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Abstract

Synthetic dyes, such as Alizarin Red S, contribute significantly to environmental pollution. This study investigates
the biosorption potential of Alhagi maurorum biosorbent for the removal of Alizarin Red S (ARS) from aqueous
solutions. Fourier transform infrared spectroscopy (FTIR) was used to analyze the biosorbent’s adsorption sites.
Various parameters were optimized to maximize dye adsorption. An optimal removal efficiency of 82.26% was
attained by employing 0.9 g of biosorbent with a 25 ppm dye concentration at pH 6 and 60 °C over 30 min.

The data were modeled using various isothermal and kinetic models to understand the adsorption behavior.
Thermodynamic parameters indicated that the adsorption process was spontaneous and endothermic. The
pseudo-second-order kinetic model best described the data, indicating chemisorption as the rate-limiting step.
The data matched best to the Langmuir model, indicating that the adsorption occurs as a monolayer on uniform
surfaces with a finite number of binding sites. The model showed a strong correlation (R = 0.991) and a maximum
adsorption capacity (q,,,) of 8.203 mg/g. Principal component analysis (PCA) identified temperature as the
dominant factor, with the primary component, PC1 capturing 100% of its effect. The mechanisms involved in ARS
biosorption on A. maurorum include electrostatic interactions, hydrogen bonding, hydrophobic interactions, dipole-
dipole interactions, and -1 stacking. Alhagi maurorum showed promising potential for biosorbing toxic dyes from
contaminated water, suggesting further investigation for practical applications.

Keywords Alhagi maurorum, Alizarin Red S, Biosorption, Endothermic process, Free energy, Principal component
analysis

*Correspondence: “Department of Applied Bioeconomy, Wroclaw University of

Aisha Umar Environmental and Life Sciences, Wroctaw 51-630, Poland
ash.dr88@gmail.com °Department of Agronomy, Faculty of Agriculture and Environment, The
Soumya Ghosh Islamia University of Bahawalpur, Bahawalpur 63100, Pakistan
soumyaghosh@yahoo.com; s.ghosh@unizwa.edu.om ®Department of Life Sciences, Western Caspian University, Baku,
UInstitute of Chemistry, University of the Punjab, Lahore, Pakistan Azerbaijan

2Institute of Botany, University of the Punjab, Lahore, Pakistan Natural and Medical Sciences Research Center, University of Nizwa,
*Department of Botany and Microbiology, College of Science, King Saud Nizwa 616, Oman

University, PO. 2455, Riyadh 11451, Saudi Arabia

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12896-024-00913-x&domain=pdf&date_stamp=2024-10-30

Akram et al. BMC Biotechnology (2024) 24:85

Introduction

The rapid pace of industrialization and urbanization has
significantly contributed to environmental pollution,
with wastewater from industries being one of the major
sources of contamination. Among the various pollutants,
synthetic dyes have emerged as a significant environ-
mental concern. Dyes are chemical compounds utilized
in aqueous solutions to impart color to various objects.
Today, dyes are integral to numerous industries including
textiles, paint and pigments, food packaging, leather tan-
ning, paper production, and electroplating [1, 2]. How-
ever, their extensive use has led to severe environmental
and health impacts due to their persistence in natural
ecosystems.

The application of natural dyes is restricted as they pre-
dominantly color natural fibers such as wool, hemp, and
rayon, a limitation that has steered the world towards
synthetic dyes [3]. The environmental impact of dyes,
particularly synthetic ones like Alizarin Red S, is pro-
found. Synthetic dyes are often non-biodegradable and
can persist in the environment for an extended period
[4]. The colored water, when discharged into water bod-
ies, they not only affect the aesthetic quality of the water
but also reduce light penetration [5], and disrupting the
aquatic ecosystems [6]. Moreover, these dyes can be
toxic, carcinogenic, or mutagenic, posing serious health
risks to humans and aquatic life 7, 8].

Current methods of dye removal from wastewa-
ter primarily include physical, chemical, and bio-
logical processes [9]. Conventional methods such as
coagulation- flocculation [10], chemical oxidation [11],
and adsorption using activated carbon [12, 13] have been
extensively employed. However, these methods often
suffer from limitations such as high operational costs,
the generation of secondary pollutants, and incomplete
dye removal [14]. For instance, while activated carbon is
effective, it is expensive and requires regeneration, which
is both energy-intensive and costly [15-17]. The chemi-
cal stability and poor biodegradability of these dyes ren-
der standard biological wastewater treatments ineffective
[5]. In contrast, biosorption has emerged as a promising
alternative for dye removal, offering several advantages
over conventional methods. Biosorption involves the
use of biological materials, often derived from agricul-
tural waste, to adsorb and remove contaminants from
wastewater [18]. This method is not only cost-effective
but also environmentally friendly, as it utilizes renewable
resources and generates minimal secondary waste. Bio-
sorption is a passive process that doesn’t require energy
[19]. Additionally, biosorbents can be regenerated and
reused, making the process sustainable [20].

The use of biosorbents derived from plants is particu-
larly appealing due to their abundance, low cost, and
high efficiency in removing dyes [21]. Alhagi maurorum,
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commonly known as camel thorn [22], is a plant that has
recently gained attention for its potential use as an adsor-
bent [23]. This plant, belonging to the leguminous fam-
ily, is naturally abundant in arid and semi-arid regions
[24]. Its robust structure and the presence of functional
groups on its surface [25, 26], make it a suitable candi-
date for dye adsorption. The selection of A. maurorum as
a biosorbent in this study is driven by its availability, low
cost, and promising adsorption properties. The plant’s
natural abundance in desert regions makes it an eco-
friendly and sustainable option for large-scale wastewa-
ter treatment [27]. Moreover, its ability to adsorb Alizarin
Red S, a widely used anthraquinone dye, underscores its
potential in treating industrial effluents. The effective-
ness of contaminant removal by sorbents is influenced by
kinetic equilibrium and the composition of the sorbent’s
cellular surface. This innovative and cost-effective tech-
nology is adept at purifying wastewaters contaminated
with dyes [28].

This research focused on evaluating Alhagi maurorum
as an innovative biosorbent for the removal of Alizarin
dye from aqueous solutions. Although many biosorbents
have been studied extensively, this investigation is the
first to thoroughly assess A. maurorum for this purpose.
Given its widespread availability and natural abundance,
A. maurorum presents a viable option for eco-friendly
wastewater treatment. The study meticulously examined
how factors such as pH, biosorbent dosage, initial dye
concentration, and temperature influence adsorption
efficiency. These optimization efforts are vital for assess-
ing the practical utility of this species in real-world appli-
cations. By applying Langmuir, Freundlich, and Temkin
isotherm models to the adsorption data, the research
offers an in-depth analysis of the adsorption mechanisms
involved. This comparative modeling is key for deter-
mining the most accurate model to predict adsorption
behavior, which is critical for scaling up the process. The
research also included kinetic and thermodynamic stud-
ies to further elucidate the adsorption mechanisms and
efficiency. Additionally, principal component analysis
(PCA) was used to identify the primary variables influ-
encing the adsorption process, thereby simplifying and
enhancing data interpretation and providing deeper
insights into the factors that govern contaminant removal
[29]. The findings from this study have the potential to
advance the field of wastewater treatment by introducing
a cost-effective and efficient biosorbent. The application
of A. maurorum could pave the way for developing sus-
tainable and environmentally friendly treatment technol-
ogies, contributing to broader efforts in environmental
protection and resource conservation. Furthermore, uti-
lization of this species as a biosorbent not only broadens
the range of materials available for dye removal but also
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emphasizes the potential of desert plants in environmen-
tal remediation.

Materials and methods

Stock solution of dye (1000 ppm)

One gram of Alizarin Red S (ARS) dye was dissolved in a
suitable quantity of distilled water. The resulting solution
was then transferred to a volumetric flask, and its volume
was increased to 1000 mL with additional distilled water.
This prepared solution served as the basis for creating the
standard solutions.

Standard solutions

Different concentrations of dye solutions, specifically 5,
10, 15, 20, and 25 ppm, were prepared using the men-
tioned stock solution. By mixing 0.5, 1.0, 1.5, 2.0, and 2.5
mL of the stock solution with 100 mL of distilled water,
these different concentrations were achieved. Absor-
bance levels were recorded using a spectrophotometer at
423 nm, which helped construct a calibration curve for
ARS based on its absorption (see Fig. 1).

Preparation and characterization of biosorbent

In this work, Alhagi maurorum is a deciduous desert
shrub flowering in July [30], collected from the Cholistan
desert, Pakistan. Alhagi maurorum is generally used in
folks. After extracting the medicinal ingredients from
this species, the waste material was washed with water
and air-dried. After drying, the biomass was treated
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with methanol extraction. After extraction, the biomass
was dried in an oven and ground into powder form (the
biosorbent).

The biosorbent was characterized via the scanning
electron microscopy (SEM) and Fourier transform infra-
red spectroscopy (FTIR) method using a JEOL JSM-
6610LV Scanning Electron Microscope and PerkinElmer
Spectrum IR 10.7.2, Waltham, Massachusetts, United
States. These provide the surface morphology of the bio-
sorbent and functional groups taking part in the biosorp-
tion of the ARS dye.

Determination of adsorption efficiency of Alhagi maurorum
A range of solutions with concentrations from 10 to 100
ppm were concocted. In each flask, 50 mL of these solu-
tions was mixed with 0.9 g of the biosorbent. The flasks
were then shaken at 150 rpm for 30 min on an orbital
shaker. Subsequently, the filtrate was analyzed using UV/
Vis spectrophotometry at a wavelength of 423 nm. Next,
filter paper was used to filter the solutions, and their
absorbance levels were measured. The final dye concen-
tration was determined using Beer—Lambert’s law. The
quantity of dye adsorbed onto the adsorbent’s surface,
denoted as Qe (mg/g), was calculated according to the
method mentioned in the previous literature by E Vou-
drias, K Fytianos and E Bozani [31].

15 20 25 30

Dye concentration (ppm)

Fig. 1 Calibration line for ARS dye concentration (ppm) against the absorbance
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Optimization of biosorption potential using various
parameters

To evaluate the biosorption potential of Alhagi mauro-
rum, several parameters were assessed. The dye removal
efficiency and the amount of ARS adsorbent one the sor-
bent (q) was determined using the following equations
(Eq. 1 and Eq. 2, respectively) [32]:

Removal (%) = w )

(Co—Co)V

" @

q=

Where removal (%) is the decolorization efficiency of the
dye, Ci (ppm) is the initial dye concentration of the sys-
tem, C, (ppm) is the final dye concentration of the system
after a given time. V is the volume of the ARS solution
(L), and W is the biosorbent’s weight used (g). The absor-
bance was measured at 423 nm.

Biosorbent dose

To make a 25 ppm solution of dye, 12.5mL was taken
from a 1000 ppm solution, and the volume was up to 500
mL. The 50 mL of 25 ppm solution was taken in 9 flasks.
In each flask, 0.1 g, 0.2 g, 03 g, 04 g, 0.5¢g, 0.6 g, 0.7 g,
0.8 g, and 0.9 g biomass were added. These flasks were
placed in an orbital shaker for 30 min at 150 rpm. After-
ward, the reaction contents of all the flasks were filtered
to remove the adsorbent. These filtrates were analyzed
by using the spectrophotometer at 423 nm. Percentage
removal efficiencies and q for all the filtrates were calcu-
lated using Egs. 1 and 2.

Contact time

The effect of dye contact time and biosorbent was inves-
tigated using the 25 ppm solution of dye. The 50 mL of
25 ppm solution was taken in 9 flasks. Each flask was
placed on an orbital shaker for agitation. Biosorbent dose
of 0.9 g was added in each flask. The first flask was given
a contact time of 5 min. After 5 min, the first flask was
removed from the shaker. After 10 min, another flask
was taken off. Similarly, each flask was taken out after
a 5-minute time gap difference of 45 min. The reaction
contents were filtered to remove the biosorbents. Filtrate
was subjected to spectrophotometric to determine the
absorbance. Percentage removal efficiencies and ‘q’ for all
the filtrates were calculated using Eqgs. 1 and 2.

pH

The 2.5 mL dye stock solution (1000 ppm) was taken in 9
flasks. In these flasks, an appropriate amount of distilled
water was added and pH was adjusted at 1, 2, 3, 4, 5, 6, 7,
8, and 9 by the addition of either NaOH (0.1 M) or HCl
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(0.1 M). After adjusting pH, the volumetric flasks were
brought up to the mark (100 mL). The 50 mL of each pH
solution was out in other flasks and placed on an orbital
shaker for shaking. In each flask, 0.9 g biosorbent was
agitated for 30 min. After agitation, the solutions were
filtered out and analyzed via a spectrophotometer for
absorption. Percentage removal efficiencies and ‘q,’ for all
the filtrates were calculated using Egs. 1 and 2.

Temperature

The effect of temperature was studied by using 25 ppm
solution of a dye prepared from stock solution (1000
ppm). The 50 mL of 25 ppm solution was taken in 6
flasks. The temperature of each flask was maintained at
10, 20, 30, 40, 50 and 60°C, respectively. The 0.9 g of bio-
sorbent was added to each flask and agitated for 30 min.
After agitation, the solutions were filtered, and the filtrate
was analyzed by spectrophotometer. Percentage removal
efficiencies and q for all the filtrates were calculated using
Egs. 1 and 2.

Modeling of biosorption process
The data obtained from biosorption was subjected to var-
ious mathematical models for evaluation of results.

Equilibrium modeling

In ten flasks, 50 mL solutions of varying concentrations
of dyes ranging from 10 to 100 ppm were prepared by
taking 1,2, 3,4, 5, 6,7, 8,9, and 10 mL, respectively, from
the dye stock solution and diluting them up to 100 mL.
The optimum amount of biosorbent (0.9 g) was added to
each flask and allowed to shake for 30 min. After shaking,
the solution was filtered, and the filtrate was analyzed by
spectrophotometer. The q for all the filtrates were calcu-
lated using Eq. 2. The experimental data were fitted to
several equilibrium models, including Langmuir (Eq. 3),
Freundlich (Eq. 4), and Temkin (Eq. 5), to better under-
stand the adsorption mechanisms [8, 33]:

I 1 1 3)
q bq"?l(l(l'C’G QNI(L'L'
1
logq = logKp + —logC, (4)
n
q= BT[nCe + BT[nKT (5)

Where q represents the amount of dye adsorbed on the
biosorbent at equilibrium (mg/g), qp., is the maximum
adsorption capacity of the biosorbent (mg/g), b is the
Langmuir constant related to the affinity of binding sites
(L/mg), K is the Freundlich constant indicating adsorp-
tion capacity (L/g), n is a dimensionless constant indica-
tive of adsorption favorability, Ky is the Temkin constant
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(L/g), and B is a constant related to the heat of adsorp-
tion (J/mol).

Kinetic modeling

The biosorption process kinetics were investigated using
a consistent volume (50 mL) of dye solution at 25 ppm
concentration. Nine flasks were prepared, each contain-
ing a set amount of biosorbent (0.6 g). These flasks were
placed on orbital shakers for varying periods, specifically
5, 10, 15, 20, 25, 30, 35, 40, and 45 min. Following the
agitation period, the solutions in the flasks were filtered,
and the resulting filtrate was analyzed using a spectro-
photometer. The ‘q’ for all the filtrates were calculated
using Eq. 2. The experimental data were analyzed using
two kinetic models: the pseudo-first-order (Eq. 6) and
pseudo-second-order (Eq. 7) models [34]:

In(q—q)=1Ing— Kit (6)
t_ 11 .
@ Ky oq

where q, is the amount of dye adsorbed at time t; K; and
K, are the rate constants for the pseudo-first-order and
pseudo-second-order models, respectively. The fitting of
these models to the experimental data was assessed to
gain a deeper understanding of the biosorption kinetics,
providing insights into the rate and mechanism of dye
uptake by the biosorbent.

Thermodynamic modeling
To investigate the thermodynamic properties of the
adsorption process, 50 mL of a 25 ppm ARS dye solu-
tion was prepared in six separate flasks. These flasks were
maintained at temperatures of 10 °C, 20 °C, 30 °C, 40 °C,
50 °C, and 60 °C, respectively. A biosorbent dose of 0.6 g
of Alhagi maurorum was added to each flask, and the
mixtures were agitated for 30 min. Afterward, the mix-
tures were filtered, and the filtrates were analyzed using a
spectrophotometer to determine the dye concentrations,
and the q for all the filtrates were calculated using Eq. 2.
From the resulting data, key thermodynamic param-
eters were calculated, including Gibb’s free energy (AG®),
standard enthalpy change (AH"), and standard entropy
change (AS°). The AG" was determined using Eq. 8, while
AH’ and AS’ were derived from the slope and intercept
of the linear plot of In K_ versus 1/T using Eq. 9 [34].

AG" = —RTInK, (8)
A SO AH°
= - 9
InKe R RT ®)
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In these equations, R represents the universal gas con-
stant (8.314 J/mol-K), and K is the distribution coeffi-
cient, calculated using Eq. 10 [35, 36].

de

K. = *

c (10

where q, is the equilibrium concentration of ARS
adsorbed onto the Alhagi maurorum biosorbent (mg/g),
and C, is the equilibrium concentration of the dye in
solution (ppm).

Statistical analysis (PCA)

Principal component analysis (PCA) and correlation
assessment were performed at a significance level of
a=0.05, following established biological methodologies.
The statistical evaluations were conducted using Sta-
tistica software (version 12.0, StatSoft Inc., Tulsa, OK,
USA). The PCA data matrix, formulated for the statisti-
cal analysis of the experimental findings, comprised 5
columns and 9 rows to evaluate the effects of biosorbent
dose, contact time, and pH. Additionally, it included 4
columns and 6 rows to assess the impact of tempera-
ture. Determining the most suitable quantity of principal
components was predicated upon the Cattell criterion.
The input matrix underwent a process of automatic scal-
ing, wherein it was subjected to a transformation that
adjusted its values proportionally to maintain relative
relationships between the elements within the matrix.
PCA and correlation analysis were again conducted at
a significance level of a=0.05, employing the Statistica
software for all statistical calculations. The configuration
of the PCA data matrix was customized to accommodate
the particular parameters under examination, with an
appropriate allocation of columns and rows for each vari-
able. The optimal number of principal components was
determined by the Cattell criterion, whereby the input
matrix was automatically scaled.

Results and discussion

Characterization of Alhagi maurorum biosorbent

FTIR results of the biosorbent

The ground and dried biomass underwent solid-phase
FTIR analysis to identify functional groups for charac-
terization. The FTIR analysis of the Alhagi maurorum
biosorbent revealed several significant functional groups
that are critical for its binding capability with the dye
(Fig. 2). The broad peak observed at 3299 cm™ is indica-
tive of the presence of hydroxyl (—-OH) groups. These
groups are known for their strong hydrogen bonding
potential [37, 38], which can contribute to the adsorp-
tion process. Additionally, peaks at 1735 cm™, 1618 cm™,
1432 cm™, and 1092 cm™ suggest the presence of carbox-
ylate groups (C=0 stretching of esters), C=C stretching
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Fig. 2 Functional group spectrum by FTIR of Alhagi maurorum
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Fig. 3 SEM Analysis of Alhagi maurorum biosorbent before and after biosorption

of a,p-unsaturated ketone, O-H bending of carboxylic
acid and C-N stretching of amine on the biosorbent sur-
face. These groups can interact electrostatically with
cationic dye molecules, enhancing the adsorption effi-
ciency. The bands at 2850 cm™ and 2916 cm™, which
correspond to C—H stretching vibrations (fall within the
2800 to 3000 cm™), further confirm the presence of alkyl
chains in the biosorbent, which contribute to weak Van
der Waals forces [39]between the dye molecules and the
biosorbent surface.

These alkyl chains can contribute to the adsorption
process through van der Waals interactions and weak
hydrogen bonding [40]. In summary, the FTIR spectrum

provided evidence of various functional groups on the
Alhagi maurorum biosorbent, including hydroxyl, car-
boxylate, and alkyl groups. These groups collectively
enhance the biosorbent’s ability to adsorb dye molecules
through hydrogen bonding, electrostatic attraction, and
van der Waals interactions, making it a promising mate-
rial for dye removal from aqueous solutions.

SEM image of the Alhagi maurorum biosorbent

The SEM image of the Alhagi maurorum powdered bio-
sorbent before adsorption (Fig. 3A) reveals a highly irreg-
ular and porous surface, characteristic of plant-derived
biosorbents. The rough texture and visible fibrous
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structures are indicative of the biosorbent’s natural cel-
lular composition. These surface features are essential as
they contribute to the material’s high surface area, which
is crucial for efficient adsorption processes [41]. The vis-
ible pores and cavities in the biosorbent provide acces-
sible sites [42] for dye molecules to attach, highlighting
the potential of A. maurorum as an effective biosorbent.
The SEM image after adsorption (Fig. 3B) shows notice-
able changes in the biosorbent’s surface morphology. The
surface appears smoother, with a thin layer seemingly
covering the previously exposed fibrous structures. This
alteration is likely due to the biosorption of ARS dye,
which has adhered to the biosorbent surface, partially
filling or covering the pores and cavities. The reduction
in visible pores suggested that the dye molecules have
successfully penetrated the biosorbent’s surface, occupy-
ing the available adsorption sites. The smoother surface
texture further confirms the accumulation of dye on the
biosorbent. These findings highlight the potential of this
biosorbent for environmental remediation efforts, partic-
ularly in the removal of hazardous dyes from wastewater.

Optimization of biosorption potential using different
parameters

The investigation meticulously examined the impact of
various parameters, including adsorbent dose, contact
time, pH, and temperature, on eliminating ARS during
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batch adsorption processes. The investigation focused on
examining the results and equilibrium adsorption capac-
ity of Alhagi maurorum, a species of interest in the field
of biology.

Effect of biosorbent dose

The biosorbent dose (0.1-0.9 g) effect on removing ARS
at an initial concentration of 25 ppm was investigated
at 30 min contact time and the real pH of the adsorbate
solution. The study found that increasing the biosorbent
dose led to a higher percentage of dye removal (Fig. 4).
In this study, 0.9 g is considered the optimized quantity
of biosorbent. Table S1 (see supplementary) and Fig. 4
indicate the minimum removal (%) of dye was 25.660%
(at 0.1 g dose), and the maximum removal was 82.264%
(at 0.9 g dose). The reason for the continual increase with
increasing doses can be attributed to the greater avail-
ability of active adsorption sites on the surface of Alhagi
maurorum [43].

The biosorbent’s maximum capacity was 3.207547 mg/g
at 0.1 g dose, while its minimum capacity was 1.143 mg/g
at 0.9 g. As the quantity of biosorbent was increased,
the dye adsorption rate gradually rose, attributed to
the aggregation or overlapping of the active sites on the
adsorbent; this effect was linked to the reduction or min-
imization of the total surface area accessible to the dye,
leading to a decreased ability of the adsorbent to bind dye
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Fig. 4 Effect of biosorbent dose in removal (%) of ARS dye on the surface of Alhagi maurorum
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molecules as the amount of biosorbent increased [44].
This phenomenon was observed given the fixed volume
of dye, resulting in a lower amount of dye sorbed per
gram of adsorbent. This behavior is consistent with simi-
lar studies on natural adsorbents [45, 46], indicating that
an optimal dose exists for maximizing efficiency while
minimizing material usage.

Upon conducting PCA analysis, two new variables
emerged, with the first two principal components
accounting for 100% of the system’s variability. Variables
within the two red circles depicted in Fig. S1A (see sup-
plementary) had the most significant impact on system
volatility. Absorbance, C,, q, and removal were identified
as having the most substantial influence on system vari-
ability. A strong positive correlation was noted among
absorbance, C,, and q, while a strong negative correlation
was observed between absorbance, C,, q, and removal.
The PCA analysis demonstrated that the primary com-
ponent PC1, accounting for 99.44% of the variance, was
most influenced by the amount of adsorbent (Fig. S1B).
Positive principal values of PC1 were associated with a
lower amount of adsorbent values, whereas negative val-
ues of PC1 were linked to higher amount of adsorbent
values.

Page 8 of 20

3.2.1. Effect of contact time

Contact time has a significant effect on the adsorption
process. The effects of contact time on dye uptake were
studied at an initial concentration of 25 ppm using the
optimum dose of 0.9 g. Data exhibited that the uptake
of dye by adsorbent increased significantly with an
increase in contact time up to a certain extent, and then
it became almost constant (Fig. 5). After 30 min, equi-
librium was established, and no more dye was removed.
The minimum capacity of dye uptake by adsorbent
was 1.006 mg/g, whereas the maximum capacity was
1.556 mg/g (Table S2 and Fig. 5). This trend because the
adsorption sites were occupied by the available dye more
quickly at the initial time. At this stage, the adsorbent
concentration was high, and active sites freely available
for binding the dye molecule. After a certain time, no
more vacant active sites were available for further reac-
tions [47]. This rapid adsorption indicated a high affinity
between Alhagi maurorum and Alizarin dye molecules.
The overall trend observed in contact time experiments
aligns with the behavior of other biosorbents in other
studies [48, 49], confirming that adsorption a time-
dependent process that requires careful consideration in
practical applications to ensure adequate treatment times
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Fig. 5 Effect of contact time in removal (%) of ARS dye on the surface of Alhagi maurorum
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[50]. Shorter contact times could be applied to reduce the
operational costs.

Upon completing the PCA analysis, a new variable
emerged, accounting for the entire system’s 100% vari-
ability. Every parameter significantly impacted the sys-
tem’s volatility, as detailed in Table S3. Factors such as
absorbance, C,, q, and removal were identified as hav-
ing the most substantial influence on the variability of
the system. A strong positive correlation was observed
between absorbance and ‘C,; as well as between ‘q’ and
removal. Conversely, a strong negative correlation was
noted among absorption, C,, q, and removal. The PCA
analysis further indicated that the primary component,
PC1, completely accounted for the scenario involving
the amount of Adsorbent (100%), as seen in Table S4.
The positive values of the main component, PC1, corre-
sponded to the outcomes from the lowest Contact time
values. In contrast, the negative values of PC1 were asso-
ciated with progressively higher Contact time values,
showing no variation at the 30 minute mark.

Effect of pH
The pH of the adsorbate solution emerged as a pivotal
determinant in governing the adsorption of dye on the
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adsorbent. A series of batch experiments were conducted
to investigate the impact of pH on the adsorption pro-
cess, employing an initial concentration of 25 parts per
million (ppm) and 0.9 g biosorbent, which was agitated
for 30 min. In an acidic environment (pH 1 to 3), the
integrity of the dye’s structure was compromised, result-
ing in the absence of adsorption (Fig. 6). Following a pH
of 3, the dye exhibited a gradual removal process within
a slightly acidic environment, specifically within the
pH range of 4.0 to 6.0. At lower pH levels (4.0-6.0), the
surface of the biosorbent may become more positively
charged, which can enhance the attraction between the
negatively charged ARS dye molecules and the biosor-
bent. Conversely, at higher pH values (above pH 6), the
surface charge of the biosorbent may become negative,
leading to electrostatic repulsion between the dye mol-
ecules and the biosorbent, thereby reducing the removal.
The study’s findings indicate that pH of 6 was determined
to be the optimal condition with a maximum adsorption
capacity of 1.147 mg/g (Table S5, Fig. 6) indicating the
importance of maintaining optimal pH levels for effec-
tive dye removal. The pH-dependent behavior observed
in this study is consistent with existing literature [51-53],
with an optimum pH of 6 achieved for dye removal using
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Fig. 6 pH effect in removal (%) of ARS dye on the surface of Alhagi maurorum
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other plant-based adsorbents. This highlights the impor-
tance of pH in optimizing adsorption processes for vari-
ous contaminants.

Performing the PCA analysis allowed 2 new variables;
the first two principal components described the 100%
variability of the system. The parameters contained
between the two red circles have the greatest impact on
its volatility (Fig. S2A). Absorbance, C,, q, and removal
have the greatest influence on system variability. A
strong positive correlation was observed between ‘Absor-
bance and C_. and between ‘q and removal. Conversely,
no significant correlation was observed between Absor-
bance, C,, and the relationship between ‘q’ and removal.
The PCA analysis revealed that the first principal com-
ponent, PC1, accounted for 78.21% of the system’s vari-
ability concerning pH value, as shown in Fig. S2B. The
positive values of PC1 were associated with lower pH val-
ues up to 3.0, while its negative values corresponded to
higher pH ranges (4 to 9). Meanwhile, PC2 contributed
to 21.79% of the system’s variability. The positive aspects
of the PC2 principal component were indicated of lower
pH values (4 to 7) and showed a correlation with q and
removal. In contrast, the negative aspects of PC2 were
related to higher pH values (8.0 to 9.0) and were linked
with absorption C,.

90
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Effect of temperature

The role of temperature in adsorption and the thermo-
dynamic modeling of adsorption data is of utmost sig-
nificance. The effect of temperature on the adsorption
process was evaluated to understand its influence on
the efficiency of Alhagi maurorum as a biosorbent. The
impact of temperature on dye adsorption on A. mauro-
rum exhibited a notable enhancement as the tempera-
ture escalated from 10 to 60 °C (Fig. 7). The adsorption
process was found to be endothermic (that is adsorption
increased with increasing temperature) [54, 55], with the
adsorption capacity increasing from 1.084 mg/g mg/g at
10 °C to 1.713 mg/g at 60 °C (Table S6 and Fig. 7). This
increase in adsorption capacity at higher temperatures
may be due to increase in mobility of the dye molecules,
which enhances their interaction with active sites on the
biosorbent surface. Additionally, higher temperatures
may cause the pores within the biosorbent to expand,
allowing more dye molecules to be adsorbed [56]. This
temperature-dependent behavior is consistent with other
studies on biosorption [55, 57], where increased tem-
perature typically results in higher adsorption capaci-
ties. However, the balance between operational costs and
adsorption performance must be carefully evaluated for
practical applications.
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Fig. 7 Temperature effect in removal (%) of ARS dye on the surface of Alhagi maurorum
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The PCA analysis resulted in the identification of a sin-
gular new variable, accounting for the system’s total vari-
ability (100%). Each parameter significantly influenced
the system’s volatility, as detailed in Table S7. Factors such
as C,, q, and removal were found to have the most pro-
nounced effect on system variability. There was a notable
strong positive correlation between q and removal. Con-
versely, a significant negative correlation was observed
between C,, q, and removal. Furthermore, the PCA anal-
ysis demonstrated that the first principal component,
PC1, captured the impact of temperature on the system
entirely (100%), as indicated in Table S8. The positive
values of the PC1 main component corresponded to the
outcomes at lower temperature ranges from 10 to 30 °C,
whereas the negative values of PC1 were linked to the
results at increasing temperature values.

While the results demonstrate the efficacy of Alhagi
maurorum as a biosorbent for ARS under controlled
laboratory conditions, it is important to consider the
complexity of real effluents. The presence of organic and
inorganic components in actual wastewater can signifi-
cantly impact the sorption capacity of the material. These
components may compete with dye molecules for avail-
able adsorption sites or alter the surface characteristics of
the biosorbent, potentially reducing its overall effective-
ness. This highlights the need for further studies to assess
the performance of A. maurorum in more complex and
varied effluent conditions, which is crucial for real-world
application.
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Modeling of biosorption process

Adsorption isotherms are widely recognized as the pri-
mary method for characterizing adsorption. Essen-
tially, an adsorption isotherm represents the amount of
adsorbate absorbed onto the adsorbent’s surface. These
isotherms are instrumental in determining the specific
surface properties of materials, such as pore size, aver-
age particle size, evaluating the efficiency and capacity
of adsorbents in pollutants removal. Various approaches
exist for presenting adsorption isotherms, and differ-
ent models are employed to elucidate the adsorption
mechanism and forecast the adsorbate’s equilibrium dis-
tribution. An adsorption isotherm a curve describes the
phenomenon of a substance’s release or mobility from
the aqueous solution to a solid phase at a constant ‘T’
and ‘pH’ Adsorption isotherms are a basic requirement
for analyzing and designing the adsorption systems. This
study studied the equilibrium data using three adsorption
isotherms: Langmuir, Freundlich, and Temkin isotherm
model.

Langmuir model

The Langmuir model (Eq. 3), hypothesizes monolayer
adsorption onto homogenous surfaces with limited bind-
ing sites and no interaction among the adsorbate mole-
cules [58]. This model aptly characterizes the adsorption
process. According to the data (Table S9, Fig. 8), the
slope and intercept were used to determine the maxi-
mum adsorption capacity (q,,,) and a constant related
to the adsorption’s free energy. Figure 8; Table 1 indi-
cated a strong fit of the Langmuir isotherm model to the
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Fig. 8 Langmuir equilibrium plot for the biosorption of ARS onto Alhagi maurorum
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Table 1 Isotherm parameters for the biosorption of ARS onto
Alhagi maurorum

Isotherm Parameters Value
Langmuir Omax (MA/Q) 82034
b (L/mq) 0.0166
R’ 0.9913
Freundlich n 1.2038
K: (L/g) 0.1635
R? 0.9851
Temkin B; (J/mg) 14776
Ks 0.0469
R 0.8674

adsorption process. The excellent fit of the Langmuir
isotherm validates the monolayer adsorption concept
[59]. A correlation coefficient (R?) of 0.9913 suggesteds a
high-quality adsorption process attributed to the homo-
geneous distribution of active sites on the Alhagi mauro-
rum surface. This model revealed a maximum adsorption
capacity, q,,, of 8.203 mg/g. Based on these findings, a
single-stage batch biosorption system for dye removal
could be designed. This outcome is consistent with stud-
ies on other biosorbents, such as Eichhornia crassipes
leaves, which effectively removed alizarin yellow and rho-
damine B, with the Langmuir model providing a good fit
for the equilibrium data [60]. Similar results were found
in studies by Safa and Bhatti [61], Sadaf and Bhatti [62],
and Akram et al [5], where the Langmuir model best
described the adsorption equilibrium data.
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The PCA analysis resulted in five new variables, with
the first two principal components explaining 99.76%
of the system’s variability. The parameters within the
two red circles (Fig. S3A) influenced most the system’s
variability. A strong, positive correlation was observed
between parameters 1/q and 1/C,, which was similarly
noted for g, C,, and removal. Conversely, a negative cor-
relation was found between 1/g, 1/C,, and q, C,, removal.
The principal component PC1 explained 90.57% of the
concentration variability (Fig. S3B). The negative values
of PC1 represented low concentrations, while its posi-
tive values indicated high concentrations. Parameters
1/q and 1/C, positively correlated with low concentra-
tions, whereas g, C,, and removal correlated with high
concentrations.

Freundlich model

The equilibrium data in this study were also analyzed
using the Freundlich isotherm model (Eq. 4). This model
employs an empirical equation suitable for heteroge-
neous adsorption, reflecting the diversity of adsorption
sites [33, 63, 64]. According to the data (Table S10, and
Fig. 9) the slope and intercept were used to determine the
constant K, indicative of the relative adsorption capac-
ity, and the factor n (Table 1). The factor # indicates the
extent of non-linearity between solution concentration
and adsorption [65]. The n values ranging between 2 and
10 typically indicate favorable chemical adsorption [66,
67], whereas values from 1 to 2 suggest the moderate
adsorption challenges, and values below 1 are associated
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Fig. 9 Freundlich equilibrium model plot for the biosorption of ARS onto Alhagi maurorum
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with weak adsorption efficiency [68]. The correlation
coefficient R* of 0.9851 suggested that the Freundlich
model aptly describe the adsorption process. This mod-
el’s applicability has been confirmed in several studies,
including the adsorption of reactive azo dyes using Citrus
sinensis biomass [69] and the removal of Alizarin Yellow
and Malachite Green with Calophyllum inophyllum seed
husk [70]. Similar adsorption behavior was observed with
Polyalthia longifolia composites for Methylene Blue and
Alizarin Red S [71] and with Ficus religiosa bark powder
for ARS dye removal [72]. Additionally, F Deniz and SD
Saygideger [73] reported the successful application of
the Langmuir and Temkin models for Acid Orange 52
adsorption onto Paulownia tomentosa leaf powder, which
aligns with the results of this study.

Five novel variables were identified after the PCA anal-
ysis, with the initial two principal components account-
ing for 99.73% of the system’s variability. The parameters
situated between two red circles in the analysis signifi-
cantly influence the system’s variability. A marked and
positive correlation was observed among Log q, Log C,,
C. g, and removal parameters. The first principal com-
ponent (PC1) explained 97.27% of the concentration vari-
ability, as illustrated in Fig. S4A and Fig. S4B. The positive
values of the primary PC1 component are indicative of
low concentration levels, whereas its negative values rep-
resented the high concentration levels. All parameters
demonstrated a positive correlation with higher concen-
tration levels.
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Temkin model

The Temkin model considers adsorbate-adsorbate
interactions and suggests that the adsorption energy
decreases with coverage. This is useful in designing pro-
cesses where managing the heat of adsorption and pre-
venting excessive energy release is important. The values
of the Temkin model (Eq. 5) parameters are given in
Table 1 with the data for the plot of Fig. 10 in Table S11.
The Temkin model’s lower the correlation coefficient (R*
= 0.8674) indicated a weaker fit compared to the other
models. By value less than 8 indicated the physisorption
type of adsorption type [74]. This suggests a more com-
plex adsorption mechanism beyond simple physisorp-
tion. Similar observations were made by Gouamid et al
[75], they found the Temkin model to be the best fit for
the adsorption of Methylene Blue onto date palm leaf
powder.

Further analysis through PCA revealed five new vari-
ables, with the first two principal components account-
ing for 99.59% of the system’s variability. The parameters
within the two red circles are the most influential regard-
ing the system’s variability (Fig. S5A). There was a notable
strong and positive correlation among the parameters g,
In C, C, q, and removal. The PC1 accounts for 97.49%
of the concentration variability, as depicted in Fig. S5B.
The positive values of the main PCl component are
associated with low concentration levels. In contrast, its
negative values correlate with high concentration levels.
A positive correlation was observed for all parameters in
relation to high concentration.
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Fig. 10 Temkin equilibrium model plot for the biosorption of ARS onto Alhagi maurorum
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Fig. 11 Pseudo-first-order kinetic plot for the biosorption of ARS onto Alhagi maurorum

Table 2 Kinetic parameters for the biosorption of ARS onto
Alhagi maurorum

Kinetic model Parameter Value
Pseudo-first order K, (min~") 0.0900
a (mg/g) 1.0589
R’ 0.8642
Pseudo-second order K, (g/mg/min) 0.3332
q (mg/9) 1.7615
R? 0.9933

Kinetic modeling

To understand the mechanisms governing adsorption
dynamics, various kinetic models were opt for elucidat-
ing the adsorption process. Specifically, pseudo-first-
order and pseudo-second-order models were utilized to
determine characteristics like the type of adsorption, its
rate, and the system’s adsorption capacity.

Pseudo-first-order kinetic model
The adsorption kinetics were analyzed using the pseudo-
first-order kinetic model, one of the earliest models for
predicting the reaction rate based on adsorption capacity.
A graph plotting time against In(q-q,) (Fig. 11) according
to the linear equation of the pseudo-first-order kinetic
model (Eq. 6) was constructed. The calculated parameters
of this model are presented in Table 2. The correlation
coefficient (R*) was calculated to be 0.8642, suggesting
that the pseudo-first-order model does not adequately
describe the adsorption process (R*> < 0.9), indicating its
limited applicability.

Additionally, a PCA was performed to further ana-
lyze the data, revealing two principal components that

account for the total variability (100%) in the system.
Parameters within the two red circles significantly impact
the system’s variability, as depicted in Fig. S6A. A strong,
positive correlation was observed between C, and q-q,
and between removal and q,. Conversely, a very strong,
negative correlation was noted between C, q-qt, and
removal, q,. No correlation was found between In(q-q,)
and other parameters. The principal component PCI,
accounting for 81.96% of the time variation, is shown in
Fig. S6B. The negative values of this principal component
correspond to shorter time intervals, while its positive
values represent longer time durations. The parameter
In(q-q,) showed a positive correlation with longer time
intervals, specifically 30—45 min.

Pseudo-second-order kinetic model

The kinetic data were further scrutinized using the
pseudo-second-order kinetic model (Eq. 7). This model’s
various parameters are detailed in Table 2. The constant
for the pseudo-second-order, K5, and the adsorption
capacity, q, were determined from the intercept and
slope, respectively, of the plot between time and t/q,
(Fig. 12). The value of K, (0.3332) and the correlation
coefficient (R>=0.9933) demonstrated superior perfor-
mance compared to the pseudo-first-order model. The
adsorption of ARS onto Alhagi maurorum is most accu-
rately described by the pseudo-second-order kinetic
model, as evidenced by high correlation coefficients,
indicating chemical adsorption (chemisorption mecha-
nism) [76]. This process likely involves the formation of
covalent or ionic bonds between the dye molecules and
functional groups such as hydroxyl, carboxyl, and amino
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Fig. 12 Pseudo-second-order kinetic plot for the biosorption of ARS onto Alhagi maurorum
Table 3 Thermodynamic modeling analysis the for biosorption of ARS onto Alhagi maurorum
Temp. C, C. Removal q Kp T AG° (Exp.) AG° (Cal.)
(°Q) (ppm) (ppm) (%) (mg/g) (K) (J/mol) (J/mol)
10 25 11.981 52.075 1.085 1.087 283.16 -195.555 -0.195
20 25 10.094 59.623 1.242 1477 293.16 -949.99 -0.950
30 25 8.208 67.170 1.399 2.046 303.16 -1804.34 -1.804
40 25 7.264 70.943 1478 2442 313.16 -2324.08 -2.324
50 25 6.321 74717 1.557 2955 323.16 -2911.3 -29113
60 25 4434 82.264 1.714 4.638 333.16 -4249.98 -4.245

groups on the biosorbent surface. These groups facilitate
dye binding through electrostatic interactions, hydro-
gen bonding, and complexation mechanisms. Such find-
ings are consistent with previous studies by Safa and
Bhatti [61], Sadaf and Bhatti [62], and Asgher et al [69],
where the pseudo-second-order model also accurately
described the kinetics of dye adsorption.

Additionally, PCA was employed to further understand
the system’s variability. Three new variables were derived,
with the first two principal components accounting for
98.45% of the variability. Parameters within the two red
circles significantly impact the system’s variability, as
shown in Fig. S7A. There was a strong, positive correla-
tion between C, and q, and similarly between removal,
g, and t/q,. A strong, negative correlation was observed
between C,, q, and the combination of removal, q,, and
t/q,. The PC1 principal component, explaining 95.01% of
the time variation, is illustrated in Fig. S7B. The negative
values of this principal component correspond to shorter
time intervals (5 to 20 min), while its positive values are
associated with longer time intervals (25 to 45 min). In

the case of longer times (25-45 min), Removal, qt, and
t/q, showed positive correlations. Conversely, for shorter
time intervals (5 to 20 min), C, and q parameters were
more prevalent.

Thermodynamics modeling

The adsorption process’s temperature dependence pro-
vides the critical insights into its thermodynamic prop-
erties. Understanding these parameters, such as Gibbs
free energy (AG°), enthalpy change (AH°), and entropy
change (AS®), are essential for evaluating the spontaneity
and feasibility of the biosorption process. In this study,
these thermodynamic parameters were derived from the
slope and intercept of the linear plot of In K¢ versus 1/T
(Eq. 8), with the results summarized in Table 3. The G° is
a key indicator of the spontaneity of the adsorption pro-
cess. The negative values of AG® across all temperature
ranges, calculated using Eq. 9, suggested that the adsorp-
tion of ARS onto Alhagi maurorum is spontaneous and
feasible without requiring additional energy input [35].
This implies that the process can be efficiently harnessed
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for practical dye removal applications. The positive value
of AS° (0.076 kJ/mol) indicated an increased randomness
at the solid-solution interface during adsorption [77].
Moreover, the positive AH® value (21.41 kJ/mol) confirms
that the process is endothermic, meaning that it absorbs
heat, which may enhance adsorption efficiency at higher
temperatures. These findings align with similar stud-
ies of Guerrero-Coronilla et al [78] on Acid Red 27 dye
adsorption and Gautam et al [79] on ARS removal using
mustard husk, both of which reported the spontaneous
and endothermic adsorption processes. The positive AS°
and AH" values indicated that the adsorption process is
feasible and endothermic. Understanding AH® helps in
selecting or designing biosorbents based on the desired
adsorption strength and reversibility. The AS° value
suggests that biosorbents with specific surface proper-
ties can be engineered to enhance adsorption through
entropy-driven processes. The endothermic nature of the
process implies that Alhagi maurorum could be particu-
larly effective in warmer climates or industrial settings
with higher operational temperatures.

Following the PCA analysis, four new variables were
identified, with the first two principal components
explaining 99.82% of the system’s variability. Parameters
within the two red circles significantly impact the sys-
tem’s variability, as shown in Fig. S8A. A strong, positive
correlation was observed between C,, AG° (Exp.), and
AG° (Cal.) parameters. Similarly, a strong, positive cor-
relation was found between removal, q, T, and K. A very
strong, negative correlation was also noted between C,,
AG® (Exp.), AG® (Cal.), and the combination of removal,
q, T, Kp. The PC1 principal component, accounting for
98.65% of the temperature variation, is depicted in Fig.
S8B. The negative values of this principal component cor-
respond to lower temperatures (10 to 30 °C). In compari-
son, its positive values indicate higher temperatures (40
to 60 °C). At higher temperatures (40 to 60 °C), param-
eters Removal, q, T, and K, showed positive correlations.
Conversely, at lower temperatures (10 to 30 °C), param-
eters C,, AG® (Exp.), and AG (Cal.) were more relevant.

Mechanism of alizarin Red S onto Alhagi maurorum
The adsorption of Alizarin Red S (ARS) onto Alhagi mau-
rorum involves the multiple mechanisms, as suggested by
the modeling studies. These mechanisms are influenced
by factors such as pH, equilibrium, kinetics, thermody-
namics, and the inherent properties of both the adsorbate
and the adsorbent, including the pKa values of ARS and
the functional groups present on the biosorbent’s surface.
The modeling results suggest that chemisorption plays
a significant role in the dye uptake. To better understand
the forces driving this process, it’s important to consider
the specific interactions between ARS and the biosor-
bent. In solution, ARS is typically negatively charged,

Page 16 of 20

particularly in its deprotonated form, due to its sulfonic
acid groups. These groups lose protons at higher pH
levels, resulting in a negatively charged dye species. The
pKa values of ARS (pKal=5.88 and pKa2=10.81) indi-
cate that the dye predominantly exists in its anionic form
(negatively charged) at pH levels above 5.88 [80-82]. At
lower pH levels, ARS undergoes protonation, whereas
at higher pH levels, it remains deprotonated. Electro-
static interactions play a significant role in the adsorp-
tion process, particularly when the biosorbent surface
is positively charged. This positive charge is likely when
functional groups like hydroxyl and carboxyl groups on
the biosorbent are protonated at lower pH levels, lead-
ing to attraction between the negatively charged ARS and
the positively charged biosorbent surface. Additionally,
the negatively charged sulfonic acid groups on ARS can
interact electrostatically with positively charged sites on
the biosorbent.

The functional groups on Alhagi maurorum including
hydroxyl, carboxylate, and alkyl groups have been con-
firmed through FTIR analysis. These groups can form
hydrogen bonds with the ARS molecules, particularly
through the interaction of hydrogen atoms in ARS with
oxygen atoms in the hydroxyl groups on the biosorbent.
Hydrogen bonds, a specific type of dipole-dipole inter-
action, are characterized by weak partial intermolecular
forces occurring when alkyl hydrogens on the biosorbate
interact with oxygen atoms in the biosorbent’s functional
groups [83]. The OH or C=0 groups on the biosorbent
surface may also engage in weak dipole—dipole interac-
tions with ARS, given that ARS is an ionic compound
[84] since ARS is an ionic compound. Furthermore,
ARS contains polycyclic aromatic structures with mul-
tiple benzene rings, which can participate in m-m stacking
interactions with the biosorbent, enhancing biosorption
through a donor-acceptor relationship [33]. The process
is further influenced by hydrophobic interactions and
the presence of C=C double bonds [85]. The unsaturated
carbon—carbon double bonds (i bonds) contribute to
1i—1t electron interactions [86].

The thermodynamic analysis further supports the dom-
inance of chemisorption in this process. The negative
values of AG° indicate that the adsorption is spontane-
ous, while the positive AH® value suggests an endother-
mic process, which is typically associated with stronger
interactions, such as chemical bonding, rather than sim-
ple physical adsorption. These thermodynamic insights
suggest that the adsorption mechanism likely involves
a combination of electrostatic interactions, hydrogen
bonding, and -1 interactions, with the dominant pro-
cess being chemisorption, particularly under conditions
where the biosorbent surface is positively charged at
lower pH levels.
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Conclusion

This study investigated the adsorption of Alizarin Red S
(ARS) dye onto Alhagi maurorum, focusing on optimiz-
ing conditions such as temperature, contact time, and
biosorption equilibrium modeling. The results revealed
that the adsorption capacity (q) increased with temper-
ature, confirming the endothermic nature of the pro-
cess. The highest adsorption capacity was 1.713 mg/g at
60 °C, while the lowest was 1.084 mg/g at 10 °C. Princi-
pal Component Analysis (PCA) highlighted temperature
as the dominant factor influencing adsorption, with PC1
accounting for 100% of its impact. Adsorption equilib-
rium was reached within 30 min, and the pseudo-second-
order kinetic model provided the best fit, indicating that
chemisorption was the primary mechanism governing
the rate of adsorption.

The Langmuir isotherm model showed an excellent
fit (R* = 0.9913), suggesting monolayer adsorption on
a homogeneous surface with a maximum capacity of
8.203 mg/g. The Freundlich isotherm also fit well (R* =
0.9851), indicating adsorption on a heterogeneous sur-
face, with favorable n values between 2 and 10. In con-
trast, the Temkin isotherm exhibited a weaker fit (R* =
0.8674), pointing to weaker interactions between the
adsorbate and adsorbent, with physisorption playing a
lesser role.

The findings demonstrated that Alhagi maurorum is an
effective and low-cost biosorbent for the removal of ARS
from aqueous solutions, aligning with the principles of
green chemistry by offering an eco-friendly and econom-
ical solution for wastewater treatment. Its performance
is on par with other natural adsorbents, making it a via-
ble alternative, particularly in regions where the plant is
abundant. The strong fit of the Langmuir isotherm model
is consistent with other studies on natural adsorbents,
where monolayer adsorption is commonly observed. The
endothermic nature of the adsorption process suggests
that A. maurorum could be particularly effective in warm
climates or industrial processes where elevated tempera-
tures are common.

The economic implications of this study include the
potential for reduced costs in dye wastewater treatment
compared to conventional methods. Environmentally, the
use of Alhagi maurorum could lead to decreased reliance
on synthetic chemicals, reducing environmental impact.
This research not only contributes to the growing body
of knowledge on biosorption but also provides practical
insights for scaling up the process for industrial applica-
tions. The potential to scale up this biosorption process
using large-scale units or columns packed with A. mau-
rorum could result in more sustainable and cost-effective
wastewater management solutions.

While the study demonstrated that Alhagi maurorum
has promising potential as a low-cost biosorbent for ARS
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dye removal from aqueous solutions, it is important to
recognize the limitations. The experiments were con-
ducted under controlled laboratory conditions with pure
dye solutions, which do not fully capture the complexity
of industrial wastewater. In real wastewater, the pres-
ence of other pollutants, both organic and inorganic, may
compete for adsorption sites and affect the efficiency of
A. maurorum. Future studies should focus on testing its
performance in more complex and diverse wastewater
scenarios. Additionally, it is crucial to investigate the bio-
sorbent’s regeneration and reusability to enhance its eco-
nomic feasibility for large-scale applications.

Although, the results are encouraging, practical appli-
cations would require pilot-scale studies to confirm
the feasibility of using Alhagi maurorum in real-world
wastewater treatment processes. Further investigation
into the regeneration and reusability of the biosorbent
is crucial for improving cost-effectiveness and practical-
ity in wastewater treatment to ensure that the process is
not only efficient but also economically viable for large-
scale application. Efforts should also be made to enhance
the biosorption capacity and durability through physical
and chemical modifications of the biosorbent, as well as
optimizing operating conditions such as pH and ionic
strength. Gaining deeper insights into the mechanisms of
biosorption, including ion exchange, electrostatic inter-
actions, and surface complexation, will be essential for
refining and improving the biosorption process.
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