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d development and validation for
the quantification of prednisolone and salbutamol
with their simultaneous removal from water using
modified clay–activated carbon adsorbents†

M. Ramadan Mahmoud,a Samar M. Mahgoub,b Rania Abdelazeem,c

Mahmoud M. Abdelsatar,d Ahmed A. Allam,ef Haifa E. Alfassam,g Abdelatty M. Radallah

and Rehab Mahmoud *h

Salbutamol sulfate (SAL) and prednisolone (PRD) are commonly used for treating respiratory and

inflammatory conditions, yet they are frequently detected in aquatic ecosystems, posing significant risks

to aquatic life and biodiversity. Despite the growing concern over pharmaceutical pollution, there is

a lack of reliable and sustainable methods for quantifying these drugs in both pharmaceutical and

environmental samples, as well as effective adsorbents for their removal from contaminated water. This

study aims to fill this gap by developing a reliable reversed-phase high-performance liquid

chromatography (RP-HPLC) method for quantifying SAL and PRD, while also creating an organoclay–

activated carbon composite adsorbent for removing these drugs from water. The HPLC method was

validated for linearity, precision, accuracy, robustness, and specificity, with detection limits of 1.06 mg

mL−1 for SAL and 0.95 mg mL−1 for PRD. The adsorbent demonstrated high efficiency in removing both

drugs, achieving maximum adsorption capacities of 731.64 mg g−1 for SAL and 888.75 mg g−1 for PRD at

pH 7, with an adsorbent dose of 0.4 g and a temperature of 45 °C. Thermodynamic analysis revealed

that the adsorption process is both endothermic and spontaneous. Characterization of the adsorbent

using FTIR, SEM, XRD, and BET confirmed its effective structure. Adsorption followed the Langmuir

model for SAL and the Sips model for PRD, with equilibrium reached within 240 minutes and the process

following pseudo-second-order kinetics. Ethanol proved more effective than acetone and acetic acid for

desorbing SAL, while acetone was more effective for PRD. The organoclay–activated carbon adsorbent

was found to be cost-effective, offering a practical solution for large-scale water treatment.

Sustainability assessments using the ComplexGAPI, BAGI, and RGB 12 algorithms highlighted its strong

environmental friendliness. This research provides valuable insights for pharmaceutical quality control

and the environmental remediation of pharmaceutical pollutants.
1 Introduction

Salbutamol sulphate (SAL) and prednisolone are widely used
drugs. SAL acts as a b2-agonist for asthma and COPD, and
prednisolone is known for its anti-inammatory and
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immunosuppressive properties. Their combination provides
synergistic benets for respiratory and inammatory conditions
(Fig. 1). However, their widespread use raises concerns about
environmental impact, especially in aquatic ecosystems. Phar-
maceuticals, including salbutamol and prednisolone, have
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Fig. 1 Chemical structure of (a) SAL, (b) PRD.
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been increasingly detected in water bodies, oen at trace levels,
due to their persistence in the environment and incomplete
removal during wastewater treatment processes.1–3 Recent
studies have reported the presence of salbutamol and prednis-
olone in surface waters at concentrations ranging from ng L−1

to mg L−1, with higher levels observed in regions with inade-
quate wastewater treatment infrastructure.4–6 The discharge of
these drugs into aquatic systems poses ecological risks, with
salbutamol disrupting aquatic organisms' behavior, growth,
and reproduction by affecting the endocrine system.4,7 Simi-
larly, prednisolone, a corticosteroid, can alter aquatic biodi-
versity, affecting the health and development of sh and other
aquatic organisms.8,9 Despite these risks, conventional treat-
ment methods such as activated sludge and chlorination have
proven ineffective in completely removing these pharmaceuti-
cals, oen leading to the formation of toxic by-products.10 In the
study region, the lack of advanced treatment facilities exacer-
bates the problem, resulting in persistent contamination of
water sources with these compounds.11,12 These negative effects
highlight the urgent need for effective methods to remove
pharmaceutical pollutants from water sources.

The study addresses the dual challenge of quantifying sal-
butamol sulphate and prednisolone in pure and pharmaceu-
tical forms while also addressing their environmental impact as
water contaminants. A robust RP-HPLC method ensures precise
quantication of these drugs in pharmaceuticals and environ-
mental samples. Additionally, we propose a novel adsorbent
material for their effective removal from contaminated water.
While bentonite/activated carbon composites have been exten-
sively studied for water treatment applications, their use for the
simultaneous removal of salbutamol and prednisolone remains
underexplored, particularly in the context of the study
region.13,14

Organoclay, a chemically modied form of natural bentonite
or other smectite clays, is highly effective in water treatment.
The modication involves intercalating organic cations,
enhancing its ability to adsorb hydrophobic pollutants. This
process increases surface area and improves adsorption
8676 | RSC Adv., 2025, 15, 8675–8695
properties, making organoclay a valuable material for pollutant
removal.15 Its unique properties, such as high surface area,
strong adsorption capacity, thermal stability, and chemical
resistance, make it an ideal choice for removing a wide range of
pollutants and treating pharmaceutical contaminants in
water.15–17 To improve water treatment efficiency, activated
carbon (AC) is combined with organoclay to create a composite
adsorbent. AC, known for its high porosity and extensive surface
area, is derived from materials like bamboo, coconut husk,
wood, coal, and petroleum pitch.

According to their properties, it is also utilized in a variety of
applications, including medicine, metals recovery, water puri-
cation, biogas purication, and air emission purication. The
combination of organoclay with activated carbon will signi-
cantly enhance adsorption performance due to the synergistic
interaction between the two materials.18 This approach builds
on the well-documented efficacy of bentonite/activated carbon
composites in removing organic pollutants, while addressing
the specic challenge of pharmaceutical removal.19–21 When
used as a composite adsorbent, organoclay can act as a pre-
treatment stage, capturing larger hydrophobic molecules and
reducing the load on AC. This synergy enhances the overall
removal efficiency of pharmaceutical contaminants, ensuring
cleaner and safer water. Additionally, this combination can
extend the lifespan of the ltration system and reduce opera-
tional costs. The synthesis of an organoclay–activated carbon
composite adsorbent was studied for removing salbutamol
sulphate and prednisolone from water. The adsorption process
was assessed using a developed RP-HPLC method, ensuring
reliable efficiency evaluation. Results indicate that activated
carbon enhances organoclay's adsorptive capacity, offering an
effective solution for pharmaceutical pollutant removal
(Scheme 1). This study integrates accurate quantication tech-
niques with an innovative adsorbent, contributing to both
environmental remediation and advanced water treatment
technologies. Table S1† compares the performance of the
proposed HPLC method with recent publications for SAL and
PRD determination.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1
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2 Materials and methods
2.1. Chemicals and reagents

Perchloric acid, ethanol and acetonitrile were obtained from
scher. Salbutamol sulphate (purity 99.72%) was purchased
from Arshine Pharmaceutical Co., Limited, Changsha, China.
Whereas prednisolone (purity 98.97%) was purchased from
Zhejiang, China. SAL and PRD were obtained from local phar-
macies with valid expiration dates as commercially available
tablets. Activated carbon, hydrochloric acid and absolute
ethanol 99% were purchased from Scharlau (Barcelona, Spain).
Sodium hydroxide was purchased from Emsure (Darmstadt,
Germany). Bentonite organoclay is a type of organoclay derived
from bentonite, a naturally occurring clay mineral primarily
composed of montmorillonite. Bentonite organoclay is created
by modifying the surface of bentonite with organic compounds,
typically quaternary ammonium salts or surfactants, to make it
more compatible with organic materials acting as an effective
adsorbent for pharmaceutical pollutants in wastewater; was
purchased from Shanghai Innovy Chemical New Materials Co.,
Ltd (Zhejiang, China). Bi-distilled water of analytical grade was
used.
2.2. Chromatographic analysis and studies

Agilent HPLC 1200 series System (California, USA) is designed
to separate complicated materials with high resolution and
sensitivity. It has a quaternary-pump conguration for sophis-
ticated LC workows. Solution A was prepared by adding 1 mL
of perchloric acid in 1000 mL distilled water. Solution B is
© 2025 The Author(s). Published by the Royal Society of Chemistry
acetonitrile. Then mobile phase is prepared as a mixture of
solution A and solution B with ratio 33 : 67. Diluent was bidis-
tilled water. The chromatographic system was congured for
isocratic mode RP-HPLC. An Inertsil ODS 3V column of speci-
cation (4.6 × 250 mm, 5 mm) was used. The sample and
column oven temperatures were set to 5 °C and 40 °C, respec-
tively. The mobile phase is prepared as a mixture of solution A
and solution B with ratio (33 : 67, v/v). The RP-HPLC method
had a three-minute runtime, a 10.0 mL injection volume, a 2
mL min−1

ow rate, and 214 nm UV detection.
2.3. Adsorbent synthesis

Two grams of bentonite organoclay were added to one gram of
activated carbon in 100 mL of bidistilled water. The mixture was
sonicated for 30 minutes, followed by centrifugation to separate
the supernatant from the formed adsorbent. The adsorbent was
then washed three times with distilled water, followed by
ethanol. Finally, the adsorbent was dried in an oven at 70 °C for
12 hours until completely dry.
2.4. Characterization of the adsorbent

The properties of the formed adsorbent were analyzed using
several techniques, including FTIR spectroscopy. Samples
including the organoclay and that of organoclay aer pollutants
adsorption, were analyzed to get the IR spectra using a Bruker
Vertex 70 spectrometer (Germany) in the range of 4000–
400 cm−1. In addition to FTIR, the adsorbent and the composite
were examined using SEM to assess their surface morphology
and chemical composition. Also, X-ray diffraction (XRD)
RSC Adv., 2025, 15, 8675–8695 | 8677
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investigation was conducted using Panalytical (Empyrean) X-ray
diffractometer with Cu-Ka radiation (wavelength 0.154 nm) that
operated at a current of 35 mA and voltage of 40 kV, scanning at
a rate of 8° min−1 from 5° to 80° (2q).

2.5. Adsorption study

The batch adsorption method was employed in this study. Stock
solutions of salbutamol (SAL) and propranolol (PRD) were
prepared at a concentration of 1000 mg mL−1 using 50%
ethanol, and serial dilutions (using bidistilled water as
a diluent) were made to construct calibration curves for each
drug. Various factors inuencing the adsorption process were
examined, including adsorbent dose, pH, drug concentrations,
temperature, and contact time between the adsorbent and
pollutants. To investigate the pH effect, 0.1 g of the prepared
adsorbent was added to ve Falcon tubes (50 mL), followed by
the addition of 100 mg mL−1 SAL and PRD solutions, and the
tubes were lled with distilled water. The pH was adjusted to 3,
5, 7, 8, and 9 using 0.1 N NaOH or 0.1 N HCl. The tubes were
placed on an orbital shaker at 200 rpm overnight. For exam-
ining the adsorbent dose, different doses were added to ve
more Falcon tubes containing solutions adjusted to the optimal
pH. Each dose was tested in triplicate, and average results were
recorded. The doses tested were 0.075 g, 0.1 g, 0.2 g, 0.4 g, and
0.5 g. Drug concentration effects were studied in the range of 5–
500 mg mL−1 under the optimal conditions. The temperature's
inuence on the adsorption process was tested at 15, 25, 30, 35,
and 45 °C, and the thermodynamic parameters were calculated.
The Point of Zero Charge (PZC) of the organoclay was deter-
mined by adding 0.1 g of the adsorbent to 25 mL of aqueous
solutions at various pH levels (3, 5, 7, 8, 9, and 10). The solutions
were equilibrated for 24 hours to stabilize at a nal pH. The PZC
was identied as the initial pH where the change in pH (DpH)
was zero. Quantitative sorption was performed using high-
performance liquid chromatography (HPLC), while the
adsorption process was further evaluated through isotherms
and kinetics studies.

2.6. Regeneration of adsorbent

In this study, the regeneration of organoclay was explored by
using a 1.0 g L−1 SAL–PRD-loaded adsorbent with various
Fig. 2 HPLC chromatograms of SAL and PRD recorded at the optimum

8678 | RSC Adv., 2025, 15, 8675–8695
regeneration agents, such as ethanol, acetone, and acetic acid.
Each agent was prepared at a 50% v/v concentration in 20 mL of
solution. Desorption experiments were performed in batch
reactors, operating for 1 hour at 140 rpm and 30 °C. To evaluate
the efficiency of the regenerated organoclay, multiple adsorp-
tion–desorption cycles were conducted to determine its capacity
for removing SAL–PRD. The performance of the regenerated
organoclay was calculated using eqn (1):

Percentage removal ð%Þ ¼
�
C0 � Cf

�� 100

Cf

(1)

where C0 is the initial concentration of SAL and PRD (mg L−1),
Cf is the nal concentration of SAL and PRD (mg L−1).
3 Results and discussion
3.1. Methods development and optimization

The optimal ow rate of 2 mL min−1 was determined by testing
rates from 0.5 to 2 mL min−1. Various columns (C8, C18,
phenyl, and cyano) were evaluated, with the Inertsil ODS 3V
column (4.6 × 250 mm, 5 mm) chosen for its superior perfor-
mance. Scanning wavelengths between 200 and 400 nm were
tested, with the best resolution at 214 nm, matching the ana-
lyte's absorption. Different mobile phase compositions,
includingmethanol/water (30 : 70 v/v), acetonitrile/water (50 : 50
v/v), and pH-adjusted phosphate, were assessed. The most
effective mobile phase was solution A (1 mL perchloric acid in
1000 mL distilled water) and solution B (acetonitrile) at a 33 : 67
ratio, successfully separating SAL and PRD with sharp peaks.
The column oven was set to 40 °C to enhance mass transfer,
separation, and reproducibility, as shown in Fig. 2.
3.2. Method validation

The methodologies we proposed have been validated according
to the ICH criteria. The results demonstrate that these strategies
are both effective and dependable for analysts.22

3.2.1. Linearity, limit of detection (LOD), and limit of
quantication (LOQ). A calibration curve for each drug was
constructed by plotting peak area versus concentration. Serial
dilutions of a 1000 mg mL−1 stock solution were prepared in
duplicate within the concentration range of 3–50 mg mL−1, as
wavelength of 214 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) Calibration curves for determination of SAL and PRD and (c and d) calibration curve at low concentrations for determination of
LOQ and LOD of SAL and PRD.
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View Article Online
shown in Fig. 3a–d. Regression analysis data, including slope,
intercept, and R2 values, are provided in Table 1. The limits of
detection (LODs) and quantication (LOQs) were determined
using the formulas (3.3/S) and (10/S), based on the standard
deviation of the y-intercept and the slope of the calibration
curve, as calculated in a validated Excel spreadsheet. Table 1
also highlights the inverse relationship between sensitivity and
the corresponding LOD and LOQ values for the proposed
methods.

3.2.2. Precision. We conducted comprehensive intraday
and interday evaluations by performing six measurements over
three consecutive days to assess the method's repeatability and
Table 1 Regression and statistical parameters from the calibration
curves of SAL and PRDa

Parameter

Drugs

SAL PRD

Wavelength 214 nm 214 nm
Range (mg mL−1) 3–50 3–50
Coefficients of determination (R2) 0.9993 0.9995
Slope 6.366 4.6409
Intercept −11.03 −7.0746
LOD 1.06 mg mL−1 0.95 mg mL−1

LOQ 2.87 mg mL−1 2.11 mg mL−1

a Limit of detection (3.3 × s/slope) and a limit of quantitation (10 × s/
slope).

© 2025 The Author(s). Published by the Royal Society of Chemistry
intermediate precision, as detailed in Table 2. The relative
standard deviation (RSD) was calculated using the formula RSD
= (SD × 100)/mean. The results indicated an RSD of less than
2%, conrming that the precision of the developed method is
excellent.

3.2.3. Accuracy and recovery. Triplicate 10 mL injections
were made for each concentration level of the sample (50%,
100%, and 150%) relative to the standard analyte concentration.
The recovery test results indicate the consistency between the
actual and measured values, with these calculations based on
the experimental data shown in Table 3.

3.2.4. Robustness. Robustness refers to the method's
ability to remain reliable despite small, intentional changes in
its parameters. To evaluate this, standards were prepared and
injected aer modifying each drug parameter. Table 4 displays
various modications, such as adjustments in wavelength
(214 nm ± 2 nm), ow rate (2 mL min−1 ± 0.1 mL min−1), and
the mobile phase composition ratio (solution A% ± 1%).

3.2.5. System suitability. The system suitability tests were
conducted according to standard laboratory calculations out-
lined in the United States Pharmacopeia guidelines.23 Critical
factors that must fall within dened limits to ensure the
system's suitability include the resolution between two adjacent
peaks, which must be at least 2; the number of theoretical
plates, reecting column efficiency, which should be greater
than 2000; and the tailing or asymmetry factor, which should
not exceed 2 (T # 2), as outlined in Table 5.
RSC Adv., 2025, 15, 8675–8695 | 8679
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Table 2 Results of assay precision test for SAL and PRD in the marketed formulations

Test

SAL PRD

1st analyst (within a day)
2nd analyst
(between 3 consecutive days)

1st analyst
(within a day)

2nd analyst
(between 3 consecutive days)

Test 1 100.11 100.20 100.55 100.44
Test 2 100.18 100.22 100.42 100.52
Test 3 100.23 100.26 100.50 100.41
Test 4 100.22 100.31 100.46 100.55
Test 5 100.09 100.24 100.53 100.35
Test 6 100.15 100.22 100.45 100.40
Average 100.16 100.24 100.49 100.44
SD 0.05 0.04 0.05 0.07
RSD 0.05 0.04 0.05 0.07
Pooled RSD (12 samples) 0.06 0.06

Table 3 Results of accuracy for SAL and PRD in the marketed formulation

Test %
St add.n (mL)
to 20 mL ask

SAL PRD

Calculated amount
mg mL−1

Amount found
mg mL−1 Recovery %

Calculated amount
mg mg mL−1

Amount found
mg mg mL−1 Recovery %

50% 5 25.25 25.27 100.07 20.30 20.35 100.24
100% 10 50.50 50.49 99.98 40.60 40.95 100.86
150% 15 75.75 75.80 100.07 60.9 61.23 100.54
Minimum 99.98 100.24
Maximum 100.07 100.86
Average 100.02 100.54
SD 0.06 0.31
RSD% 0.06 0.30

Table 4 Method robustness for the developed method

Analyte
Chromatographic
parameters

Wavelength (nm) Solution A% ratio Flow rate

212 216 32% 34% 1.9 min mL−1 2.1 min mL−1

SAL Assay % 100.05% 100.00% 99.98% 100.06% 100.07% 99.89%
Retention time (Rt) 1.066 1.070 1.082 1.071 1.086 1.065
Tailing factor 0.93 0.92 0.93 0.90 0.94 0.91
Resolution N/A N/A N/A N/A N/A N/A

PRD Assay % 100.38% 100.41% 100.33% 100.24% 99.95% 100.19%
Retention time (Rt) 1.96 1.98 2.03 1.85 2.04 1.81
Tailing factor 0.91 0.93 0.92 0.93 0.94 0.92
Resolution 8.55 8.52 8.54 8.52 8.56 8.54

Table 5 Results of system suitability parameters for SAL and PRD

Suitability parameter SAL PRD Limit

Retention time 1.078 1.927 Rt � 10%
Resolution N/A 8.52 NLT 2.0
Theoretical plates 2862 6316 NLT 2000
Tailing factor 0.93 0.91 NMT 2.0%
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3.2.6. Selectivity. This method evaluates the selectivity of
our developed approach in determining the contents of salbu-
tamol and prednisolone without interference from solvents or
8680 | RSC Adv., 2025, 15, 8675–8695
excipients. The selectivity study involved injecting placebo and
matrix samples into the HPLC system to observe their effect on
the main peaks, as illustrated in Fig. 4a and b.
3.3. Adsorption studies

3.3.1. Material characterization. The X-ray diffraction
(XRD) patterns obtained from the OC/AC adsorbent reveal
a diverse mineralogical composition, as illustrated in Fig. 5a.
The organoclay (OC) is comprised of several minerals, including
quartz, feldspars, and montmorillonite, which are a direct
consequence of its environmental origins. The presence of
montmorillonite, with the chemical formula (Na, Ca)0.3(Al,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Chromatograms of (a) diluent, (b) placebo recorded at the optimum wavelength of 214 nm.
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Mg)2Si4O10(OH)2$nH2O, was conrmed through the identica-
tion of characteristic diffraction peaks. These peaks were
observed at 2q values of 20.58°, 30.02°, 35.54°, 56.08°, 62.75°,
and 74.40°, which correspond to the JCPDS le (card no. 13-
0135).14–16 Additionally, typical peaks corresponding to quartz
(SiO2) were identied at 2q values of 27.15°, 46.33°, 50.90°
(JCPDS no. 46-1045), and 68.93°. Furthermore, peaks for feld-
spars, represented by the formula (K, Na)AlSi3O8–CaAl2Si2O8,
were recognized at 12.89°, 25.49°, and 28.36° (JCPDS no. 70-
1862).17–19 The amorphous nature of AC results in the absence of
distinct diffraction peaks,24 this behavior may also apply to the
organic matter present within the internal structure of OC.
Consequently, it is essential to employ additional analytical
techniques, such as FTIR and FESEM, to accurately identify the
organic components.

The FTIR spectrum of the OC/AC adsorbent is presented in
Fig. 5b. Notably, the modied composite displays a signicant
absorption band at 3608.36 cm−1, which is indicative of the
O–H functional group present within the internal structure of
the montmorillonite mineral. The spectrum reveals a band at
3440.44 cm−1, which corresponds to the O–H stretching
frequencies associated with silanol groups (Si–O–H). Addition-
ally, another band observed at 1631.44 cm−1 represents the
bending vibration of water molecules (H–O–H) in a physical
state (as adsorbed on montmorillonite's surface). The absor-
bance bands detected at 2838.10 cm−1 and 1427.10 cm−1 are
linked with the stretching frequencies of –CH2 groups, which
may be accompanying to the presence of organic matter within
OC.25 Moreover, the peak at 2372.10 cm−1 is indicative of C]C
© 2025 The Author(s). Published by the Royal Society of Chemistry
groups of AC, whereas the peak at 2105.92 cm−1 is connected
with the stretching vibrations of C]N bonds within AC internal
structure.26 The existence of SiO4

2− tetrahedral structures is
conrmed by the detection of bending vibrations and stretching
bands at wavelengths of 444.86, 518.31, 771.39, and
994.86 cm−1.27 Also, the AlO4 octahedral units within the
internal structure of montmorillonite are situated at approxi-
mately 774 cm−1.28 Following the adsorption of the predniso-
lone and salbutamol, new absorption peaks were detected at
2959.35 and 2851.32 cm−1, corresponding to C–H stretching
vibrations,29 as well as at 3813.42 cm−1, which is associated with
N–H stretching bonds.30 Additionally, signicant shis in the
intensities and wavenumber values were recognized for the AlO4

octahedral units, Si–O–H, H–O–H, –CH2, and various SiO4
2−

tetrahedral functional groups. The emergence of new peaks and
the alteration of the composite spectrum following the
adsorption experiment can be attributed to the interactions
between the molecules of these pollutants and the functional
groups of OC/AC adsorbent, thereby elucidating the mecha-
nisms underlying the effective removal process for these
hazardous compounds.

Fig. 6 illustrates the FESEM images of the OC/AC adsorbent
captured at various magnications. The FESEM micrographs
clearly demonstrate that the synthesized product exhibits
a uniform aky morphology characterized by a sheet-like
structure. Additionally, the microstructure reveals a range of
particle sizes along with a rough and porous surface
morphology, as depicted in Fig. 6a–c. The composite also
demonstrates notable aggregated clusters, which may enhance
RSC Adv., 2025, 15, 8675–8695 | 8681
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Fig. 5 (a) XRD-analysis of OC/AC composite and (b) FTIR spectrum of OC/AC before and after adsorption.
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the insertion of the pollutants into the inner surface of the clay
mineral, thereby improving the adsorption process. Aerwards
the incorporation of AC into the clay montmorillonite, the
surface texture of the clay became markedly rougher, as illus-
trated in Fig. 6d–f. This phenomenon can be assigned to the
insertion of AC within the lattice planes of montmorillonite
clay, which possesses a relatively large d-spacing (the distance
between clay planes) compared to other clay types. Further-
more, the FESEM images indicate that AC functions as a coating
material and/or substrate on the clay surface. These morpho-
logical alterations result in a signicant increase in surface
irregularity, leading to a more asymmetrical surface and
enhanced porous structure. As a consequence, this improve-
ment may augment the overall surface area of the as-
synthesized composite, thereby increasing the material's
adsorption capacity for the pollutants under investigation.
8682 | RSC Adv., 2025, 15, 8675–8695
Fig. 7 illustrates the outcomes of N2 adsorption–desorption
isotherms of the OC/AC composite providing essential
insights into its internal structural characteristics. The surface
area and average pore diameter of the OC/AC composite were
determined to be 720.493 m2 g−1 and 3.53 nm, respectively.
The graph depicting the relationship between relative pressure
(P/P0) and the quantity adsorbed (cm3 g−1) in Fig. 8 illustrates
a Type IV N2 adsorption/desorption isotherm, as classied by
the International Union of Pure and Applied Chemistry
(IUPAC). The presence of a Type IV hysteresis loop indicates
that the developed OC/AC adsorbent possesses a range of pore
sizes, predominantly consisting of mesopores and micro-
pores. The pore volume of the synthesized binder, measured at
0.578 cm3 g−1, suggests that the adsorbed pollutants may
diffuse more efficiently, potentially enhancing the removal
capacity. The data presented above show a signicant
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FESEM spectrum of OC/AC adsorbent (a–f).
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correlation with the FESEM results (Fig. 7), which explain
a complex and aggregated surface morphology characterized
by irregular porous phases, high surface area, and a nano-
porous structure.

3.3.2. Effect of pH, dose of adsorbent and temperature.
The adsorption of SAL and PRD on the organoclay–activated
carbon composite is inuenced not only by pH and adsorbent
dose but also by the pKa values of the drugs, which govern their
ionization behavior in solution. The pKa values of the drugs play
a crucial role in determining the ionic form of the molecules,
which in turn affects their interaction with the adsorbent
surface.31,32 SAL has a pKa value of 9.1,33 meaning that at pH
values below this, the drug predominantly exists in its cationic
form, while at pH values above this, it becomes largely neutral
© 2025 The Author(s). Published by the Royal Society of Chemistry
or slightly anionic, Fig. 8a. PRD, on the other hand, has a pKa of
12.5,34,35 indicating that it exists primarily in its neutral form at
most environmental pH values, but at very high pH, it may
ionize slightly to anionic species, Fig. 8b.31

Given the PZC of the organoclay adsorbent is 6.2, Fig. 8c, the
surface charge of the adsorbent becomes neutral at this pH,
enhancing the interaction with both drugs. At pH 7, both SAL
and PRD exhibit favorable adsorption: SAL is in a partially
cationic form, which can interact with the surface of the
adsorbent that may carry a small negative charge at this pH,
while PRD, existing mostly in its neutral form, interacts through
van der Waals forces and hydrogen bonding. At lower pH values
(such as 3 and 5), the cationic form of SAL is more prevalent, but
the positive charge of the adsorbent at these pH values may lead
RSC Adv., 2025, 15, 8675–8695 | 8683
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Fig. 7 The adsorption–desorption isotherms of N2 for OC/AC at 77 K.
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to repulsion, reducing adsorption efficiency. At higher pH
values (8 and 9), the ionic form of SAL may further increase,
leading to weaker interactions with the adsorbent. Similarly, at
these pH levels, PRD may undergo slight ionization, but it
remains predominantly neutral, limiting any additional inter-
action with the adsorbent surface.

Regarding the adsorbent dose, a dose of 0.4 g was found to
achieve the maximum adsorption capacity for both SAL and
PRD. Increasing the dose beyond this resulted in no signicant
enhancement of adsorption efficiency, as the adsorbent's active
sites became saturated. This phenomenon aligns with general
adsorption principles, where adsorption increases with the
amount of adsorbent until the surface sites are fully occupied,
aer which further increases in dose have no impact, Fig. 8a
and b.36,37 The temperature plays a crucial role in the adsorption
process of SAL and PRD onto organoclay–activated carbon
composites. To evaluate its effect, experiments were conducted
at different temperatures (15 °C, 25 °C, 30 °C, 35 °C, and 45 °C).
The results revealed that the adsorption efficiency of both SAL
and PRD increased as the temperature rise, with the highest
removal efficiency observed at 45 °C. This trend is consistent
with other studies, which indicate that higher temperatures
enhance the diffusion rate of the pollutants to the adsorbent
surface and improve the interactions between adsorbate mole-
cules and the adsorbent, Fig. 9a–d.38,39

The adsorption process was determined to be endothermic,
meaning it requires heat to proceed, as demonstrated by the
increase in adsorption capacity with temperature. This behavior
is typical of adsorption processes where elevated temperatures
help overcome energy barriers and facilitate the movement of
molecules into the pores of the adsorbent.40,41 Thermodynamic
parameters were calculated to further support these ndings.
The Gibbs free energy (DG) values showed highly negative
values at higher temperatures, indicating that the adsorption
process becomes more spontaneous as the temperature
increases.42 Moreover, the entropy change (DS) was positive for
both drugs, suggesting that the adsorption process leads to an
8684 | RSC Adv., 2025, 15, 8675–8695
increase in disorder within the system. This is a typical char-
acteristic of endothermic reactions, where both the adsorbate
and adsorbent gain more freedom of movement.43

3.3.3. Adsorption isotherm and kinetics investigation. This
study investigated the adsorption of both SAL and PRD onto
the synthesized adsorbent using various non-linear isotherm
models: Langmuir, Freundlich, Langmuir–Freundlich, Sips,
Redlich–Peterson, Toth, and Baudu, Fig. 10. These models
were employed to analyze the equilibrium data and gain
insights into the adsorption mechanism. All the tested
isotherm models demonstrated excellent t to the experi-
mental data, with high correlation coefficients (R2) exceeding
0.99 for both SAL and PRD as shown in Table 6. This suggests
that the adsorption process is complex and involves multiple
interactions between the adsorbate and the adsorbent surface.
The maximum adsorption capacity (qmax) was higher for PRD
than SAL in the Langmuir model, suggesting a stronger affinity
of PRD for the adsorbent. According to the R2 values offered in
Table 6, both the Freundlich and Langmuir models exhibited
a robust t for the adsorption systems of PRD and SAL, with R2

values nearing unity. To identify the most appropriate classical
model, the chi-square (c2) values presented in Tables 7 and 8
were examined. The results indicate that the Langmuir model
offered the optimal t for the isotherm data at 25 °C, as
demonstrated by the lowest recorded c2 values. Consequently,
the removal of both PRD and SAL can be attributed to the
analogous functional groups present on the synthesized OC/
AC adsorbent. These functional groups facilitated the forma-
tion of a monolayer of PRD and SAL molecules at the interface
between the adsorbent and the adsorbate surfaces. The
Langmuir model assumes one layer adsorbed onto a homoge-
neous surface with a nite number of identical adsorption
sites.44 The results suggest that the synthesized adsorbent
exhibits a high affinity for both pollutants and that the
adsorption process is likely a complex interplay of various
mechanisms. The maximum adsorption capacity (qmax) was
found to be 731.64 mg g−1 for SAL and 888.75 mg g−1 for PRD.
The equilibrium adsorption constant (KL) was determined to
be 0.004 for SAL and 0.0036 for PRD.

The statistical analysis showed that the three-parameter
isotherm Toth and Langmuir–Freundlich had the best correla-
tion with the experimental data across the whole concentration
range in the case of the two pollutants. This was because the
error functions that were established by the statistical analysis
had the highest coefficient of determination (R2), which was
nearly equal to one, and the lowest values. HYBRID and the c2

were considered universal indicators that provided the greatest
match to the experimental data for isotherm modeling predic-
tion in sets of eight adsorption systems. The number of exper-
imental points, model parameters, and pressure range may
have an impact on the type of results derived from the
remaining statistical criteria. Tables 7 and 8 display the statis-
tical error validity data for the isotherm models.

The adsorption kinetics of SAL and PRD onto the synthesized
adsorbent were examined using several models, including
pseudo-rst-order, pseudo-second-order, mixed 1,2 order,
Avrami, and intraparticle diffusion as illustrated in Table 9. All
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a and b) Effect of pH on the adsorption of (a) SAL and (b) PRD, while (c) PZC of OC/AC, (d and e) effect of dose of adsorbent on the
removal efficiency of (d) SAL, (e) PRD.
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models, except intraparticle diffusion, demonstrated excellent
ts with high R2 values, suggesting a complex adsorption
process with multiple mechanisms. The pseudo-rst-order
model indicated a dependence on the number of unoccupied
sites, while the pseudo-second-order model pointed to a chem-
isorption mechanism. The mixed 1,2 order model described
both rst- and second-order kinetics, and the Avrami model
suggested a nucleation and growth process. Intraparticle
diffusion contributed to the adsorption rate. The adsorption
process, which involves physical and chemical interactions,
surface adsorption, and intraparticle diffusion, was tracked by
monitoring the removal efficiency of SAL and PRD, showing
© 2025 The Author(s). Published by the Royal Society of Chemistry
a rapid increase in the early stages due to the availability of
vacant active sites, followed by equilibrium aer 240 minutes.
The pseudo-rst-order, pseudo-second-order, mixed 1,2 order,
and Avrami models best described the process with high R2

values, while the intraparticle diffusion model provided
a moderate t with R2 values of 0.68 and 0.70 for SAL and PRD,
respectively, as illustrated in Fig. 11.

In the equations: qt represents the adsorption capacity
(mg g−1) at time t (min), qe represents the adsorption capacity
(mg g−1) at equilibrium, k1 is the pseudo-rst order rate
constant (min−1), k2 is the pseudo-second order rate constant
(min−1), f2 is the mixed 1,2 order coefficient (dimensionless), k
RSC Adv., 2025, 15, 8675–8695 | 8685
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Fig. 9 (a) The effect of temperature on the removal efficiency to remove SAL; and (b) a plot of ln Kd against 1/T(K − 1) for SAL, (c) The effect of
temperature on the removal efficiency to remove PRD and (d) a plot of ln Kd against 1/T(K − 1) for PRD.
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is the adsorption rate constant (mg g−1 min−1), kip is the
measure of diffusion coefficient (mg g−1 min−1/2), Cip is the
intraparticle diffusion constant (mg g−1), kav is the Avrami rate
constant (min−1), and nav is the Avrami component
(dimensionless).
3.4. Regeneration of adsorbent

Fig. 12a and b illustrates the performance of organoclay–
activated carbon as an adsorbent for PRD and SAL across
multiple regeneration cycles, showing the removal efficiency
(effectiveness in extracting the drugs) in relation to the
number of cycles. In the initial cycle, the adsorbent demon-
strates high removal efficiency for both drugs, indicating
strong adsorption capacity. However, as the cycles progress,
the efficiency gradually declines, suggesting reduced effec-
tiveness with repeated use. Without regeneration, ethanol
consistently outperforms acetone and acetic acid as a de-
sorbent for SAL, while acetone proves more effective than
ethanol and acetic acid in releasing PRD. The decline in
removal efficiency is most pronounced in the early cycles,
particularly between the rst and second, indicating a signi-
cant initial loss of capacity. Specically, for acetic acid, the
removal efficiency for PRD decreases from 97.83% to 89.78%
and for SAL from 56.11% to 47.26%. With ethanol, PRD effi-
ciency drops from 93.75% to 35.63% and SAL from 53.44% to
20.04%. For acetone, PRD removal decreases from 96.82% to
24.12% and SAL from 54.86% to 25.66%. These ndings
8686 | RSC Adv., 2025, 15, 8675–8695
highlight the importance of developing effective regeneration
strategies to sustain the performance of organoclay–activated
carbon in drug removal applications.
3.5. Comparison with other adsorbents

Table 10 presents the maximum adsorption capacities of PRD
and SAL for OC/AC, along with a comparison to other adsor-
bents. Given the qmax values of 888.7 mg g−1 for PRD and
731.64 mg g−1 for SAL, the OC/AC adsorbent is recommended as
a promising, low-cost material for the removal of these phar-
maceuticals. This material can be effectively utilized in water
treatment facilities to address contamination caused by these
pollutants.
3.6. Cost

Estimating the cost of the manufactured adsorbents is an
essential part of performance study since cost-effective
adsorbents offer signicant advantages for real-world appli-
cations. It is possible to consider the organoclay–activated
carbon cost estimate for this study to be acquisition-cost-free.
According to Table 11, the equipment's energy costs which
included a sonicator, a centrifuge, and a dryer were 0.12, 0.24,
and 2.88 USD, respectively. With a yield of 3 g per batch,
organoclay–activated carbon has an overall cost of about 1.08
USD per g. Compared to other water treatment adsorbents in
previous reviews,53,54 which were more expensive than the
© 2025 The Author(s). Published by the Royal Society of Chemistr
y
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Fig. 10 Best fit isotherm model for (a–c) PRD and (d–f) SAL using the synthesized adsorbent.
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manufactured organoclay–activated carbon, the cost analysis
for this study demonstrated that organoclay–activated carbon
was incredibly cost-effective.
3.7. Whiteness evaluation of the proposed method

Analytical methodologies' sustainability and eco-friendless
must be assessed to evaluate how analytical technique or
procedure can affect the environment and the eco-systems.
However, sustainability is a broad term that includes afford-
ability, efficiency, safety, waste reduction, and greenness. An
analytical technique or procedure known as GAC reduces or
eliminates solvents, chemicals, or other hazardous substances
to the environment or public health. Sustainability cannot be
fully examined using a single evaluation tool across all pertinent
aspects.55 GAC maintains quality standards while remaining
© 2025 The Author(s). Published by the Royal Society of Chemistry
quick and affordable.56 Because of this, greenness, blueness,
and whiteness evaluation for the proposed method in this work
were evaluated using an integrated array of strategies that
incorporates supportive approaches to enable a thorough eval-
uation from many perspectives.

3.7.1. The ComplexGAPI greenness tool. The color-coded
pictogram used by the ComplexGAPI tool allows for an inten-
sive visual evaluation of the greenness level at each step, with
green being the most environmentally friendly and yellow to red
being the least ecologically friendly.57 The ComplexGAPI tool is
reliable and commonly used partially quantitative criterion for
evaluating greenness of analytical techniques or procedures. It
improves the evaluation scope over the whole analytical process
lifetime, including gathering the samples, storage, transport,
preparing, preservation, and the analysis that follows. It
RSC Adv., 2025, 15, 8675–8695 | 8687
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Table 6 The non-linear adsorption isotherm models for SAL and PRD using the synthesized adsorbent

Isotherm models Expression Adjustable model parameters SAL PRD

Two-parameters isotherm
Langmuir

qe ¼ qmaxKLCe

1þ KLCe

qmax 731.64 888.75
KL 0.004 0.0036
R2 0.99 0.99

Freundlich qe = KfCe
1/nf Kf 7.87 7.83

1/nf 0.68 0.71
R2 0.99 0.99

Three-parameters isotherm
Langmuir–Freundlich

qe ¼ qmaxðKLFCeÞbLF
1þ ðKLFCeÞbLF

qmax 726.9 877.21
KLF 0.004 0.0044
bLF 1.17 1.14
R2 0.99 0.99

Sips
qe ¼ qmaxKSCe

ns

1þ KSCe
ns

qmax 727 877.25
KS 0.001 0.0020
ns 1.17 1.14
R2 0.99 0.99

Redlich–Peterson KRP 2.23 2.85
aRP 0.001 0.00037
bRP 1.25 1.31
R2 0.99 0.99

Toth
qe ¼ KeCe

½1þ ðKTCeÞnT �1=nT
Ke 2.79 3.74
KT 0.001 0.0003
nT 1.25 1.34
R2 0.99 0.99

Four-parameters isotherm
Baudu

qe ¼ qmaxboCe
1þXþY

1þ boCe
1þX

qmax 726.8 877.09
bo 0.001 0.002
X 0.0001 0.00001
Y 0.17 0.14
R2 0.99 0.99

Table 7 Summary of the determined error functions for the non-linear adsorption isotherm models for PRD adsorption onto OC/AC

Lang Fran Lan–Fru Toth Sips Baudu Fritz–Schlunder

SSE/ERRSQ 3892.33 752.93 303.69 361.53 303.69 303.69 4805.95
X2 11.33 16.3 3.02 2.19 3.02 3.03 66.65
R2 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Adjusted R2 0.97 0.99 0.99 0.99 0.99 0.99 0.92
MAE 17.36 9.81 5.03 4.96 5.03 5.03 25.26
MAPE/ARE 10.13 21.23 7.67 3.92 7.66 7.67 42.67
RMSE 23.58 10.37 6.59 7.19 6.59 6.59 26.2
RMSE_2 27.9 12.27 8.71 9.51 8.71 10.06 40.02
NRMSE 0.23 0.1 0.06 0.06 0.06 0.06 0.23
HYBRID 14.18 29.72 13.42 6.85 13.41 17.9 99.57
HYBRID_2 226.61 326 75.62 54.67 75.59 100.86 2221.58
HYBRID_3 11.33 16.3 3.02 2.19 3.02 3.03 66.65
MPSD 12.36 37.61 14.69 6.66 14.68 16.97 90.57
MPSD_2 0.08 0.71 0.09 0.02 0.09 0.09 2.46
SAE/EABS 121.53 68.68 35.21 34.71 35.2 35.22 176.79
RMS 10.45 31.79 11.1 5.04 11.1 11.11 59.29
NSD 0.1 0.32 0.11 0.05 0.11 0.11 0.59
ARE_2 1.09 10.1 1.23 0.25 1.23 1.23 35.15
ARE_3 3.95 12.01 4.2 1.9 4.19 4.2 22.41
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Table 8 Summary of the determined error functions for the non-linear adsorption isotherm models for SAL adsorption onto OC/AC

Lang Fran Lan–Fru Toth Sips Baudu Fritz–Schlunder

SSE/ERRSQ 2422.29 3735.29 707.76 891.89 707.76 707.75 3735.29
X2 36.88 91.33 4.89 11.17 4.89 4.88 91.35
R2 0.99 0.98 0.99 0.99 0.99 0.99 0.98
Adjusted R2 0.97 0.95 0.99 0.99 0.99 0.98 0.91
MAE 16.03 22.28 7.51 9.08 7.51 7.51 22.28
MAPE/ARE 35.07 63.4 8.59 18.25 8.59 8.59 63.41
RMSE 18.6 23.1 10.06 11.29 10.06 10.06 23.1
RMSE_2 22.01 27.33 13.3 14.93 13.3 15.36 35.29
NRMSE 0.21 0.26 0.11 0.13 0.11 0.11 0.26
HYBRID 49.09 88.76 15.03 31.93 15.04 20.04 147.95
HYBRID_2 737.69 1826.55 122.13 279.36 122.24 162.83 3045.02
HYBRID_3 36.88 91.33 4.89 11.17 4.89 4.88 91.35
MPSD 54.18 106.22 13.38 30.42 13.39 15.45 137.15
MPSD_2 1.47 5.64 0.07 0.37 0.07 0.07 5.64
SAE/EABS 112.18 155.98 52.55 63.58 52.56 52.55 155.98
RMS 45.79 89.77 10.11 23 10.12 10.11 89.79
NSD 0.46 0.9 0.1 0.23 0.1 0.1 0.9
ARE_2 20.97 80.59 1.02 5.29 1.02 1.02 80.62
ARE_3 17.31 33.93 3.82 8.69 3.83 3.82 33.94

Table 9 Represents the kinetic models' parameters

Kinetic models Equation Parameters SAL PRD

Pseudo rst order qt = qe(1 − e−k1t) k1 0.013 0.012
qe 66.06 81.13
R2 0.99 0.99

Pseudo second order
qt ¼ qe

2 k2t

1þ qek2t

k2 0.0003 0.0002
qe 72.15 88.39
R2 0.99 0.99

Mixed 1,2 orders
qt ¼ qe

ð1� expð�ktÞÞ
1� f2 expð�ktÞ

k 0.014 0.0088
qe 66.06 81.69
f2 0 0.39
R2 0.99 0.99

Avrami qt = qe[1 − exp(−kavt)
nav] qe 66.06 81.13

kav 0.24 0.225
nav 0.057 0.053
R2 0.99 0.99

Intraparticle diffusion qt = kipOt + Cip kip 1.80 2.16
Cip 18.79 23.67
R2 0.68 0.70
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performs this by improving the current GAPI index and adding
new parameters based on the CHEM21 recommendations. In
contrast to the initial GAPI technique, this tool for assessment
better includes the 12 GAC principles. A substantial amount of
information about the specics and related aspects of the
process must be obtained, comprehended, and included for the
assessment to be valid. However, ComplexGAPI's overall nd-
ings can be attained by combining GAPI with additional anal-
ysis approaches. We can see from Fig. 13a, how sustainable our
suggested approach is, in which the E-factor, which refers to an
extremely remarkable one, denotes less waste production
(1.20E, 00), and leads to improved sustainability and a favorable
effect on the environment.

3.7.2. The AGREEprep greenness tool. To evaluate the stage
of preparing the samples, an innovative greenness measuring
© 2025 The Author(s). Published by the Royal Society of Chemistry
method called AGREEprep was developed in 2022 as a modi-
cation to the old AGREE gadget. A total of ten variables
contribute to the overall evaluation score. The factors score was
score on a scale from 0.00 to 1.00 and weigh them differently.
Certain assessments incorporate the following categories:
solvents, chemicals, reagents, materials, waste, energy, and
results.58 Fig. 13b shows that the recommended method is
environmentally eco-friendly (0.91), with exceptional greenness
as a sustainable analytical technique.

3.7.3. The BAGI blueness tool. The recently developed
BAGI assesses an analytical method's “blueness,” or its prac-
ticality and application.59 Although ComplexGAPI and
AGREEprep are tools that mostly assess an analytical method's
greenness, the ten useful criteria, such as evaluation type, total
number of analytes, equipment demands, sample efficiency,
RSC Adv., 2025, 15, 8675–8695 | 8689
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Fig. 11 Kinetic models fitting for (a and b) PRD and (c and d) SAL adsorption onto using organoclay–activated carbon adsorbents.

Fig. 12 Performance of various regenerationmaterials of organoclay–
activated carbon for (a) PRD removal, (b) SAL.

8690 | RSC Adv., 2025, 15, 8675–8695
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prepared sample needs, analysis percentage, reagents/
materials used, preliminary concentration needs, automa-
tion perspective, and sample volume, can be quantitatively
evaluated for blueness using the BAGI tool. The approximate
mean of these scores is used to calculate the composite BAGI
index. Each of these characteristics is rated from 1 (worst) to
10 (best). To assess the blueness of our suggested method, we
used the BAGI tool in our study. As shown in Fig. 14a, our
method achieved remarkable BAGI rankings of 90.0, demon-
strating its exceptional practical applicability, high production
capabilities, automation potential, and extremely low oper-
ating costs.

3.7.4. The RGB12 whiteness tool. The RGB12 approach
consists of 12 different algorithms that are grouped into three
categories: red, green, and blue. Each group of algorithms
covers important sustainability-related aspects.60 The G1–G4
green group concentrates on critical factors such as poisoning,
extra reagent and waste use, energy use, and possible effects
on humans, animals, and manipulated species. Validation
criteria, such as the method's applicability, LOD and LOQ,
precision, and accuracy, are evaluated by the red group (R1–
R4). The blue group (B1–B4) assesses elements of cost-
effectiveness, convenience, practicality concerns, and
budgetary requirements. The RGB12 algorithm is used to
combine the scores for each of the three-color groups to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 10 qmax values gained for various materials for PRD and SAL uptake

Pollutant Adsorbent qmax (mg g−1) Ref.

PRD Montmorillonite clay 18.04 45
PRD Graphene oxide 22.94 46
PRD Mesoporous materials 9.259 47
PRD Nanobiochar-enriched-diamine 21.93 48
PRD Poly aniline-co-pyrrole 238.8 49
PRD OC/AC 888.7 Current work
SAL Electronegative silanized b-cyclodextrin 159.6 50
SAL Cyclodextrin-based adsorbents 140.2 51
SAL Anionic cellulose nanobrils 196.0 52
SAL OC/AC 731.64 Current work

Table 11 Cost estimation of organoclay–activated carbon preparation

Equipment Time (h) Max. power (kW) Unit cost of power Cost

Sonicator 30 min = 0.5 h 1 0.24 0.12
Centrifuge 1 1 0.24 0.24
Dryer 12 1 0.24 2.88
Total yield cost = 3.24 USD for 3 g Total yield cost = 1.08

USD per g
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estimate the whiteness value, which indicates how closely the
procedure adheres to the guidelines of White Analytical
Chemistry (WAC). Using the RGB 12 algorithm, an extensive
study is conducted to quantitatively assess the overall
sustainability level of our analytical procedures, and to eval-
uate the whiteness prole of our suggested techniques.
Fig. 14b, demonstrates that the recommended procedures for
our proposed method, resulted in good whiteness value of
89.0. This evaluation highlights the enhanced reliability,
performance, and economic feasibility of our proposed
approach.61–68
Fig. 13 The greenness evaluation tools of the proposed method: (a) the

© 2025 The Author(s). Published by the Royal Society of Chemistry
4 Study limitations and future
research plan

Although this study demonstrated the effectiveness of the
developed RP-HPLC method and organoclay–activated carbon
composite adsorbent, several limitations should be acknowl-
edged. First, the study focused on only two pharmaceutical
compounds, and the method's applicability to a broader range
of pharmaceuticals remains to be explored. Additionally, while
the adsorbent showed promising results in laboratory condi-
tions, real-world water matrices with complex chemical
compositions may present challenges in adsorption efficiency
and stability. Further research is needed to investigate the
performance of this composite adsorbent in more diverse
environmental conditions, including varying water types and
concentrations of interfering substances. Additionally, the
regeneration potential of the adsorbent should be studied in
greater depth to assess its long-term sustainability in large-scale
applications. Future studies could also explore the integration
of this method with other water treatment techniques to opti-
mize removal efficiency and reduce environmental impact.
ComplexGAPI greenness tool and (b) the AGREEprep greenness tool.

RSC Adv., 2025, 15, 8675–8695 | 8691
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Fig. 14 The blueness and whiteness evaluation tools of the proposed method: (a) the BAGI blueness tool and (b) the RGB12 whiteness tool.
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Moreover, investigating the environmental fate and toxicity of
SAL and PRD aer treatment will contribute to understanding
the long-term benets of such water treatment methods.

5 Conclusion

This study successfully developed a reliable RP-HPLC method
for quantifying salbutamol sulfate (SAL) and prednisolone
(PRD) in pharmaceutical and environmental samples, demon-
strating high precision, accuracy, and reliability for routine
quality control and environmental monitoring. Additionally, an
organoclay–activated carbon composite adsorbent was engi-
neered to efficiently remove SAL and PRD from water, with
optimal conditions at pH 7, 45 °C, and a 0.4 g dose, achieving
maximum adsorption capacities of 731.64 mg g−1 for SAL and
888.75 mg g−1 for PRD. The Langmuir model was identied as
the most suitable representation of the isotherm data at 25 °C,
as evidenced by the lowest recorded c2 values. As a result, the
removal of both PRD and SAL can be attributed to the formation
of a monolayer of PRD and SAL molecules, facilitated by the
similar functional groups present on the surface of the
synthesized OC/AC adsorbent. The adsorption process was
endothermic and spontaneous, supporting its potential for
large-scale applications. This cost-effective adsorbent also
proved environmentally friendly, as conrmed by sustainability
assessments using ComplexGAPI, BAGI, and RGB 12 algo-
rithms. Overall, the combined RP-HPLC method and organo-
clay–activated carbon adsorbent provide a scalable and
sustainable solution for detecting and removing pharmaceu-
tical pollutants, contributing to the protection of aquatic
ecosystems and biodiversity.
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