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A B S T R A C T

Water contamination with pharmaceuticals like acetaminophen (ACT), sulfamethoxazole (SMX), and phenolic 
compounds such as gallic acid (GA), have become a global concern. These contaminants are persistent envi
ronmental pollutants that threaten aquatic life and human health. Adsorption is recognized as an efficient and 
low-cost solution to tackle water pollution. In this study, the efficiency of three adsorbents—activated carbon 
(AC), geopolymer (GP), and carbon nanotubes (CNT) prepared from solid wastes for the removal of ACT, SMX, 
and GA by adsorption is assessed. AC, GP and CNT are synthesized from real wastes to address solid waste 
management needs. Physisorption confirmed AC superior BET surface area (527 m2 g− 1), followed by CNTs (66 
m2 g− 1) and GPs (30 m2 g− 1), allowing to achieve the highest adsorption capacity: 126.8 mg g− 1 for ACT, 54.9 
mg g− 1 for SMX, and 151.5 mg g− 1 for GA, with respective breakthrough times of 314, 66, and 68 min. Kinetic 
and isotherm adsorption models are fitted for all pair pollutant-adsorbent reaching 33 equations to accurately 
predict adsorption process, concluding that pseudo-second-order kinetic and Freundlich model best fit experi
mental data, demonstrating a strong adsorbent-adsorbate affinity. The findings suggest that these sustainable 
materials offer promising solutions for treating contaminated water.

1. Introduction

In the European Union, the growing presence of contaminants of 
emerging concern (CECs) in natural water bodies has become a critical 
environmental and public health issue [1,2]. Despite stringent water 
quality directives, such as the Water Framework Directive (2000/60/ 

EC) [3] and the Urban Wastewater Treatment Directive (91/271/EEC) 
[4], current wastewater treatment plants (WWTP) are not fully equipped 
to efficiently remove a wide range of CECs [5,6]. These compounds, 
including various chemical substances [7], such as antibiotics [8], 
persistent organic pollutants [9], pharmaceuticals [10], personal care 
products [11], and endocrine-disrupting chemicals. CECs primarily 
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originate from anthropogenic activities [12], and their extensive 
occurrence [13], persistence [14], bioaccumulation [5], and continuous 
circulation and transformation within aquatic ecosystems [15] have 
raised substantial global concern [16].

Among pharmaceutical compounds classified as CECs, paracetamol 
(ACT) (acetaminophen, 4-acetaminophen-nol) [17] due to its wide
spread use as an over-the-counter analgesic and antipyretic [18], lead
ing to its frequent detection in wastewater effluents and natural water 
bodies [19]. Another example of CECs belonging to the pharmaceutical 
group is sulfamethoxazole (SMX) [1] an antibiotic commonly used to 
treat bacterial infections in the respiratory, gastrointestinal, and geni
tourinary tracts [20]. SMX has been frequently detected in various 
aquatic environments [21] due to its widespread use in human and 
veterinary medicine [20]. SMX and ACT are persistent and resistant to 
conventional wastewater treatment processes [22]. Its presence in the 
environment poses risks to aquatic organisms, contributing to antibiotic 
resistance development [23], a growing global concern. The compound 
can also undergo partial transformation in the environment, leading to 
the formation of metabolites that may be more toxic than the parent 
compound [24].

In addition to the mentioned contaminants, phenolic compounds 
(such as gallic acid – GA) are present in several effluents, including in
dustrial [25] (e.g., oil pesticides and herbicides production, pharma
ceuticals, plastics, and textiles), agricultural [26] and urban wastewater 
[27]. These compounds can present adverse effects on the water 
ecosystem even at low concentrations due to their ecotoxicity [28], and 
treatment solutions are required to ensure that all phenolic-containing 
effluents are adequately treated before discharge in water bodies.

Creating a new approach to environmental protection across 
different domains involves using strategies to minimize contaminants in 
WWTP, such as optimizing biological processes [29], incorporating 
advanced oxidation techniques [30], electrocoagulation-assisted 
adsorption [31] and integrating innovative materials [32] for 
enhanced pollutant removal by optimized adsorption. In this context, 
adsorption stands out for its efficiency and simplicity. However, only a 
limited range of adsorbents, such as biochar [33], zeolites [34], and 
metal-organic frameworks [35], have been investigated for the removal 
of SMX, PCM, and AG.

One promising strategy is to develop and apply adsorptive materials 
like activated carbon (AC) [36], geopolymers (GP) [37,38], and carbon 
nanotubes (CNT) [39], which combined can effectively capture and 
remove contaminants such as pharmaceuticals [40], heavy metals 
[37,41], and organic compounds [42] from wastewater streams. ACs, 
GPs, and CNTs can be derived from real solid waste (RSW), supporting 
the circular economy by turning residual materials into valuable prod
ucts [43,44]. ACs, with high porosity, are ideal for adsorption and can be 
made from agricultural waste (such as exhausted olive pomace - EOP) 
through slow pyrolysis, offering a sustainable alternative to coal [44]. 
GPs are eco-friendly, synthesized from industrial by-products like fly ash 
(FA) [45]. CNTs can be produced from plastic solid waste via chemical 
vapor deposition (CVD), promoting resource recovery and addressing 
plastic pollution and carbon emissions [44].

Numerous studies focus on batch mode and single adsorbent systems 
to remove contaminants in tertiary treatment processes at WWTPs, 
primarily targeting organic compounds, dyes [37], and common pol
lutants like nitrates [46] and phosphates [47]. However, there is 
growing demand for research that combines materials with comple
mentary properties, such as AC [48], GPs [49], and CNTs [50], to 
improve the efficiency and versatility of contaminant removal processes 
in wastewater treatment.

This work delves into the comparison and adsorptive potential of 
novel RSW-derived adsorbents (AC, GP, and CNT prepared from 
exhausted olive pomace, fly ashes and plastic wastes, respectively) in the 
removal of CECs and phenolic pollutants from wastewater, given technic 
solution to the challenge of both solid waste and wastewater manage
ment. The methodology includes the characterization of the materials to 

draw connections between the synthesis processes, their physicochem
ical properties, and their adsorption performance. Furthermore, a 
comprehensive kinetic and isotherm adsorption modeling, employing 
pseudo-first, pseudo-second-order, intraparticle diffusion, Freundlich 
and Langmuir models, is performed to unlock a deeper understanding of 
the interactions between adsorbents and adsorbates. Upon select the 
better RSW-derived adsorbents, their synergy is explored in analyses of 
breakthrough curves for both multi- and single-component pollutants, 
shedding light on the dynamic behavior of these innovative adsorbents 
in wastewater treatment.

2. Methodology

2.1. Reagents and materials

The reactants employed in this investigation are shown below and 
classified according to their specific applications. The simulated 
wastewater contaminants include ACT (C8H9NO2–98 %), provided by 
Alfa Aesar; SMX (C10H11N3O3S – 98 %), provided by Supelco®; and GA 
(C₆H₂(OH)₃COOH - 98 %), provided by EMD Millipore Corporation. For 
ACs production, EOP (composition in Table S.1) was provided by Mir
abaga; carbon dioxide (CO2− 99 %), supplied by AirLiquide; nitrogen 
(N2–99%), provided by AlphagazTM; and silica wool, provided by 
Elemental Microanalysis. For CNTs production (composition in 
Table S1), the reagents used included low-density polyethylene (LDPE); 
nitrogen (N2–99%), provided by AlphagazTM; aluminum oxide 
(Al2O3–99 %), provided by BASF; ethanol absolute (C2H5OH - 99 %), 
supplied by Fisher Chemical; ethylene glycol (C2H6O2–99 %), also 
provided by Fisher Chemical; iron (II) chloride tetrahydrate 
(FeCl2⋅4H2O – 99 %), provided by Acros Organics; and iron (III) chloride 
hexahydrate (FeCl3⋅6H2O – 97 %), provided by VWR Chemicals. Finally, 
for GPs production, FA (composition in Table S2) was used, supplied by 
SOGAMA; sodium hydroxide pearls (NaOH - 98 %), provided by Lab
kem; sodium silicate (Na2SiO3 - Na2O = 10.6 % and SiO2 = 26.5 %), 
provided by Fisher Chemical; and hydrochloric acid (HCl - 37 %), sup
plied by VWR Chemicals, was used to wash and neutralize the pH of the 
GPs.

2.2. Materials synthesis method

10 g of EOP (ground and sieved to a particle size smaller than 250 
μm) were placed in a tubular furnace with a nitrogen flow of 100 mL 
min− 1 to produce AC. A heating ramp of 5 ◦C min− 1 was applied, pro
gressing through three temperature stages: 400 ◦C and 600 ◦C for 1 h 
each, followed by 800 ◦C for 4 h. At 800 ◦C, the nitrogen flow was 
replaced with CO2 injection for 1 h to activate the carbon, following a 
procedure adapted from elsewhere [51], which provided an optimal 
balance between surface area development and carbon yield for EOP. 
Nitrogen was then reintroduced and continued until the reactor cooled. 
The materials were washed with distilled water until achieving a neutral 
pH, dried in oven at 40 ◦C, sieved to obtain a particle size lower than 53 
μm, and stored for further use.

CNTs were synthesized via the CVD technique, using ferromagnetic 
nanoparticles supported on alumina. The nanoparticles were initially 
prepared using a sol-gel method. The process involved the preparation 
of two solutions: 20 mL of ethanol with 10 mmol of FeCl₂⋅4H₂O and 80 
mL of ethylene glycol with 20 mmol of FeCl₃⋅6H₂O. These were stirred 
and heated to 80 and 60 ◦C, respectively, before being cooled to room 
temperature. Both solutions were then combined with 6.6 g of alumina, 
stirred, and gradually heated to 60 ◦C for 2 h, then to 120 ◦C until a gel- 
like consistency was formed, and finally to 210 ◦C to yield a dry powder. 
The resulting powder underwent calcination at 300 ◦C for 12 h, followed 
by 600 ◦C for 24 h in an oxidative atmosphere, yielding the iron oxide 
supported on alumina catalyst (IO). The one-chamber reactor used in the 
CVD process has three heating zones that can be controlled indepen
dently. For the synthesis, the upper crucible (polymer cracking zone) 
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was loaded with 5 g of the model polymer (LDPE), and the lower cru
cible (CVD zone) was loaded with 1 g of the IO catalyst. The synthesis 
procedure was conducted at 850 ◦C for 1 h with a nitrogen flow of 50 mL 
min− 1 [52]. After synthesis, the final CNT material was recovered from 
the reactor and subjected to acid washing (50 % v/v H₂SO₄, 140 ◦C, 3 h 
under reflux) to remove residual metal catalysts. The material was then 
dried and sieved to isolate particles smaller than 53 μm.

GP was prepared using 10 g of FA as the aluminosilicate source. An 
alkali-activating solution was prepared by mixing 5.67 g of sodium sil
icate (Na2SiO3) and 2.27 g of sodium hydroxide (NaOH). The mixture 
was cured for 24 h at room temperature. The GPs were then ground into 
a fine powder for adsorption studies. After grinding, the crushed GP was 
thoroughly washed multiple times using distilled water and a 0.1 M 
hydrochloric acid solution until the pH of the solution containing the GP 
was neutral. Following washing, the GP was dried overnight at 40 ◦C. 
The dried GP was then sieved to isolate particles with sizes smaller than 
53 μm [53].

2.3. Materials characterization

The chemical composition of FA was determined by inductively 
coupled plasma optical emission spectroscopy (ICP-OES) analysis using 
a Vista AX Pro-720ES equipment (Varian, Ontario, Canada). The 
chemical composition of EOP, AC and CNT was assessed by elemental 
analysis (CHNS), carried out in a Flash 2000 analyzer (Thermo Fisher 
Scientific, Massachusetts, USA) equipped with a thermal conductivity 
detector (TCD).

The textural properties were gathered upon analysis of N2 
adsorption-desorption isotherms at 77 K, obtained in a Quantachrome 
NOVATOUCH LX4 adsorption analyzer equipped with long cells with a 
bulb and outer diameter of 9 mm. Before the analysis, the samples were 
degasified for 16 h at 120 ◦C, following IUPAC recommendation. Total 
pore volume (VT), BET specific surface area (SBET), and Langmuir- 
specific surface area (Slangmuir) were gathered using the Quantachrome 
TouchWinTM software. The external surface area (Sext) and the micro
pore volume (Vmic) were obtained by the t-method (thickness was 
calculated by employing the ASTM standard D-6556-01). The micro
porous surface area (Smic) was determined as the subtraction of Sext 
from SBET and the average pore width (Wmic) by approximation (Wmic =

4 Vmic Smic
− 1). The total pore volume (VTotal) was determined at p/p0 =

0.98. Calculations of those methods were all done using the Touch
WinTM software v1.21.

The analysis of surface chemistry for the materials was tracked using 
Fourier Transform Infrared Spectroscopy (FT-IR), with a PerkinElmer 
FT-IR spectrophotometer UATR Two. The spectra were recorded from 
450 to 4000 cm− 1 with a resolution of 4 cm− 1. X-ray diffraction (XRD) 
measurements were conducted at room temperature using a PANalytical 
X'Pert Pro diffractometer equipped with an X'Celerator detector and a 
secondary monochromator in θ/2θ Bragg-Brentano geometry. To assess 
the material's acid-base properties, various solutions were prepared and 
titrated to determine acidic and basic sites. To assess the material's acid- 
base properties, various solutions were prepared and titrated to deter
mine acidic and basic sites. For acidic sites, the samples (0.2 g) were 
mixed with NaOH (0.02 mol L− 1) and then titrated with HCl (0.01 mol 
L− 1). For basic sites, the samples were mixed with HCl (0.02 mol L− 1) 
and then titrated with NaOH (0.01 mol L− 1). Acidic site concentration 
was determined by the moles of NaOH consumed, while basic site 
concentration was determined by the moles of HCl consumed, both 
normalized to the sample mass. The following eq. (1 and 2) was used for 
sites calculations: 

Cacidic =
CNaOH.VNaOH − CHCl.VHCl

msample
(1) 

Cbasic =
CHCl.VHCl − CNaOH.VNaOH

msample
(2) 

where Cacidic and Cbasic (mmol g− 1) represents the concentration of acidic 
or basic sites on geopolymer's surface, CNaOH and CHCl (mmol L− 1) are 
the initial concentrations of NaOH and HCl, respectively, VNaOH (L) is the 
volume of NaOH added during titration, VHCl (L) is the volume of HCl 
added during titration, and msample (g) is the mass of the solid sample 
used.

To determine the point of zero charge (pHPZC), nine dilutions of NaCl 
(0.01 mol L− 1) were prepared, and their pH was adjusted between 4 and 
12 by adding NaOH (0.02 mol L− 1) or HCl (0.02 mol L− 1). To study pH 
effects on the material's adsorption performance, 0.15 g of the solid 
sample was added to each solution and stirred at 300 rpm and 25 ◦C for 
1440 min. After filtration, the pH of the solutions was measured, and the 
final and initial pH values were plotted to determine the pH at which the 
surface charge of the adsorbent is zero [54]. Finally, thermogravimetric 
analysis (TGA) (TGA-DCS1, Mettler-Toledo, SAE) was performed in air 
atmosphere from 40 to 900 ◦C (heating rate 10 ◦C min− 1) to evaluate the 
mass loss for the samples during the synthesis procedure.

2.4. Adsorption tests

2.4.1. Kinetic modeling
The adsorbents were individually loaded (Cads = 2.5 g L− 1) into 

separate pollutants solutions with an initial concentration of C0 = 100 
mg L− 1. The pH values of the solutions were measured prior to the 
experiment, 4.5 for SMX, 3.4 for GA, and 5.6 for ACT. The solution 
underwent agitation on a magnetic stirrer at 300 rpm. At 13 distinct time 
intervals (0, 2, 5, 10, 15, 20, 30, 45, 60, 90, 120, 240, and 360 min), 2 
mL aliquots were drawn from the solution. This study employed three 
kinetic models: the pseudo-first-order model, the pseudo-second order, 
and the intraparticle diffusion model. The mathematical expressions are 
given, respectively, by Eqs. (3), (4), and (5) [55]. 

qt = qe
(
1 − e− k1 t) (3) 

qt =
q2

e k2t
1 + qek2t

(4) 

qt = kidt1/2 + I (5) 

where qt is the adsorption capacity (mg g− 1) at a time t (min), qe is the 
adsorption capacity at equilibrium (mg g− 1), k1 is the adsorption rate 
kinetic constant of the pseudo-first-order model (min− 1), k2 is the 
adsorption rate kinetic constant of the pseudo-second-order model (g 
mg− 1 min− 1), kid is the intraparticle diffusion rate constant (mg g− 1 min- 

0.5), and I is the intercept (mg g− 1).

2.4.2. Equilibrium isotherms models
The selected adsorbents (Cads = 2.5 g L− 1) was tested with eight 

different concentrations for each pollutant (15, 25, 50, 75, 100, 150, 
200, and 400 mg L− 1). The mixture was agitated on a magnetic stirrer at 
300 rpm at room temperature for 24 h, after which a 2 mL aliquot was 
collected, filtered with a 0.45 μm Polytetrafluoroethylene syringe filter, 
and stored for High Performance Liquid Chromatography (HPLC) anal
ysis. Two isotherm fitting models for solid-liquid systems were evalu
ated: Langmuir and Freundlich [30]. Eq. (6) gives the expression 
representing the Langmuir model. 

qeq =
qmaxKLCeq

1 + KLCeq
(6) 

where qeq is the adsorption capacity at equilibrium (mg g− 1), qmax is the 
maximum adsorption capacity of the adsorbent (mg g− 1), Ceq is the 
equilibrium concentration (mg L− 1), and KL is the Langmuir adsorption 
constant (L mg− 1).

In contrast, the Freundlich isotherm model is interpreted as a model 
for sorption onto a heterogeneous surface that contains sites with 
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varying affinities [32]. Eq. (7) shows how this model is represented. 

qeq = KFC1/nF
eq (7) 

KF is the Freundlich constant (L g− 1), and nF is the dimensionless 
Freundlich constant related to adsorption intensity, values in the range 1 
to 10 represent favorable adsorption conditions.

2.4.3. Breakthrough curves and dynamic modeling
These operations were conducted under non-steady-state conditions, 

with adsorbate concentrations in both the fluid and solid phases varying 
over time and position within the bed. The steps involved adding in a 
Labbox 150 mm adsorption column, 20 g of GP, 0.5 g of AC powder, and 
glass beads, followed by circulating the contaminated solution con
taining SMX, ACT, and GA (C0 = 100 mg L− 1), (either mixed or sepa
rated) using an HPLC pump at a flow rate (Q) of 0.1 mL min− 1.

A breakthrough curve is a graphical representation of the concen
tration of a contaminant in the effluent over time during a fixed-bed 
adsorption process [56]. It is obtained by plotting the effluent concen
tration of the adsorbate against the volume of liquid passed through the 
adsorption column. The time equivalent to the usable capacity of the bed 
(tu) and the time equivalent to the total stoichiometric capacity of the 
packed-bed tower (tt) if the entire bed reaches equilibrium are provided 
by a mass balance in the column. The parameter can be calculated using 
Eq. (8) and Eq. (9): 

tu =

∫ tb

0

(

1 −
CA

CA0

)

dt (8) 

tt =
∫ ts

0

(

1 −
CA

CA0

)

dt (9) 

where tb is the breakpoint, defined as the time when C/C0 exceeds the 
limit established, as is the time corresponding to the saturation of the 
bed, CA is the concentration in the liquid phase at a given time, and CA0 
is the initial concentration. If total operation time (tt) is assumed to be 
the time equivalent to the usable capacity of the bed (tu) up to tb, this 
ratio is the fraction of the total bed capacity or length utilized to the 
breakpoint [57]. Hence, the length of the unused bed (HUNB) is the un
used fraction times the total length (Ht), given by the Eq. (10): 

HUNB =

(

1 −
tu
tt

)

Ht (10) 

From the mass balance in the column, it is possible to determine the 
total adsorption capacity qA (mg g− 1), as shown in Eq. (11), as well as the 
useful adsorption capacity qb (mg g− 1), as exhibited in Eq. (12): 

qA =
QCA0

mads

∫ ts

0

(

1 −
CA

CA0

)

dt (11) 

qb =
QCA0

mads

∫ tb

0

(

1 −
CA

CA0

)

dt (12) 

In which, Q is the volumetric flow rate (L min− 1) and mads is the mass 
of adsorbent to be used in the column. The efficiency of the column can 
be calculated with the Eq. (13): 

n =
qb

qA
(13) 

To further describe the dynamic adsorption behavior and predict the 
breakthrough curves, the Bohart–Adams and Yoon–Nelson models were 
fitted to the experimental data. This model assumes that the rate of 
adsorption decrease for each adsorbate molecule is proportional to the 
probability of adsorption and breakthrough. The model is given by Eq. 
(14): 

ln
(

Ct

C0 − Ct

)

= kYN (t − τ) (14) 

where Ct is the effluent concentration at time t, kYN (min− 1) is the rate 
constant, and τ is the time required for 50 % breakthrough. The fitting 
was performed by non-linear regression.

While the Bohart–Adams model (Eq. 15) assumes that the adsorption 
rate is controlled by surface reactions between the adsorbate and the 
adsorbent, and that the concentration of the adsorbate in the solid phase 
is proportional to the residual capacity of the adsorbent [58]. 

ln
(

Ct

C0

)

= kBAC0t − kBAN0
Z
F

(15) 

where kBA (L mg− 1 min− 1) is the kinetic constant, N0 (mg L− 1) is the 
maximum adsorption capacity per unit volume of the adsorbent, Z (cm) 
is the bed depth and F (cm min− 1) is the linear flow velocity.

3. Results and discussion

3.1. Characterization

3.1.1. Textural properties
Table 1 presents the results of the textural properties, which compare 

the three materials based on surface area. The N2 adsorption-desorption 
isotherms at 77 K for all the materials are available in Fig. S1. All ma
terials exhibit noteworthy surface area values; however, AC stands out 
with significantly higher values than the other materials.

The detailed surface area analysis of AC (SBET = 527 m2 g− 1) in
dicates the presence of numerous active sites for chemical interactions. 
The surface area of AC derived from EOP activated with CO₂ can range 
from 778 to 446 m2 g− 1, as observed by Lustosa et al., who compiled 
studies on the production of AC from EOP [43]. Also, the average pore 
width is 1.4 nm, indicating a high micropore presence [43]. In addition, 
the microporous surface area (Smic) of the AC was found to be 749 m2 

g− 1, with a micropore volume (Vmic) of 269 mm3 g− 1, further high
lighting its significant microporosity and potential for adsorptive 
applications.

The BET surface area of the CNTs in this study, SBET = 66 m2 g− 1, is 
somewhat lower than that reported in the review article of Bazargan 
et al. [59], where CNTs synthesized from LDPE exhibited surface areas 
around 141 and 74 m2 g− 1. This difference in BET surface area could be 
attributed to the catalyst composition or to the precursor purity.

Although GP does not surpass the other two materials in this com
parison (SBET = 30 m2 g− 1), it remains interesting since its surface area 
triples compared to its precursor FA (SBET = 13 m2 g− 1). The surface area 
results for GP are comparable to those observed by Rasaki et al. [60], 
who, in reviewing several articles, reported that GPs produced from FA 
have a surface area (SBET) ranging from 10 to 114 m2 g− 1.

The surface area plays a crucial role in adsorption, as it directly 
correlates with the availability of active sites for the attachment of ad
sorbates [61]. In this context, materials with higher surface areas, like 
AC (SBET = 527 m2 g− 1), offer more active sites for chemical interactions; 
this characteristic enhances adsorption capacity, potentially leading to 
monolayer adsorption, where adsorbate molecules form a single layer on 
the surface, or multilayer adsorption, where additional layers accumu
late due to intermolecular interactions [62]. Even though GP (SBET = 30 
m2 g− 1) have a lower surface area than AC or CNT, they may exhibit 
other mechanisms, such as ion exchange or surface charge interactions 

Table 1 
Textural properties analysis of ACs, CNTs and GPs.

Sample SBET 

(m2 g− 1)
SLangmuir 

(m2 g− 1)
Sext 

(m2 g− 1)
Vtotal 

(cm3 g− 1)

AC 527 782 33 0.3
CNT 66 68 17 0.1
GP 30 42 7 0.07
EOP 14 17 1 0.01
FA 13 15 1 0.01
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[63], that enhance their adsorption capacity, particularly for specific 
adsorbates, like cationic compounds [64].

3.1.2. Surface chemistry
Functional groups in AC, CNT, and GP were analyzed using FT-IR 

spectroscopy. Fig. 1 presents the results obtained through this method. 
Comparing the spectra samples reveals differences in the peak in
tensities and positions [65].

The spectra of AC in Fig. 1a shows the presence of four main peak 
areas, bands at frequency values were OH stretching in hydroxyl groups 
in 3431 cm− 1, the presence of carbonyl groups (C=O) indicates the 
presence of oxygen-containing functional groups on the surface of the 
materials, these groups act as active sites for adsorption and reaction 
processes, participating in acid-base reactions and hydrogen bonding, as 
previously assigned in the work [66]. Hydroxyl groups can influence the 
adsorption behavior of AC by affecting its interaction with water and 
other molecules; they can increase the affinity of the adsorbent to water, 
which may impact the adsorption of target contaminants [67]. The C––O 
stretching vibration at 1636 cm− 1 indicates chemical stability and bol
sters the carbon material's overall robustness and longevity. The C–H 
deformation vibration at 1383 cm− 1 reveals the presence of aliphatic 
hydrocarbons or other organic functional groups on the surface of the 
adsorbent. These functional groups may facilitate adsorption through 
interactions with adsorbates mediated by van der Waals or other inter
molecular forces [68]. Moreover, the C-O-C vibration at 1022 cm− 1 at
tests the incorporation of aromatic rings within the molecular 
framework [43].

In Fig. 1b is depicted the spectrum of CNTs. This spectrum also dis
plays a hydroxyl group band at 3433 cm− 1, as well as a C–O stretching 
vibration at 1636 cm− 1 that typically indicates the presence of carbonyl 
groups and can also reveal the bending vibration of adsorbed water or 
arising from the absorption of atmospheric CO2 on the surface of CNTs 
[69]. In addition, the sharp band at 1390 cm− 1 confirmed the existence 
of a C–O bond on raw CNTs, reinforcing the interaction with carbox
ylate groups [69]. Furthermore, a band at 870 cm− 1 is attributed to 
graphitic sp2 domains [70].

In Fig. 1c is presented the FT-IR spectra for the GP. The characteristic 
bands of GPs are commonly located at a wavelength range of 1300–900 
cm− 1. The existing bands in this range are credited to asymmetric 
stretching vibrations of Al-O-T and Si-O-T, according to He et al. [71]. 
Also, the Si-O-Si bonds might enhance specific interactions, such as 
hydrogen bonding or van der Waals forces, thereby improving adsorp
tion efficiency [53]. The narrow band observed at 1637 cm− 1 is attrib
uted to the bending vibration of H-O-H, indicating the presence of 
hydroxyl groups from water molecules. A peak around 1014 cm− 1 fol
lowed by a weaker band near 815 cm− 1 suggests C–O bending vibra
tions, characteristic of the carbonate ion (CO₃2− ) [72]. These bands are 
likely the result of surface carbonation caused by atmospheric CO₂ 
interacting with the GP.

The resulting diffraction diagrams are presented in Fig. 2. Several 
crystalline phases are discernible using the software X′ Pert HighScore 
Plus in the diffractogram, including calcite, silicate, and aluminum- 
based phases (Fig. S2).

Calcite, an essential crystalline phase in geopolymeric materials, 
comprises calcium carbonate (CaCO3) [73]. The presence of silicates is 
likely attributed to their precursor, sodium silicate (Na2SiO3), which 
may contain some unreacted molecules. In the study by Chao et al. [74], 
which produced a GP adsorbent using FA from the Manas Power Plant in 
Xinjiang, China, the XRD analysis results also showed the presence of a 
quartz phase (a crystalline mineral composed of silica) and a mullite 
phase (an intermediate phase in the alumina-silica binary system). 
Finally, the presence of aluminum-based phases is due to the presence of 
aluminum oxides (Al2O3) in the composition of the FA (Table S2), which 
is also found in studies using FA from MSW in the production of GPs 
[75].

The pHPZC, acidity, and basicity are crucial parameters for 

Fig. 1. FT-IR spectra of a) AC, b) CNT, c) GP.
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understanding the surface properties of the materials. These parameters 
dictate how a material interacts with its environment, particularly in 
adsorption; pHPZC shows that the surface may be positively charged, 
negatively charged, or have no charge at specific pH values; the acidity 
and basicity of a material are quantified by the concentration of acidic 
and basic sites on its surface, usually expressed in micromoles per gram 
(μmol g− 1) [76]. These parameters are shown in Table 2 for each ma
terial studied.

AC exhibits a relatively high pHPZC of 9.9. This indicates a predom
inantly basic surface character. AC has a basicity of 1250 μmol g− 1 and 
an acidity of 0 μmol g− 1, indicating an entirely basic surface with no 
detectable acidic sites. This lack of acidic sites and its h high basicity and 
the pHPZC of 9.9 suggest that AC is particularly effective in adsorbing 
acidic pollutants and can be used in applications where strong basic 
interactions are required, such as removing GA [77]. At a pH below 9.9, 
the surface would attract anions, while above this pH, the surface would 
be negatively charged and more likely to interact with cations.

CNTs exhibit a pHPZC of 6.9, which is slightly acidic. The study by 
Abdel-Ghani et al. [69], which used commercial multi-walled CNTs to 
adsorb phenol and nickel ions, reported a pHPZC of 6.0. This value in
dicates a surface generally less basic than AC and GP, with a higher 
tendency to acquire a positive charge at neutral to mildly acidic pH 
levels. The acidity of CNTs is notably higher, 1360 μmol g− 1, while the 
basicity is lower, 820 μmol g− 1, reinforcing the characterization of a 
surface with a predominantly acidic nature.

The pHPZC of 7.6 for GP indicates a surface near neutral to slightly 
basic. This value suggests that at pH above 7.6, the GP surface will 
predominantly carry a negative charge, enhancing its effectiveness in 
adsorbing cationic species. For instance, in the study by Chao et al. [74], 
an FA-based GP was used successfully as an adsorbent for Pb2+ ions, 
while Lee et al. [78] made adsorption of Cs+. Conversely, at pH below 
7.6, the surface becomes positively charged, favoring the adsorption of 
anionic species. Ali Siyal et al. [79] demonstrated this effect using an FA- 

based GP to adsorb anionic surfactants from aqueous solutions. The 
intermediate pHPZC value of GP reflects its balanced surface chemistry, 
allowing interaction with a broad range of ionic species. The GP exhibits 
an acidity of 865 μmol g− 1 and a basicity of 1925 μmol g− 1, with a 
predominance of basic sites. This balance between acidic and basic 
functionalities enables the surface of GP to effectively interact with both 
acidic and basic species, making it versatile for various adsorption ap
plications [80–82].

3.1.3. Thermostability
All samples exhibited expected thermal behavior. AC demonstrated 

moderate thermal stability among the carbon-based materials, while 
CNT displayed high thermal stability. GP, being inorganic, remained 
thermally stable even at elevated temperatures. Fig. 3a shows the TGA 
results and the first-order derivative thermogravimetric analysis (DTG) 
for AC.

The AC showed an initial mass loss of 13 % compared to its original 
state due to water evaporation. However, a faster mass loss occurs 
within 300 to 450 ◦C temperature range, where the highest DTG peaks 
are observed. In this range, the oxidation of organic matter begins, but 
complete combustion only takes place after 500 ◦C, resulting in a re
sidual mass of 17 % in the form of ash.

Similarly, studies presented by Lustosa et al. [43] on AC from EOP 
show that, regardless of the activation method, the thermogravimetric 
behavior experiences a mass reduction at approximately 100 ◦C (due to 
water loss), with thermal decomposition starting around 340 ◦C and 
stabilizing at 600 ◦C.

For CNTS, Fig. 3b, DTG analysis shows that the primary mass loss 
occurs around 650 ◦C, signifying a strong resistance to oxidation due to 
the material's robust architecture. This oxidation resistance aligns with 
the proposed structural models of these nanoscale materials, charac
terized by dominant aromatic bonds and minimal presence of dangling 
bonds. The CNTs experience oxidation at this point, leading to a sub
stantial mass decrease. Complete combustion is achieved only beyond 
700 ◦C, leaving behind 7.9 % residual ash, which can be attributed to 
metals coming from residual CVD catalyst [44].

The TGA and DTG for the GP, the only inorganic material, are present 
in Fig. 3c. The DTG analysis reveals a significant mass loss at around 
100 ◦C, attributed to water evaporation, which is expected and consis
tent with the findings in the literature [83,84]. The rapid decrease in 
mass before 150 ◦C is indicative of the evaporation of both chemically 
bound water within the GP structure and free water. Following this, 
there is a gradual but minor mass loss due to the elimination of hydroxyl 
groups (-OH) and chemically bonded water.

However, around 655 ◦C, another peak in mass loss is observed. 
According to He et al. [83], this second weight loss, typically occurring 
between 300 and 650 ◦C, is related to the dehydroxylation of Si-OH, Al- 
OH, and Ca-OH groups. The final stage of mass loss, often appearing 
above 750 ◦C and associated with the decomposition of carbonate spe
cies, was not observed in this GP. Ultimately, the residual mass stands at 
86 %, which is close to the 79 % found in fly ash-based GPs in the study 
by Abdulkareem et al. [84].

3.2. Contaminant adsorption

3.2.1. Kinetic modeling
This study conducted nine kinetic experiments, following the logic 

presented in Table 3. For each contaminant, the three different materials 
were tested to evaluate the rate and efficiency of the adsorption process. 
The kinetic models represented by eqs. 3–5 were fitted to experimental 
data of the adsorption kinetics.

The kinetic tests were performed using pollutant solutions without 
any pH adjustment. After mixing the adsorbent with the adsorbate, the 
pH values of the solutions were measured. AC, with a high pHPZC of 9.9 
and a basicity of 1250 μmol g− 1, exhibited a pH values close to the 
neutral (7.0 for ACT, 7.4 for SMX, and 7.8 for GA) when in contact with 

Fig. 2. X-ray diffractogram of geopolymer.

Table 2 
Values of pHPZC, basicity, and acidity.

Sample pHPZC Basicity (μmol g− 1) Acidity (μmol g− 1)

AC 9.9 1250 0
CNT 6.9 820 1360
GP 7.6 1925 865
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Fig. 3. Thermogravimetric analysis in air (TGA and DTG) for: a) AC; b) CNT; and c) GP.
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the pollutants. This suggests that AC maintains a relatively neutral 
environment for adsorption, likely due to its lack of surface acidity. In 
contrast, CNT, with a lower pHPZC of 6.9, showed more acidic pH values 
(4.8 for ACT, 4.5 for SMX, and 3.8 for GA), which is consistent with its 
higher acidity (1360 μmol g− 1). The lower pHPZC of CNT indicates that 
the adsorbent surface tends to be negatively charged at neutral pH, 
leading to stronger interactions with acidic pollutants and a tendency to 
acidify the solution. GP, with an intermediate pHPZC of 7.6, showed 
relatively stable pH values (6.6 for ACT, 6.9 for SMX, and 7.6 for GA), 
reflecting its more neutral surface charge and a balanced combination of 
acidity (865 μmol g− 1) and basicity (1925 μmol g− 1). This suggests that 
GP has a more balanced surface interaction with the pollutants, leading 
to less pronounced pH changes.

Analysis of Table 3 reveals notable findings, including the absence of 
intraparticle diffusion effects, indicating limited internal transport 
within particles, and the dominance of the pseudo-second-order model, 
suggesting chemisorption as the primary adsorption mechanism. As 
described by Wang et al. [85], internal diffusion models assume that the 
diffusion of the adsorbate within the adsorbent is the rate-limiting step. 
In this context, the diffusion of the adsorbate in the liquid film sur
rounding the adsorbent and the adsorption onto active sites are not 
instantaneous [86]. Furthermore, while the pseudo-first order and 
pseudo-second order models yielded high r2 values in the fitting process, 
the pseudo-second-order model provided the best fit, suggesting an 
abundance of active sites on the adsorbent.

The results obtained for adsorption capacities of ACT and GA 
correlate with SBET of the materials (0.97 for SBET vs qe,ACT and 0.81 for 
pHPZC vs qe,GA), whereas SMX adsorption has a weaker correlation with 
SBET (0.57 for SBET vs qe,SMX), as shown in Figs. S3a, S3c, and S3e. The 
total pore volume (VT) also correlates strongly with the adsorption ca
pacities obtained in the pseudo-second-order model (0.99 for VT vs. qe, 

ACT, 0.63 for VT vs. qe,SMX, and 0.85 for VT vs. qe,GA), as shown in 
Figs. S3b, S3d, and S3f. The weaker correlation between textural prop
erties and SMX adsorption suggests that surface chemistry plays a more 
significant role in the adsorption of this compound compared to ACT and 
GA. No correlation was found between adsorption capacities and acid/ 
basic characterizations (i.e., pHPZC, acidity, and basicity).

Considering the parameter qe and comparing it with the qexp, the 
values are closely aligned, thereby validating its applicability in 
describing the adsorption kinetics data. Moreover, when assessing the 
adsorption capacity of the materials across the three different contam
inants, AC performed the best in pseudo-second order and achieved 
values of 39.7 mg g− 1, 33.3 mg g− 1, and 36.0 mg g− 1 for ACT, SMX, and 
GA, respectively. Consequently, adsorption equilibrium is reached more 
quickly for AC and GA in the pseudo-first-order model, with K1 of 0.55, 
and for GP with ACT in the pseudo-second-order model, with a K2 of 
0.32. In the study by Pérez et al. [67], the adsorption kinetics of GA with 
different ACs were analyzed. Regardless of the precursor material or 
production method, the kinetics fit the pseudo-second-order equation. 
Further, Fig. 4 presents the experimental points for each kinetic study 
across the different adsorbent/adsorbate groups and the previous 

optimal fittings.
AC demonstrated the best results for all three pollutants. For 

instance, AC reached 64 % of its adsorption capacity within 5 min for 
ACT, a value comparable to that found in the work of Nguyen et al. [87]; 
In this study, a commercial AC oxidized with HNO3 increased oxygen- 
functional groups (SBET = 1284 m2 g− 1), removing approximately 52 
% of ACT from the solution within the first 5 min of contact. The best fit 
for this study was achieved using the pseudo-second-order model.

For SMX, AC also exhibited good adsorption capacity (33.3 mg g− 1) 
and performance, demonstrating its efficiency as an adsorbent. Other 
studies applying commercial ACs for SMX removal from water also 
achieved good results. This was observed both at low concentrations (2 
μg L− 1 and 2 mg L− 1 of SMX with 10 mg L− 1 of AC), as naturally found in 
tap water, as reported by Gutiérres et al. [88], where their commercial 
powdered AC achieved effective removal, and at higher concentrations 
(an adsorbent dosage of 0.05 g L− 1 and a series of initial SMX concen
trations 20–100 mg L− 1), as demonstrated by Yawei Shi et al. [89].

Finally, when analyzing the performance of AC for GA removal, 
which was also satisfactory (36 mg g− 1), and comparing it with the re
view work by Ho et al. [90], the removal of GA using different ACs 
ranges from 1.7 to 48.3 mg g− 1. According to Lustosa et al. [25], 
microporous ACs from EOPs offer enhanced adsorption capacity due to 
their high surface area and strong van der Waals forces within the 
confined pores, confirming the results obtained in the characterization 
of the material's surface area (SBET = 527 m2 g− 1), acidity (0 μmol g− 1), 
and basicity (1250 μmol g− 1).

CNTs demonstrated to be an intermediate material, showing 
adsorption capacities of 9.8 mg g− 1 for ACT, 25.4 mg g− 1 for SMX, and 
27.0 mg g− 1 for GA. In literature, CNTs are primarily applied as catalysts 
in advanced oxidation processes. Still, some papers focused on modi
fying the surface chemistry of CNTs to improve their adsorption effi
ciency. For instance, Kusmierek et al. [91]. reported adsorption 
capacities of 28.8, 17.9, and 38.8 mg g− 1 for ACT, using regular CNTs 
and CNTs functionalized with hydroxyl and carboxyl groups, respec
tively. The result obtained by the author using CNTs is higher due to the 
higher surface areas of the CNTs used in their work (SBET = 154–179 m2 

g − 1). Ameen et al. [92]. reported 58.5 mg g− 1 adsorption capacity of 
SMX in multi-walled CNTs, demonstrating that pH also influences the 
process (more efficient at acidic pH). The higher adsorption capacity 
reported in their work is also related to the higher surface area in that 
case (SBET = 500 m2 g− 1). For instance, Tuesta et al. [44] tested CNTs 
synthesized from LDPE via CVD in catalytic wet peroxide oxidation and 
found that these CNTs could adsorb 11 % (4.4 mg g− 1) to 31 % (12.4 mg 
g− 1) of ACT at an initial concentration of 100 μg mL− 1.

The GP showed an affinity for adsorbing GA (qe = 18.3 mg g− 1). 
Hijazi et al. [93] demonstrated that GPs derived from FA and modified 
with titanium oxide can reach a qe = 166.7 mg g− 1. In a comprehensive 
review of GP application for heavy metal and dye removal, Liang K. et al 
[94] summarized several studies focused on removing cationic dyes, 
which are particularly effective due to their negative surface charge and 
the alkaline conditions created by the activators. For instance, Acisli 

Table 3 
Parameters of adsorption kinetic models for pseudo-first and second order and intraparticle diffusion.

Pseudo-first order Pseudo-second order Intraparticle diffusion

Pollutant Sample qexp 

(mg g− 1)
qe 

(mg g− 1)
K1 

(min− 1)
r2 qe 

(mg g− 1)
K2 

(g mg− 1 min− 1)
r2 I 

(mg g− 1)
Kid 

(mg g− 1 min-0.5)
r2

ACT AC 40.4 37.7 0.23 0.96 39.7 0.00 0.99 20.0 1.49 0.53
CNT 12.0 9.3 0.35 0.82 9.8 0.05 0.88 5.1 0.38 0.55
GP 0.6 0.5 0.13 0.94 0.6 0.32 0.97 0.2 0.02 0.60

SMX AC 36.2 29.5 0.03 0.83 33.3 0.00 0.91 6.2 1.65 0.82
CNT 25.5 24.5 0.37 0.94 25.4 0.02 0.92 16.6 0.66 0.28
GP 4.0 4.9 1.38 0.48 4.8 0.00 0.48 3.3 0.15 0.23

GA AC 35.8 34.8 0.55 0.97 36.0 0.02 0.99 24.4 0.96 0.29
CNT 28.6 25.6 0.50 0.86 27.0 0.02 0.99 16.2 0.95 0.47
GP 17.5 17.4 0.25 0.99 18.3 0.02 0.97 10.8 0.56 0.34
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et al. [64] efficiently removed Basic Yellow 2, while Zhang et al. [95] 
and Wattanasiriwech et al. [96] successfully removed Methylene Blue 
using FA-based geopolymers and foam mortar, respectively. These ma
terials demonstrate strong electrostatic interactions that facilitate 
cationic dye adsorption, as the negatively charged geopolymer surfaces 
attract the positively charged dye molecules, enhancing the adsorption 
process. Our material also exhibited adsorption through electrostatic 
interactions, which is characteristic of cationic GP. The pHPZC of the GP 
was 7.6, indicating that the surface charge of the materials is negative at 
neutral and basic pH. Additionally, the measured basicity (1925 μmol 
g− 1) and acidity value of (865 μmol g− 1) further emphasize the alkaline 
nature of the material.

It is also noticeable that the rate at which all three materials reach 
equilibrium is quite similar; in the initial minutes, all materials can 
achieve maximum adsorption.

3.2.2. Equilibrium isotherms
The equilibrium isotherms were studied by fitting Langmuir and 

Freundlich's models described by eqs. 6 and 7, respectively, to AC, CNT, 
and GP. Table 4 presents the parameters obtained from the equilibrium 
fits.

By analyzing the r2 values for the systems, it is evident that the 
Freundlich model provides a better fit for the compounds ACT (0.96 for 
AC, 0.93 for CNT, and 0.90 for GP), SMX (0.99 for AC and 0.93 for GP), 
and GA (0.99 for AC, and 0.97 for CNT) while Langmuir fitted better 
specifically for SMX with CNT (0.93) and GA with GP (0.93). The 
adsorbent/adsorbate interactions likely follow the description of 
Freundlich adsorption on a non-uniform (heterogeneous) surface, with 
interactions between adsorbed molecules in a reversible and non-ideal 
adsorption process rather than adsorption on a monolayer surface. All 
the values of 1/nf were <1, indicating that the adsorption is favorable, 
and that the adsorbate is preferentially adsorbed at higher 
concentrations.

The results from the Langmuir model show that AC exhibited 
excellent adsorption performance, with maximum adsorption capacities 
of 112.1 mg g− 1, 40.2 mg g− 1, and 314.2 mg g− 1 for ACT, SMX, and GA, 
respectively, highlighting its affinity and effectiveness as an adsorbent 
across different compounds. In contrast, CNT and GP exhibited moder
ate adsorption capacities for ACT, with values of 18.4 mg g− 1 for CNT 
and 11.6 mg g− 1 for GP. Similarly, for SMX, CNTs reached a qmax of 14.7 
mg g− 1, while GP reached 5.6 mg g− 1. However, for GA, both CNTs and 
GPs demonstrated satisfactory performance, with qmax values of 66.1 
mg g− 1 and 97.8 mg g− 1, respectively. When compared to other adsor
bents reported in the literature, such as diatomite used by Song et al. 
[34] for GA removal (qmax = 19.5 mg⋅g− 1) or magnetic chitosan reported 
by Chai et al. [97] (qmax = 48.39 mg g− 1), it is evident that CNTs and GPs 
offer competitive and promising adsorption capacities, particularly for 
GA.

The Langmuir isotherm parameter (KL) was used to calculate RL, 
indicating the solute's affinity presented in Table 5. When RL = 0, the 

Fig. 4. Fitting the adsorption kinetic models to the experimental data obtained 
for a) ACT; b) SMX; and c) GA pollutants with each adsorbent (AC - activated 
carbon, CNT - carbon nanotube and GP - Geopolymer, Cads = 2.5 g L− 1, CACT, 

SMX and GA = 100 mg L− 1, agitation = 300 rpm).

Table 4 
Equilibrium model parameters determined in the adsorption of ACT, SMX and 
GA for AC, CNT and GP adsorbents.

Pollutant Sample Langmuir Freundlich

qmax (mg 
g− 1)

KL (L 
mg− 1)

r2 KF (L 
g− 1)

nF r2

ACT AC 112.1 5.14 0.90 62.9 4.65 0.96
CNT 18.4 0.01 0.85 0.97 2.14 0.93
GP 11.6 0.50 0.90 0.47 1.15 0.90

SMX AC 40.2 0.24 0.92 148 4.32 0.99
CNT 14.7 0.01 0.93 0.90 2.21 0.88
GP 5.6 0.01 0.93 0.02 1.12 0.93

GA AC 314.2 0.03 0.99 12.6 1.36 0.99
CNT 66.1 0.02 0.83 8.5 2.78 0.97
GP 97.8 0.18 0.96 24.2 3.46 0.87
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adsorption process is considered irreversible. If 0 < RL < 1, the process is 
considered favorable to adsorption. A value of RL = 1 signifies a linear 
process, while RL > 1 indicates an unfavorable adsorption process [53].

All calculated values fall between 0 and 1, indicating that the 
adsorption process is favorable. However, the values for adsorption of 
ACT using AC were notably low, which may suggest an irreversible 
process at higher concentrations [53].

Fig. 5 presents the isotherm plots showing the fit of the two equi
librium models (Langmuir and Freundlich) for the best-performing 
adsorbent (AC). The corresponding isotherms for the other materials 
(GP and CNT) are provided in Fig. S4. These graphs visually illustrate 
how well the models align with the experimental data.

It is interesting to relate the shape of the graphs in Fig. 5: AC (Cads =

2.5 g L− 1) adsorption isotherms using Langmuir and Freundlich for a) 
ACT; b) SMX; and c) GA which shows that adsorption is strongly 
favorable for ACT (qmax = 112.1 mg g− 1) and SMX (qmax = 40.2 mg g− 1) 
and for GA (qmax = 314.2 mg g− 1). These results can be attributed to the 
fundamental properties of AC, as shown in its acidity and basicity tests. 
Since the contaminants are primarily acidic, they are likely to exhibit 
higher adsorption capacities due to this pH compatibility. Furthermore, 
the high surface area of AC (SBET = 527 m2 g− 1) enhances its adsorption 
capacity, enabling effective pollutant removal. In a study on the removal 
of CECs using different materials, Alsalihy et al. [17] highlighted that 
ACs are highly effective in removing this class of pollutants, achieving 
adsorption capacities of 320 mg g− 1 for diclofenac and 280 mg g− 1 for 
naproxen. Consequently, due to their simplicity, lower cost, and high 
effectiveness, ACs may offer significant advantages over conventional 
methods such as ozonation, UV disinfection, and activated sludge pro
cesses [98].

3.2.3. Breakthrough curves and Yoon-Nelson modeling: single and multiple 
compounds

Table 6 presents the breakthrough curve parameters and 
Yoon–Nelson model fitting results for each compound (ACT, SMX and 
GA). The analysis was first conducted with individual compounds and 
subsequently with a simulated solution containing all three pollutants. 
The fixed-bed column was packed with 20 g of GP and 0.5 g of AC 
powder. This combination was selected to exploit the synergistic effect 
between GP and AC, with GP serving as a structural support to minimize 
AC dispersion while also participating in the adsorption process.

The breakthrough curve in single compounds mode demonstrates 
that the system required 314 min to reach breakthrough for ACT, 66 min 
for SMX, and 68 min for GA. These results were obtained using con
centrations of 100 mg L− 1 for each compound, a flow rate of 1 mL min− 1, 
and room temperature. The breakthrough time was determined when 
the effluent concentration reached 5 % of the initial concentration. 
Moreover, the compounds' useful adsorption capacity (qb) in continuous 
mode showed that ACT achieved a value of 62.8 mg g− 1, while the other 
two compounds reached values around 13 mg g− 1. These capacities 
were calculated based on the bed's usable capacity time. Still, if the bed 
is used until complete stoichiometric exhaustion, the values increase to 
126.9 mg g− 1, 54.9 mg g− 1, and 151.6 mg g− 1 for ACT, SMX, and GA, 
respectively.

The mass-transfer zone is represented by HUNB. Small values of this 
parameter mean that the breakthrough curve is close to an ideal step 

with negligible mass-transfer resistance. Moreover, in the ideal condi
tion, no axial dispersion would occur [57]. Fig. 6a shows the break
through curve for each contaminant in a separate system.

In breakthrough curves, the areas above the curve correspond to the 
adsorption capacity, while the areas below the curve refer to the con
centration in the effluent stream [99]. It is important to note that these 
experiments lasted for 1440 min. The column efficiency is also calcu
lated based on the valuable and total adsorption capacity. As a result, 
systems that reached 5 % of the effluent concentration earlier exhibited 
lower efficiency, even though total breakthroughs did not occur as 
quickly as in the case of GA. On the other hand, the system for ACT and 
SMX removal showed an efficiency of 49.5 % and 24.1 %, respectively.

To further evaluate the dynamic behavior of the adsorption process, 
the Yoon-Nelson model was applied to the breakthrough data in single 
compound (Fig. 6a). The high coefficients of determination (r2 = 0.96 
for ACT and for SMX, and 0,93 for GA) confirm the model's suitability in 
describing the breakthrough behavior. The kinetic constant (k) 
remained low (0.01–0.02 min− 1), indicating a relatively slow rate of 
adsorption consistent with the observed breakthrough delays. Notably, 
the characteristic time required for 50 % breakthrough (τ) closely fol
lowed the breakthrough order observed experimentally, 475 min for 
ACT, 156 min for SMX, and 328 min for GA, reinforcing the higher af
finity and capacity of the bed for ACT.

The behavior of the multiple compounds followed a similar to that 
observed in the single system; however, it is evident that the column 
reached saturation much earlier, as the active sites of the adsorbent 
materials were consumed more rapidly. This can be observed in Table 6, 
which presents the parameters from the analysis of this breakthrough 
curve. The molar fractions of each compound are identical. Comparing 
the values of the bed's usable capacity with the tests conducted for each 
compound individually, the multicomponent system's time was reduced 
by an average of 26 %. As expected, the adsorption capacity was also 
altered in the same proportion. This aligns with the findings of Chang 
et al. [100], who observed a granular AC in the competitive adsorption 
of three pharmaceuticals (ACT, diclofenac, and SMX). According to their 
study, the competitive interactions are influenced predominantly by 
macropore characteristics, with mesopores and micropores playing a 
secondary role. These competitive effects are particularly relevant for 
real-world systems, where multiple compounds coexist in complex 
matrices and can interfere with one another's adsorption.

The application of the Yoon-Nelson model to the multicomponent 
system (Fig. 6b) further corroborates the competitive effects. While the 
model maintained good correlation (r2 = 0.98 for ACT, 0,96 for SMX, 
and 0,94 for GA), a decrease in τ values was observed, 341 min for ACT, 
151 min for SMX, and 314 min for GA, compared to the single- 
compound scenario. This decline quantitatively reflects the earlier 
saturation of the adsorbent bed, attributed to site competition.

Although the Yoon-Nelson model was successfully applied in this 
study, the Bohart–Adams model is also frequently used to describe 
breakthrough behavior, especially in the initial adsorption phase [58]. It 
considers parameters like bed depth and influent concentration, making 
it useful for scale-up. However, due to its simplifying assumptions, the 
neglect of axial dispersion and film diffusion resistance, the 
Bohart–Adams model did not yield satisfactory fits in this case. The 
coefficient of determination values were below acceptable thresholds for 

Table 5 
RL calculated values for AC.

C0 

(mg L− 1)
AC CNT GP

ACT SMX GA ACT SMX GA ACT SMX GA

100 0.002 0.039 0.248 0.555 0.558 0.641 0.022 0.506 0.060
75 0.003 0.052 0.305 0.632 0.632 0.757 0.029 0.580 0.077
50 0.004 0.075 0.397 0.729 0.735 0.929 0.044 0.671 0.114
30 0.006 0.120 0.523 0.869 0.961 0.984 0.086 0.962 0.209
10 0.019 0.290 0.767 0.934 0.963 0.992 0.333 0.961 0.581
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both single and multicomponent systems, indicating poor predictive 
capability. In single-component systems, r2 values were 0.35 for SMX, 
0.39 for GA, and 0.53 for ACT. In multicomponent systems, the values 
were 0.26 for SMX, 0.41 for GA, and 0.54 for ACT.

4. Conclusions

Eco-friendly adsorbents were synthesized, from real solid wastes and 
used to remove pollutants like acetaminophen, sulfamethoxazole, and a 
phenolic compound (gallic acid) from wastewater. The study un
derscores the advantages of adopting a circular economy approach by 
converting waste materials into high-value adsorbents, addressing waste 
management challenges and environmental remediation needs. Among 
the tested materials, activated carbon exhibited the highest adsorption 
capacity, achieving maximum values of 112.2 mg g− 1 for ACT, 40.3 mg 
g− 1 for SMX, and 314.3 mg g− 1 for GA, with Freundlich isotherms 
providing the best fit for the adsorption process. This superior perfor
mance can be attributed to AC's high surface area (527 m2 g− 1) which 
favor interactions with acidic pollutants like GA. The kinetic modeling 
further confirmed the pseudo-second-order model as the best fit, indi
cating that chemisorption mechanisms primarily governed the adsorp
tion process.

The breakthrough curve analysis in continuous flow shows that AC 
an exhibited significant breakthrough times (314 min for ACT, 66 min 
for SMX, and 68 min for GA) in single-component systems. In multi- 
component systems, competitive adsorption effects reduced the time 
to breakthrough, as expected, but the material's overall adsorption ef
ficiency remained robust. The GPs and CNTs also displayed promising 
adsorption properties, particularly in specific applications. GPs were 
more suited for cationic pollutant removal due to their balanced acidic 
and basic surface properties (pHPZC = 7.6). Finally, combining these 
materials in composite systems could present synergistic effects, offering 
tailored solutions for complex wastewater matrices.

For future research, regeneration and reuse of the adsorbents will be 
a key focus, especially considering the practical implementation of these 
materials. Given the variety of materials studied, different regeneration 
methodologies will be evaluated. Additionally, the application of com
bined treatment processes, such as coagulation, advanced oxidation 
processes or biological treatments with adsorption, is a promising 
avenue to enhance the treatment of real pharmaceutical wastewater.
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