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In the present paper, the potential of a locally sourced plant-based adsorbent, 
Ziziphus lotus stone, for the removal of Congo Red (CR) dye from aqueous media was 
evaluated. The adsorbent was characterized using X-ray diffraction (XRD), Fourier-trans-
form infrared spectroscopy (FTIR), scanning electron microscopy (SEM)/energy-disper-
sive X-ray spectroscopy (EDS), thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), and Brunauer-Emmet-Teller (BET) surface area analysis. These com-
bined characterization methods provided a comprehensive profile of the material, con-
firming the presence of active surface functional groups, a porous structure and high 
thermal stability. The BET surface area was estimated at 4.7758 m² g–1, with a pore size 
of 4.3578 nm. About 10 % enhancement in the adsorption efficiency of Congo Red dye 
was achieved using response surface methodology (RSM) based on the Box-Behnken 
Design (BBD), considering three key factors: adsorbent dose, pH, and initial CR dye 
concentration. As a result, the overall adsorption efficiency reached up to 95 %. The 
isotherm study, based on non-linear isotherm models, indicated that the adsorption data 
were best described by the Freundlich model, with maximum adsorption capacity Qmax  
of 11mg g–1. Thermodynamic analysis revealed negative values of ∆G0, ∆H0 (–11.0959  
kJ mol–1), and ∆S0 (–29.587 J K–1 mol–1), indicating that the adsorption process was 
exothermic, spontaneous, and accompanied by decreased randomness at the solid-liquid 
interface. Furthermore, a techno-economic assessment of the based-plant adsorbent and 
the overall adsorption process was conducted. The estimated production cost of the 
Ziziphus lotus stone adsorbent was estimated at around 0.11304 USD/kg, while the 
overall adsorption cost was approximately 0.112 USD/m3. These findings confirm the 
viability and high efficiency of Ziziphus lotus stone as a low-cost adsorbent for large-
scale and low-cost environmental applications.
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Introduction

The detrimental effects of pollution across mul-
tiple environmental compartments, including air, 
soil, and water, constitute a critical global challenge 
that threatens ecosystems, public health, and long-
term sustainability. Rapid population growth, to-

gether with the accelerated industrial development, 
has intensified pollutant emissions and accelerated 
the depletion of natural resources1,2. Among the var-
ious forms of environmental pollution, wastewater 
contamination and declining water quality remain 
major concerns. Increasing water pollution has pro-
found adverse effects on freshwater security, pro-
motes the spread of waterborne diseases, and threat-
ens the sustainability of ecological and economic 
systems3,4. In this context, the extensive use of syn-
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thetic dyes and pigments across multiple industries, 
such as tannery, textiles, rubber, coatings, plastics, 
cosmetics, and pharmaceuticals5, has become a sig-
nificant environmental and human health issue. The 
discharge of untreated textile effluents into the en-
vironment creates severe risks to the ecosystems 
and human health6,7, especially since about 30 % of 
dye production may be wasted during the manufac-
turing process8. The textile industry, one of the most 
water-intensive industrial sectors worldwide, relies 
heavily on processes such as dyeing and finishing9, 
employing a wide variety of dyes, including reac-
tive, acid, direct, disperse, vat, and azo dyes9. 
Among these, azo dyes represent the most widely 
used class of dyes, constituting nearly 50 % of an-
nual global dye production and approximately two-
thirds of all synthetic dyes10. In particular, azo dyes 
contain azo linkages (–N=N–) attached to aromatic 
rings and sulfonate groups (–SO3

–). Under anaero-
bic conditions, these compounds can transform into 
even more hazardous byproducts, posing serious 
ecological and health risks10.

Congo Red (CR) dye is an aromatic diazo dye 
with the chemical formula C32H22N6Na2O6S2 and a 
molecular mass of 696.68 g mol–1, reflecting its 
complex framework. CR exhibits remarkable stabil-
ity and resistance to biodegradation and photodeg-
radation10,11. Consequently, CR is widely used in 
diverse industrial sectors, notably rubber, plastics, 
paper, and textiles, because of its intense scarlet 
color, high stability, and water solubility5. The dis-
charge of textile wastewater containing high con-
centrations of CR significantly contributes to envi-
ronmental pollution and poses serious health 
hazards. CR exhibits a complex molecular architec-
ture characterized by acidic auxochromes, namely 
sulfonate groups (–SO3

–) that impart a negative 

charge (anionic features), together with two azo 
chromophores (–N=N–) connected to two symmet-
ric aromatic rings12. Under anaerobic conditions, 
including those present in the human body, CR may 
induce genotoxic, hemotoxic, neurotoxic, carcino-
genic, and mutagenic effects10. The carcinogenicity 
of CR is largely associated with the formation of 
benzidine during its metabolic reduction10,12, In ox-
ygen-deficient conditions, cytochrome P450 en-
zymes in the liver can metabolize benzidine into 
reactive intermediates that covalently bind to DNA 
and proteins13,7, leading to genomic instability, mu-
tations, and eventual tumor formation, particularly 
in the liver and bladder10,13 (Fig. 1). Additionally, 
CR may inhibit the liver enzymes aspartate amino-
transferase and alanine aminotransferase, thereby 
impairing hepatic function. Furthermore, CR may 
lead to platelet aggregation and adverse effects on 
the skin, eyes, respiratory system, and reproductive 
organs10,11. From an environmental perspective, the 
presence of CR in aquatic systems can inhibit pho-
tosynthesis, increase pH, chemical oxygen demand 
(COD), and biological oxygen demand (BOD)14, 
and disrupt the natural ecological balance of aquatic 
organisms. In light of these environmental challeng-
es, the treatment of wastewater containing CR has 
become an urgent environmental priority. Several 
wastewater treatment methods, including physical, 
chemical, and biological approaches, have been in-
vestigated for dye removal15. The selection of the 
most effective approach depends on economic, en-
vironmental, and efficiency-related considerations. 
However, chemical methods may generate second-
ary pollutants while biological treatments often ex-
hibit limited effectiveness. In contrast, physical 
methods have emerged as a major focus of research 
due to their high ability to remove dyes effectively 

F i g .  1  – Mutagenic potential of Congo red in wastewater and its effects on human health systems
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and are economically feasible. The adsorption pro-
cess has been reorganized as one of the most effec-
tive physical treatment techniques due to its sim-
plicity, ease of use, minimal generation of 
undesirable byproducts, cost-effectiveness, and high 
efficiency in the removal of organic and inorganic 
substances16.

The valorization of agricultural waste as adsor-
bents for wastewater treatment offers a dual benefit 
by recycling these products and effectively remov-
ing organic and inorganic pollutants from wastewa-
ter. Numerous studies have focused on the applica-
tion of adsorbents derived from agricultural waste, 
including eggshell-based materials17, rice husk 
ash18, duckweed (Lemna spp.)19,20, sunflower husks2, 
coconut fiber21, tunics of corms22, palm kernel 
shells23, banana peels24, pomegranate peels25, Pinus 
pinaster bark26, and Ziziphus lotus (ZL). In the pres-
ent study, Ziziphus lotus stones (ZLS), a local agri-
cultural waste derived from the fruit tree Rhamnus, 
locally known as Sidra, were investigated as a low-
cost adsorbent. ZL is widely distributed in North 
Africa, including Algeria, Morocco, Libya, Tunisia, 
and Egypt, as well as in the Middle East, and sever-
al Southern European countries such as Greece, Cy-
prus, and Spain. The ZL plant has traditionally been 
used for medicinal purposes due to its anti-inflam-
matory, antioxidant, immunomodulatory, and anti-
microbial properties27. In addition to its medicinal 
applications, ZL has demonstrated promising ad-
sorption performance. Studies have reported the use 
of ZL leaves for removing phenol compounds28, ac-
tivated carbon derived from Ziziphus lotus stones 
for the removal of Basic Yellow 28 and Basic Red 
46 dyes from aqueous media29, the removal of cad-
mium using Ziziphus Spina-Christi leaves30, and ac-
tivated carbon synthesized from Ziziphus species 
for removal of Methylene Blue dye31.

The novelty and significance of the present 
work lie in the first reported removal of the poten-
tially carcinogenic CR dye from an aqueous solu-
tion using the kernels of the Algerian jujube tree 
(Ziziphus lotus) as a raw material without the need 
for additional processing steps, making it an eco-
nomical and environmentally friendly absorbent. 
Moreover, jujube is an abundant agricultural by-
product in Algeria, and the use of advanced spec-
troscopy and analytical techniques, including FTIR, 
SEM, EDS, XRD, BET, DSC, and TGA, allows for 
a more precise study. In addition, Design Expert 
software (response surface methodology (RSM)) 
was employed as an effective tool to enhance ab-
sorption efficiency. The absorption mechanism was 
further investigated using nonlinear isotherm mod-
els such as Langmuir, Freundlich, Temkin, and Du-
binin-Radushkevich, as well as nonlinear kinetic 
models such as pseudo-first order PFO, pseudo-sec-

ond order PSO, and intraparticle diffusion IPD 
models, which provided more accurate statistical 
parameters. This research includes thermodynamic 
and cost analyses that provide accurate information 
on the economic feasibility of using this absorbent 
as an environmentally friendly and cost-effective al-
ternative.

Materials and methods

Chemical reagents and instrumentation

All chemicals used in this study were of analyt-
ical grade and supplied by Sigma Aldrich. These 
included Congo Red dye (CR), hydrochloric acid 
(HCl), and sodium hydroxide (NaOH). The pH of 
the solutions was adjusted and measured using an 
Adwa AD 1000 pH meter (Romania). Adsorption 
experiments were conducted using a tempera-
ture-controlled rotary shaker (Nüve ST 30, Turkey), 
while CR concentrations were determined using a 
UV-visible spectrophotometer (K LAB, South Ko-
rea).

Preparation of stock dye solution

A stock solution of CR dye (1000 mg L–1) was 
prepared by dissolving 0.5 g of CR dye powder in 
500 mL of distilled water. The residual concentra-
tion of CR dye was analyzed using a UV-visible 
spectrophotometer, with the absorbance measured 
at the maximum wavelength (λmax) of 498 nm. Based 
on the Beer-Lambert law, a concentration (C) vs. 
absorbance (A) calibration curve was established by 
correlating the absorbance with standard concentra-
tions of CR dye prepared in the range of 1–20 mg L–1 
with a step size of ΔC = 3 mg L–1 (with condition 
A≤1). This curve was then used to determine the 
unknown concentrations in the test samples.

Adsorbent preparation

Ziziphus lotus stone (ZLS) agricultural waste 
was collected from Laghouat, a semi-arid region in 
central Algeria. The collected material was thor-
oughly washed with tap water to remove dust and 
visible impurities, followed by rinsing three times 
with distilled water to ensure the sample high puri-
ty. The material was then boiled in deionized water 
for 30 min. The boiling step was considered a cru-
cial pretreatment for removing soluble impurities 
and microbial content while enhancing surface acti-
vation. Subsequently, the ZLS material was ov-
en-dried at 105 °C for 24 hours, ground using a me-
chanical grinder, and sieved to obtain uniform 
particle size fractions (100 µm). To ensure the reli-
ability of the adsorption process using UV-visible, 
the ZLS powder was soaked in distilled water for 2 
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hours under continuous stirring, followed by ov-
en-drying at 60 °C until a constant weight was 
achieved. The final product was stored in a sealed 
container until further use.

Instrumentation

The crystalline and amorphous nature of the 
ZLS adsorbent was examined using X-ray Diffrac-
tion XRD (BRUKER D8, PANalytical) with copper 
Kα radiation λ = 1.54060 A°. Diffractograms were 
collected over the 2θ range of 5.0129 to 79.9709° 
with a step size (2θ) of 0.026. Functional groups 
involved in the adsorbent-adsorbate binding were 
identified using Fourier transform infrared spectros-
copy (FTIR-4200 JASCO, Japan) in the range of 
399,1927 to 4000,6047 cm–1. Nitrogen adsorp-
tion-desorption analysis, BET associated with Bar-
rett-Joyner-Halenda BJH (ASAP 2020 plus version 
2.00-Malvern Panalytical, Malvern, UK) was em-
ployed to evaluate the textural properties of the 
ZLS adsorbent. Scanning electron microscopy 
(SEM) (Thermo Scientific Prisma E) was used to 
observe surface morphology, while energy disper-
sive X-ray spectroscopy (EDS) coupled with SEM 
was used to determine the elemental composition. 
Simultaneous thermogravimetric and differential 
scanning calorimetry analyses (TGA/DSC) were 
performed using an SDT Q600 V20.9 Build 20 in-
strument. TGA was used to evaluate the mass loss 
associated with moisture evaporation, while DSC 
provided information regarding the endothermic 
and exothermic transitions associated with the ad-
sorption process.

Adsorption experiments

Box Behnken Design for adsorption experiments

The optimization of the adsorption process was 
performed using response surface methodology 
(RSM) based on the Box Behnken Design (BBD). 
Three independent factors were selected: initial dye 
concentration (A, mg L–1), solution pH (B), and ad-
sorbent dose (C, g). The objective was to maximize 
CR removal efficiency. The BBD approach is a 
widely used statistical tool for developing sec-
ond-order polynomial models for process optimiza-
tion32. Moreover, BBD minimizes the number of 
required experiments while reducing experimental 
cost, time, and energy consumption33,34. In the pres-
ent study, three factors (ZLS dose g, initial concen-
tration mg L–1, solution pH), at three levels (–1, 0, 
+1) were selected (Table 1), resulting in a total of 
15 experimental runs. Three replicated center points 
were included to estimate pure error and improve 
the reliability and accuracy of the BBD matrix. De-
sign Expert software (version 13.0.5.0) was used 

for statistical analyses, generation of 3D response 
surface plots, and 2D contour surface graphs.

The investigated experimental conditions in-
cluded adsorbent doses (0.1, 0.35, and 0.6 g), solu-
tion pHs (3, 5, and 7), initial dye concentrations 
(30, 65, and 100 mg L–1), within a constant tem-
perature of 25 °C, a contact time of 60 min, and an 
agitation speed of 150 rpm. The response was the 
CR removal efficiency (%). The number of experi-
mental runs (N) required in the BBD was calculated 
using Equation 1, while the mathematical relation-
ship between the independent factors and the re-
sponse is presented in Equation 2:

	  2
ptN  Ck k= + + 	 (1)

where: k is the number of factors, and Cpt is the rep-
licate of the central points.
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The variables in the equation are defined as fol-
lows: Removal (%) is the predicted response, β0 is 
the intercept term, βi is the linear impact, βii is the 
cross-product impact, βij is the interaction impact, ε 
is the error term, and Xi is the coded factors. In sta-
tistical analysis, the relationship between the coded 
and uncoded values is expressed in Equation 3 as 
follows31:

	
( )uncoded level mean

coded level
half of range

-
= 	 (3)

Batch adsorption studies

Based on the BBD, the adsorption optimization 
experiments were conducted under controlled labo-
ratory-scale conditions. A volume of 50 mL of CR 
dye solution was transferred into 125-mL flasks, 
which served as closed batch reactors. The experi-
ments were performed at 25 °C using a mechanical 
rotatory shaker operating at 150 rpm with a contact 
time of 60 min, while varying the key independent 

Ta b l e  1 	– 	Experimental factors applied in the Box-Behnken 
design

Factor Codes Unit
 Levels

Low
(–1)

Center
(0)

High
(+1)

Adsorbent dose A g 0.1 0.35 0.6

pH B 3 5 7

Initial concentration C mg L–1 30 65 100
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operational parameters (adsorbent dose, pH, and 
initial dye concentration). Following adsorption, the 
samples were filtered to separate the adsorbent from 
the solution. The equilibrium concentration of CR 
dye remaining in solution was determined using a 
UV-visible spectrophotometry (K LAB, South Ko-
rea). The CR dye removal efficiency (R/%) was cal-
culated using Equation 4. For the adsorption iso-
therm studies, the effect of temperature was 
investigated over a range from 25 to 45 °C, while 
the initial dye concentration varied from 20 to 100 
mg L–1. These experiments were conducted under 
constant conditions of 60 min contact time, agita-
tion speed of 150 rpm, pH 7, and an adsorbent dos-
age of 0.5 g per 50 mL of CR dye solution. The 
adsorption capacity at equilibrium (Qeq), represent-
ed in Equation 5 2, was used to analyze the isotherm 
data. In these equations, C0, Ceq represent the initial 
and post-adsorption dye concentrations (mg L–1), 
respectively, Vt is total solution volume, and m is the 
adsorbent mass (g).

( ) ( ) ( ) 1
eq 0adsorption efficiency %  100oC C C -

×= - ×
	
(4)

	 ( ) ( ) 1
eq 0 q teQ C C m V-

× ×= - 	 (5)

Adsorption isotherm modeling

Understanding the adsorption mechanism and 
affinity of the adsorbent toward the target CR dye 
species can be achieved through adsorption iso-
therm studies, which describe the equilibrium rela-
tionship between the amount of adsorbate retained 
on the adsorbent surface and its concentration in 
solution. In this study, the nonlinear plots of Lang-
muir, Freundlich, Temkin, and Dubinin-Radushkev-
ich (D-R) isotherms were modeled and analyzed 
using OriginPro Software 2026 version. The nonlin-
ear equations for the Langmuir, Freundlich, Tem-
kin, Dubinin-Radushkevich (D-R) isotherms are 
presented in Equations 6–11 35.
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where:
Qe is the equilibrium adsorption capacity (mg g–1), 
QL–M the maximum adsorption capacity correspond-
ing to the adsorbate monolayer formation on the ad-
sorbent surface (mg g–1), KL is the Langmuir con-
stant (L mg–1), Ce is the CR dye equilibrium 
concentration (mg L–1), KF is the Freundlich con-
stant ((mg g–1)(L mg–1)–1/n), 1/n is the dimensionless 
Freundlich constant indicating the adsorption inten-
sity and heterogeneity factor, BT is the Temkin con-
stant related to adsorption heat (J mol–1), AT is the 
Temkin isotherm equilibrium binding constant indi-
cating the binding affinity of the adsorbent for the 
adsorbate (L g–1), QD–R is the Dubidin-Radushkevich 
maximum adsorption capacity (mg g–1), KD–R is the 
constant related to adsorption energy (mol2 kJ–2), ε 
is Polanyi potential indicating the potential energy 
change when transferring a molecule from the bulk 
solution to the surface (J mol–1), R is the universal 
gas constant (8.314 J mol–1 K–1), T is the absolute 
temperature (K), E is the mean free energy of ad-
sorption (E < 8 kJ mol–1, physisorption and 8 < E < 
16 kJ mol–1, chemisorption).

Adsorption kinetics study

To achieve a more deeper understanding of the 
adsorption mechanism and identify the rate-con-
trolling step (chemical or physical), the experimen-
tal kinetic data were analyzed using three estab-
lished kinetic models: the pseudo-first-order (PFO), 
pseudo-second-order (PSO), and intraparticle diffu-
sion (IPD) models. The mathematical expressions 
of these models are given as follows: Equation 12 36, 
Equation 13 37, and Equation 14 38, respectively.

	 ( )1
e 1  K t

tQ Q e-= - 	 (12)
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Q
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1

2
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where:
Qe and Qt (mg g–1) represent the adsorption capaci-
ties at equilibrium and at time t, respectively.  
K1 (min–1) and K2 (g mg–1 min–1) are the rate con-
stants of the PFO and PSO models, respectively.  
KID (mg g–1 min–1/2) is the intraparticle diffusion rate 
constant, and C is a constant related to the boundary 
layer thickness.

Adsorption thermodynamic studies

The main thermodynamic parameters, namely 
Gibbs free energy (∆G0), enthalpy (∆H0), and entro-
py (∆S0), were determined using Equation 15. The 
values of ∆H0 and ∆S0 were determined from the 
slope and intercept of the Van’t Hoff plot of ln KC 
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versus 1/T, according to Equations 16 and 17 39, re-
spectively.
	 0 0 0G H T S= -   	 (15)

	 S
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where:
KC is the equilibrium constant, CS is the equilibrium 
concentration of the dye in the solid phase (mg L–1), 
and Ce represents the equilibrium concentration of 
the liquid phase.

Results and discussion

Characterization

X-ray Diffraction (XRD) analysis

The patterns and smoothed curves of X-ray dif-
fraction XRD analysis, as shown in Fig. 2, provided 
the structural features observed in the ZLS sample. 
Peaks at 15.022° and 22.27° correspond, respective-
ly, to the semi-crystalline plane index (1 0 1) and 
the crystal plane (0 0 2) of the cellulose structure40. 
Furthermore, the absence of γ-bands associated 
with amorphous and aliphatic structures is indicated 
by the high symmetry of (0 0 2). The crystallinity 
index (CfI) and the crystallinity rate (Cr/%) of ZLS 
were determined to be 59.7239 % and 0.7394, re-
spectively, employing the Segal method presented 
in the following equations40,41:

	 	 (18)

	 	 (19)

where ImaxC and ImaxA represent, respectively, the 
maximum intensity of the amorphous phase and the 
maximum intensity of the crystalline phase. These 
results reflect a partially ordered structure.

Regarding the diffraction peaks, 34.75693° and 
38.21493° were attributed to residual inorganic im-
purities present in the ZLS structure and confirmed 
by EDS analysis.

Surface morphology and elemental analysis  
(SEM-EDS)

The morphological characteristics of ZLS be-
fore and after adsorption are presented in Fig. 3 (a, 
b, c, and d), respectively. The surface features were 
examined at different levels of magnification (50, 
100, and 500 µm). In general, ZLS particles exhib-
ited an oval shape with a heterogeneous and rough 

surface morphology, nonuniform pore distribution, 
and interconnected mesopores and micropores. Sur-
face cracks are advantageous for the adsorption pro-
cess because they enhance the accessibility of the 
adsorbate to the active adsorption sites. As shown in 
Fig. 3d, the SEM micrograph after adsorption re-
vealed noticeable filling of surface pores, as well as 
the formation of deposits on the surface, indicating 
the successful adsorption of CR dye molecules.

Complementary elemental analysis of ZLS be-
fore and after the adsorption process was performed 
using energy-dispersive X-ray spectroscopy (EDS), 
and the corresponding spectra are presented in Fig. 
3(e-f) and Table 2 (a-b). The organic nature of ZLS 
was confirmed by the EDS spectrum through the 
dominant peaks of carbon and oxygen, with atomic 
65.92 % and 33.86 %, respectively. In addition, the 
low background noise observed in the spectrum 
demonstrated the reliability of the measurements. 
Trace amounts of aluminum (0.22 % atomic) were 
also detected. After adsorption, a notable increase in 
the carbon atomic from 65.92 % to 87.34 % and a 
decrease in oxygen atomic from 33.86 % to 12.23 
% were observed. These changes were attributed to 
the adsorption of Congo Red molecules, which pos-
sess high carbon content, while the deposited dye 
layer partially masked oxygen-containing function-
al groups, resulting in a reduced oxygen signal. 
These findings confirm the successful adsorption of 
CR dye onto ZLS.

Fourier transform infrared spectroscopy FTIR

The FTIR spectra presented in Fig. 4 provided 
the information regarding the functional groups 
present on ZLS before and after CR dye adsorption 
based on the intensity and position of stretching vi-
brations. Furthermore, FTIR analysis defined the 
chemical bonds that contributed to the adsorption 

Ta b l e  2 	– 	Elemental composition of the ZLS adsorbent deter-
mined by EDS analysis

(a)
Chemical species Weight/% Atomic/%

C 59.11 65.92

O 40.45 33.86

Al 0.44 0.22
 
(b)

Chemical species Weight/% Atomic/%

C 82.10 87.34

O 15.32 12.26

Mg 0.22 0.12

Mo 2.36 0.31
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F i g .  2  – (a) XRD pattern, and (b) smoothed ZLS adsorbent profile



114	 F. Benyahia et al., Comprehensive Study on Congo Red Removal Using…, Chem. Biochem. Eng. Q., 40 (2) 107–136 (2026)

F i g .  3  – SEM-EDS analysis of the ZLS adsorbent
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process. Before adsorption, a broad and intense 
band centered around 3395 cm–1 was attributed to 
stretching of (–OH) associated with hydroxyl 
groups present in alcohols or phenol. These OH 
groups also indicate the presence of hydrogen bonds 
in the intermolecular and intranetwork within the 
cellulose matrix. Peaks in the 2923–2851 cm–1 range 
were assigned to cellulose aliphatic saturated (C–H) 
stretching42. The peak at 1744 cm–1 corresponds to 
(C=O) conjugated stretching vibrations associated 
with carboxylic or ester functional groups typically 
present in pectin and hemicellulose structures43. 
Peaks located between 1654 and 1513 cm⁻¹ were 

attributed to C=C stretching vibrations in aromatic 
or conjugated systems related to lignin biomaterials⁴⁴. 
Within the fingerprint region (1500–500 cm–1), the 
peaks at 1382, 1244, 1057, and 610 cm–1 were asso-
ciated with C–H bending and/or O–H deformation45, 
asymmetric C–O–C stretching characteristic of 
ether linkage in hemicellulose and pectin46, C–O 
stretching vibrations found in cellulose glycosidic 
linkages43, and C–H out-of-plane bending vibration 
of aromatic rings potentially originating from lig-
nin47, respectively. After adsorption, significant 
modifications in the FTIR spectrum were observed, 
indicating interactions between the adsorbent and 
CR dye molecules. An increase in the absorbance 
intensity of the –OH bond suggests the participation 
of this function in the adsorption process. Weak 
peaks and bands appearing at 2364–2129 cm–1 may 
correspond to vibrational modes (N=N) or (C=N), 
indicating possible azo-related rearrangements and 
the emergence of nitrile or alkyne functionalities44, 
which are not dominant but show faint chemical 
interactions at the adsorbent-dye interface. The 
disappearance and shifting of peaks within the 
1744–1513 cm–1 region suggest the direct involve-
ment of ester carbonyl (C=O) and aromatic (C=C) 
groups in the interaction with CR dye, likely through 
taking part in surface-level chemical changes such 
as π-π stacking or hydrogen bonding7. A low-inten-
sity peak observed at 1264 cm–1 ascribed either to 
(C–O) stretching vibrations of sulfonate (SO3

–) 
groups in CR dye, raising the possibility of ionic 
interactions between the positively charged ZLS 
surface and the negatively charged sulfonate groups, 
or to (C–N) stretching in aromatic compounds. 
Similar findings have been reported in the previous 
studies48. The presence of an intense low-frequency 
peak at around 425 cm–1 was attributed to miner-
al-oxygen stretching vibrations on the adsorbent 
surface and the sulfonate moieties of the CR dye, 
enhancing the participation of inorganic compo-
nents in the adsorption process49.

BET/BJH analysis of ZLS texture

Brunauer-Emmet-Teller (BET) analysis com-
bined with the Barrett-Joyner Halenda (BJH) meth-
od provided information regarding the textural 
properties of the ZLS adsorbent. Fig. 5a shows the 
N2 adsorption-desorption isotherms obtained at 77 
K. According to the IUPAC classification, the iso-
therm corresponds to a type IV profile with an 
H3-hysteresis loop, confirming the mesoporous na-
ture of the material50. Mesoporous materials are 
characterized by pore sizes in the range 2–50 nm 51. 
The specific surface area (SBET), total pore volume 
(Vtotal), and pore size values of ZLS were determine 
to be 4.7758 m² g–1, 0.001736 cm3 g–1, and 4.3578 
nm, respectively. The obtained SBET value falls within 

F i g .  4 	–	 FTIR spectra of the ZLS adsorbent before and after 
adsorption of Congo red (CR) dye
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b

a

F i g .  5 	–	 (a) N2 adsorption-desorption isotherms and BET analysis, and (b) pore size 
distribution and BJH curves of the ZLS adsorbent
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F i g .  6  – (a) TGA/DTG curves of the ZLS adsorbent, and (b) DSC thermogram of the ZLS adsorbent
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the expected range for untreated lignocellulosic ma-
terials. At low relative pressure (P/P0), the adsorp-
tion isotherm exhibited gradual uptake, followed by 
a sharp increase at higher relative pressure, indicat-
ing capillary condensation within the pore network. 
The open hysteresis loop observed upon desorption 
was explained by the expansion of the nonrigid slit-
shaped pores and interconnected porous structures.

Thermal behavior and stability analysis  
(TGA/DTG-DSC)

Fig. 6a provides a thermoanalytical profile for the 
evaluation of ZLS adsorbent using (TGA/DTG-DSC) 
analysis. The curves reveal three major transitions 
in response to temperature increase, associated with 
moisture, cellulose, hemicellulose, and lignin com-
ponents present in ZLS. Within the low-temperature 
range 26–170 °C, TGA analysis indicated about 2.8 
% total mass loss, accompanied by a sharp DTG 
peak and an endothermic DSC peak at ⁓59 °C, re-
flecting the evaporation of physically bound mois-
ture entrapped within the porous structure52.

In the moderate thermal region 170–370 °C, 
TGA displays a marked decline of 34 % in mass 
loss. At the same time, the DSC (Fig. 6b) displayed 
two successive endothermic signals with enthalpy 
changes of 76.98 and 16.78 J g–1, respectively, cor-
responding to the rapid decomposition of cellulose 

and hemicellulose53. According to the DTG analysis 
and previous literature reports, hemicellulose de-
composed at 288 °C, whereas cellulose, as a 
semi-crystalline β-1, 4-linked glucan, degraded at 
356 °C 54. The DTG analysis proved particularly 
valuable for accurately identifying the decomposi-
tion temperatures of the hemicellulose and cellulose 
components of the ZLS adsorbent. At higher tem-
peratures (370–900 °C), the TGA/DTG curves 
showed a nearly stable baseline at ⁓20 % residual 
mass. The DSC displayed a broad signal at ⁓780 
°C, indicating the gradual thermal decomposition of 
lignin52,53. Lignin showed a high temperature resis-
tance due to its high molecular weight as an amor-
phous, cross-linked aromatic polymer55. The syner-
getic application of TGA/DTG and DSC analyses 
provided a multidimensional thermal profile of the 
ZLS adsorbent.

pH determination at the point of zero charge (pHpzc)

Fig. 7 illustrates the variation of (pHi-pHf) as a 
function of the initial pH (pHi) for the ZLS adsor-
bent. The point of zero charge (pHpzc) is found 
where the curve crosses the baseline pHi, demon-
strating no change in pH. For the ZLS adsorbent, 
the pHpzc value was found to be 5.75. When pH>5.7, 
the adsorbent surface becomes negatively charged 
due to deprotonation56.

F i g .  7  – pHpzc of the ZLS adsorbent (T = 25 °C, 150 rpm, 24 h)
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BBD evaluation and validation

Using Design Expert software (version 13.0.5.0), 
the experimental setup for the adsorption process 
was generated computationally within 56 ms using 
the BBD matrix. Based on the statistical summary 

and analysis of variance (ANOVA), the quadratic 
design model was selected because the difference 
between the predicted R² and the adjusted R² values 
was less than 0.2, indicating reasonable agreement 
between the experimental and predicted data. In this 
study, the coefficient of determination values were 
R2 = 0.9882, adjusted R2 = 0.9670, and predicted R2 
= 0.8177. A p-value < 0.05 confirmed model reli-
ability. Furthermore, the lack-of-fit test was insig-
nificant (p = 0.0571>0.05), confirming the adequa-
cy of the selected model.

The ANOVA results presented in Table 4, 
demonstrated that the interaction between initial 
concentration, pH, and pH-adsorbent dose is a sig-
nificant factor. Moreover, the quadratic impacts of 
initial concentration and adsorbent dose were sig-
nificant at a p-value lower than 0.05 for the four 
mentioned terms.

The lack-of-fit F-value of 16.69 (p = 0.0571) 
indicates a 5.71 % probability that deviations in the 
model resulted from random noise. This relatively 
low probability (<10 %) is troubling. The model 
F-value of 46.60 demonstrates its high statistical 
significance, with only a 0.03 % probability that an 
F-value this high could result from random noise.

The relationship between CR removal efficien-
cy % and the three factors — A: initial concentra-
tion (mg L–1), B: pH, and C: ZLS dose (g) — is 
described by the regression Equations (20) and (21), 
which represent the terms of the coded and actual 
factors, respectively. The predicted removal effi-
ciencies are presented in Table 3.

Ta b l e  3 	– 	Experimental and model-predicted responses ob-
tained from the BBD design

RUN

Factors (Input) Response (output)

Initial 
concentration pH

Adsorbent 
dose

Experi- 
mental 

removal

Predicted 
removal

mg L–1 G %

1 1 –1 0 47.8008 48.0488

2 1 1 0 86.6158 88.0459

3 0 –1 –1 40.4 38.9295

4 –1 –1 0 77.9412 76.5097

5 1 0 –1 45.648 46.8671

6 –1 1 0 85.4545 85.2050

7 –1 0 1 86.0123 84.7918

8 1 0 1 75.6164 72.7137

9 0 1 –1 54.4327 51.7804

10 0 1 1 86.9208 88.3903

11 –1 0 –1 57.5078 60.4091

12 0 –1 1 49.8976 52.5489

Ta b l e  4 	– 	ANOVA results for the removal efficiency of CR dye

Source Sum of 
squares Mean square Degrees of 

freedom F-value p-value

Model 3700.76 411.20 9 46.60 0.0003 Significant

A-Initial concentration 328.12 328.12 1 37.19 0.0017

B-pH 1185.46 1185.46 1 134.35 < 0.0001

C-Adsorbent dose 1261.49 1261.49 1 142.97 < 0.0001

AB 244.95 244.95 1 27.76 0.0033

AC 0.5358 0.5358 1 0.0607 0.8151

BC 132.14 132.14 1 14.98 0.0118

A² 271.74 271.74 1 30.80 0.0026

B² 0.3225 0.3225 1 0.0366 0.8559

C² 234.03 234.03 1 26.52 0.0036

Residual 44.12 8.82 5

Lack of Fit 42.42 14.14 3 16.69 0.0571 Not Significant

Pure Error 1.69 0.8473 2

Cor Total 3744.88 14
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The influence of each independent factor on 
the CR removal efficiency (%) was analyzed based 
on the deviation from the reference point (0 on cod-
ed unit), as presented in Fig. 8a. The linear trend 
associated with factor B indicated a proportional ef-
fect of pH on the removal efficiency, whereas fac-
tors A and C exhibited quadratic behavior, suggest-
ing the existence of optimal values for the initial 
concentration and adsorbent dose for maximum re-
moval efficiency. The steep slope of the initial con-
centration factor highlights its strong influence on 
CR removal efficiency. Fig. 8b compares the pre-
dicted and experimental CR removal efficiencies. 
The close alignment of the data points with the di-
agonal line forced the BBD model accuracy and 
confirmed its reliability for predicting CR removal 
efficiency (%). Further analysis is presented in Figs. 
8c–8e, which represent the interaction of the factors 
(AB, AC, and BC). Significant interactions were 
observed between AB and BC, whereas the AC in-
teraction was statistically insignificant.

3D/2D visualization of the factor interaction effect 
on the CR removal efficiency

The 3D response surface plots and the corre-
sponding 2D contour plots are presented in Figs. 
9a–9f. These plots were generated by simultaneous-
ly varying two parameters while maintaining the 
third at the central level, resulting in a partial para-
bolic cylinder. The final surface plots exhibited dis-
tinct maxima and minima within the visible range, 
thereby highlighting the combined effect of the in-
dependent factors on the CR removal efficiency.

Combined effect of initial concentration and pH

Figs. 9a–9b represent the variation in CR re-
moval efficiency as a function of the initial dye 
concentration and solution pH at a fixed adsorbent 
dose corresponding to the center level. The CR re-
moval efficiency increased significantly from 40 % 
to more than 86 % as the pH increased from acidic 
conditions to pH 6–7. Within this pH range, maxi-
mum removal efficiencies were obtained at both 
low and high dye concentrations (30 and 100  
mg L–1). This finding demonstrates the critical role 
of pH in the adsorption process. The improved ad-
sorption performance at pH 7 is related to both the 
pKa value of CR dye and the pHpzc value of the ZLS 
adsorbent. The ZLS surface becomes positively 

charged when pH<pHpzc and negatively charged 
when pH>pHpzc 

5. In contrast, the degree of ioniza-
tion of the CR solution is influenced by its pKa val-
ue (4.1) 57. At pH values below the pKa, CR pre-
dominantly exists in its protonated form58. In this 
state, the dye retains protons on its amine groups 
(NH2/–NH), which often become –NH+

3 or –NH+
2, 

–OH, and –SO3H 7. This protonated form in an acid-
ic medium may also induce a color change from red 
to blue (pH ≤ 3)58. The pH of the ZLS adsorbent 
was determined to be 5.75, implying that for pH be-
low 5.75, the surface of ZLS is positively charged. 
CR existed primarily in its protonated form within 
the pH range of 3–4.1. Consequently, the electro-
static interaction between the protonated CR and 
the positively charged surface was moderate or rel-
atively weak. Within the pH range of 4.1 – 5.75, the 
CR solution exhibited dominant deprotonated form; 
this charge difference facilitated electrostatic inter-
actions among the charged species, leading to the 
enhancement of adsorption performance. At pH = 
5.75, the adsorbent became electrically neutral, re-
ducing it affinity toward negatively charged CR 
molecules. The maximum adsorption efficiency was 
observed at the native CR solution pH of 7, despite 
both the ZLS surface (pH>pHpzc) and CR solution 
(pH>pKa) being negatively charged. This indicated 
that adsorption under these conditions was not gov-
erned primarily by electrostatic attraction, but rather 
that adsorption occurred through additional interac-
tions such as hydrogen bonding, van der Waals 
forces, π–π stacking between the aromatic rings of 
CR and lignin aromatic structures in ZLS, and spe-
cific surface binding interactions26. Therefore, pH 7 
represents an optimal operational condition because 
it provided high CR removal efficiency while mini-
mizing the need for pH adjustment, thereby reduc-
ing overall process cost.

At low CR initial concentrations and pH>pHpzc, 
the positive effect on adsorption efficiency can be 
attributed to the abundance of available adsorption 
sites relative to the number of dye molecules15. 
Similar behavior was also observed at high initial 
concentrations due to the ZLS surface area being 
saturated with CR molecules. Despite the potential 
for electrostatic repulsion between the negatively 
charged ZLS surface and the CR solution, the per-
sistence of adsorption further confirmed the contri-
bution of nonelectrostatic interactions, including 
hydrogen bonding and Van der Waals forces. These 

Removal (%) = 65.58 – 6.40 A + 12.17 B + 12.56 C + 8.58 A2 + 0.2956 B2                                         
(20)

 

                        – 7.96 C2  + 7.83 AB + 0.3660 AC + 5.75 BC	

Removal (%) = 102.69136 – 1.66699 initial concentration – 5.94216 pH + 79.20214 adsorbent dose + 
               + 0.007003 (initial concentration)2 +0.073888 (pH) 2 – 127.38280 (adsorbent dose)2 +       (21) 

               + 0.111792 (initial concentration) (pH)+ 0.041828 (initial concentration) (adsorbent dose) + 

               + 11.49527 (pH) (adsorbent dose)	



F i g .  8 	–	 (a) Deviation from the reference point (coded unit) 
versus removal %; (b) actual versus predicted responses; (c) 
interaction plots pH-initial concentration; (d) interaction plots 
of adsorbent dose-initial concentration, (e) interaction plots of 
pH-adsorbent dose



F i g .  9 	–	 3D/2D plots of the factors influencing CR % dye removal %, (a, b) pH-initial concentration, (c, d) adsorbent 
dose-initial concentration, and (e, f) pH-adsorbent dose
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findings indicate that both electrostatic and non-
electrostatic mechanisms synergistically contributed 
to the adsorption process at pH 7.

Combined effect of initial concentration  
and ZLS dose

Figs. 9c–9d present the variation in CR remov-
al efficiency as a function of initial dye concentra-
tion and adsorbent dose while maintaining the pH at 
its center value. The adsorption efficiency increased 
proportionally with increasing ZLS dosage, particu-
larly at lower CR concentrations. These findings 
can be explained by the fact that, at pH ⁓ pHpzc, 
electrostatic interaction between adsorbent and ad-
sorbate was limited, and the adsorption process was 
primarily controlled by the abundant sites on the 
ZLS surface11. At low dye concentrations, the increase 
in removal efficiency became less pronounced be-
cause the limited number of dye molecules effec-
tively utilized the available adsorption sites.

Combined effect of pH and ZLS dose

Figs. 9e–9f illustrate the combined influence of 
pH and adsorbent dose on CR removal efficiency 
while maintaining the initial dye concentration at its 
center level. The removal efficiency increased pro-
portionally with increasing pH within the range of 
6–7, while the ZLS dose exhibited the same posi-
tive effect on CR removal. A significant enhance-
ment in removal efficiency, from 40 % to 86 %, was 
achieved by increasing the adsorbent dose. The in-
creased availability of binding sites promoted stron-
ger adsorbent–adsorbate interactions, thereby en-
hancing CR removal efficiency. However, for a 0.4 
g ZLS dose, the removal efficiency reached a pla-
teau due to the saturation of active sites, and the 
number of available sites exceeding the number of 
dye molecules present in solution. Similar findings 
have been reported in previous studies7.

Optimization analysis of CR dye adsorption  
using BBD

The optimum conditions (initial concentration, 
pH, and adsorbent dose) for maximizing CR remov-
al efficiency were predicted using the BBD model. 
Numerical optimization and probabilistic analysis 
for the response were performed using Design Ex-
pert software (version 13.0.5.0), assigning the fol-
lowing inputs as goals: none, maximize, minimize, 
within range, and target. The factors were adjusted 
to maximize, minimize, target, equal to, and within 
range. The optimum conditions were determined by 
maximizing the goal of both the factors and the re-
sponse. Seven possible solutions were identified, and 
the selected solution is represented in a 2D contour 
plot (Fig. 10), for an extremely promising 96.384 % 

of CR removal with CR concentration of 100 mg L–1, 
adsorbent dosage of 0.5 g, and solution pH of 7 
(Fig. 10). Experimental validation under the opti-
mized conditions yielded a removal efficiency of 
95.2 %, confirming both the reliability of the BBD 
model and the high adsorption capability of the 
ZLS adsorbent for highly concentrated CR solu-
tions. A 10 % process optimization was achieved 
with a minimum number of experiments.

Investigation of temperature influence and 
adsorption isotherm behavior for CR removal

To achieve a deeper understanding of the ad-
sorption mechanism and the nature of the adsor-
bent-adsorbate interactions established at equilibri-
um, adsorption isotherms and the effect of 
temperature on CR removal efficiency (%) were 
investigated, as illustrated in Figs. 11a–e. The 3D 
bar graph in Fig. 11e shows the effects of tempera-
ture (25, 35, and 45 °C) on the CR removal effi-
ciency at different initial concentrations ranging 
from 20 to 100 mg L–1. The results indicate that the 
effect of temperature on CR removal performance 
depended on the initial dye concentration. At low 
concentrations, the active sites on the ZLS surface 
are abundantly available, minimizing the need for 
additional thermal energy, as the CR dye molecules 
can readily occupy the active sites on the ZLS sur-
face. At moderate concentrations, however, the ad-
sorption sites on the ZLS surface begin to approach 
saturation at 25 °C. Increasing the temperature en-
hances both the kinetic energy and diffusivity of CR 
dye molecules, thereby improving access to addi-
tional adsorption sites. At high concentrations, the 
effect of temperature becomes less significant, as a 
quasi-equilibrium state is established between the 
available adsorption sites and the excess CR dye 
molecules. Overall, 25 °C can be considered the 
most suitable adsorption temperature, since high re-
moval efficiencies, ranging from 91 to 98 % were 
achieved for CR concentrations between 100 to 20 
mg L–1, respectively. This observation indicates that 
the adsorption process was exothermic in nature2,26. 
Fig. 11a–d presents the experimental nonlinear iso-
therm curves of the Langmuir, Freundlich, Dubi-
nin-Radushkevich (D-R), and Temkin models ob-
tained at 25, 35, and 45 °C, while Table 5 
summarizes the corresponding model parameters. 
The results reveal that the Freundlich isotherm (Fig. 
11b) most appropriately describes the adsorption 
system under the investigated conditions. This con-
clusion is supported by the better fit and the high 
regression coefficients (R² 0.95, 0.989, and 0.987), 
and the low reduced χ² values (0.552, 0.116, and 
0.142) obtaines at 25, 35, and 45 °C, respectively. 
These findings confirm the heterogeneous and non-
uniform nature of the ZLS surface and reflect the 
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F i g .  1 0  – 2D contour plot corresponding to the predicted optimum removal % and the function desirability
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F i g .  11 	 –	 Non-linear isotherms modeling of (a) Langmuir, 
(b) Freundlich, (c) Temkin, (d) D-R, and (e) effects of tempera-
ture and concentration on the adsorption efficiency of CR dye
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c d
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distribution of adsorption energies, indicating the 
presence of multiple active sites on the ZLS sur-
face56. Furthermore, the KF values suggest a moder-
ate adsorption capacity of the surface, while the 1/n 
values <1 indicate favorable adsorption59,60.

The Langmuir isotherm (Fig. 11a) shows good 
agreement with the experimental data, especially at 
higher temperature (R2= 0.99134, χ2 = 0.1255), sug-
gesting that the adsorption process became more 
uniform, with monolayer formation occurring on a 
homogeneous surface61. This result can be attributed 
to the hypothesis that higher temperatures increase 
the mobility of molecules, facilitating their reach to 
the most favorable sites on the surface, resulting in 
a more ordered monolayer adsorption process7,62. 
The model also provided estimates of the maximum 
adsorption capacity Qmax, which were 10.76, 13.73, 
and 14.19 mg g–1 at 25, 35, and 45 °C, respectively. 
The Temkin isotherm model (Fig. 11c), applied to 
incorporate interactions between adsorbed mole-
cules, assumed that the heat of adsorption decreases 
linearly with surface coverage1. The positive BT val-
ues suggest that the adsorption process was exother-
mic63,64, supporting the results obtained from the 
temperature study. The R2 values of 0.89, 0.93, and 
0.97 for the same temperatures, indicate an ade-
quate agreement with the experimental data and im-
provement with increasing temperature. These find-
ings do not contradict the exothermic nature of the 
process. Although the D-R model (Fig. 11d) was 
originally developed for microporous materials65, its 
application to the ZLS adsorbent still provided 
valuable information regarding the adsorption 
mechanism. The low adsorption energy values (E < 
8 kJ mol–1) obtained at all investigated temperatures 
(25, 35, and 45 °C) and the good fit of Langmuir 
isotherm indicate that the adsorption process was 
mixed in nature involving both chemisorption and 
physisorption63,64.

Kinetics study

Fig. 12a illustrates the adsorption capacity of 
CR dye onto the ZLS adsorbent at different contact 
times based on the experimental data. The experi-
ments were conducted with a dye concentration of 
100 mg L–1, a solution dose of 1 g/0.1 L, a pH of 7, 
and contact times ranging from 0 to 180 minutes. 
The Qt values increased rapidly within the first 60 
min due to the abundance of active sites, then grad-
ually approached equilibrium as the ZLS surface 
became saturated11. Kinetic analysis, based on the 
nonlinear data presented in Fig. 12a and Table 6, 
showed that both the pseudo-first-order (PFO) and 
pseudo-second-order (PSO) models described the 
experimental data well. The correlation coefficients 
were R2 = 0.99547 for the PFO model and R2 = 
0.99669 for the PSO model, indicating that the PSO 

model provided a slightly better description of the 
adsorption process. Furthermore, the experimental 
equilibrium adsorption capacity (Qe = 9.39 mg g–1) 
closely matched the PSO predicted value (9.30101 
mg g–1) and the PFO predicted value (9.25601 mg g–1). 
These findings suggest that, while physical adsorp-
tion dominated the initial stage66, chemisorption in-
volving electron sharing or exchange also contributed 
significantly to the overall rate-controlling mecha-
nism48. These observations are consistent with the 
isotherm analysis results.

Fig. 12b and Table 6 present the intraparticle 
diffusion model (IPD) analysis. The IPD plot exhib-
ited multilinear behavior with three distinct regions 
corresponding to external surface adsorption, grad-
ual intraparticle diffusion, and final equilibrium. 
However, the correlation coefficients for these re-
gions (R2 = 0.86, R2 = 0.99, and R2 = 0.84, respec-
tively) indicate that intraparticle diffusion alone 
failed to fully describe the adsorption process. In 
addition, the deviation of the plots from the origin 
(C≠0) confirmed that IPD was not the predominant 
rate-controlling step48, and that boundary-layer ef-
fects also played an important role. Collectively, the 
adsorption process can be described as a mixed 
mechanism involving both physisorption and 
chemisorption.

Thermodynamic modeling

The thermodynamic investigation presented in 
Fig. 13 and Table 7 was conducted to validate the 
obtained results and establish coherence among the 
overall results Based on the optimization analysis 
and the pronounced effect of temperature on ad-
sorption behavior, suitable experimental conditions 
were selected for the thermodynamic analysis. The 
negative enthalpy change ∆H0 = –11.0959 kJ mol–1 
suggested the exothermic nature of the process63. 
Furthermore, ∆H0 < 40 mol–1 confirmed the phy-
sisorption process67. The negative Gibbs free energy 
values (∆G0) confirmed the spontaneous nature of 
the adsorption process15. The calculated ∆G0 values 
of –2.27893, –1.9836, and –1.68719 mol–1 at 25, 35, 
and 45 °C, respectively, demonstrated that adsorp-
tion was thermodynamically feasible over the in-
vestigated temperature range. The decrease in the 
magnitude of ∆G0 with increasing temperature indi-
cates a reduction in the adsorption driving force. 
The negative entropy change (∆S0 = –29.6 J mol–1 K–1) 
provided further insight into the process, reflecting 
a reduction in system randomness at the solid-solu-
tion interface, as CR dye molecules lose degrees of 
freedom and become more ordered upon immobili-
zation on the ZLS surface60,68. Overall, the thermo-
dynamic results demonstrated that the adsorption 
process was spontaneous, exothermic, and predom-
inantly driven by physical interactions.
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Ta b l e  5 	– 	Experimental isotherm parameters of CR dye adsorption onto ZLS adsorbent

Isotherm Parameter
Temperature

25 °C 35 °C 45 °C

Langmuir

QL–M (mg g–1) 10.76396 ± 2.2687 13.73118 ± 2.4463 14.18657 ± 1.51503

KL (L mg–1) 0.32404 ± 0.19408 0.18056 ± 0.06751 0.1834 ± 0.03983

χ – Square 0.88069 0.30828 0.12556

R2 0.93805 0.97844 0.99134

Freundlich

KF ((mg g–1)(L mg–1)–1/n) 2.79853 ± 0.51668 2.4852 ± 0.22331 2.50293 ± 0.23374

1/n 0.49935 ± 0.0958 0.57064 ± 0.04694 0.58939 ± 0.05019

χ-Square 0.55229 0.11601 0.14228

R2 0.94716 0.989 0.98674

Temkin

BT (J mol–1) 2.05522 ± 0.41243 2.44055 ± 0.38379 2.89828 ± 0.28004

AT (L g–1) 5.05022 ± 2.97432 3.04203 ± 1.18807 2.14143 ± 0.43666

χ-Square 1.12664 0.72831 0.29231

R2 0.89221 0.93094 0.97275

Dubinin– 
Radushkevich

QD–M (mg g–1) 7.39679 ± 1.03337 8.32383 ± 1.18045 8.31689 ± 0.90635

KD–R (mol2 kJ–2) 1.68152 ± 1.16479 4.98538 ± 2.74159 3.95268 ± 1.55857

E (kJ mol–1) 0.5453 0.3167 0.3557

χ-Square 2.74464 2.19339 1.37547

R2 0.73741 0.79201 0.8718

Ta b l e  6 	– 	Experimental kinetic parameters of CR dye adsorption onto ZLS adsorbent

Kinetic model Parameter

PFO
Qe (mg g–1)
K1 (min–1)

R2

9.25601±0.04633
3.25689±0.48505

0.99547

PSO
Qe (mg g–1)

K2 (min g mg–1)
R2

9.30101±0.04193
1.8527±0.55236

0.99693

IPD

Stage 1
Boundary layer diffusion

KID1

C1

R2

0.10963±0.0432
8.80357±0.07495

0.8652

Stage 2
Intraparticle diffusion

KID2

C2

R2

0.09238±0.00284
8.74187±0.01269

0.99718

Stage 3
Equilibrium

KID3

C3

R2

0.01091±0.00271
9.31782±0.02852

0.84397

Ta b l e  7 	– 	Experimental thermodynamic parameters of CR dye adsorption onto ZLS adsorbent

Adsorbent DH0  

(kJ mol–1)
DS0  

(J mol–1 K–1)
DG0 (kJ mol–1)

298 K 308 K 318 K

ZLS –11.0959 –29.587 –2.27893 –1.9836 –1.68719
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F i g .  1 2  – Representations of the PFO, PSO, and IPD kinetic models
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Elucidation of the adsorption mechanism

Understanding the adsorption mechanism of 
CR dye onto the ZLS adsorbent is crucial for eluci-
dating the interfacial interactions and molecu-
lar-scale processes governing adsorption efficiency 
(Fig. 14). The adsorption process was predominantly 
influenced by the adsorbent characteristics, includ-
ing the functional groups, structural morphology, 

and the pH of the CR dye solution, as well as by the 
diffusion behavior of dye molecules toward avail-
able active sites or textural features69. BET analysis 
demonstrated that ZLS possessed a mesoporous 
structure with an average pore size of 4.35 nm and 
a high specific surface area, both of which facilitat-
ed the diffusion of CR molecules and increased the 
accessibility of adsorption sites. Most importantly, 

F i g .  1 3  – Van’t Hoff plot of 1/T vs ln(K) for the adsorption of CR dye onto the ZLS adsorbent

F i g .  1 4  – Schematic representation of the proposed adsorption mechanism of CR dye on the ZLS surface
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the FTIR analysis before and after adsorption con-
firmed the presence of hydrogen bonding mainly 
originating from C=C, C=O and hydroxyl (–OH) 
groups abundant in cellulose and hemicellulose. 
This was evidenced by the shift in the OH stretch-
ing band from 3395 to 3433 cm–1 accompanied by 
an increase in intensity increase7,42. Adsorbed com-
plexes may also form due to the carboxyl (–COOH) 
groups present in lignin and the amino groups de-
rived from the plant or amino-containing biopoly-
mers; these functional groups can interact with oxy-
gen and nitrogen atoms in CR molecules. In 
addition, the presence of nonpolar aromatic domains 
within the lignin structure facilitated hydrophobic 
and π-π interactions with the aromatic CR dye mol-
ecules, contributing significantly to overall adsorp-
tion affinity70. The good fit of the Freundlich iso-
therm model indicated the heterogeneous nature of 
the ZLS adsorbent surface, as also confirmed by 
SEM analysis, and suggested the possibility of mul-
tilayer adsorption, which is typically described as 
physisorption, validating the Van der Waals, di-
pole-dipole, and π-π interactions between the adsor-
bent surface and the adsorbate61. On the other hand, 
the strong fit of the Langmuir isotherm model with 
a coefficient of regression superior to 0.9, indicated 
the contribution of chemisorption within a mono-
layer adsorption to the overall adsorption process. 
Solution pH represents a key factor to describe the 
adsorption mechanism because it directly affects 
both the surface of the ZLS adsorbent and the pro-
tonation-deprotonation behavior of the CR dye15. In 

this study, multiple interrelated parameters were 
found to influence the determination of the opti-
mum pH value of the adsorption process, including 
the pHpzc of the ZLS adsorbent, the pKa of CR dye 
solution, color transition region of CR dye solution, 
the avoidance of highly acidic and basic regions 
that could introduce competition between negative-
ly charged CR dye molecules and H+ or OH– of 
NaOH or HCl respectively, the adsorption efficien-
cy, process cost, and environmental considerations. 
At neutral pH 7, the reaction medium is in equilib-
rium with the H+, enhancing the electrostatic attrac-
tions, but the reaction is mainly governed by π-π 
interactions, weak hydrogen bonding, Van der Waals 
interactions, and the ionized SO3

– of the CR dye 
molecules7.

Comparative study of Congo Red removal (Qmax) 
using ZLS and other adsorbents

The data summarized in Table 8 compare the 
key experimental conditions for CR dye removal 
and the maximum adsorption capacities (Qmax) de-
rived from relevant literature using various adsor-
bents. Ziziphus lotus stone (ZLS), as a raw plant-
based adsorbent used in its natural form, exhibited 
adsorption capacities exceeding 10–14 mg g–1, 
demonstrating competitive performance relative to 
chemically modified adsorbents, synthetic activated 
carbons, and advanced nanomaterials5,74. ZLS also 
exhibited higher adsorption capacities than several 
other natural adsorbents22,24,26,71,72,75. Although some 

Ta b l e  8 	– 	Comparison of the maximum adsorption capacity of the ZLS adsorbent for CR dye removal with other adsorbents report-
ed in the literature

Adsorbent Experimental conditions Qmax (mg g–1) Isotherm model Reference

Roots of Eichhornia crassipes 1 g, 50 mL, 200 rpm, 104.502 mg L–1, and 90 min 1.58 Freundlich 65

Tunics of the corm of saffron 0.5 g, 50 mL, pH = 10, 100 mg L–1, and 60 min 6.2 Langmuir 20

Rice husk 0.75 g, 25 mL, pH = 3–5, 100 mg L–1, and 60 min 0.883 Temkin 66

Calcined kaolin clay 0.75 g, 25 mL, pH = 3–5, 100 mg L–1, and 60 min 2.194 Temkin 66

Microwaved rice husk-clay  
hybrid

0.75 g, 25 mL, pH = 3–5, 100 mg L–1, and 60 min 4.008 Temkin 66

Metal oxide/clay  
nanocomposites

1 g, 100 mL, 120 mg L–1, 250 rpm, and 10 min 11.2 Langmuir 5

Fly ash 1 g, 1 L, 200 rpm, 10 mg L–1, and 60 min 22.12 Langmuir 67

Tetraethylenepentamine-modified 
peanut husks composite beads

0.2 g, 20 mL, 150 rpm, 100 mg L–1, and 60 min 19.57 Freundlich 53

HNO3-modified resorcinol – 
formaldehyde carbon gels

0.03 g, 20 mL, and 5 days 10.58 Langmuir 68

Pine bark 10 g, 1 L, 100 rpm, pH = 6, 5 mg L–1, and 7 days 3.92 Freundlich 24

NaOH-activated natural glauconite 0.02 g, 20 mL, 5–25 mg L–1, pH = 7, and 360 min 5.1–13.2 Freundlich 69

Banana peel 1.5 g, 80 mL, 200 rpm, pH = 10, 20 mg L–1, and 90 min 1.721 Langmuir 22

Ziziphus lotus stone 0.5 g, 50 mL, 150 rpm, pH = 7, and 60 min 10.76 – 14.19 Freundlich This study
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F i g .  1 5  – Desorption and reusability diagrams
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highly engineered materials and combustion-de-
rived byproducts have achieved superior adsorption 
capacities58,73 these materials generally require cost-
ly and energy-intensive preparation processes. 
Therefore, the ZLS adsorbent investigated in this 
study provides an optimal balance between adsorp-
tion efficiency, environmental compatibility, and 
economic feasibility, making it a promising candi-
date for large-scale wastewater treatment applica-
tions.

Desorption and reusability studies

Evaluating desorption efficiency and adsorbent 
reusability is essential for assessing its long-term 
operational stability and suitability in cyclic adsorp-
tion applications. In this study, 70 % ethanol, as 
shown in Fig. 15, demonstrated superior regenera-
tion performance, achieving desorption efficiencies 
of approximately 87 % while maintaining an ad-
sorption capacities close to 85 %, highlighting the 
ability of moderately polar organic solvents to ef-
fectively disrupt adsorbate-adsorbent interactions 
without compromising the structural integrity of the 
adsorbent66. The adsorption efficiency and desorp-
tion efficiency were calculated using the following 
equations33:

	 ( ) 0 e

0
Adsorption efficiency % 100

C C
C
-

= × 	(22)

	 ( ) D

0 e
Desorption %

C
C C

=
-

	 (23)

where: C0 is the initial adsorbate concentration, Ce is 
the equilibrium concentration after adsorption, and 
CD is the amount of CR dye molecules desorbed 
from the ZLS adsorbent. In contrast, strong alkaline 
(NaOH) and acidic (HCl) eluents significantly re-
duced both adsorption and desorption efficiencies, 
effects that can be attributed to chemical modifica-
tions of active ZLS surface sites. Specifically, acid-
ic and basic conditions can disrupt the surface func-
tional groups. The reusability of the adsorbent was 
evaluated over five consecutive regeneration cycles 
(Fig. 1). However, both adsorption and desorption 
efficiencies gradually decreased after each subse-
quent cycle, reaching approximately 45 % by fifth 
cycle.

Cost estimation study

Ziziphus lotus stone (ZLS) demonstrated high 
efficiency as a biosorbent for Congo Red (CR) dye 
removal from aqueous medium, achieving 95 % re-
moval efficiency. The reuse of the ZLS agricultural 
byproducts as adsorbents instead of their uncon-
trolled disposal provides significant environmental 
benefits by reducing agricultural waste generation 
and promoting sustainability. Therefore, a cost anal-

ysis was conducted to evaluate the feasibility and 
practical applicability of the developed adsorption 
system as a competitive and environmentally friend-
ly alternative to activated carbon76,77.

ZLS adsorbent cost estimation

The production cost of the ZLS adsorbent was 
primarily associated with the energy requirements 
for grinding and drying (105 °C, 24 h). No addition-
al chemical or physical treatments of the ZLS ad-
sorbent were applied during adsorbent preparation, 
and the raw material itself was considered cost-free 
at the source because it originated from agricultural 
waste. Table 9 summarizes the estimated production 
costs of the ZLS adsorbent based on the Algerian 
industrial electricity tariff of 0.036 USD/kWh in 
2024.

The results presented in Table 8 indicate that 
the production cost of 1 kg of ZLS adsorbent was 
0.11304 USD/kg. These results highlight the strong 
economic potential of the ZLS adsorbent, particu-
larly when compared with chemically treated acti-
vated carbon reported in a recent study by Mihret et 
al. (8 USD/kg)72, or the commercial activated car-
bon that typically costs 12 USD/kg 78,79, making it 
approximately 70 to 100 times more expensive than 
the ZLS adsorbent. This substantial difference un-
derscores ZLS adsorbent value as a highly cost-ef-
fective product.

Adsorption process estimation cost

The total cost of the adsorption process was es-
timated as the sum of the amortization cost of the 
investment (ACin) and the operating cost (OC) 80,81. 
The annual amortization cost (AAC), amortization 
cost (AC), and the capital recovery factor (CF) were 
calculated using the following equations80,81:

	 AAC AC CF= × 	 (24)

	 r r

t
AC

n
C V

V
×

=
×

	 (25)
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( )

n

n
i 1 i

CF
1 i 1
× +

=
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Ta b l e  9 	– 	ZLS adsorbent cost per kg (Esmati et al.)71

Partial  
element

Electricity  
cost 

($/kWh)

Energy  
consumption

(kWh)

Unit cost  
per kg
($/kg)

Grinding 0.036 0.44 kW/0.35 h 0.01584

Drying 0.036 2.7 kW/24 h 0.0972

Chemicals – – 0

Net cost – – 0.11304

Total cost – – 0.11304
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where:
Cr is the cost per cubic meter of the processing unit, 
estimated to be 2,500 USD/m3

n is the estimated lifespan of the adsorption unit (15 
years)
Vt is the annual wastewater treatment volume, esti-
mated at approximately 600 m3/year (2 m3/day)
Vr is the adsorption reactor capacity m3, calculated 
using Equation 27
i is the annual interest rate (5 %) kW

	 t exp
r

w
 

D
V t

V
t

=
×

×
	 (27)

where:
texp is the duration of one batch adsorption cycle, 
determined previously in this study (1 h), D is the 
total number of service days (300 days/year), and tw 
is service hours per day (12 h/day).

The amortization cost includes construction ex-
penses as well as electrical and mechanical installa-
tion costs80. Based on the adopted data, the AC val-
ue was estimated at 0.046 USD/m3 while the annual 
amortization cost for wastewater treatment was 
0.0045 USD/m3. The operating cost (OC) included 
used chemicals, labor expenses, energy consump-
tion, and adsorbent life duration. In this study, no 
chemicals were used, and labor expenses were ex-
cluded from the analysis, as the adsorption process 
does not involve significant labor requirements. 
Thus, the OC was estimated mainly from energy 
consumption ($/m3) and the maintenance expenses.

Therefore, the adsorbent regeneration cost was 
included in the energy demand only for ZLS adsor-
bent, which was approximately 2 % of the amorti-
zation cost. The operating cost was calculated using 
Equation 28:

	 C C
2 AC

O  
100

E= + 	 (28)

The energy consumption cost EC (USD/m3) as-
sociated with pumps, mixers, and adsorbent regen-
eration drying was calculated using Equation 29:

	 E w
C

t

DP E t
E

V
× ××

= 	 (29)

where: PE is the electricity unit price in Algeria 
(0.036 USD/kWh in 2024), E is the energy con-
sumption (kW). The resulting EC value was 0.0648 
USD/m3 corresponding to 59 % of the total adsorp-
tion process cost. Consequently, the total cost of the 
designed adsorption process was estimated at 0.112 
USD/m3. These findings demonstrate the strong po-
tential of the ZLS adsorbent as an environmentally 
friendly and cost-effective material for large-scale 
industrial applications.

Conclusions

The present study demonstrates the high per-
formance and low production cost of the Ziziphus 
lotus stone (ZLS) adsorbent, which exhibited excel-
lent structural stability, abundant surface functional 
groups, and remarkable adsorption efficiency for 
Congo Red (CR) dye removal. Optimization using 
the Box-Behnken Design (BBD) improved the ad-
sorption performance by 10 %, achieving over 95 % 
removal efficiency under the optimal conditions of 
100 mg L–1 initial dye concentration, 0.5 g adsor-
bent dosage, and solution pH 7. Nonlinear isotherm 
analysis revealed that both the Freundlich and 
Langmuir models adequately described the adsorp-
tion behavior, suggesting multilayer adsorption on 
the ZLS adsorbent surface together with chemisorp-
tion and physisorption mechanisms. The maximum 
adsorption capacity was around 11 mg g–1 at 25 °C. 
The chemical behavior was confirmed by the kinetic 
PSO model. Furthermore, thermodynamic analyses 
showed that the adsorption process was spontaneous, 
favorable, exothermic, and associated with decreased 
randomness at the adsorbent-adsorbate interface.

To further valorize the ZLS adsorbent, the cost 
analysis revealed a low production cost of 0.11304 
USD/kg, nearly one hundred times lower than the 
market price of commercial activated carbon. The 
total adsorption process costs were estimated at 
0.112 USD/m3 for a projected system lifespan of 15 
years. These findings indicate that the agricultural 
byproduct ZLS, used as an adsorbent, is a promis-
ing, eco-friendly, economically viable, and locally 
abundant material, which reinforces its economic 
and environmental attractiveness for large-scale and 
sustainable applications.
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