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Marble dust (MD) is a significant landfill waste generated as a byproduct of mining and construction
industries. Methylene blue (MB) is a widely used hazardous dye responsible for serious ecological and
health risks, and its treatment has become increasingly alarming. This investigation scrutinizes the facile
preparation of a non-complex, low-cost, sustainable, and industrially feasible adsorbent along with
conducting its mechanistic studies, including XRD, TEM, WD-XRF, FE-SEM, FTIR, BET, TGA, and XPS,
followed by its implementation in the removal of MB dye. To examine the relative influence of different
variables, namely, time, temperature, pH, activated marble dust (AMD) amount and MB concentration,
a central composite design (CCD) model of response surface methodology (RSM) was employed with
approved R? = 0.9914, supporting the credibility of the model. The additional verification was provided
by ANOVA results, including the lack of fit and p-values, endorsing a quadratic model. The 3D response
plots clarified the influence of variables on the removal yield; the pH had a dominant influence on the
system at its higher value, while at lower pH values, the concentration played a more significant role. The
removal process followed a pseudo-second-order kinetics (R> = 0.999) and adhered to the Langmuir
isotherm model (R? = 0.9735), representing monolayer adsorption with gmax = 1.16 mg g~ The

thermodynamic study of the process fell under Henry's law region and unveiled that the removal of MB
Received 24th September 2024

Accepted 9th December 2024 is exothermic, spontaneous, and feasible and has appreciable reproducibility up to five cycles. The

overall process of adsorption followed physisorption, which was confirmed by the adhesion probability
and activation energy calculations. The adsorption process followed pore diffusion and bond formation
rsc.li/rscsus mechanisms.
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Sustainability spotlight

Methylene blue, a substantially utilized dye, often discharged into aquatic ecosystems without adequate treatment, causes significant ecological and health
hazards. Concurrently, waste marble dust from the marble industries contributes significantly to landfill accumulation. This research innovatively repurposes
waste marble dust as a cost-effective and sustainable adsorbent for the treatment of methylene blue in wastewater. The research reveals a remarkable removal
efficiency under normal conditions, accompanied by impressive reusability, thereby maximizing the viability of marble dust. Besides addressing critical
ecological concerns, this study aligns seamlessly with the United Nations Sustainable Development Goals (SDGs), particularly SDG 6 (Clean water and sani-
tation), SDG 12 (Responsible consumption and production), and SDG 14 (Life below water).

1 Introduction

Marble dust is one of the hazardous air and soil landfill

pollutants produced majorly in India, Egypt, China, Italy, and
“Department of Chemistry, Banasthali Vidyapith, Banasthali 304022, India Spain, with an annual average production of 1 million tons.
*Department of Ceramic Engineering, Indian Institute of Technology (Banaras Hindu Marble dust is produced as waste in construction industries
University), Varanasi 221005, India . . . L.

during quarrying, cutting, and polishing stages.” The Inter-

‘Department of Chemistry, National Institute of Education, National Council of i .
Fducation Research and Training, New Delhi 110016, India national Agency for Research on Cancer (IARC) 1997 classified

Department of Chemistry, Indian Institute of Technology (Banaras Hindu University), marble dust as a carcinogenic substance responsible for lung
Varanasi 221005, India. E-mail: ysharma.apc@itbhu.ac.in; Fax: +91 542 6702876; ~ cancer and bronchitis in marble workers. The alteration in the

Tel: +91 6702865 rate of photosynthesis and transpiration and adverse effects on

T Electronic  supplementary information (ESI) available. See DOI: plant growth were also observed.® Dyes are complex, colored
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aromatic compounds with large molecular sizes, which give
permanent color to the substrate and withstand fading even
after exposure to light, water, microbial organisms and
oxidizing agents. These benefits are advantageous across many
industries, including textile, rubber, pharmaceutics, paper, and
plastics.* Dyes are possibly the exclusive pollutant that can be
detected in water even at minimal levels with the naked eye.
Dyes must be eliminated from the effluent prior to discharge
into the water bodies since it obstructs the entry of sunlight and
inhibits photosynthesis. Moreover, color elevates the chemical
oxygen demand (COD) and biological oxygen demand (BOD)
and tends to chelate metal ions, leading to microtoxicity in
aquatic organisms and decreasing the availability of essential
metals.” MB is a commonly used cationic (C;6H13N3SC,) thia-
zine dye with A, at 663 nm. It forms a stable deep blue color in
aqueous solution and a red color in benzene.® It was identified
as an antidote for carbon monoxide and cyanide and is used as
aredox indicator in laboratories.”® It has been reported that MB
exceeding 7 mg kg~ ' in water could lead to diseases like
methemoglobinemia through direct oxidation, while its dosage
above 15 mg kg ™" can result in hemolysis.®

There are numerous methods for the elimination of dyes, viz.
adsorption, oxidation, filtration, coagulation-flocculation, and
photodegradation.’*™ The drawbacks associated with most of
these processes are the generation of enormous sludge,
expensive, ineffective elimination of dyes, high demand for
chemicals, etc. The generation of sludge and its tedious
management requires a lucid method. Furthermore, most dyes
exhibit stability against both photodegradation and biodegra-
dation, thereby leading to their improper removal. In the sight
of these consequences, the interest of researchers has shifted to
the adsorption method, which is a simple, cost-effective method
with high treatment efficiency without generating hazardous
compounds.*>*® However, the challenge with adsorption tech-
nology is the selection of effective and inexpensive adsorbent
materials. Nowadays, such adsorbents are widely available and
easy to synthesize from waste materials like coal,”” sand,'**
marble dust,* and biochar made from various biomass mate-
rials,” reducing the waste besides water treatment.*

The RSM technique is a statistical modelling technique with
two popular designs, ie., Box-Behnken Design (BBD) and
Central Composite Design (CCD). The BBD is an effective design
that requires a few runs. They have statistical characteristics
like rotatability or near-rotatability. The BBD does not have
center points while the CCD is a factorial design with center
points that expand the cuboidal area of the original factorial
design. The advantage of having these center points is that they
provide an analysis of the curvature of the response over
different factor levels.*

This study deals with a facile and inexpensive nano-
adsorbent synthesized from waste marble dust. The vitality of
the nanoadsorbent was explored for MB dye with the utilization
of RSM-FCCCD (Face Centered Central Composite Design) to
examine the interaction among independent variables like
time, temperature, pH, initial MB concentration. The best-
optimized conditions with DF = 1 (Desirability Factor) sug-
gested by the model were experimentally approved. To
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understand the detailed mechanisms, kinetic, isotherm, and
thermodynamic studies were performed along with XPS studies.
This research explores the scope of sustainable water treatment
using a novel nanoadsorbent fabricated using facile techniques
rather than employing raw or composite adsorbents synthe-
sized from metallurgical waste.

2 Experimentation
2.1 Materials

The chemicals employed to carry out the experiments were of
analytical grade. The methylene blue dye (mol. wt 319.85 ¢
mol ') was used to prepare the stock solution of 250 mg L™" by
solubilizing 0.25 g powder of MB in 1 L distilled water. The
NaOH (mol. wt 40 mg L") pellets and HCl (mol. wt 36.46
mg L") of Molychem and Emparta ACS of 98% and 37% purity
were used to make a 0.1 M solution of each to maintain the
requisite pH. NaCl (mol. wt 58.44) of 99.5% purity from Fischer
Scientific was used to perform the spH,,. experiments of AMD.

2.2 Experimental procedure

The particle size of marble dust was reduced by mechanical
pulverization followed by annealing. The schematic in Fig. 1
gives an outlook of the experimental process followed. The
Section S1.1 of the ESI filef gives a detailed account of the
experimental procedure.

The experimental variables like pH, adsorbent dose, and
initial MB concentration were determined according to the
experimental runs outlined in Table 3. The percentage removal
of MB and (g.) adsorption capacity were estimated using eqn (1)
and (2), respectively.

—C

% removal of MB = C'T x 100 (1)

1

o= Gy @)

Ci (mg L") is the initial concentration of MB solutions, C¢ (mg
L") is the final concentration of MB solutions and C. (mg L)
is the equilibrium concentration of MB solutions, W (g) is the
AMD dose and V (mL) is the volume of MB solution.

2.3 Characterization techniques

A wavelength-dispersive X-ray fluorescence spectrometer (Mal-
vern Panalytical Zetium) was used for elemental analysis. For
the batch top X-ray diffraction system (Rigaku Miniflex 600
Desktop), the range of 26 was between 10°-70° with a scanning
rate of 2° min ™" equipped with a copper laser source (Cu Ka. at A
= 1.54 A) at 5 mA and 20 kV. The X-ray diffraction data was
analyzed by X'Pert HighScore Version 2.2 (2.2.0). Scanning
electron microscope (Nova Nano SEM 450) was employed for the
surface morphology study. Samples were coated with gold
before charging for effective imaging. Fourier transform
infrared spectroscopy (ThermoElectron Scientific Instruments
LLC Nicolet iS5) was employed to determine and distinguish the
bonding and functional groups. The surface area analyzer
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Fig. 1 Schematic of the experimental procedure.

(Quantachrome) was used for surface area studies. The X-ray
photoelectron spectroscopy (XPS) was performed using
Thermo Fisher Scientific (K-Alpha Model). The final remaining
concentration after adsorption was measured using a UV-
spectrophotometer (Shimadzu UV-1800). The thermo scientific
pH meter (Orion Star A211) was used to estimate the pH. Some
other instruments, such as a water bath shaker (Remi RSB-12),
centrifugation machine (Remi PR-24), hot air oven (Remi RDHO
80), and muffle furnace, were also used during experiments.

2.4 Design of experiments (DoE)

The design of experiments (DoE) is an effective statistical
technique that deals with designing, executing, analyzing and
assessing the controlled tests to determine the variables that
influence the value of response used to understand the relation
between variables influencing a process and its response.** The
DoE includes scheming experiments and examining the data
with statistical techniques.

3 Results and discussion
3.1 Adsorbent characterization

X-ray diffraction (XRD) from 10° to 70° range was performed for
MD and Activated Marble Dust (AMD) as displayed in Fig. 2(a)
and (b), respectively. The MD (washed and dried) has calcite and
AMD has lime as a major component. The peaks at 30.1°, 31.3°,
35.7°, 39.3°, 43.1°, 47.5°, 48.6°, and 50.4° correspond to calcite
(JCPDS No. 05-0586) with hki values (104), (006), (110), (113),
(202), (018), (116), respectively.* After calcination at 8323 K,
CO, is removed and CaO is formed, which shows peaks at 31.8°,
37.1°, 53.6°, 64°, and 67.2° corresponding to lime (JCPDS No.
82-1691). The hkl values for the corresponding peaks are (110),
(200), (220), (311), and (222), respectively.® The sharp peaks
show that both samples are highly crystalline.

For the wavelength dispersive X-ray fluorescence (WD-XRF)
analysis, the sample was prepared by the fused bead technique
by adding lithium tetraborate as a fluxing agent and lithium
iodide as a releasing agent. The XRF data of marble dust is
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provided in Table 1. The major component is CaO (92.7%),
accompanied by MgO and SiO, at 3.58% and 2.11%, respectively.
The other metals are present in the form of oxides like Al,O3,
Fe, 03, P,0s5, Na,O, and K,0, which are present in low proportions.

The FTIR is scanned from 500-4000 cm ™' using KBr pellets.
Fig. 3 shows the graph plotted between % transmittance and
wavenumber for MD and AMD. From the plot of MD [Fig. 3(a)],
various vibrations of CO,>~ were observed from 712 to
2984 cm™ ', confirming the presence of CaCO;. The peaks at
712, 876, and 1443 cm ™" are due to the in-plane bending, out-of-
plane bending and asymmetric stretching of C-O of CO;*",
respectively, with the peak at 1799 cm ™' appearing due to the
combination of symmetric and in-plane bending of carbonate.>®
The peaks around 2515, 2874, and 2984 cm ™" are due to the
presence of calcite and vibrations due to the C-H bond showing
the presence of some volatile compounds confirmed by their
disappearance after calcination.””* The peaks due to
symmetric O-H vibration due to environmental moisture in
CaO were observed at 1635, 3438 and 3652 cm™ *. For AMD

(b) £ | —aAmD
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Fig. 2
AMD.

XRD plot with hk{ values of corresponding peaks for (a) MD (b)
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Table 1 Wavelength dispersive X-ray fluorescence elemental analysis
of AMD adsorbent for MB removal

Compound Value Unit
CaOo 92.74 %
MgO 3.58 %
Sio, 2.11 %
ALO, 0.525 %
Fe,O; 0.371 %
P,Os 0.169 %
SO, 0.142 %
Na,O 0.107 %
K,O 0.102 %
Cr,03 162.3 ppm
MnO 297.7 ppm
Cl 363 ppm
ZnO 60.4 ppm

% Transmittance (a.u.)

3652

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm-1)

Fig. 3 FTIR plot of (a) MD and (b) AMD.

[Fig. 3(b)], peaks at 881 cm ™" and 1495 cm™ " are because of the
Ca-O bond vibration of Ca0.*

The FE-SEM (Field Emission Scanning Electron Microscopy)
images of adsorbent AMD show that the surface is rough and
has a non-uniform morphology [Fig. 4(a)]. The rough surface of
AMD is an advantage because it provides more surface for
adsorption. It can be observed from Fig. 4(b) that the surface
has some crystals that show its hydration due to environmental
moisture and lead to Ca(OH), formation. The CaO is highly
hygroscopic, so it reacts with moisture and forms Ca(OH),.>®
The amount of the Ca(OH), phase is very low; thus, it was not
visible in XRD data. Fig. 4(c) displays the TEM (Transmission
Electron Microscopy) image of the irregular-shaped AMD
particles and the plot in Fig. 4(d) demonstrates the average
particle diameter of 15.8 nm of AMD particles. The SAED

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Selected Area Electron Diffraction) analysis [Fig. 4(e)] shows the
CaO and Ca(OH), phases.

To predict the calcination temperature of MD, TGA (thermog-
ravimetric analysis) was performed from room temperature to 1273
K, as represented in Fig. 5(a). It can be noted that the percentage
weight loss is 0.23% between 581 K and 1006 K because of the
evaporation of surface water left after drying. A sudden major
weight loss of 6.76% was observed between 1016 K and 1153 K due
to the release of CO, from CaCOj;. Thus, the calcined temperature
was chosen as 1123 K.>* To confirm the complete removal of CO,
after calcination, the AMD powder was tested by adding it to HCI;
the absence of effervescence indicated no residual CO,.

To investigate the surface area of the adsorbent, the N, gas
was adsorbed for BET (Brunauer-Emmett-Teller) analysis of
AMD. A graph between the relative pressure and volume was
plotted, which shows the adsorption and desorption data of
AMD, as shown in Fig. 5(b). The IUPAC (International Union of
Pure and Applied Chemistry) has categorized various types of
adsorption isotherms, out of which AMD follows the type IV of
isotherms showing mesoporous surfaces. The AMD has
a 16.77 nm average pore size and 0.07 cc g~ (pore radius
below 109.66 nm at P/P, = 0.991) total pore volume. It has
15.895 m”> g ' and 8.423 m? g~ ! surface area (Langmuir and
multipoint BET, respectively). These parameters reveal that
the adsorbent has good adsorbent properties, such as high
surface area.

A 0.01 M NaCl solution was used for the measurement of
PH,;, (point of zero charge) of the adsorbent AMD. 0.01 M NaCl
solution of 50 mL was taken in each reagent bottle. The pH was
adjusted from 2 to 12 for 0.1 M each of NaOH and HCland 0.2 g
of AMD was added. The bottles were kept in a water bath shaker
for 48 h isothermally at 298 + 3 K. The final pH was determined
and a graph was plotted between ApH (PHgnal — PHinitial) and
initial pH. The point where the ApH value intersects the x-axis
gives the value of pH,.."* The pH,,. for AMD was observed at 12
[Fig. 5(c)], indicating that the surface of AMD is neutral at this
pH, containing neutral species of CaO, ie., (Ca-OH).”* In
addition, the surface is positively charged below this point and
negatively charged above this. At lower pH, CaO receives proton
from the medium and forms Ca-OH>" species, and at pH above
12, it exists as (Ca-O) on deprotonation.

3.2 Model fitting of MB by CCD statistical analysis

All experiments were designed using Design Expert 13 software
in which correlation among various independent variables and
responses is established. In this instance, the face-centered
central composite design was utilized to model the experi-
ments. Independent process variables like time, pH, AMD dose,
initial concentration of MB, and temperature were used with
three levels (Table 2). Here, while finalizing the range of pH, the
pH,,c was taken into consideration.

A relationship between the process variables (pH, time,
temperature etc.) and the output response (percentage removal)
was drawn using a quadratic model. Table 3 shows the experi-
mental and predicted values of the percentage of MB removal
derived from the model.

RSC Sustainability, 2025, 3, 946-962 | 949
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Fig.4 FE-SEMimages of AMD (a) AMD surface (b) Ca(OH), crystals on the AMD surface (c) TEM image of AMD particles (d) AMD particle diameter
plot (e) SAED pattern of AMD.
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Fig. 5 (a) TGA plot of MD indicating a major weight loss of 6.76% around 1123 K (b) N, adsorption BET plot of AMD used for MB removal (type IV
isotherm) (c) pH_pc plot of the adsorbent AMD for the removal of MB (pH,,c = 12) [0.01 M NaCl from 2 to 12 pH with 0.2 g of AMD for 48 hours at
room temperature].

The quadratic expression obtained by the ANOVA (analysis of  the system, B (mg L") is the initial MB concentration, C (g L") is
variance) approach is given below in eqn (3). Here, percentage dye ~ AMD dose, D (minute) is time and E (K) is the temperature. In the
removal is the percentage of MB removed by AMD; A is the pH of below quadratic equation, the positive or negative sign before the

950 | RSC Sustainability, 2025, 3, 946-962 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 List of independent design variables and their experimental

ranges for the removal of MB dye

Range
Variables Notation Unit -1 0 +1
pH A 4 9 14
Initial concentration B mg L™* 10 30 50
AMD dose c g 0.1 0.55 1
Time D minute 30 135 240
Temperature E K 303 313 323

coefficient shows the nature of the influence of that individual
variable on the model response, while the magnitude of the
coefficient indicates its extent of influence on the response.

View Article Online
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Percentage dye removal = 58.3916 + 0.87 x 4 — 11.26
x B+4.09 x C—582x D+248 x E+2.99
X AB — 0.59 x AC — 8.66 x AD +4.29 x AE
—0.24 x BC+ 243 x BD +0.01 x BE +1.27
x CD + 230 x CE + 3.07 x DE — 18.03
x A* +21.42 x B* — 16.43 x C* + 2237
x D* —7.16 x E? (3)

Table 4 outlines the results of ANOVA for the quadratic
model level response. The ANOVA applied for the removal of MB
with AMD showed a substantial model significance with an F-
value of 131.80. The p-values below 0.0001 indicate that model
terms, i.e., quadratic terms (4, B*, C?, E%), interaction terms (AB,
CE), and linear terms (4, B, C, D, E) are justified. The lack of fit F-
value 22.93 indicates the proposed model is well fitted to the

Table 3 List of CCD experimental runs with independent variables and responses for MB

Std Run pH Initial conc. (mg L") Adsorbent dose (g) Time (min) Temp. (K) Dye removal (%)
21 1 4 10 1 30 323 23.91
15 2 4 50 1 240 303 46.45
14 3 14 10 1 240 303 88.7
34 4 14 30 0.55 135 313 83.73
20 5 14 50 0.1 30 323 54.14
25 6 4 10 0.1 240 323 51.88
6 7 14 10 1 30 303 91.48
40 8 9 30 0.55 240 313 55.14
22 9 14 10 1 30 323 59.57
37 10 9 30 0.1 135 313 49.84
2 11 14 10 0.1 30 303 95.81
12 12 14 50 0.1 240 303 80.36
43 13 9 30 0.55 135 313 54.57
9 14 4 10 0.1 240 303 52.47
17 15 4 10 0.1 30 323 36.94
8 16 14 50 1 30 303 70.66
31 17 4 50 1 240 323 31.30
27 18 4 50 0.1 240 323 50.07
11 19 4 50 0.1 240 303 54.14
3 20 4 50 0.1 30 303 42.67
35 21 9 10 0.55 135 313 50.95
23 22 4 50 1 30 323 21.77
7 23 4 50 1 30 303 43.76
29 24 4 10 1 240 323 29.35
33 25 4 30 0.55 135 313 51.48
18 26 14 10 0.1 30 323 74.53
32 27 14 50 1 240 323 45.83
16 28 14 50 1 240 303 72.74
10 29 14 10 0.1 240 303 96.76
4 30 14 50 0.1 30 303 74.5
19 31 4 50 0.1 30 323 31.30
1 32 4 10 0.1 30 303 51.88
44 33 9 30 0.55 135 313 50.27
13 34 4 10 1 240 303 58.27
26 35 14 10 0.1 240 323 86.8
38 36 9 30 1 135 313 38.20
30 37 14 10 1 240 323 62.9
24 38 14 50 1 30 323 40.65
42 39 9 30 0.55 135 323 55.17
41 40 9 30 0.55 135 303 72.30
39 41 9 30 0.55 30 313 46.92
5 42 4 10 1 30 303 43.69
36 43 9 50 0.55 135 313 38.27
28 44 14 50 0.1 240 323 66.04

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 ANOVA for RSM CCD quadratic model for adsorption of MB dye with AMD

Source Sum of squares df Mean square F-Value p-Value

Model 15 666.62 20 783.33 118.55 <0.0001 Significant
A-pH 8071.45 1 8071.45 1221.54 <0.0001

B-Initial conc. 1074.79 1 1074.79 162.66 <0.0001

C-Adsorbent dose 962.30 1 962.30 145.63 <0.0001

D-Time 459.74 1 459.74 69.58 <0.0001

E-Temp. 2908.82 1 2908.82 440.22 <0.0001

AB 486.02 1 486.02 73.55 <0.0001

AC 17.35 1 17.35 2.63 0.1187

AD 48.02 1 48.02 7.27 0.0129

AE 126.84 1 126.84 19.20 0.0002

BC 2.62 1 2.62 0.3970 0.5349

BD 10.30 1 10.30 1.56 0.2243

BE 2.54 1 2.54 0.3839 0.5416

CD 42.09 1 42.09 6.37 0.0190

CE 335.29 1 335.29 50.74 <0.0001

DE 65.89 1 65.89 9.97 0.0044

A? 496.75 1 496.75 75.18 <0.0001

B> 189.73 1 189.73 28.71 <0.0001

c? 215.94 1 215.94 32.68 <0.0001

D? 13.71 1 13.71 2.08 0.1632

E* 263.28 1 263.28 39.85 <0.0001

Residual 151.98 23 6.61

Lack of fit 142.72 22 6.49 0.7006 0.7551 Not significant
Pure error 9.26 1 9.26

Cor total 15 818.60 43

experimental results according to the lack of fit. The lack of fit is
non-significant based on pure error that shows a good fit. The
predicted R* value of 0.9665 is closely related to the adjusted R*
= 0.9838 viz. difference is below 0.2, showing decent agreement
for the quadratic model. Adequate precision is a proportion of
signal-to-noise ratio, which is preferable when its value is
higher than 4. For this model, the ratio is 42.228, which
signifies an adequate signal. Thus, this model is acceptable for
further investigation of the process parameters.

The value of R? for this model is 0.9914, which shows that the
model has a 99.14% potential to anticipate the variation in
response and 0.86% of which cannot be explained by it. The plot
of the predicted versus actual MB removal percentage (displayed
in Fig. S1 of ESI filet) depicts that the cluster of predicted and
actual data points align closely around 45° line showing strong
correlation between the predicted and actual values. In addi-
tion, this indicates that the regression model has potently pre-
dicted the removal efficiencies. This plot exhibits a well-built
alignment, indicating a robust fit.

Fig. 6 shows the 3D response plots of MB removal, which
provide insight into the interaction between different variables.
Fig. 6(a) demonstrates the interaction of pH and initial MB
concentration. The percentage removal of MB rises with
increasing initial MB concentration up to 30 mg L ™" and drops
on further increasing the concentration. The middle value of
the dye concentration, ie., 30 mg L', is advantageous in
promoting the combination of adsorption sites and MB mole-
cules to enhance the dye removal at lower pH. On increasing the
initial MB concentration, more MB molecules are freely avail-
able to interact with the adsorption sites of the adsorbent,
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which act as the driving force for the adsorption of MB on AMD
to some extent. Furthermore, the increasing initial concentra-
tion of MB can create a concentration gradient between the
AMD surface and solution, which facilitates the movement of
MB molecules on the AMD surface from the solution,
promoting the removal.** The higher pH significantly favors the
percentage removal of MB from 53.18% to 83.60%. Conversely,
at low pH (pH = 4), the percentage removal is maximum around
50%. The pH,. value of the AMD was determined at 12, which
indicates that the surface charge of AMD is zero at this value.
Moreover, below this point, the AMD surface charge is positive
and negative above this point. In this context, the electrostatic
interactions play a crucial role. Since MB exists as a cationic dye,
it gets repelled from the AMD surface at low pH due to elec-
trostatic repulsion. Additionally, when the pH increases, the
AMD surface becomes negatively charged, which attracts the
MB dye molecules and promotes their interaction with active
sites.** It could be observed that the pH wields a dominant
influence on the system at higher pH values, while at lower pH
values, the concentration plays a more significant role.

As displayed in Fig. 6(b), the dye removal percentage
increases, followed by a decrease, i.e., from 75.24% to 83.73%
and then decreases to 75.85% with a rise in AMD dose at pH =
14. The increase in AMD dose provides a large number of
unsaturated adsorption sites for MB molecules, thereby
increasing their removal. At high AMD doses, the interparticle
interactions become increasingly prominent and reduce the
effective surface area for adsorption. These interactions lead to
blockage of adsorption sites by adjacent adsorbent particles,
thereby increasing the diffusional resistance and consequently

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 3D plots demonstrating interactions between (a) pH and initial MB concentration (b) AMD dose and pH (c) temperature and initial MB

concentration (d) time and pH.

decreasing the percentage MB removal.®®* The increase in
temperature initially increases the yield in Fig. 6(c) because the
kinetic energy increases in the system, which augments
molecular motion. This rise in thermal energy heightens the
frequency of collision between the adsorption sites of AMD and
MB molecules, thereby improving MB removal.** It could also be
due to the activation of additional adsorption sites of the AMD,
thereby increasing the adsorbate-adsorbent interactions,
leading to a rise in yield.** However, further rise in temperature
from 313 K to 323 K subside the MB removal because the
adsorbed dye molecules gain sufficient energy and desorb from
the AMD surface. The influence of time is shown in Fig. 6(d).
The increase in contact time from 30 min to 240 min increases
the percentage removal of MB, ie., at pH 9, the adsorption
increases from 46.92% to 55.14%, while the longer duration of
240 min gives more time for the interaction between MB
molecules and adsorption sites.

3.3 Optimization of desirability factor

The optimization could be achieved by understanding the
combined effect of the actual versus predicted value plots, 3D
plots, and DF. For a high value of DF (DF = 1), the optimized
conditions operating adsorption in a conducive direction were

© 2025 The Author(s). Published by the Royal Society of Chemistry

when experiments were performed for 240 min at 303 K for 0.1 g
AMD dose at 10 mg L initial MB concentration at pH 14. For
the above conditions, the predicted MB adsorption was
maximum at a removal percentage of 98.39%, while a removal of
96.76% was obtained experimentally. Considering that the pH of
water is nearly 7, the optimized condition with DF = 1 at pH 6
was taken into account. The conditions followed were a pH of 6
at an initial MB concentration of 10 mg L~ " with 1 g AMD dose at
323 K for 240 minutes. The theoretical removal percentage was
84.11%, while the experimental value obtained was 85.31%.

3.4 Adsorption kinetics

To investigate the influence of time on the removal percentage
of MB by AMD, batch experiments of adsorption were per-
formed with 10 mg L™ initial MB concentration and fixed
adsorbent dose of 1 g at 313 K at pH 6 for 30-270 min with
30 min time interval. Aliquots of supernatant of the sample
were collected from the centrifuge tubes after requisite time
interval for analysis of residual MB concentration. The pseudo-
first order, pseudo-second order, intraparticle, Boyd and Elo-
vich models were linearly fitted separately for empirical data to
elaborate the kinetics of MB on AMD surface. The pseudo-first
order linear equation can be represented as (eqn (4)):
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In(g. — g,) = Ing. — kit (4)

Here, g. and ¢, (mg g~ ') are the amounts of MB adsorbed at
equilibrium and at time ¢, and the k; (min™") is a pseudo-first-
order rate constant. A linear plot between In(gqe — ¢, and ¢
following eqn (2) is displayed in Fig. 7(a). Generally, based on
R?, i.e., the value of the correlation coefficient, the optimal fit is
selected, which should be close to unity.*® The R* obtained is
0.9303, which implies that the empirical data considerably
fitted the pseudo-first-order model.

The pseudo-second-order equation determines the rate of
adsorption by squaring vacant adsorption sites on the surface.
This model considers that the adsorption process is governed
by chemical forces, which transport or share electrons between
the adsorbate and adsorbent.?” It is explained as shown in eqn
(5). On integrating for the same boundary conditions, it was
applied in this study to explain the kinetics of the empirical data
using the linear equation as (eqn (6)):

dq, _ 2

=k~ q) )
t 1 t

—_— 6
4 kgl qe (©)

Here, k, (¢ mg™' min~') is a pseudo-second-order model rate
constant. The plot Fig. 7(b) was used to evaluate the parameters
of pseudo-second-order adsorption. The value of R* obtained for
the pseudo-second-order kinetic model is 0.9998, close to unity
and higher than the value of R” of the pseudo-first-order plot
[Fig. 7(b)]. Consequently, it can be inferred that a 99.98% vari-
ation in the experimental data of this study is explained more
accurately by the pseudo-second-order model. This fitting also
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unveils that chemical forces are acting during the process. The
values of g. and k, obtained were 3.9873 mg ¢~ and 0.142 g
mg " min~", respectively.

To explore the adsorption process, the intraparticle diffusion
model was elucidated, which cannot be studied through previ-
ously described models. Moreover, the intraparticle diffusion
model was fitted to clarify the intraparticle diffusion process if it
is the rate-determining step for the overall MB removal by AMD.
The intraparticle equation used is as follows (eqn (7)):

1
g =kitz + G (7)

Here, k; (g mg~' min~"?) is the rate constant for intraparticle

diffusion and Cj;, is the constant associated with the degree of
boundary layer effect, i.e., thickness of the boundary layer and
extrinsic mass transfer resistance. The intraparticle model plot
[Fig. 7(c)] is demarcated into three segments, viz. 1, 2 and 3,
which have their own significance. Segment 1 shows film
diffusion at the commencement of the process, where the
adsorption occurs on the outer surface of AMD with the quick
adsorption of a considerable amount of MB. Segment 2 indi-
cates the adsorption of MB on the external surface of pores
along with the wall of pores, while segment 3 represents intra-
particle diffusion and adsorption in the interior surface of the
pores, respectively, where MB molecules are adsorbed into the
pores of AMD afterward. During the process, the MB molecules
interact and occupy more and more with the adsorption sites of
AMD particles and reach an equilibrium stage where the
diffusion rate decreases and the amount of MB adsorbed does
not increase gradually. The results suggest that the adsorption
process for the removal of MB on AMD is not independently
governed by intraparticle diffusion as the plot does not pass

- %) (c) 0354 ;
o ) 0.352 Q0
' - 0, 0.350- P dd
i | £~ 0.3481 &
- £ 50 . :
2 = o0 0.346 /
4.2 o401 en 0.344 o |
9_4 ) = 30/ 0.342- /
= -4 |
£ Y . — 0.340 (O 7AN0) R )
ik b 7 S .3381 9
=104 03361 o—9 '
-4.8 [+ - 0 0.334 - § :
0 50 100 150 200 250 300 0 50 100 150 200 250 300 4 6 8 10 12 14 16 18
t (min) t (min) ¢ (minm)
0354 1.65 6.0
@ 3 e O o | @
0.350 ’ | é >3]
ipecel 1.5 Q 5.0
'8 0.346 1 ‘
o0 0.344 ~ 130 g45
£ o A 1.451
< 0.340 1.40- =
vy Q9 ) 35
03361 o (] 1351 ° -
o34y 7~ 00000000 1.30+ 3050 100 150 200 280 300
4 6 8 10 12 14 16 18 0 50 100 150 200 250 300 N :

tl/2 (min)llz

t (min)

t (min)

Fig. 7 Kinetic models for MB adsorption on the AMD surface (a) pseudo-first order (b) pseudo-second order (c) intraparticle. (d) Linear fitted
intraparticle plot (e) Boyd (f) Elovich [10 mg L™Y. Initial MB concentration at adsorbent dose of 1 g at 313 K at pH 6 for 30-270 min.
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through the origin (C = 0) [Fig. 7(d)], illustrating the potential
participation of additional mechanisms like pore diffusion, film
diffusion or surface adsorption.***

In order to determine the actual rate-determining step for
MB removal and distinguish between pore diffusion and
external transport (film diffusion), the Boyd kinetic model was
applied.

F=4__

qe ®

6 - 1 -2 xB;
(W_) WAL }

In eqn (8), B; (mathematical function of F) could be calculated as
B, = —0.4977 — In(1 — F), where F is the fraction of MB adsorbed
after time ¢, g. is (mg g~ ") the equilibrium adsorption amount
and ¢, (mg g~ ") is the adsorbed amount at time ¢. If the straight
line of a graph plotted between B, and t (Boyd plot) passes
through the origin, then pore diffusion is predominantly the
rate-determining step, and if not, then the rate-determining step
is film diffusion. Fig. 7(e) displays a straight line not passing
through the origin, showing film diffusion as the rate-
determining step for MB removal by AMD.*® This illustrates the
potential participation of additional mechanisms like phys-
isorption.*® All the estimated values are provided in Table 5.

The Elovich model [Fig. 7(f)] could be described by plotting
a graph between g, and In ¢ following the below eqn (9):

q = llnozﬁ—Q—ﬁlnt

8
o (mg g7 " min~') and 8 (g mg~") are the initial adsorption rate
constant and constant corresponding to the extent of surface
coverage and E, for chemisorption, respectively. The calculated
parameters are listed in Table 5.

©)

3.5 Adsorption isotherm

Various mathematical models are known to illustrate the inter-
action between the adsorbent surface and adsorbate molecules
called adsorption isotherms. To study the isotherm of MB
adsorption, Langmuir, Freundlich, Temkin and Redlich-
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Peterson models were linearly fitted individually to reveal the
suitable model. These models facilitate an understanding of the
adsorption mechanism and provide insights into the arrange-
ment of adsorption sites on the AMD surface. In this study,
adsorption experiments were performed at differing initial MB
concentrations of 10, 20, 30 40, 50, 60 and 70 mg L™ and
maintaining other variables at 1 g AMD dose for 135 min at 313 K
at pH 6.

The Langmuir isotherm (eqn (10)) signifies the formation of
a monolayer, while on the contrary, the Freundlich isotherm
(eqn (11)) describes the formation of a multi-layer on hetero-
geneous surfaces. The Langmuir model considers equivalent
adsorption sites and constant enthalpy, while the Freundlich
model assumes exponential diffusion of adsorption sites and
their enthalpy.** The Temkin model (eqn (12)) describes
adsorption as a function of temperature where the adsorption
enthalpy decreases linearly due to an increase in the adsorption
surface, consequently due to the interaction of the adsorbate
molecules and adsorbent. According to this model, adsorption
is described by adsorption binding energies which are homo-
geneously distributed up to maximum value of binding
energy.”> The Redlich-Peterson isotherm model (R-P model)
(eqn (13)) is an amalgamation of Langmuir and Freundlich
models, which follows an ideal Langmuir condition at low
concentrations when the value of @ approaches one and
converges to Freundlich when the value of § is nearly zero.

C. G N 1 (10)
qe Gmax (’ImaxKL
1
Ing.=In Ky + —1In C, (11)
n
ge = BrIn(At) + BrIn(C) (12)
In {%} =BInC,—Inkg (13)
qe

Here, C. (mg L") is the equilibrium MB concentration, gmayx
(mg g7') is the maximum monolayer adsorption capacity, k. (L

Table 5 Calculated values for different kinetic models for MB removal by AMD

Kinetic model Equation

Parameters

Pseudo-first order

Pseudo-second order t 1 t

= — 4+ —
q: Kyq®  qe

ln(qe - f]r) =In ge — kit

R? =0.9303

K, = 0.0054 min~*
ge=0.035mg g "

R?* = 0.9998
gd.=3.987mgg !

k, = 0.142 g mg~ ' min~*

Intraparticle 1 R* = 0.9308
b =k + G k = 0.0018 g mg ™ min~*?
I=0.3238
Boyd Fo R®> =0.9127
qe
6 “ 1 2
F=1- |:<F> xlgl;xeﬂ’ XB’}
Elovich 1 R*=0.9118

q = ﬁlnaﬁJﬂ@lnt

© 2025 The Author(s). Published by the Royal Society of Chemistry

A=123.223 mg g ' min~'
B = 0.00836 g mg ™"
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mg ') is the Langmuir constant that signifies the interaction of
adsorption sites and their energies, k¢ (mg L") is the Freundlich
constant that indicates the adsorbate-adsorbent relationship,
and 1/n shows the adsorption capacity and heterogeneity of
adsorbent surface. The value of n reveals the adsorption type,
viz. chemical (n < 1), linear (n = 1) and physical (n > 1).** The kg
and § in eqn (13) are Redlich-Peterson constants, while A (L
g™ ') is the binding constant at the equilibrium stage repre-
senting the maximum binding energy and By (k] mol ) is the
Temkin constant for adsorption heat.** Furthermore, a constant
b (J mol™"), ie., Temkin isotherm constant associated with
adsorption heat, is calculated from formula b = RT/By. Here, T
(K) is the temperature and R (8.314 J mol " K™ ') is the universal
gas constant.

From Fig. 8, it could be observed that the adsorption of MB
on AMD is comparatively more consistent with the Langmuir
isotherm model than other isotherm models. Consequently, it
can be said that the adsorption process obeys the Langmuir
isotherm model (R* = 0.97513) and MB removal follows
monolayer adsorption. The values of g« and K;, are 1.165 mg
g ' and 0.227 L g, respectively, by plotting a graph between
Celge and 1/gma following eqn (8). These values indicate
appreciable maximum adsorption capacity and significant
interaction between the adsorbent and adsorbate. Additionally,
the value of R, was calculated as 0.305, which indicates favor-
able adsorption of MB on the AMD surface. The detailed R
values of other isotherm models are given in Table 6.

3.6 Adsorption thermodynamics

Thermodynamics plays a pivotal role in investigating the
adsorption mechanism and influence of independent variables
like temperature. The adsorption experiments were conducted
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Table 6 Calculated values of parameters for different isotherm
models for MB removal by AMD

Isotherm Equation Parameters
Langmuir C.  Ce 1 R* =0.9751
qe Gmax QmaxKL gmax = 1.165 mg g71
R, = 0.305
K, =0.227Lg™"
Freundlich 1 R* = 0.9677
I =1In K¢ + -1
nge=Ink+ InC n=0435
Ki=16.395 mg L "
Temkin ge = BrIn(Ay) + BrIn(C.)  R*> = 0.8843

Br = 3.495 k] mol™*
Apr=0.832 Lgm™"
b = 744.40 ] mol*

Redlich-Peterson Ce R* =0.8247
ln{z} =01In C. — In kg ke = 2.138
8 =0.717

at 30 mg L' initial MB concentration, 1 g AMD dosage for
135 min at pH 6 at varying temperatures (303, 313, 323 K). The
thermodynamic parameters were enumerated to examine the
dynamics of adsorption. The parameters, i.e., Gibb's free energy
(AG°®), enthalpy (AH°), and entropy (AS°), were calculated from
the van't Hoff equation given below:

AG = —RTInK, (14)
AG" = AH — TAS’ (15)
From eqn (14) and (15)
AS°  AH®
InKe= — — =2 16
MAC= R T RT (16)
4.0
(b) ;5
51 .
3.0 .
2.5 i
S 201
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Fig. 8 Adsorption isotherm plots for MB dye removal [initial MB concentration from 10-70 mg L~ at 1 g AMD dose for 135 min at 313 K at pH 6]

(a) Langmuir (b) Freundlich (c) Temkin and (d) Redlich—Peterson.
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K¢ is the thermodynamic equilibrium constant, T (K) is the
temperature and R (8.314 J mol™' K™ ') is the universal gas
constant. The values of AH° and AS° (eqn (16) estimated from
eqn (14) and (15)) were estimated from the slope and intercept
of the graph of In K¢ vs. 1/T, and AG° was calculated by Van't
Hoff equation (eqn (15)) given in ESI file Fig. S2.T The value of
AG° is negative for all the temperatures, viz. —4.40, —3.74,
—3.08 kJ mol " at 303, 313, 323 K, respectively. The negative
magnitude of AG° validates a feasible and spontaneous process.
Mining in the empirical results, it was unveiled that the values
of AG° experienced a dip from 303 to 313 K, showing the
adsorption process probably has some physical interactions.* It
was noted from the AG° values that the process of MB adsorp-
tion on the AMD surface is more favorable at 303 K. The ob-
tained negative value of AH® (AH® = —24.495 kJ mol ') shows
that the process is exothermic, which signifies that the energy
released from the bond formation between adsorbent-adsor-
bate is greater than the total amount of energy absorbed in
bond breaking between the adsorbate and solvent molecules
adsorbed previously. It can also be concluded that the MB-AMD
interaction is stronger than the preadsorbed solvent. Addi-
tionally, the value of AH®° shows the type of adsorption viz. AH®
value less than 40 kJ suggests physisorption while a value higher
than 80 kJ mol " shows chemisorption. Here, the value of AH°
is below 40 k] mol *, which shows physisorption.* The value of
AHP° could also be calculated by plotting a graph between g, and
C,, i.e., Henry's law (eqn (17)). The Henry's law is applied for
very low solute concentrations to allow solute molecules isolate
themselves from their neighboring molecules. The value of AH®
is determined using eqn (17) and (18) as follows:

ge = kuCe (17)

The AH° could be calculated by
kg = ko o AHIRT (18)
Inky =1Inky — % (19)

In this instance, ky is Henry's constant and k, is the mathe-
matical constant. A linear fit graph is plotted between In ky and
1/T by following eqn (19), where k, and AH° were evaluated by
the intercept and slope of the graph. Interestingly, the value of
AHP was found to be —20 kJ mol™, which is close to its value
obtained by eqn (18) verifying exothermic reaction. The plots
are given in the ESI file (Fig. S3).T The negative value of AS°, i.e.,
—66.288 ] mol ' K' shows a high degree of ordering of MB
molecules on the AMD interface.***®* Moreover, the negative
value of AS° also signifies no substantial change in the internal
structure of the adsorbent during the whole process of
adsorption.*>** The values of all the thermodynamic parameters
are tabulated in Table 7.

Additionally, the physisorption mechanism is supported as
the principal mechanism by determining the values of E,
(activation energy) and S* (sticking probability) from the
empirical data (eqn (20)). The adhesion probability depends on
the adsorbent/adsorbate and temperature of the investigating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table7 Calculated thermodynamic parameters for the removal of MB
using AMD [30 mg L~ initial MB concentration, 1 g AMD dosage for
135 min at pH 6 at 303, 313, 323 K temperatures]

Thermodynamic parameters Methylene blue dye

AH° (k] mol™) —24.49
AS° (J mol 'K —66.288
AG° (k] mol ™) at 303 K —4.40
313 K —3.74
323 K —3.08

system. The S* value designates the estimation of the capacity
of the adsorbate to adsorb on the adsorbent surface indefinitely.
These parameters were quantified by the modified Arrhenius-
type equation as given below:

E,

In(1-6)=InS" - {—} 1 (20)

R|T

The value of S* lying in the range of 0 < S* < 1 shows
favorable adsorption, while its value S* = 1 indicates the
adsorption follows a combination of physical and chemical
adsorption and a linear affinity between the adsorbent and
adsorbate. Its value S* = 0 depicts indefinite sticking of the
adsorbate and adsorbent via chemical adsorption and $* > 1
shows no adsorption. For this instance, batch experiments were
performed at 10 mg L™" initial dye concentration, pH 6, and
0.55 g AMD dose at 303, 313, 323 K. On plotting the graph In(1 —
) versus 1/T (Fig. S2 ESI file),¥ the values of E, and S* of
28.14 k] mol ! and 2.73 x 10~°® were calculated. The value of S*
confirms favorable adhesion and a high probability of the
adsorption of MB on adsorption sites.** The negative magnitude
of E, shows the exothermic nature of the process.” The value of
surface coverage is obtained by eqn (21), where C. and C, are the
equilibrium and initial MB concentrations (mg L™").

po1- &

o @

3.7 Adsorption mechanism

The insights on the surface and chemical state of groups of the
adsorbent provide vital information for predicting the adsorp-
tion mechanism. The XPS characterization of the adsorbent
before and after adsorption was performed by making a pellet of
2 mm. The XPS survey scan before adsorption (Fig. S4 ESI filet)
indicates Ca 2p, O 1s, and C 1s peaks with 15.33, 50.99 and
33.68%. Here, it can be noted that a carbon tape was used while
conducting the XPS characterization, which shows the presence
of C in AMD. The absence of C could also be confirmed by other
characterizations mentioned previously. The elemental
composition after adsorption shows 13.03, 49.37, 36.24% of Ca
2p, 49.37% O 1 s, and 36.24% C 1s peaks with the appearance
of N 1s with 1.37% verifying MB adsorption. The decrease in the
atomic percentage of Ca and O with the increase in C content
also signifies MB adsorption.
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The Ca 2p high-resolution spectra [Fig. 9(a)] show two peaks
at 346.58 and 350.08 eV corresponding to Ca 2py,, and Ca 2p3,.
The peak at 346.58 eV could be deconvoluted in two peaks at
346.58 and 346.68 €V, representing the Ca®", while the peak at
350.08 eV deconvoluted in 350.08 and 350.18 showing the
surface Ca element.*>* It is noted that the binding energy of the
peak at 350.18 eV increases slightly to 350.28 eV after adsorp-
tion, indicating Ca in charge balance and its presence outside
the skeleton. Additionally, another probable reason for an
increase in binding energy is the formation of coordinate bonds
between the vacant orbitals of Ca and nucleophilic atoms of the
dye, i.e., N. The formation of coordinate bonds leads to an
increase in the stability of Ca-O bonds. However, Fig. 9(b)
displays the O 1s spectrum with a single peak at 530.98 eV,
which is deconvoluted into three peaks at 529.88, 530.98, and
531.68 eV, corresponding to three states of oxygen viz. lattice
oxygen, O”/carboxylic oxygen and absorbed oxygen, respec-
tively. Out of these peaks, the peak corresponding to lattice
oxygen shifted slightly to 529.78 eV, showing the participation
of oxygen moieties during process.>**

A high-resolution scan of N 1s [Fig. 9(c)] was performed for
AMD before and after adsorption, where a peak was observed at
399.98 eV after adsorption. This peak was deconvoluted into
three peaks at 399.2, 399.98, and 402.3 eV, indicating benzene
and -N(CH3), groups, N atom in conjugation in the -C=N—
group, and the protonated amino group, respectively, confirm-
ing the involvement of N of MB in adsorption.* The C 1s spectra
[Fig. 9(d)] show a doublet at 284.38 and 289.18 eV, representing
C-C/C=C and O-C=0, respectively. The peak at 284.37 eV
deconvoluted into 284.38 and 285.18 €V, signifying C-O and C-
C, C-H and C-N, respectively. The peak at 289.18 eV is the sum
of peaks at 287.88 and 289.18 eV, showing C=0 and O-C=0 of
the carboxylic group. It was observed from the C 1s spectrum
that peaks were slightly shifted to 284.18 and 289.08 eV,
showing the interaction between the oxygen moieties of AMD
and -CH; group of MB by hydrogen bond. It could also be
deciphered that the MB diffuses swiftly through the solution to
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the AMD surface adsorption sites. The formation of coordinate
bonds and hydrogen bonds favors the adsorption process.
The MB diffuses to the pores of AMD, which is efficiently
improved by microporous filtration to ensure adsorption effi-
ciency till the saturation of adsorption sites of AMD.* Thus, the
adsorption of MB is ascribed by the formation of hydrogen
bonds, covalent bonds and pore filling mechanism (Fig. 10).

3.8 Regeneration studies

In adsorption studies, reusability is a crucial parameter in
determining the cost-efficiency and economic feasibility of an
adsorbent. Thus, in order to assess this parameter, multiple
adsorption-desorption cycles were conducted for AMD. Batch
experiments were conducted for 30 mg L™ " initial MB concen-
trations at pH 6 for 1 g AMD dose for 135 min at 313 K. After
each cycle, the used AMD was washed with DI (deionized) water
multiple times, followed by drying in a hot air oven. The dried
AMD was utilized further for the next consecutive cycles. The
empirical data indicated promising reusability with five conse-
quent recoveries of 98.11, 94.31, 86.09, 74.09, and 62.35%,
respectively. The detailed examination of the study reveals that
there is a slight decline in the removal efficiency after multiple
cycles. Therefore, the AMD adsorbent emerges and proves to be
an inexpensive, sustainable, and durable adsorbent with rapid
efficiency in MB dye removal [ESI file Fig. S5t].

3.9 Comparative study with the reported adsorbents

As reported in previous studies, research has been done on
diverse adsorbents for the removal of MB. The competitiveness
of AMD with reported adsorbents was investigated, as listed in
Table 8. It could be elucidated that the adsorbent used in the
present study has reasonable removal efficiency and a strong
affinity for the removal of MB. All the studies involve the use of
CCD RSM in their studies.

The advantage of using RSM is that its results minimize the
complexities of the process, providing insights into the effects
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Fig.9 XPS results indicating (a) Ca 2p spectra before and after adsorption (b) O 1s spectra after adsorption (c) N 1s spectra after adsorption (d) C
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Fig. 10 Potential adsorption mechanism of MB adsorption on AMD.

Table 8 A comparison of previous studies of low-cost adsorbents for MB adsorption

Adsorbent Method of preparation Variables studied MB removal (%) and gmax Reference
Nano-zero valent iron Liquid phase reduction pH, time, adsorbent dose, 92.21% 58
initial MB concentration —
Activated carbon from N. Nitrogen inert atmosphere pH, time, adsorbent dose, 97% 59
microphyllum initial MB concentration —
Biosorbent walnut shells Pulverization PH, time, adsorbent dose, 97.74% 60
(Juglans regia) initial MB concentration —
Thermally activated Annealing pH, time, adsorbent dose, 90% 61
kaolinite initial MB concentration, 97.8mg g !
size of particles
Ho-CaWO, Hydrothermal method PH, initial MB 71.17% 62
concentration, time, 103.09 mg g~ "
adsorbent dose
Bi-functionalized xerogel PH, time, initial MB 99.8% 63
concentration 512mgg
Chemically modified porous Pyrolysis pH, initial MB 90% 64
carbon concentration, adsorbent 181.82 mgg "
dose
Elaeis guineensis-biochar Thermochemical Particle size, time, 93.2% 65
activated by ZnCl, activation with ZnCl, temperature 48.8mgg "
Activated marble dust Pulverization PH, time, temperature, 96.76% Present study

and annealing

adsorbent dose, initial MB

Gmax = 1.16 mg g71

concentration

of interactions between variables. These results provide a blue-
print for the optimization process to achieve the maximum
removal of dyes. Therefore, the advantages of AMD, such as
simplicity, inexpensive, novel, sustainable, easy, and large-scale
availability, make it commending for industrial use.

4 Conclusion

The impact of research work on society is from its simplicity,
applicability, and cost-efficiency. The investigation of this
article provides insight into utilizing metallurgical waste as
a facile, economical, sustainable and industrially applicable
adsorbent. The preparation method of the adsorbent is facile
and analyzed through thorough mechanistic studies like XRD,

© 2025 The Author(s). Published by the Royal Society of Chemistry

BET, TGA, FE-SEM, and FTIR, followed by utilization in the
removal of MB dye. The interactive and combined effects of
different variables, such as temperature, pH, and amount of
AMD, were investigated using the CCD model of RSM with
a justified R* value of 0.9914. The ANOVA results, including the
lack of fit and p-value, also verify the quadratic model. The 3D
response plots provide clarity on the influence of variables on
the removal percentage. The pH of the system greatly influenced
the removal yield of MB. The removal followed pseudo-second
order kinetics (R> = 0.999) and Langmuir isotherm model (R
= 0.9751) of monolayer adsorption with gua = 1.16 mg g~ *. A
potential mechanism of dye removal was studied via XPS anal-
ysis. To explore the energetics of the process, a thermodynamic
study was conducted, which revealed the adsorption of MB is
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exothermic and spontaneous where the process falls under
Henry's law region and unveils that the removal of MB is
feasible in terms of reproducibility up to five cycles. Therefore,
the marble dust could provide a sustainable and low-cost
adsorbent with wide applications in water treatment in low-
and middle-income nations.
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