrared (ATR-FTIR) Spectroscopy
was employed to identify the functional groups present
on CPL that play major role in the adsorption process.
Therefore, this work provides a scientific foundation for
the utilization of CPL bio-sorbents as sustainable,
economical, and environmentally friendly for industrial
wastewater remediation.

Washing & Filtration

Purified CPL Powder

Storage in Desiccator

Fig. 2: Nlustrated preparation of CPL absorbent
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2. Experimental Methods
2.1. Materials:

All  chemicals including Methylene Blue (MB),
hydrochloric acid (HCI), and sodium hydroxide (NaOH)
were purchased from Merck (Germany) and used
without further purification. Distilled water was used
throughout the experiments. Furnace, Ball Mill: For
grinding Capparis spinosa leaves, and digital pH-meter
HQ411d-HACH for adjusted pH. The adsorbent and
adsorbate solutions were mixed using an orbital shaker
(Jlab Tech, Daihan Lab Tech Co. Ltd.) at 150 rpm. A
centrifuge (model 80-1) and a single-beam UV-VIS
spectrophotometer (L1-295) were used to measure MB
concentrations at a wavelength of 664 nm. For functional
group analysis, Attenuated Total Reflection-Fourier
Transform  Infrared  spectroscopy  (ATR-FTIR),
PerkinElmer, USA) was employed.

2.2. Preparation Adsorbent CPL

The adsorbent was prepared from Capparis spinosa
leaves (CPL) collected from Abyan Governorate. The
leaves were initially washed with distilled water to
remove dust and surface impurities. For the drying
process, the leaves were placed in a laboratory furnace at
70°C and maintained overnight to ensure complete
dehydration. The leaves plant was pulverized using a mill
to reduce the CPL’s size obtain a fine and homogenous
powder, the resulting material was filtered through a 125
pm mesh repeating this process several times. To ensure
high purity, the resulting powder was re-washed with
water and filtered to eliminate any leachable pigments or
remaining impurities. After that, the filtered placed in a
laboratory furnace at 70°C and maintained overnight.
The final product of the CPL adsorbent was carefully
stored in a vacuum desiccator to prevent moisture. Fig.2
illustrates the different stages of the preparation process.

2.3. Adsorbate Preparation:

Methylene Blue (MB) powders the molecular weight
319.851 g/mole and chemical structure of the MB on
Fig.3 [5]. Standard solution for adsorption studies
prepared to the stock solution by weighed 1g and
dissolved in 1 L of distilled water to get 1000 mg/L, from
stock solution.

N

= =
4.

(CH:);N [(CH;),

Fig. 3: Chemical structure of MB
2.4. Calibration of Methylene Blue:

The synthetic dye sample calibrated in order to find out
various optical densities at various concentrations was

prepared using 5, 10, 15, 20, 25, and 30mg/L solution.
The calibrated results are very effective to identify the
respective color removal capacities of various
adsorbents. Fig. 4 shown the graphical representation of
Calibration of MB [21].
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Fig. 4: Calibration of Methylene Blue.
2.5. Fourier Transform Infrared spectroscopy (FTIR)

The Attenuated Total Reflection-Fourier Infrared (ATR-
FTIR) Spectroscopy, that is rapid analysis and reliable
results analytical technique and a one of the most
applicable techniques in recent years in a different of
disciplines such as forensic science, environmental,
foods and industries etc, this analysis is perform with
FTIR (PerkinElmer Spectrum Two) coupled with an
ATR accessory equipped with a diamond crystal. Where
a small amount of CPL powder analysis was directly
place on the diamond crystal of the ATR accessory and
measured in the region 4000-400 cm’, then, the
instrument sends infrared light through the sample and
measures absorption. The data is recorded and converted
into a spectrum that shows the various peaks representing
the functional groups in the sample, allowing for analysis
based on their positions and intensities. [22-25]. the
analysis in this study is focused on identifying of the
functional groups in CPL.

2.6. Adsorption Procedure

The Adsorption studies were performed for batch
adsorption of MB solution onto CPL adsorbent surface
to obtain rate and equilibrium data at different
parameters such as pH (2-12), adsorbent dose (0.1-1.0 g),
adsorbent concentration (5-50 mg/L), contact time (0-40
minutes) and temperature rang at 25, 35, 45 and 55°C.
During the experiment, the pH of the solution was
maintained by adding a small amount of 0.1M HCI or
NaOH. The isotherm studies were employed by 50 mL
of dye solution filled in 50 mL conical flasks. The
agitation of samples were carried out by keeping in
orbital shaker maintained it at constant temperature of
25°C under constant rpm of 150. After definite interval
of time the aqueous samples were taken from solution
and subjected to centrifugation at 4000 rpm for 15 min,
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the results of the analysis of concentration samples were
determined by monitoring the absorbance values for the
most absorbance (Amax; 664 nm) wavelength using a UV-
Vvis spectrophotometer, reporting each data point as an
average value of triplicates readings.

The equilibrium adsorption capacity of adsorbent (qt)
and the percentage of dye removal were calculated using
the equations 1 and 2 respectively [11]:
__ V(Co-Ce)

Toow

@)

Removal Adsorption % = %100 2)

ge

Where: ge: the adsorbent capacity at equilibrium (mg/g),
V: volume of the adsorbate (ml), Co: dye concentration
before adsorption (mg/L), Ce: dye concentration after
adsorption (mg/L), W: the weight in gram of the
adsorbent (g).

3. Result and Discussion
3.1. The FTIR Analysis

The ATR-FTIR spectra to identify function group of the
CPL, these functional groups play a crucial role in
surface interactions and adsorption processes [26] that
shown in Fig.5, the broadband at 3287.85cm™ suggested
the presence of O-H and N-H (amide) and may be due to
the hydrogen bonding of phenols and alcohols [27]. The
intense divided two peaks at 2920.8 and 2820.30 cm™ are
probably related to stretching of C-H in methylene (-
CH?2) and methyl (-CHs) groups of alkanes, respectively.
The A strong peak at 1634.15 cm attributed to amino
acids with NH, groups [28, 29, 30], and it also, C=0
carbonyl groups and the sp? C-C bond in aromatic ring
[27]. The peak at 1548.5 cmcorrespond to the bending
vibration of N-H groups [14] and related to C=C
stretching of aromatic ring deformations and to
flavonoids [31]. The peaks represented by 1374.25 cm™
indicate the C-O-H [32], C-N stretching of amide [28]
and could be related to bending vibrations of -CH: or-
CHs groups in carboxylic acid and to C-O stretching of

acid groups. The more intensity on the band at 1236.62
cm ! may be due to the stretching vibration of O-CHs and
referred to bending vibration of O-H [31]. The strong
band at 1049.65cm™ may be originated from the C-N
[33] and attributed to C-O vibrations bonds functional
groups present in aromatic or aliphatic that is associated
with these oxygenated compounds (ketone, ether,
alcohol, cellulose esters) [34] and may be referred to the
stretching aromatic ring associated with CH in-plane
bending. The peak a broad band at 518.84 cm assigned
to the strong deformation of C-C-C and C-C-O [35] and
may be referred to out-plane of -OH groups deformation
mode of hydroxyl [36]. Finally, the spectra of observed
in the range from 1370 to 518.84 cm and its functional
groups mentioned above were indicating the
predominance of phenolic oxygenated substances,
flavonoids and tannins [37].

3.2. Effect of Contact Time.

The influence of contact time on adsorption of MB onto
CPL absorbent was investigated over a range of 0 to 40
min, using CPL amount 0.25 g/L and an initial dye
concentration of 10 mg/L at room temperature. The
results influence of contact time on adsorption of MB
onto CPL absorbent was illustrated in Fig. 6, that is
observed a rapid adsorption rate during the initial 15 min
attained removal to 82.11%, reaching at equilibrium
removal efficiency to 91.58%, this initial rapid phase can
be attributed to the abundance of vacant active sites on
the CPL surface and the strong affinity between MB
molecules and the adsorbent. Subsequently, the
adsorption rate significantly decreased, reaching 91.58%
removal at 40 min, indicating that the system had
approached equilibrium, this deceleration is likely
maybe due to the gradual saturation of active sites as they
become occupied by dye molecules, leading to a decline
in adsorption efficiency over time. These observations
are consistent with previous findings reported in the
literature [12, 38, 39]. Consequently, a contact time of 40
min was selected for all further experiments.
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Fig. 5: FTIR of CPL

138

w0 2026| EJUA-BA



Pages 135-150

Adsorption of Methylene Blue onto Yemeni Capparis spinosa Leaves: Kinetic, Isotherm, and Thermodynamic Modeling

Studies for Sustainable Dye Remediation

Effect of Contact Time
100 - n
/

a——1N
-

7

a8 | ]

Removal

0 5 10 15 2 25 0 35 40 45

Time (min)
Fig. 6: The Effect of contact time.

3.3. Effect of Adsorbent Dosage on the Adsorption
Process.

The impact of adsorbent dosage on the removal of MB
was investigated by varying the CPL amount from 0.1 to
1.0 g, using a 10 mg/L dye solution. As illustrated in Fig.
7 illustrated the impact of adsorbent dosage on the
removal of MB, where the removal efficiency increased
significantly with increase amount of CPL adsorbent,
reaching at equilibrium (40min) 89.73 - 99.72% at
amount of CPL adsorbent 0.1 - 0.5g. Moreover, the
removal efficiency decreased with increase adsorbent
dosages, where attained 98.97 - 93.82% for 0.75 - 1.0 g.
This enhancement of adsorption is primarily attributed to
the increased surface area and the higher number of
available active sites onto CPL, which facilitate the
transfer of MB molecules from the aqueous phase to the
CPL adsorbent surface [4]. However, it was observed
that the incremental increase in removal percentage
becomes less significant at higher dosages, this
phenomenon is often attributed to the aggregation of
adsorbent particles, which leads to a decrease in the
effective surface area and the overlapping of active sites
[5, 9]. Based on these results, an adsorbent dosage of 0.5
g was selected as the optimum dose for subsequent
experiments to ensure both high efficiency and cost-
effectiveness.

100

Removal%

o 10 b= o] 0 40
Time (min)

Fig. 7: The Effect of Adsorbent Dosage.

3.4. Effect of Initial Concentration

The influence of initial MB concentration on adsorption
efficiency was investigated across a range of 5 to 50
mg/L, using an adsorbent dosage of 0.5 g and a contact
time of 40 min at room temperature. The influence of
initial MB concentration on adsorption as shown in Fig.
8. Where the removal efficiency was highly dependent
on the initial dye concentration. The highest removal rate
reached from 97.43 to 57.89% for 5 to 50 mg/L, while at
equilibrium (40 min) the removal efficiency of
adsorption of the MB onto CPL attained 99.31, 99.58,
99.73, 91.11, 76.83, 61.81% at a concentration of 5, 10,
20, 30 40 and 50 mg/L respectively (Fig. 8). It was
observed that the removal percentage was higher at lower
initial concentrations, which can be attributed to the
abundance of available active sites on the CPL surface
relative to the number of MB molecules, thereby
facilitating rapid mass transfer [19, 40]. Conversely, as
the initial dye concentration increased, a gradual decline
in removal efficiency was noted. This trend occurs
because the active sites become increasingly saturated
with dye molecules, leading to higher competition for the
remaining vacant sites and a decrease in the overall
adsorption performance. Similar observations regarding
the relationship between initial concentration and
removal percentage have been reported in previous
studies [10, 41].

100

Removal%

5] 10 20 30 40
Concenftration

Fig. 8: Effect of Initial Concentration
3.5. Effect of pH

The pH of the aqueous solution is a critical parameter in
the adsorption process, as it influences the ionization
state of the MB dye and the surface charge of the CPL
adsorbent [34]. The adsorption performance was
evaluated across a pH range of 2 to 12, using a 10 mg/L
dye concentration and 0.5 g of adsorbent for 40 min. As
illustrated in Fig. 9, the removal efficiency increased
significantly with rising pH, reaching its maximum at pH
12. The percentage removal is increase with increase's
pH 77.92, 82.42, 95.67, 99.79, 99.9, and 99.95% for at
pH 2, 4, 6, 8, 10, and 12. There are two possibilities that
the pH will affect the adsorption efficiency; The first
possibility is the effect of pH on hydrogen ion (H*), in
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the acidic medium (low pH), the high concentration the
H ions competes with the cationic MB molecules (MB*)
for the available active sites on the CPL surface, thereby
reducing the adsorption capacity. As the pH increases
toward alkaline conditions, the concentration of H* ions
decreases, reducing this competition and facilitating
higher dye uptake. Second possibility, the surface charge
of the CPL is highly pH-dependent. In acidic conditions,
the functional groups on the CPL adsorbent surface
undergo protonation, creating a positive surface charge
that leads to electrostatic repulsion with the cationic MB*
molecules. Conversely, in alkaline media, deprotonation
of these functional groups occurs, resulting in a
negatively charged surface. This transition induces
strong electrostatic attraction between the negative
adsorbent surface and the positive MB+ ions,
significantly enhancing the adsorption efficiency [34,
42]. These results demonstrate that CPL is a highly
effective adsorbent for MB removal, particularly in
neutral and alkaline environments.

100 ]

Removal%

75

2 4 8 8 10 12
pH

Fig. 9: Effect of pH
3.6. Effect of Temperature

The effect of temperature on the adsorption of MB onto
CPL was investigated at 25, 35, 45, and 55 °C, Fig.10
illustrates the influence of these temperatures on the
removal rate and adsorption capacity. At the beginning
of the process the removal efficiency increased
significantly upon reaching equilibrium, the removal
percentages were 99.42-99.97%, for the 25-55 °C
temperatures. These results indicate that the adsorption
process is enhanced by increasing temperature,
confirming its endothermic nature. This positive
temperature effect can be attributed to several factors.
Firstly, increasing the temperature enhances the mobility
of MB cations and reduces the solution viscosity [43],
which increases the kinetic energy of the MB dye
molecules and facilitates their diffusion across the
boundary layer into the CPL adsorbent pores [44].
Secondly, higher temperatures may induce a "swelling
effect” within the internal structure of the CPL adsorbent,
enabling deeper spreading's of dye molecules into the

active sites. Thirdly, elevated temperatures can activate
additional functional groups on the adsorbent surface,
strengthening the interaction between the CPL active
sites and MB molecules [45, 46].

100

8

8

Removal%
8

8

o] 10 2 0 40
Time (min)
Fig. 10: The Effect of temperature on adsorption of
CPL

3.7. Adsorption Thermodynamics

The thermodynamic behavior of the adsorption process
was evaluated using Gibbs free energy change (AG®),
enthalpy change (AH®), and entropy change (AS®). The
spontaneity of the adsorption is fundamentally dictated
by the sign of AG®, where negative values signify a
thermodynamically favorable and spontaneous process.
Furthermore, the enthalpy change (AH®) distinguishes
between endothermic and exothermic mechanisms,
while the entropy change (AS®) reflects the variations in
the degree of randomness at the solid-liquid interface
during the adsorption [18].

The relationship between these parameters is defined by
the following equations (3,4):

AG° =-RT InKc 3

AG° = AH°-TAS®  (4)
The thermodynamic constants were derived from the
Van’t Hoff equation (5): [47]

AS°  AH° <

R RT ®)

By constructing a linear plot of In K¢ versus 1/T, AH°
and AS° were determined from the slope (-AH°/R) and
the y-intercept (AS°/R), respectively, where R is the
universal gas constant (8.314 J/mol-K) .

InKc =

Fig 11 illustrates the adsorption thermodynamic study of
MB onto CPL at various temperatures, and the
thermodynamic parameters of MB adsorption on CPL
showed in Table.1, the experimental results yielded a
positive enthalpy change (AH®°) of 80.041kJ/mol,
confirming the endothermic nature of the adsorption
process. The positive entropy value (AS°® =
291.031J/mol-K®) suggests an increase in the
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randomness at the adsorbent-solute interface during the
sequestration of MB. Furthermore, the calculated AG®
values were -6.687, -9.597, -12.508, and -15.418kJ/mol
at 298, 308, 318, and 328 K°, respectively. The
consistently negative values of AG® and their increase in
magnitude with temperature indicate that the adsorption
of MB onto CPL is spontaneous and more favorable with
increased temperatures, this result is consistent with [38,
48, 49]. These findings underscore the high efficiency of
CPL as a promising adsorbent for the remediation of MB
from industrial wastewater.

6.0

y =-9627.2x + 35.005
R?=0.9456

55

50

45

InKe

40

35

3.0

25
0.0030 Qoa31 Qogx2 0.0033 0.034

1T

Fig. 11: Thermodynamic study of MB dye adsorption
on CPL.

Table 1: Thermodynamic parameters of MB adsorption
on CPL

Intercept| Slope |AH(kJ/mol)| AS(J/mol/K

AG (kJ/mol)
291.031 298 k°|308 k°|318 k° 328 k°

35.005 |-9627.2| 80.041

R2 =0.9456 | -6.687 | -9.597 |-12.508/-15.418

y = -9627.2x + 35.005

3.8. Adsorption isotherms

Adsorption isotherms are essential for understanding
how MB molecules interact with the CPL surface and for
determining the maximum adsorption capacity. In this
study, the equilibrium data were analyzed using the two
most common models: Langmuir and Freundlich.

3.8.1. Langmuir Isotherm:

This model assumes that adsorption occurs on a
homogeneous surface with identical active sites and
forms a monolayer.

The linear form of the Langmuir isotherm is given as (Eq.
6) [50]

Ce  Ce 4 1 ©

¢ Gmax KL Gmax
where: Ce (mg/L) is the equilibrium dye concentration,
ge is the quantity (mg/g) of dye adsorbed at equilibrium,
gm (Mg/g) is the maximum monolayer capacity, and K.
(L/mg) is the Langmuir constant. The values of gm and

KL are obtained from the intercept and the slope of the
linear plot of Ce/qe against Ce [50, 51].

To confirm the favorability of the adsorption process, the
separation factor (Rv), was calculated by following
equation 7:

_ 1

"~ 1+KlCo

Where; Co (mg/l) was initial dye concentration and Kv
(L/mg) is Langmuir constant.

RI (7)

According this factor the adsorption when: RL > 1 is not
favourable, 0 < RL <1 is favourable, RL = 1 considered
the linear and R = 0 is irreversible adsorption [52].

7 Langmuir Isotherm
6 y =0.3263x + 0.0802
R2 = 0.9997
5
4
@
O
3
2
1
0 &
9] 5 10 15 4]
Celge
Fig.12: Langmuir's isotherm models.
15
Freundlich Isotherm
u
Oy =0.2858x+05125
R?=0.8943
a5
[ab]
o
£
00
05
u
10
4 3 2 -1 0 1 2 3

InCe
Fig.13: Freundlich's isotherm models.
3.8.2. Freundlich Isotherm:

This model describes adsorption on a heterogeneous
surface with multiple layers. Contrasted with Langmuir's
theory, the Freundlich isotherm describes the
heterogeneous adsorption of dye molecules at different
sites with different surface energy. Therefore, the
amount of dye adsorption changes with the exponential
distribution of sites and adsorption energies.

The linear form of the Freundlich isotherm is given as
(Eq. 8) [53].
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1
log ge = logKf — o logCe (8)

where Kt and n are Freundlich constants representing
adsorption  capacity(mg/g).(L/mg) and intensity,
respectively.

The values of n and Kr can be computed from are
obtained from the slope and intercept of the linear plot of
logge and log Ce.

In addition, if the value of Freundlich’ heterogeneity
factor (n) between 2 and 4 is a favorable adsorption
[20][54].

Table 2: Parameters of Langmuir and Freundlich
equations for sorption of MB onto CPL

Freundlich Langmuir

Slope 0.2858 Slope 0.3263

Intercept 0.5125 Intercept 0.0802

ke 1.669 e 12.469

n 3.499 Ki 0.0262

R? 0.894 R? 0.9997

y =0.2858x + 0.5125 RL 0.4332
y = 0.3263x + 0.0802

The experimental data for the MB removal were tested
with Langmuir and Freundlich isotherms were elucidated
in the Fig.12, 13 and in Table 2. By comparing the
correlation coefficients (R?), it was found that the
Langmuir model provided a better fit (R? 0.9997) than
the Freundlich model (R? 0.894), that is indicates the
formation of monolayer coverage at the outer a
homogeneous surface of the adsorbent with no
interactions occurring between MB molecules and
adjacent sites [isotherm [55, 56]. It is also the values of
gm 12.469 mg/g and K. 0.0262 L/mg showing high
adsorption energy and contributing to the fast increment
in adsorption and various MB concentrations. [57, 58].
Moreover, the separation factor (RL) was 0.4332, this
values confirming that the adsorption of MB onto CPL is
a favorable, this results agreement with [59, 60].

3.9. Kinetics study:

Adsorption kinetics is a fundamental aspect of
environmental engineering, explaining the interaction
between adsorbate molecules and the adsorbent surface
over time. This process encompasses complex
phenomena such as diffusion, mass transfer, and the
progressive saturation of the adsorbent surface [61].
Generally, adsorption capacity increases rapidly in the
early stages due to the high availability of adsorption
sites, eventually slowing down as the surface becomes
almost completely covered by MB molecules until
equilibrium is reached [62].

Investigated in this study by two models Pseudo First-
Order (PFO) and Pseudo-Second-Order (PSO) that is

widely utilized for describing surface reactions
adsorption. The PFO model assumes that the rate at
which adsorption sites are occupied is directly related to
the number of available sites. This model often
demonstrates a two-stage Kinetic behavior: an early
phase of rapid reaction followed by a slower subsequent
phase. This pattern suggests a process taking place
initially in readily accessible regions and later in less
accessible interior regions. The PFO model is
particularly suitable for systems where the adsorption
follows a simple molecular exchange pattern, where the
rate is linearly related to the concentration of adsorbed
molecules [63, 64].

The PFO kinetics can be expressed as linearized formula
by using follows equation 9:

K1
log(qe — qt) = logge — mt 9

where, ge (Mg/g), q¢ (Mmg/g) and ki (1/min) are the
adsorption amounts at equilibrium, a given time (t), and
the rate constants, respectively. The graphical plots of
log (qe - q) against t yielded a straight line consequently
can be calculate the value of t rate constants ki1 from
slope and ge value from intercept.

The PSO model is predicated on the premise that the rate-
limiting  step  involves  chemical  adsorption
(chemisorption) facilitated by valence forces, involving
the sharing or exchange of electrons. Unlike the PFO
model, the PSO model assumes the adsorption rate
depends on the square of the number of free sites [38,
63]. In many investigations, the PSO model has
demonstrated superior correlation with experimental
data, with correlation coefficients (R?) very close to 1
[65]. Furthermore, the proximity between calculated and
experimental equilibrium capacity (ge) values often
confirms that the PSO model is the most appropriate
choice for explaining the adsorption of dyes [61].

The linear equation 10. representation of the PSO
kinetics:

L + ! t (10)

@  K.q¢ g
where, ge (Mg/g), gt (Mg/g) and k2 (g/mg mint) are the
adsorption amounts at equilibrium, a given time (t), and
the rate constants, respectively. Plotting the quantity of
t/qr against t at varying initial concentrations yielded a
straight line consequently, can be calculate the values of
ge from slope and k2 from intercept.

Fig.14 and 15 illustrated the kinetic results and from the
calculated parameters for adsorption kinetics data that
reported in the table.3. Based on the results, the PSO
model exhibited a higher correlation coefficient (R? =
0.9995) compared to the PFO model (R? = 0.9296).
Furthermore, the calculated eca values (2.068 mg/g)
from the PSO model were in close agreement with the
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experimental geexp Values (1.99 mg/g). The PSO indicate
to physisorption process with involve chemisorption
process due to a strong affinity interaction between of
surface CPL and MB, this chemical adsorption processes
take place by valence forces and exchange electrons,
with physisorption is the step rate limiting of adsorption,
this result finding [12, 7, 66].

Table 3: Adsorption kinetics parameters of pseudo-
first-order rate and pseudo-second-order

Pseudo First Order | Pseudo Second Order ‘

slope -0.19205 slope 0.4835
intercept 0.58976 intercept 0.8064
R? 0.9298 R? 0.9995
Ky 0.192 min Qeal 2.068 mg/g
Qe 1.804 mg/g ko 0.599 g/mg min
y =-0.19205x + 0.58976 y =0.4835x + 0.8064
0€ experimental 1.99 mg/g
1 Pseudo First Order
0
1 - y =-0.19205x + 0.58976
- R®? = 0.92976
2
k=2
)
(=3
£
7
5 0 5 0 1B D 23 ;W 3B/ 4
Time min
Fig.14: Pseudo first order kinetic models.
=
20 Pseudo Second Order
18
16
14
&
10
y =0.4835x + 0.8064
8 Rz2= 0.9995
6
4
2

0 5 10 15 20 b o] 3B 40 45
Time min

Fig.15: pseudo second order kinetic models.

3.10. The Adsorption Mechanism
Adsorption Mechanism of Methylene Blue onto
Capparis spinosa Leaves Powder (CPL)

The adsorption mechanism of methylene blue (MB) onto
Capparis spinosa leaves powder (CPL), which

containing; alkaloids, flavonoids, glycosides, tannins, ,
phenolic, proteins, cellulose, hemicellulose, lignin and
other components, that are containing functional groups
including C=0, COOH, —OH, —-NH, NHR and aromatic
ring. The FTIR spectra confirmed that the CPL surface
has abundance of polar with in numerous active sites on
surface. The PSO suggests that the adsorption rate is
controlled by formed a strong adsorbate—adsorbent
interactions between MB and CPL and may involve both
physisorption and chemisorption contributions. This
interaction occur on a monolayer, a homogeneous CPL
surface with energy equivalent active sites, reaching
equilibrium upon full site occupation, which is proven by
Langmuir isotherm experimental and  the
thermodynamically, suggests that the adsorption process
is spontaneous and endothermic, as demonstrated by the
negative free energy Gibes (AG®) and positive enthalpy
change (AH®). This gives the possibility of several to
understanding the adsorption mechanisms;

Electrostatic Attraction: functional groups such as —
COOH and —OH given a negative polarity of the surface
on the CPL exhibited strong electrostatic attraction
between the negatively charged surface sites and the
cationic methylene blue molecules (MB*).

lon Exchange Mechanism: lon exchange also
contributes to the adsorption process. at alkaline pH,
enable to ion exchange interaction due to the
deprotonation of acidic functional groups (ionized) may
be replacing H* or other ions on the surface CPL with
ions MB* from the aqueous solution. The increase in
removal efficiency at alkaline pH strongly supports the
contribution of electrostatic interactions. Hydrogen
Bonding: Hydrogen bonding interactions can occur, due
to the structure of MB containing S and N atoms rich
electron-pair leads to formation of a hydrogen bond with
hydrogen groups on the CPL surface (-OH and —NH
groups) of active sites on surface of CPL make the
increased  adsorption capacity. m—m Interactions:
Methylene blue contains aromatic rings with delocalized
n-electrons. These rings can interact with aromatic or
conjugated structures present in the carbonaceous matrix
of CPL through n—= stacking interactions between them.
This type of interaction enhances adsorption, particularly
when the adsorbent contains lignocellulosic components
with aromatic moieties, similar mechanisms have been
widely reported by [7, 19, 42, 67, 68].

The adsorption mechanisms of methylene blue onto CPL
are driven by a combination of different interactions as
shown in Fig. 16 and the adsorption of MB onto CPL on
Fig.17. In the end, we suggested the our results make
CPL adsorbents high performance to remove MB, a very
high performance, to be simple, sustainable, abundant,
and cheap.
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Fig.16: Possible adsorption mechanisms of MB onto CPL.: electrostatic attraction, lon Exchange, Hydrogen Bonding,
and n-7 interaction, respectivily.

Fig.17: adsorption of MB onto CPL

4. Conclusions

The present study successfully demonstrated the
feasibility of using Capparis spinosa leaves (CPL) as a
sustainable and low-cost adsorbent for Methylene Blue
(MB) removal from aqueous solutions. The simple
preparation method (oven-drying at 70°C) proved
effective in maintaining the adsorbent’s functional
efficiency without the need for high-energy
carbonization processes. The ATR-FTIR analysis
revealed the presence of functional groups such as —OH,
—COOH, —NH, and —-NHR on the surface of CPL. These
groups provide multiple active sites that facilitate the
adsorption of MB molecules. The study introduced a
simple preparation method (drying CPL at 70°C) proved
effective in maintaining the adsorbent’s functional

efficiency without the need for high-energy
carbonization processes. The optimal conditions of these
results demonstrate that CPL is a highly effective
adsorbent for MB removal reached equilibrium within a
short contact time of 40 minute and the removal attained
t0 91.58%, with an adsorption capacity of 1.99 mg/g. The
highest adsorption capacity, 12.469 mg/g, was attained
under conditions of 20 g/L dye concentration, 0.5 g dose
and the optimum removal efficiency 99.95%. It is also
the CPL showed multiple efficiency in adsorption of MB
dye at pH 8, with the highest removal efficiency
observed at pH 12. The CPL showed multiple efficiency
in adsorption of MB dye at multiple pH and It is also CPL
showed multiple efficiency in adsorption of MB dye at
temperature.
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Kinetic studies revealed, the PSO model exhibited (R? =
0.9995) compared to the PFO model (R? = 0.9296) and
the calculated Qecar (2.068 mg/g) close with the
experimental Qeexp (1.99 mg/g). The PSO indicate
indicating that chemical interactions play a dominant
role in dye sequestration. Based on the results of the
equilibrium data were best described by the Langmuir
isotherm (R? = 0.9997) than Freundlich model (R?
0.894), confirming a monolayer adsorption process on a
homogeneous surface with a high affinity between MB
and CPL. It is also the values of gm 12.469 mg/g and K.
0.0262 L/mg showing high adsorption energy and the
separation factor (R.) was 0.4332, this values confirming
that the adsorption of MB onto CPL is a favorable.
Moreover the CPL has thermodynamic nature, where the
results reviled the positive enthalpy (AH®)80.041kJ/mol
confirmed that the process is endothermic, and negative
Gibbs free energy (AG®) values (-6.687, -9.597, -12.508,
and -15.418kJ/mol) confirmed that the process is and
spontaneous, with increased efficiency at higher
temperatures and the positive entropy value
(AS°=291.031J/mol-K°) suggests an increase in the
randomness at the adsorbent-solute interface during the
uptake of MB. Overall, these findings underscore the
high efficiency of CPL as a promising adsorbent for the
remediation of MB from industrial wastewater.

5. Recommendations

This study addresses the critical issue of industrial dye
pollution by evaluating the leaves of Capparis spinosa
(CPL), a plant native to Yemen, as a sustainable bio-
adsorbent for Methylene Blue (MB). The use of locally
available, low-cost materials for wastewater treatment is
of significant environmental and economic importance.

Based on the promising results obtained in this study, the
following recommendations are suggested for future
research:

e Future studies could explore using of CPL to its
adsorption capacity and selectivity for different types
of pollutants.

e It is recommended to application CPL on to real
wastewater (from textile or leather industries, etc.), as
real wastewater contains a mixture of dyes, salts and
minerals that may affect pollution water.

e It is recommended to investigate the competitive
adsorption of MB in the presence of other dyes or
heavy metal ions to understand the interference effects
in complex systems.

e |t is recommended to perform TEM, SEM, and BET
analyses on the CPL to gain deeper insights into the
structural changes and the specific binding sites
involved.
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