www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Development of eco-friendly
activated carbon from olive pits
for the adsorption of tartrazine
with isotherm kinetic and
thermodynamic studies
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Synthetic dyes discharged into water bodies pose a persistent environmental threat owing to their
resistance to natural degradation, toxicity, and long-term ecological impact. In this study, discarded
olive pits were valorized as a lignocellulosic precursor for the production of activated carbon through
phosphoric acid activation. Multiple analytical tools including pHpzc, FTIR, SEM, XPS, and XRD—were
used to examine the structural, physicochemical, and morphological characteristics of the prepared
material. The influence of key process variables on Tartrazine uptake was assessed through a series of
batch-mode experiments, including pH, initial dye concentration, adsorbent dose, contact time, and
temperature. Maximum adsorption was achieved in acidic medium (pH =2) using an adsorbent dose

of 40 mg, an initial Tartrazine concentration of 40 mg L™1, a contact time of 24 h, and a temperature of
298 K. The maximum adsorption capacity reached 47.18 mg g™* according to the BET model, while the
pseudo-second-order kinetic model provided the best fit (R? = 0.9996) with an experimental Qe value
of 31.39 mg g™*. Thermodynamic parameters (AH® = - 10328 J mol; AG® = - 1409 to - 1794 J mol™?)
confirmed that the process is exothermic and spontaneous. The results of the pseudo-second-order
kinetic model and Thermodynamic analysis showed that the process is a mixed adsorption mechanism
dominated by physisorption. These findings collectively establish H3PO4-activated olive pit carbon as a
high-performance, cost-effective, and environmentally viable material for Tartrazine decontamination
from water matrices.
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The widespread discharge of synthetic colorants into aquatic systems raises serious public health concerns,
given their inherent toxicity, limited natural degradation, and cumulative effects on water quality. Among these
dyes, Tartrazine (E102), an anionic azo dye widely utilized in food, pharmaceutical, and textile industries, has
attracted significant attention. This growing concerns stems from its documented potential to cause harmful
effects on aquatic ecosystems, environmental quality, and possible risks to human health!. Documented health
effects linked to Tartrazine intake encompass allergic manifestations, respiratory issues, migraine episodes,
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behavioral disturbances in children, and possible neurotoxic consequences. Environmentally, its high low
biodegradation and chemical stability lead to persistence in aquatic systems, where it can significantly inhibit
natural photosynthesis, reduce dissolved oxygen levels, and exert toxic effects on various aquatic organisms,
thereby disturbing ecological balance. Conventional remediation strategies coagulation-flocculation, chemical
oxidation, biological degradation have been widely applied, yet their practical utility is often hampered by
elevated operational costs and technical constraints. Adsorption has therefore emerged as an efficient and
economical alternative for removing organic pollutants from wastewater?. Among adsorbents, activated carbon
stands out for its remarkably high specific surface area, highly developed pore network, and diverse surface
functionalization. Recently, increasing interest has focused on biomass-derived adsorbents because of their
low cost, renewability, and environmental sustainability. Agricultural wastes have been extensively investigated
for pollutant removal, showing promising adsorption performance while contributing to waste valorization
and environmental protection®. Numerous studies have confirmed that agricultural waste-based adsorbents
(e.g., Luffa acutangula peels, Punica granatum seeds, Neolamarckia cadamba leaves, rubber seed pericarp) are
efficient, reusable, and cost-effective for removing various dyes (methylene blue, crystal violet, methylene green)
and organic pollutants such as diclofenac sodium, with adsorption behavior often following Langmuir isotherm
models and pseudo-second-order kinetics*~”. Advanced oxidation processes (e.g., persulfate activation with
nZVI) and modified carbon-based composites (AC-nZVI, magnetic Fe;O4/zeolite) have also demonstrated high
efficiency for dye removal (Acid Blue 113, methylene blue), humic acid, and pharmaceutical compounds such
as metronidazole, with removal efficiencies reaching 95-100% and adsorption following pseudo-first-order or
pseudo-second-order kinetics®~!“. These findings collectively confirm that carbon-based and modified adsorbents
represent highly effective and sustainable materials for water and wastewater treatment applications. Other
biomass-derived adsorbents such as spent coffee grounds (crystal violet, Cr(VI)), sugarcane bagasse (malachite
green, up to 97% removal), and argan nut shells (malachite green oxalate) have also shown excellent adsorption
performance with Langmuir/Freundlich isotherm behavior, pseudo-second-order kinetics, and spontaneous,
often exothermic, thermodynamic profiles, confirming the potential of agricultural wastes for sustainable
wastewater treatment!®-!8. Carpobrotus edulis has also been successfully used as a low-cost biosorbent for
phosphate ions (up to 888.9 mg/g after acid modification), methylene blue (153.9 mg/g after alkali treatment),
and crystal violet (166.6 mg/g), with adsorption following Langmuir isotherm behavior and pseudo-second-
order kinetics, and good regeneration ability'®-?!. In contrast to previous studies, the present work focuses on
the valorization of olive pits collected from western Algeria as a sustainable precursor and low-cost for activated
carbon preparation using HsPO, chemical activation. The originality of this study lies in combining detailed
surface characterization (pHpzc, FTIR, SEM, XRD, and XPS) with comprehensive adsorption investigations
of Tartrazine, an anionic azo dye that has received limited attention compared to other dyes. Furthermore,
the simultaneous evaluation of isotherm, kinetic, and thermodynamic behaviors provide more comprehensive
insight into the underlying adsorption mechanism, highlighting the strong potential of the prepared activated
carbon for practical wastewater treatment applications. Olive pits, an abundant by-product of the olive oil
industry, constitute a low-cost and renewable lignocellulosic precursor material for the sustainable production
of activated carbon, In particular. Chemical activation using phosphoric acid (HsPO.,) effectively enhances
surface functionality and pore development by generating micro- and mesoporous structures and introducing
oxygenated and phosphate groups®2. Several studies have demonstrated the high efficiency of olive pit-derived
Activated Carbon for removing inorganic and organic contaminants, highlighting the sustainability of this
approach?®. The scientific novelty and originality of this work lies in the valorization of locally available olive pits
from western Algeria as a sustainable material for production of activated carbon combined with comprehensive
surface characterization (FTIR, SEM, XRD, XPS, and pHpzc) and a complete adsorption investigation of
Tartrazine, a relatively less-studied anionic azo dye. Unlike previous studies, this work integrates BET multilayer
isotherm modeling with kinetic, thermodynamic, and mechanistic analyses in a single framework, providing
deeper insight into the adsorption process and demonstrating the strong potential of olive pit-derived activated
carbon for large scale and real-world application wastewater treatment applications.

Materials and methods

Materials

Tartrazine (E-102, 89% purity) served as the model pollutant. Chemical activation was performed using
orthophosphoric acid (H3PO4, 40%), while pH regulation was carried out with NaOH (=98%) and HCI (37%)
solutions, and sodium chloride (NaCl, 299%) for pHpzc determination. The main physicochemical properties
of Tartrazine are summarized in Table 1. All chemicals employed in this study were of analytical grade purity
and were used directly as received from the supplier without any additional purification steps. Distilled water
was systematically used in all experimental procedures to ensure consistency. Olive pits, obtained from the food
industry were used as precursors for Activated Carbon preparation.

Preparation of Activated Carbon

Following collection, the raw pits underwent sequential hot-water and distilled-water washing to eliminate
surface impurities, after which the samples were subsequently oven-dried at 110 °C over a 24-hour period.
A preliminary grinding and coarse sieving step were performed to eliminate unwanted particles. Thermal
carbonization was performed in a muffle furnace using a covered ceramic crucible with restricted headspace,
thereby establishing an auto-generated reducing atmosphere that suppressed oxidation. A controlled heating
ramp of 10 °C/min brought the system to a final pyrolysis temperature of 700 °C, which was sustained for
120 min. Surface area development and pore formation were promoted by impregnating 10 g of carbonized
material with solution (100 mL of 40% H,PO,) under continuous mechanical agitation for 24 h. Excess acid was
neutralized by washing the impregnated solid with 0.1 M NaOH, followed by repeated distilled water rinsing
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Property Value

Chemical name Tartrazine

Molecular formula | C,;H/)N,Na,O,S,
Molecular weight | 534.36 g/mol

Dye type Anionic azo dye

CAS number 1934-21-0

Amax 427 nm

Solubility Highly soluble in water
Appearance Orange powder
Application Food, pharmaceutical, textile
Charge Negative

Table 1. Main physicochemical characteristics of Tartrazine.
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Fig. 1. Schematic representation of the synthesis process of activated carbon from olive pits.

until the effluent reached a near-neutral pH (~7). Finally, the Activated Carbon was dried at 110 °C for 24 h
and stored in a desiccator for later use?!. The overall synthesis procedure of activated carbon from olive pits is
schematically illustrated in Fig. 1.

Characterization methods

The physicochemical and structural properties of the prepared Activated Carbon were characterized using
several complementary analytical techniques. Fourier Transform Infrared Spectroscopy (FTIR) was conducted
using a Perkin-Elmer spectrophotometer within the 400-4000 cm™" range to identify surface functional groups?.
Scanning Electron Microscopy (SEM) measurements were conducted on an FEI Nova Nano SEM 230 microscope
operating at 8 kV to observe morphology, pore size and distribution, and surface roughness®. X-ray Diffraction
(XRD) was used to evaluate the crystalline or amorphous structure, employing a Bruker D4 ENDEAVOR
diffractometer equipped with a CuKa radiation source (A = 1.5406 A) and a graphite monochromator?”. (XPS) ont
fourni des informations complétes et approfondies qui ont permis une compréhension précise de la composition
de surface et des caractéristiques chimiques du matériau using a Thermo Scientific K-Alpha spectrometer (Al
Ka, 1486.6 eV) equipped with a hemispherical analyzer?®. Additionally, the point of zero charge (pHpzc) was
determined by the pH equilibrium method. A series of solutions (50 mL) were prepared with initial pH values
ranging from 2 to 12 adjusting with HCI or NaOH solutions. Each solution was mixed with 0.05 g of Activated
Carbon and stirred for 24 h at 25 °C. The pHpzc was defined as the initial pH for which ApH (pHf - pHi) equals
zero. The ApH values were graphed versus the initial pH to identify the (pHpzc)%.

Adsorption experiments

To evaluate the uptake efficiency and adsorption performance of the Activated Carbon derived from olive
pits, Tartrazine (E-102) was chosen as a model contaminant adsorbate due to its widespread use in food,
pharmaceutical, and textile industries. This synthetic anionic dye appears as an orange powder with a purity
of 89%. A stock solution of 1000 ppm was obtained by dissolving 1 g of Tartrazine in 1 L of distilled water
and stirred for 24 h to ensure homogeneity. From this solution, serial dilutions were made to obtain different
concentrations from 1 to 40 mg/L. The maximum absorption wavelength (Amax) was determined using UV-
visible spectrophotometry within the 400-500 nm range and found to be 427 nm>’. The absorbance of each
diluted solution was measured at this wavelength, allowing the establishment of a calibration curve (A=£(C)),
later used to determine residual Tartrazine concentrations after adsorption. The adsorption experiments were
conducted using both raw and activated olive-pit carbon. Solutions of 40 ppm were prepared from the 1000
ppm stock solution. In 50 mL test tubes, 2 mL of Tartrazine solution was diluted with distilled water and
mixed with 40 mg of the adsorbent. All suspensions were agitated on a reciprocating shaker for 24 h a duration
established in preliminary tests as sufficient to guarantee equilibrium attainment across all tested conditions,
followed by centrifugation three times at 10,000 rpm for 15 min®!. Residual dye concentrations were measured
at Amax =427 nm using a UV-Visible spectrophotometer. Each experiment was replicated three times under
consistent operating conditions; Mean values are reported with an associated relative standard deviation not
exceeding + 5%.
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Analytical procedures
The equilibrium concentration (Ce) was determined from the calibration curve, and the adsorbed quantity at
equilibrium (Qe) was calculated using the equation:

Qe = X . (C0—Ce) (1)
m

where Ce (mg/L) and CO (mg/L) represent the equilibrium and initial concentrations, respectively, m (g) the
mass of carbon used, and V (L) the volume of solution.

To optimize the decolorization process, the influence of various parameters on Tartrazine adsorption was
examined. The parameters studied included pH, adsorbent dosage, initial dye concentration, temperature, and
contact time®2. The adsorption equilibrium data were analyzed using Langmuir, Freundlich, and Brunauer-
Emmett-Teller (BET) isotherm, Temkin models. Freundlich describes multilayer adsorption on heterogeneous
surfaces with non-uniform energy distribution, whereas Langmuir assumes monolayer adsorption on
homogeneous surfaces with identical active sites.

The Langmuir model is now presented with its linear equation:

Ce 1 Ce

Qe KLQ, Q.

)

where Q_ (mg/g) is the maximum adsorption capacity and K; (L/mg) is the Langmuir constant related to
adsorption affinity.

The Freundlich model, which describes multilayer adsorption on heterogeneous surfaces, is presented with
its linear form:

InQe = %lnCe + InKF (3)

where K, is the Freundlich constant and 1/n indicates adsorption intensity.
The BET isotherm model was expressed by the following equation:

Ce Cger—1 Ce. 1

Q. (Cs = Co) - (QumCBET) Cs + Q. CBET “)

where Ce (mg/L) is the equilibrium concentration, Cs is the saturation concentration, Qe (mg/g) is the amount
adsorbed at equilibrium, Qm (mg/g) is the maximum adsorption capacity, and Cj is the BET constant related
to the adsorption energy.

Linear plots of Qe versus Ce were used to determine the characteristic constants of each model, providing
insights into the adsorption mechanisms between Tartrazine and Activated Carbon under optimal and ambient
conditions®. The adsorption kinetics were analysed using several classical models, including pseudo-first-order
(Lagergren), pseudo-second-order, Elovich, and intraparticle diffusion models. These analyses helped describe
the adsorption rate and elucidate the mechanisms controlling mass transfer within the system>!. The pseudo-
first-order kinetic model presumes that the adsorption rate is proportional to the number of unoccupied sites
and is expressed as:

Ln (Qe - Qt) = Ln (Qe) (5)

where Qt (mg/g) and Qe (mg/g) are the adsorption capacities at time t and at equilibrium, respectively, and K|
(h™!) is the constant of pseudo-first-order rate.
The pseudo-second-order model presumes that chemisorption may be the rate-controlling step and is given
by:
RN S ]
Qt  K2Qe2 Qe ©
where K, (g/mg h) is the pseudo-second-order rate constant.
The Elovich model describes adsorption on energetically heterogeneous surfaces and is expressed as:

Qt:%lnt—l-ﬁiln(ocﬁ) (7)

where a (mg/g h) represents the initial adsorption rate and  (g/mg) is related to surface coverage and activation
energy.
The intraparticle diffusion model is defined as:

Qe = C + Kdt'? (8)
where K.d (mg/g h'/?) is the constant of intraparticle diffusion rate and C reflects the boundary layer thickness.

Thermodynamic studies were performed at various temperatures (24, 30, 35, and 40 °C). The thermodynamic
parameters AS (entropy), AH (enthalpy), and AG (Gibbs free energy) were calculated to determine the order/
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disorder changes within the adsorption system, the energetic nature (exothermic or endothermic), and the
spontaneity of the adsorption process®.
The thermodynamic parameters were calculated using the following equations:

AG° = —-RThh K. 9)
A H° 1 A S°
In Kc I T + I (10)

where AS° (J/mol-K) is the entropy change, AH® (J/mol) is the enthalpy change, AG® (J/mol) is the Gibbs free
energy change, Kc is the equilibrium constant, R is the universal gas constant (8.314 J/mol-K), and T is the
absolute temperature (K).

Results and discussion

FTIR analysis

FTIR analysis of the raw olive pit material (NO) discloses spectral features typical of lignocellulosic structures,
including a broad hydroxyl stretching band (3650-3750 cm™!) associated with cellulose/hemicellulose and a
carbonyl absorption near 1700 cm™! attributable to carboxylic functionalities, a signal at 1540 cm™! attributed
to the aromatic rings of lignin, as well as a distinct peak at 670 cm™' corresponding to the aromatic C-H
bonds (Fig. 2). These signals reflect a high content of oxygenated groups. After carbonization, the intensity of
these bands decreases sharply, indicating the thermal decomposition of volatile compounds. In contrast, the
persistence of the band at 1600 cm™ testifies to the stability of the carbonized aromatic structures. Upon H3PO4
activation, two new absorption bands emerge at 1292 and 1120 cm™!, characteristic of P=O stretching and
P-O-C linkages, which are diagnostic of phosphorus incorporation onto the carbon framework. The functional
groups identified on the activated carbon surface play a crucial role in the adsorption of Tartrazine. Hydrogen
bond formation between Tartrazine molecules and the surface hydroxyl, carbonyl, and carboxyl functionalities,
combined with 7t-1t conjugation between the graphitic carbon backbone and the dye’s aromatic rings, collectively
drive the adsorption process. In acidic conditions, the protonation of surface functional groups lead to
the generates positively charged sites, which enhances electrostatic attraction toward the anionic Tartrazine
molecules. In addition, phosphate-related groups introduced by H,PO, activation increase surface polarity
and provide additional active sites for adsorption. These synergistic interactions, namely electrostatic forces,
hydrogen-bond formation, and n-m stacking between aromatic structures, play a major role in enhancing the
adsorption efficiency of the activated carbon. These structural transformations give Activated Carbon developed
porosity and active groups capable of interacting with organic molecules such as Tartrazine via hydrogen bonds,
ni-m and electrostatic interactions. Comparable results have been reported in earlier studies, where phosphoric
acid activation was shown to promote the formation of phosphate and oxygen-containing functional groups,
enhancing surface polarity and improving the adsorption performance toward organic pollutants through
electrostatic attraction and -7 interactions’*%.

SEM analysis

Pre-adsorption SEM imaging of the activated carbon reveals a markedly irregular surface topology featuring
an interconnected network of pores with varied geometry (Fig. 3). The micrographs highlight the presence
of interconnected macropores and mesopores, as well as cavities of various sizes, providing a large specific
surface area conducive to adsorption. The rough and fissured texture suggests the existence of multiple active
sites promoting interaction with tartrazine molecules. These morphological characteristics confirm the ability
of the material to effectively trap organic dyes, particularly due to the availability of accessible pores and the
irregular nature of its surface®*-*’. However, a closer examination of the SEM image indicates that the surface
is predominantly irregular and fragmented, with rough edges, fissures, and void-like structures rather than
clearly defined cylindrical pores. The observed morphology suggests that chemical activation mainly induced
structural disruption and surface roughening, which contribute to the creation of adsorption sites and facilitate
dye diffusion toward the internal structure of the carbon.
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Fig. 2. FTIR spectrum of the raw (NO) and activated (C-A) carbon.
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Fig. 3. The scanning electron microscopy aspect of the activated carbon.
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Fig. 4. XRD pattern spectrum for the Activated Carbon.

XRD analysis

The XRD pattern of the H3PO4-activated carbon is dominated by two diffuse scattering halos centered at
approximately 20 =~ 22-25°and 20 = 42-45°, which can be assigned to the (002) and (100) reflections of turbostratic
graphitic domains (Fig. 4). The breadth of these reflections is indicative of a predominantly disordered carbon
structure, consistent with the disruptive effect of H3PO4 on long-range graphitic order during activation. The
absence of well-defined crystalline peaks confirms that the material does not contain significant amounts of
crystallized mineral phases, which is expected after effective post-activation washing. The first halo (=24°)
nevertheless attests to the existence of ordered but very small carbon micro-domains. Phosphoric acid activation
is known to introduce oxygenated functional groups and promote the formation of micropores and mesopores,
resulting in a strong structural disorder visible in the diffractogram. This amorphous microstructure, combined
with an increased specific surface area, is particularly favorable for the adsorption of Tartrazine*!~*.

Quantitative XPS analysis of H;POy activated carbon reveals a surface rich in carbon (64.99%), oxygen
(29.07%), and phosphorus (5.94%), confirming the effective integration and uniform incorporation of
phosphorus atoms within the carbon matrix of the material. (Fig. 5). The qualitative XPS spectrum reveals the
presence of characteristic peaks of C 1s, O 1s, and P 2p, reflecting a dominant aromatic carbon structure enriched
in oxygenated and phosphate functional groups. The decomposition of the C 1s peak shows, in addition to the
C-C and C=C bonds (~284.6 V), the presence of C-O (~286 eV), C=0 (~287 eV) and O-C=0 (~288.5¢V)
functional groups, associated with hydroxyls, carbonyls and carboxyls, as well as a higher energy signal (~290-
292 eV) attributed to C-O-P bonds generated by acid activation. The O 1s spectrum confirms the coexistence
of carbonyl (~ 531 eV), hydroxyls and phosphates (~532.5 eV), and carboxyls (~533.5 eV) groups, while the P
2p spectrum indicates P-O/P=0 (~133-134 eV) and C-O-P (~ 135 V) bonds. These results demonstrate that
H,PO, activation is not limited to opening the porosity, but significantly enriches the surface chemistry with
polar and phosphate groups, thus improving the reactivity and adsorption capacity of Activated Carbon towards
organic molecules, in particular anionic dyes such as Tartrazine***’. Analysis of the graph shows that ApH is
positive for initial pH values below 7.9 and becomes negative beyond this value (Fig. 6).

This indicates that the surface changes from a generally positive state to a negative state around pH 7.9,
which corresponds to (pHpzc). This value suggests that the material has a neutral surface around pH 7.9. Thus,
in an acidic environment (pH < pHpzc), the Activated Carbon surface will be positively charged, promoting
the adsorption of (Tartrazine). On the other hand, at basic pH (pH > pHpzc), electrostatic repulsion can reduce
the adsorption efficiency of these same anions. However, adsorption may still occur beyond the pHpzc due
to alternative interaction mechanisms independent of electrostatic attraction. Even under conditions where
both the adsorbent surface and the pollutant are negatively charged, non-electrostatic interactions such
as -7 stacking between the aromatic rings and the graphitic structure, hydrogen bonding between surface
functional groups (-OH, -COOH, -PO,) and dye molecules, as well as van der Waals forces, can significantly
contribute to dye uptake. In addition, the developed high specific surface area facilitates physical adsorption
within micro- and mesopores, partially compensating for electrostatic repulsion. These results are consistent
with the amphoteric nature of Activated Carbon surfaces and confirm the importance of pH control to optimize
adsorption performance®®*. The significant enhancement in adsorption capacity observed in the vicinity of
pH 5 can be explained by the establishment of an optimal equilibrium between the protonation state of the
adsorbent surface functional groups and the degree of ionization of the dye molecules, which together favor
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Fig. 5. The XPS spectrum of Activated Carbon. (a) quantitative, and qualitative of C1s (b), O1s (c) and P2p3/2
(d).
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Fig. 6. The point of zero charge (pHpzc) of Activated Carbon. Experimental conditions: adsorbent
dose=0.05 g, solution volume =50 mL, contact time =24 h, temperature =25 °C.

stronger electrostatic interactions and improved adsorption efliciency. At this pH, the activated carbon surface
remains positively charged, enhancing electrostatic attraction, while competition from excess H* ions is
minimized compared to strongly acidic conditions (pH = 2). Furthermore, the increase observed after pH 8 may
be related to the contribution of non-electrostatic interactions, such as m—m interactions between the aromatic
structure and the graphitic domains, as well as possible hydrogen bonding. Even though electrostatic repulsion
becomes significant above the pHpzc, these additional interaction mechanisms can partially compensate,
resulting in a secondary rise in adsorption capacity. Recent studies have reported that dye adsorption on
Carpobrotus edulis-based adsorbents is governed by a combination of electrostatic attraction. In particular,
acid-treated C. edulis composites exhibited deep porous structures and active surface sites, leading to high
adsorption capacities for rhodamine B and crystal violet, with equilibrium fitting the Langmuir isotherm and
adsorption kinetics following the pseudo-second-order model, confirming a spontaneous adsorption process™®.
Similarly, native C. edulis biomass demonstrated effective crystal violet removal (Qm = 86.95 mg/g), where the
adsorption mechanism accompanied by exothermic and spontaneous thermodynamic behavior and reasonable
regeneration stability over multiple cycles®!.

impact of various parameters on Tartrazine adsorption
The kinetic parameters obtained from the pseudo-first-order, pseudo-second-order, Elovich, and intraparticle
diffusion models are presented in Table 2.
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First-order Second-order Intraparticle Elovich
Qm_, (mg/g) | K, (h') | R? Qm_, (mg/g) | K,(g/mg.h) | R? K,d (mg/g.h™'2) | C (J/mol) | R? A (mg/g.h) | B (g/mg) | R?
4.47 0.124 0.816 | 31.39 0.0816 0.999 | 1.3076 25.34 0.815 | 7.49.10° 0.59 0.889

Table 2. The kinetic parameters of the four models for Tartrazine adsorption by Activated Carbon.
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Fig. 7. Effect of some parameters on adsorption: (a) effect of adsorbent amount, (b) effect of pH, (c) effect
of initial concentration, (d) effect of contact time, (e) effect of temperature. Experimental conditions: initial
Tartrazine concentration =40 mg/L, adsorbent dose =40 mg, contact time =24 h, temperature =298 K (unless
otherwise stated).

According to Table 2, the fit of pseudo-second-order model (R? = 0.9996), provides the best confirming that
the adsorption is mainly governed by chemisorption. The investigation into the effects of operating parameters
on the adsorption of Tartrazine by Activated Carbon has highlighted significant effects on the quantity adsorbed
at equilibrium (Qe) (Fig. 7). Solution pH emerged as a critical determinant of adsorption efficiency: maximum
uptake achieved under strongly acidic conditions (pH =2) where extensive protonation of surface sites creates
a positively charged interface that favors attracts the anionic sulfonate groups of Tartrazine, whereas alkaline
conditions favor OH~ competition, suppressing dye-surface interaction®.

In addition, the adsorption behavior at intermediate pH values reflects the combined influence of
electrostatic interactions and surface functional group availability. The progressive decrease in adsorption
from strongly acidic to near-neutral conditions can be attributed to a reduction in surface protonation, which
weakens electrostatic attraction forces. Regarding the mass of Activated Carbon, an gradual increase in the
quantity of adsorbent results in a decrease in the Qe expressed in mg/g, probably due to an overabundance of
unused sites and the agglomeration of particles reducing internal accessibility™. Increasing the initial Tartrazine
concentration improves the Qe, reflecting a favorable adsorption process where the concentration gradient acts
as a driver of mass transfer™. Although removal efficiency (%) was not plotted separately, it can be directly
calculated from the adsorption capacity data. As expected, removal efficiency decreases with increasing initial
dye concentration due to saturation of available active sites, while Qe increases owing to the higher driving force
for mass transfer. The effect of contact time reveals a two-step kinetic process: a rapid initial adsorption phase,
followed by a slowdown step beginning at 6 h, which gradually leads to a Qe plateau after 24 h%. Although
increasing the adsorbent mass and contact time enhances dye removal, a complete saturation plateau was
not strictly achieved within the investigated experimental ranges. This behavior can be attributed to gradual
occupation of active sites, intraparticle diffusion resistance within the porous structure of the activated carbon,
and possible particle agglomeration at higher dosages, which can significantly reduce the accessibility of the
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Langmuir Freundlich ‘ Temkin ‘ BET
Qm(mg/g) | K,(L/mg) | R* K, (mg-g”")(L-mg™)'™ | 1/n | R? K, (L/mg) B (J/mol) | R? Qm(mg/g) C R?
80.00 0.032 0.895 | 2.58 1.11 | 0.946 | 0.29 25.76 0.969 | 47.18 2.72 | 0.997

Table 3. The Modeling parameters of four isotherms models for Tartrazine adsorption by activated carbon.
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Fig. 8. Modeling of Tartrazine adsorption by Activated Carbon. (a) Langmuir model, (b) Freundlich model,
(¢) Temkin model, (d) BET model.

effective surface area. Moreover, longer contact times may be required to allow full diffusion of Tartrazine
molecules into the internal micropores, particularly in heterogeneous multilayer adsorption systems. Finally,
increasing temperature induces a decrease in Qe, indicating an exothermic process where increased thermal
agitation promotes desorption, making adsorption thermodynamically less favorable at high temperatures®.
Based on the comprehensive parametric study, the optimal operating conditions were determined as pH=2,
adsorbent dose =40 mg, initial Tartrazine concentration =40 mg/L, contact time =24 h, and temperature =298 K.

These conditions were therefore selected for isotherm, kinetic, and thermodynamic investigations.

Adsorption isotherm modeling

The calculated parameters of Langmuir, Freundlich, BET, and Temkin isotherm models are summarized in
Table 3. As shown in Table 2, Among the four isotherm models evaluated, the BET equation provided the most
accurate description of the experimental data (R? = 0.997), pointing to multilayer coverage on an energetically
heterogeneous surface as the prevailing adsorption mode. All adsorption isotherm parameters were recalculated
and carefully verified.

According to the modeling results, the Langmuir model yielded positive constants with a maximum
adsorption capacity (Qm) of 80.00 mg/g and an affinity coefficient (K = 0.032 L/mg), with a correlation coefficient
R? = 0.895, indicate that monolayer adsorption may occur; however, the comparatively lower Langmuir fit
quality (R? = 0.895) underscores the inadequacy of the monolayer homogeneous surface assumption for this
system, reinforcing the heterogeneous, multilayer nature of Tartrazine adsorption. Whereas, the Freundlich
model, which is empirical and adapted to heterogeneous surfaces, provided physically consistent results, with
(Kg = 2.58 (mg g (L mg™)") and (1/n=1.11). The value of 1/n indicates favorable adsorption, and the high
correlation coefficient (R? = 0.946) demonstrates a good model fit. This confirms that activated carbon exhibits a
varied energy surface area and adsorption sites of varying intensities. The Temkin model, which introduces the
variation of energy with surface, showed an excellent fit (R? = 0.969) (Fig. 8).

The constants obtained, B=25.76 J/mol and KT=0.29, reflect a moderate interaction, indicating the
involvement of adsorbate-adsorbent interactions. Finally, the BET model, adapted to multilayer adsorption,
provided the best fit with an exceptional correlation coefficient (R* = 0.997). The calculated maximum capacity
(Qm=47.18 mg g!) and the energy constant C=2.72 are consistent with progressive adsorption over multiple
layers, which is typical of microporous or mesoporous surfaces such as that of the prepared Activated Carbon.
These results confirm that multilayer adsorption on a heterogeneous surface is the dominant mechanism,
governed mainly by successive Van der Waals interactions®’~*°. The BET-derived maximum capacity (47.18 mg
g™1) falls within the performance range documented for analogous agricultural waste-based carbons used in dye
removal applications (35-55 mg g™}), confirming the competitive adsorptive potential of the prepared material®!.
The Qm obtained from the Langmuir model (Qm=280.00 mg g™!) is higher than that calculated from the BET
model (Qm=47.18 mg g!). This difference arises from the Langmuir assumption of monolayer adsorption
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Adsorbent Pollutant | Qm (mgg™') | Dominant Isotherm | pH | References
Activated carbon (olive pits) (this work) | Tartrazine | 47.18 BET / Freundlich 2 This work
Sawdust (agricultural waste) Tartrazine | 4.71 Langmuir 3 02
Activated carbon from cassava sievate Tartrazine | 20.83 Langmuir / Freundlich | 1-2 | ©
Commercial biochar Tartrazine | 3.28 Langmuir - o4

Table 4. Comparison of Tartrazine adsorption performance with open-access literature.
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Fig. 9. Kinetic models of Tartrazine adsorption onto Activated Carbon: (a) pseudo-first-order, (b) pseudo-
second-order, (¢) intraparticle diffusion, and (d) Elovich models.

on homogeneous sites, which tends to overestimate capacity in heterogeneous systems. In contrast, the BET
model considers the possibility for multilayer adsorption and therefore provides a more realistic representation
description of the adsorption behavior exhibited of activated carbon material. A comparison of the adsorption
performance of the prepared activated carbon with selected open-access reports on Tartrazine removal is
presented in Table 4.

As shown in Table 4, the Qm of this adsorbent is significantly higher than adsorbents such as sawdust
and commercial biochar. The activated carbon derived from cassava sievate also shows an appreciable Qm.
however, it is lower than the value of activated carbon derived from pits olive. Variations in Qm and dominant
isotherm models are attributed to differences in precursor material, activation method, surface chemistry,
and experimental conditions including pH and initial concentration. Beyond dye adsorption studies, recent
research has explored a coconut shell-derived nanomagnetic biocarbon composite was recently developed for
turbidity removal in drinking water®?-%. The study demonstrated enhanced adsorption efficiency and improved
surface functionality through nanoparticle impregnation. Although the target pollutant differs from Tartrazine,
both studies highlight the effectiveness of biomass-derived carbon materials with developed porosity and
heterogeneous surface characteristics. The differences in adsorption capacity are attributed to pollutant nature,
measurement units, and surface modification strategies.

Adsorption kinetics and thermodynamic studies
the kinetic models tested, the (R?=0.9996) of pseudo-second-order model is the best compared to R%2=0.818,
R?=0.818, and R?=0.813 for the first-order, Elovich, and intraparticle models, respectively (Fig. 9).

The results of kinetic implies that surface-chemical interactions-likely involving coordination between
Tartrazine and specific functional groups constitute the rate-governing step, consistent with a chemisorption
mechanism. The Qm obtained from this model nearly identical to the experimental value, which reinforces
the validity of the model. The rate constant K, =0.0816 g mg™' h™! reflects relatively fast adsorption kinetics. In
contrast, the first-order model, the intraparticle diffusion model, and the Elovich model showed less satisfactory
fit, suggesting that these models do not adequately describe the adsorption rate in this system®-70. Based on
kinetic, isotherm, thermodynamic, and surface characterization results, the adsorption mechanism of Tartrazine
onto H,PO,-activated carbon can be described as a mixed process where physisorption predominates. Although
the pseudo-second-order kinetic model achieved the best correlation, the relatively low enthalpy value (AH®
~ —10.3 kJ/mol) and BET multilayer adsorption behavior indicate that physical interactions are predominant.
Electrostatic attraction under acidic conditions, m-7 interactions between aromatic structures, hydrogen
bonding with surface functional groups (-OH, -COOH, -PO 4), and van der Waals forces mainly govern the
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AG?® (J/mol)
AH® (J/mol) | AS° (J/mol.K) | 298 K 303K 308K 313K R?
-10,328 -28.58 -1809.76 | -1666.84 | -1523.92 | -1381.01 | 0.938

Table 5. The thermodynamic parameters of Tartrazine adsorption by activated carbon.
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Fig. 10. Thermodynamic analysis of Tartrazine adsorption onto Activated Carbon.

adsorption process, while weak chemisorption through surface functional groups may also contribute. The
thermodynamic parameters are listed in Table 5.

Negative Gibbs free energy values across the studied temperature range (298-313 K) confirm the
thermodynamically spontaneous character of Tartrazine adsorption under the investigated conditions. (Fig. 10).
The sign negative of enthalpy (AH® = -10328 ] mol™) establishes the exothermic interaction and accounts for
the observed inverse relationship between temperature and adsorption capacity a hallmark of physisorption
interactions, where interaction forces are generally weak (Van der Waals interactions or hydrogen bonds). The
sign negative of entropy term (AS° = — 28.58 J/mol K) reflects a diminution in system disorder upon adsorption,
attributable to the ordered arrangement adopted by Tartrazine molecules at the solid-liquid interface. Overall,
these results confirm that the adsorption mechanism is mainly physical and favorable at room temperature”! -7,
Although the results of the kinetic study suggest that the adsorption process follows a mechanism commonly
associated with chemisorption, this does not necessarily imply pure chemisorption. but rather suggests the
coexistence of both chemical and physical interactions. While surface functional groups may contribute to specific
interactions with Tartrazine molecules, the relatively low negative AH® value indicates that physisorption plays a
dominant role. Therefore, the adsorption phenomenon can be described as a mixed mechanism involving both
physisorption and weak chemisorptions. The sign negative of AG® at all investigated temperatures demonstrated
the spontaneous of Tartrazine adsorption onto activated carbon. These thermodynamic findings are consistent
with the kinetic results and support the proposed mixed adsorption mechanism.

The adsorption mechanism of Tartrazine onto H,PO -activated carbon is governed by multiple interactions.
At acidic pH (pH <pHpzc), the surface of carbon becomes positively charged, thereby enhancing strong
electrostatic attraction and n—m interactions. Hydrogen bonding between surface oxygen-containing functional
groups (-OH, -COOH, -PO 4) and dye molecules also contributes to adsorption. Furthermore, van der Waals
forces facilitate multilayer adsorption, as confirmed by the BET isotherm model. Therefore, the overall adsorption
process follows a mixed mechanism dominated by physisorption with a minor contribution of chemisorption.

Conclusion

The present work establishes olive pits a abundantly available agro-industrial residue as an effective and
sustainable precursor for producing activated carbon with high Tartrazine removal efficiency from water. H3PO4
mediated activation yielded a microporous amorphous carbon material with an enriched surface chemistry
featuring oxygenated and phosphate groups that markedly amplified the adsorbent-dye interaction strength.
Characterization by FTIR, SEM, XRD, and XPS confirmed successful carbonization and activation, revealing
a heterogeneous morphology and a chemically reactive surface. Batch adsorption experiments highlighted that
the process strongly depends on pH, contact time, initial dye concentration, adsorbent dose, and temperature.
Maximum adsorption occurred in acidic conditions and decreased with temperature, confirming the exothermic
process. Kinetic modeling indicated that the pseudo-second-order model describes the prosses with a best fits
the data (R? = 0.999), indicating a mixed mechanism dominated by physisorption with a minor contribution of
chemisorption. The Freundlich, Temkin, and especially BET isotherms provided the best fits (R* = 0.946, 0.969,
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and 0.997, respectively), demonstrating multilayer adsorption on a heterogeneous surface, with a BET maximum
adsorption capacity of 47.18 mg g~!, while the Langmuir model yielded a higher theoretical Qm of 80.00 mg g~!.
Thermodynamic analysis revealed negative AG® values, confirming the spontaneous process, while the negative
AH® value indicated an exothermic interaction. These findings validate that the H,PO,- Activated Carbon
derived from olive pits is an efficient, and a low-cost, and sustainable adsorbent for dye removal. In conclusion,
olive pit-based Activated Carbon represents a economical, and high-performance adsorbent for the efficient
removal of Tartrazine. Its use promotes agricultural waste valorization and environmental protection. After
adsorption, the spent activated carbon can be regenerated by thermal treatment or solvent washing for potential
reuse. If regeneration is not feasible, the exhausted adsorbent may be safely disposed of through controlled
incineration or stabilization followed by landfilling in accordance with environmental regulations, thereby
minimizing secondary pollution risks. Despite the promising results obtained in this study, some limitations
should be acknowledged. The adsorption experiments were conducted using synthetic dye solutions under
batch conditions, and real industrial wastewater was not investigated. In addition, regeneration and reuse were
discussed but not experimentally evaluated. Future work should therefore focus on column studies, regeneration
cycles, economic assessment, and application to real effluents to further validate the practical feasibility of the
developed adsorbent.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained
from the corresponding author (fatmimessaud@yahoo.fr) upon reasonable request.
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