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Abstract: The adsorption of Remazol Brilliant Orange-3R (RBO-3R) dye onto bamboo stick activated carbon prepared at 600 °C
(BSAC600) was studied in batch mode, comparing micro-sized BSAC with its nano ball-milled form (N-BSAC). Characterization
by SEM, FTIR, and XPS confirmed that ball milling reduced particle size, increased surface roughness, and enhanced the presence
of oxygen-containing functional groups. Batch adsorption experiments were conducted to investigate the effects of pH, temperature,
contact time, initial dye concentration, and adsorbent dose. Compared with micro-BSAC, N-BSAC exhibited faster kinetics and
higher dye removal efficiency. Equilibrium data fitted well to the Langmuir isotherm, yielding a substantially higher maximum
adsorption capacity for N-BSAC. Kinetic analysis followed the pseudo-second-order model, indicating chemisorption as the rate-
controlling mechanism. Thermodynamic parameters confirmed that the process was spontaneous and endothermic. These findings
demonstrate that nano ball milling significantly enhances the performance of bamboo-based activated carbon, establishing N-BSAC
as a sustainable and effective adsorbent for textile dye removal..
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. INTRODUCTION

The discharge of synthetic colours from the textile and dye industries, which are often hazardous, non-biodegradable, and resistant
to standard treatment techniques, poses a significant environmental risk. When released into natural water bodies without treatment,
reactive dyes like Reactive Blue Orange 3R (RBO-3R) can be harmful to human health in addition to adding vibrant colour [1,2].
Adsorption is the most popular treatment approach due to its ease of use, affordability, and broad range of applications [3,4].

One of the most often utilized adsorbents for dye removal is activated carbon. Surface area, porosity, particle size, and surface
functional groups all affect how effective activated carbon is. Bamboo's quick growth, high cellulose content, and accessibility make
it a suitable precursor for activated carbon [5]. Furthermore, the porosity and surface chemistry are greatly influenced by the
carbonization temperature; for instance, BSAC made at 600 °C has a tendency to develop large porosity, which makes it a good
application for dye adsorption.

By increasing surface area, decreasing diffusion channel lengths, exposing more active sites, and enhancing external mass transfer,
adsorption performance can be improved by reducing adsorbent particle size to the micro- or nano-scale. A mechanical technique for
reducing particle size and causing structural changes is ball milling. According to earlier research [5,6] activated carbon derived from
bamboo that has been ball-milled to the nanoscale exhibits modified functional group exposure, increased surface area, and a changed
pore radius.

This study examines bamboo stick activated carbon (BSAC-600 °C) in micro- and nano-sized additions. It shows that, under
different batch conditions, nano ball milling greatly improves the adsorption capacity and kinetics for the removal of Remazol
Brilliant Orange 3R dye. The textile industry's enormous release of colored effluents containing permanent dyes like Remazol
Brilliant Orange 3R causes serious environmental issues. In contrast to its micro-sized relative, bamboo stick activated carbon
(BSAC-600 °C), this study shows that nano ball milling greatly improves its adsorption efficiency, kinetics, and thermodynamic
favourability. The findings suggest a cost-effective and sustainable approach to developing innovative adsorbents for the treatment
of textile wastewater [7,8,9].
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Il. MATERIALS AND METHODS
2.1 Materials

Locally produced Managa bamboo was collected from Kolhapur, IndiaAfter properly cleaning the sticks with distilled water
to remove any remaining dirt or contaminants, they were oven-dried for 24 hours at 105°C. Before activation, the dried bamboo
was cut into 2-3 cm pieces.

Remazol Brilliant Orange 3R (RBO-3R; C20H17N3sNa201:Ss), an analytical-grade azo dye that was obtained from a local
Kolhapur supplier, was used as the adsorbate in the present research. For the production of carbon, ortho-phosphoric acid (HsPOs,
85% purity) was used as the activating agent. The pH was adjusted using sodium hydroxide (NaOH) and hydrochloric acid (HCI),
and all solutions were prepared using double-distilled water
2.2 Preparation of Bamboo Stick Activated Carbon
Chemical Impregnation

Before chemical impregnation, a portion of the dried bamboo sticks was ground into a powder. The powder was reduced to a
nano size by using a planetary ball mill for 30 minutes at 500 rpm. Ortho-phosphoric acid was then used to chemically activate
the bamboo particles, both with and without nanoball milling. A 1:1 (w/w) bamboo-to-acid impregnation ratio was maintained.
To ensure complete impregnation, the liquid was continually mixed for four hours before being let to soak for twenty-four hours
at room temperature.

Thermal Activation

After being moved to a muffle furnace, the impregnated samples were thermally activated for two hours at 600 °C. To provide
an inert atmosphere and avoid combustion, a steady flow of nitrogen gas (99.99% pure) at a rate of 200 mL/min was maintained
during the heating process.

Post-activation Treatment

After activation, the carbon samples were allowed to cool to room temperature inside the furnace while nitrogen flowed through
them. The resulting activated carbons, known as BSAC600 (micro-sized, without ball milling) and N-BSAC600 (nano ball milled),
were repeatedly washed with hot distilled water (60-70 °C) to remove any remaining acid and soluble contaminants, until the
wash water reached neutral pH (~7.0).

In order to conduct additional characterisation and adsorption studies, the cleaned samples were finally placed in airtight
containers after being oven dried for 12 hours at 110 °C.

2.3 Characterization
Scanning Electron Microscopy (SEM)

The produced adsorbents (BSAC600 and N-BSAC600) were subjected to surface morphology analysis using scanning electron
microscopy (SEM, Model/Make if available).To study particle size, surface texture, and pore distribution, micrographs were
obtained at various magnifications.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to identify functional groups on the adsorbents' surface. The presence
of oxygenated, aromatic, and other surface functionalities important to dye adsorption was ascertained by analysing the distinctive
absorption bands.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS, Model/Make if available) was used to evaluate the elemental composition and
chemical states of the surface. High-resolution spectra were deconvoluted for C 1s, O 1s, and other pertinent elements. Potential
adsorption pathways were revealed by evaluating the O/C atomic ratio and surface oxygen functionality using the data.

2.4 Batch Adsorption Studies

The dye solution was prepared using Remazol Brilliant Orange 3R (C20H17N3Na2011S3) dye, which has a maximum
wavelength of 490 nm. To create a stock solution, a known quantity of Remazol Brilliant Orange 3R dye was dissolved in distilled
water. By dilution, working solutions with the required concentrations were produced. 25-100 mL of dye solution at known initial
concentrations were added to 250 mL Erlenmeyer flasks for batch adsorption experiments. The following parameters were
systematically changed: initial dye concentration (100-200 mg/L), contact period (10-90 min), pH (1-10), adsorbent dosages (0.1—
2.0 g), and temperature (30 °C, 40 °C, and 50 °C).

Procedure: 0.1 N HCIl or 0.1 N NaOH were used to adjust the dye solution's pH. Using an orbital shaker, the mixtures were shaken
for the designated contact time at 150-200 rpm. The solutions were filtered after adsorption, and a UV-Vis spectrophotometer set
to Amax = 490 nm was used to measure the amount of dye that remained. The dye removal percentage (%R) was calculated using
the following formula

% removalz% x 100 (2.4.1)

Where Co = initial dye concentration (mg/L), Ce = equilibrium dye concentration (mg/L) at time t. The adsorption capacity,
ge (Mg/g), was computed using the following equation:

Qo = (%) XV (2.4.2)

Where C, is the initial concentration of pollutants, C. is the equilibrium concentration after adsorption (mg/L), V is the volume
of solution (mL), and M is the mass of adsorbent (g).

Batch adsorption studies were carried out to evaluate the performance of BSAC600 and N-BSAC600 for the removal of
Remazol Brilliant Orange 3R (RBO-3R) dye. All experiments were performed in 100 mL Erlenmeyer flasks containing 25-50 mL
of dye solution at predetermined concentrations. A known dose of adsorbent was added to each flask, and the mixtures were
agitated at a constant speed of 200rpm using an orbital shaker to ensure uniform suspension. At the end of the specified contact
time, the suspensions were centrifuged, and the supernatant was analysed for residual dye concentration using a UV-Vis
spectrophotometer at Amax = 494 nm.

The following para were systematically changed:

Effect of pH: The initial solution pH was adjusted from 1 to 10 using 0.1 M HCI or NaOH.
Effect of Initial Dye Concentration; Experiments were conducted with RBO-3R concentrations ranging from 100 to 200 mg/L.
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Effect of Adsorbent Dose: Adsorbent dosages were varied between 0.1 to 2.0 g.
Effect of Contact Time: Samples were withdrawn at intervals between 10 to 90 minutes until equilibrium was attained.

Effect of Temperature: Adsorption experiments were performed at 30, 40, and 50 °C to evaluate the thermodynamic behaviors

2.5 Adsorption Isotherm, Kinetics, and Thermodynamics
Adsorption isotherms, kinetic models, and thermodynamic parameters were analysed.
To describe the adsorption behaviour of Remazol Brilliant Orange 3R (RBO-3R) onto BSAC600 and N-BSACG600.

Langmuir model

g = () (2.4.3)

where ge is the equilibrium adsorption capacity (mg/g), gmax is the maximum monolayer adsorption capacity (mg/g), b is the
Langmuir constant (L/mg), and Ce is the equilibrium dye concentration (mg/L).

Freundlich model
q. = ke C;™ (2.4.4)

Where Kr ((mg/g)(L/mg)”~(1/n)) is the Freundlich constant and 1/n is the heterogeneity factor [10].

KineticModels
The adsorption kinetics were analysed using pseudo-first-order, pseudo-second-order kinetic models [11].

Pseudo-first-order model (Lagergren)
Ing, — q, =Ingq, — kqt (2.4.5)
where g is the adsorption capacity at time t (mg/g), and ki is the pseudo-first-order rate constant (min™).

Pseudo-second-order model
t 1 t (2.4.6)

q_t - k2q? ;
where k is the pseudo-second-order rate constant (g/mg-min).[8]

Thermodynamic Studies
The effect of temperature on adsorption was studied to determine spontaneity and feasibility.

The enthalpy (AH°) and entropy (AS°) changes were estimated from the van’t Hoff equation:

K. =+ 22 (2.4.7)

RT R

where R is the universal gas constant (8.314 J/mol-K) and T is the absolute temperature (K)[11]

I11.RESULTS AND DISCUSSION

3.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis
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Fig.1 FTIR spectra of BSAC600 ( with nano ball milling) (a) before and (b) after adsorption
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(Fig.2 FTIR spectra of BSAC600 (micro, without nano ball milling) (a) before and (b) after adsorption

Table 1. Major FTIR peaks of BSAC600 and N-BSAC600 before and after RBO-3R adsorption

Adsorbent Condition Major Bands (cm™) Assignment Observation after adsorption
BSAC600 Before 3398 (O-H), Hydroxyl, Decrease in O-H intensity,
adsorption 2925-2852 (C-H), aliphatic, shift in C=0 and C-O, new
1742-1657 (C=0), carbonyl, peaks
1600 (C=C), aromatic, ether in 900-700 cm™*
1227-1050 (C-0)
BSAC600 After Same bands, reduced Same Functional group involvement
adsorption intensities in dye binding
N- Before 3726-3429 (O-H), Hydroxyl, Stronger initial bands due to
BSAC600 adsorption 2924-2854 (C—H), aliphatic, nanosizing
1742-1650 (C=0), carbonyl,
1580-1510 (C=C), aromatic, ether
1227-1118 (C-0)
N- After Same bands with major Same Stronger interactions with dye;
BSAC600 adsorption intensity reduction new aromatic signals

3.2 Scanning Electron Microscopy (SEM) Analysis

Fig.3 SEM (a) before and (b) after adsorption of BSAC at 600°C (without nano-milling)
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Fig. 4 SEM (a) before and (b) after adsorption of BSAC at 600 °C (hano-milling)

Fig. 3(a-b) represents SEM micrographs of BSAC600 (micro) and Fig. 4(a—b) N-BSAC600 (nano) before and after adsorption of
Remazol Brilliant Orange 3R (RBO-3R).

Before adsorption, the surface of BSAC600 showed comparatively bigger and irregular particles with a compact structure and
fewer exposed pores [Fig. 3a]. The porosity seemed limited, despite the presence of some apparent gaps and voids, which would
limit the adsorption capacity. Deposition of RBO-3R onto the adsorbent surface was confirmed by the smoother surface shape and
the appearance of many holes and cavities blocked by dye molecules upon adsorption [Fig. 3b].

In contrast, the N-BSAC600 micrographs [Fig. 4a] showed that nano ball milling produced a highly fragmented morphology
with smaller particle sizes and coarser texture. There were numerous visible pores and channels, suggesting a higher exterior
surface area and easier access to adsorption sites. Significant dye molecule surface coverage was seen upon adsorption [Figure
Z4], with pore structures either partially filled or hidden.

In contrast, the N-BSAC600 micrographs [Fig. 4a] showed that nano ball milling produced a highly fragmented morphology
with smaller particle sizes and coarser texture. There were numerous visible pores and channels, suggesting a higher exterior
surface area and easier access to adsorption sites. Significant dye molecule surface coverage was seen upon adsorption [Fig. 4b],
with pore structures either partially filled or covered [9].

3.3 X-ray Photoelectron Spectroscopy (XPS) Analysis

The surface elemental composition and chemical states of BSAC600 were determined by XPS analysis both prior to and
following Remazol Brilliant Orange 3R (RBO-3R) adsorption. Fig. 5 a-d display the survey and high-resolution spectra for C 1s,
O 1s, N 1s, S 2p, and P 2p, while Table 2 provides a summary of the corresponding atomic percentages [9].
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Fig. 5 (a) XPS of BSAC600 before adsorption.
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Fig. 5(b) XPS of BSAC600 after adsorption
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Fig. 6(a) XPS for BSAC600 before adsorption (without nanoball milled)
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Fig. 6 (b) XPS for BSAC600 after adsorption (without nanoball milled)
Table 2. XPS atomic composition of BSAC600 before and after RBO-3R adsorption
Element | Binding Before After Observation
Region adsorption | adsorption
(%) (%)
Cls 284.6 eV 38.71 60.98 Significant increase, confirming dye carbon deposition
O1s ~532 eV 11.40 26.90 Increase due to oxygen-rich sulfonic groups of RBO-
3R
N 1s ~400 eV 41.41 1.00 Decrease, dye adsorption alters the nitrogen
environment
S2p 165-170 eV 7.72 2.02 Adsorbed dye introduces sulfonic groups.
P 2p ~133 eV 6.16 9.10 Stable phosphorus peak from HsPOs activation
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3.4. Effect of Process Parameters on Dye Removal

3.4.1 Effect of pH

For both adsorbents, the pH of the solution has a significant impact on the percentage of the adsorbate that is removed. The acidic
range (probably between pH 2-4) seems to be the ideal pH for adsorption, with removal efficacy declining as the pH gets more
basic or neutral. Importantly, the removal effectiveness of the nanoform (At600CNB) is substantially better than that of the
microform (At600CnonNB) over the whole pH range.

This pH dependence is typical of surface charge-influenced adsorption processes. Activated carbon made from bamboo usually
has an acidic surface with functional groups that include oxygen (such as phenolic and carboxyl). The carbon's surface becomes
protonated and gains a positive charge in acidic environments (low pH). This promotes anionic dye molecules' electrostatic
attraction, which is typical of textile dyes like RBO 3R.

The nanostructure of At600C-NB is responsible for its outstanding performance. Compared to microparticles, nanoparticles have
a significantly higher specific surface area (SSA) and more active sites per unit mass. The enormous surface area of the nano-
carbon enables better interaction with and adsorption of dye molecules, even at less ideal pH conditions. Changes in electrostatic
driving forces have a more significant impact on the micro-carbon because of its smaller SSA.

100 ".\‘\.\.
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[
g 60 —8— At 600CNB
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x 40 At600CnonNB
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Fig.7 Effect of pH

3.4.2 Effect of adsorbent dose

With increasing doses of both adsorbents, the % removal of the adsorbate rises quickly before slowing down at higher doses(.
Similar to the pH research, the nano-carbon (At600CNB) outperforms the micro-carbon in terms of removal percentage at all
doses and reaches its maximum removal at a lower dose.

As additional adsorbent is introduced, more adsorption sites become available, which causes the initial sharp increase in removal.
When all available sites are occupied and the dye concentration reaches equilibrium, it slows down at higher doses. Similar to the
pH research, the nano-carbon (At600CNB) outperforms the micro-carbon in terms of removal percentage at all doses.

Surface area directly leads to this outcome. Compared to a greater mass of At600CnonNB, a smaller mass of At600CNB offers
an equal or higher number of active sites.
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Fig.8 Effect of Ads. Dose.
3.4.3 Effect of contact time

For both materials, the adsorption occurs quickly in the first 20 to 40 minutes before progressively getting closer to equilibrium
(Fig. 9). In addition to achieving a greater ultimate removal %, the nano-carbon (At600CNB) reaches equilibrium considerably
more quickly than the micro-carbon. The large number of unoccupied surface places is what caused the quick initial uptake.
Because of slower pore diffusion and repulsive forces between molecules in the solution and those already adsorbed, the rate
decreases as these sites fill. One significant benefit of At600CNB is its quicker kinetics. This can be clarified by:

Reduced Intraparticle Diffusion Path Length: Compared to bigger microparticles, a dye molecule must diffuse into a pore over a
much shorter distance in nanoparticles. Internal mass transfer resistance is lowered as a result. Greater Surface Area: Rapid initial
adsorption is made possible by the greater exterior surface area, which offers instant access to a large number of sites. When
building continuous flow systems where efficiency demands a short residence time, this property is essential.
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Fig.9. Effect of Time

Fig. 11 illustrates how the initial concentration of RBO-3R dye affects The % removal falls as the dye's initial concentration rises,
but the actual adsorption capacity (q, mg dye adsorbed per gram of adsorbent) rises. With a sharper increase in capacity and a
higher removal percentage at all concentrations, the nano-carbon (At600CNB) continuously performs better than the micro-
carbon. High percentage removal results from a high ratio of accessible adsorption sites to dye molecules at lower concentrations.
The sites become saturated, and the % removal decreases as the concentration rises. However, more dye molecules are forced onto
the adsorbent by the stronger mass transfer driving force provided by the larger concentration gradient, increasing the capacity (q)
until the absolute maximum capacity is attained.
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3.4.4 Effect of temperature:
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Fig.10. Effect of Temperature

The effect of temperature on Remazol Brilliant Orange-3R (RBO-3R) adsorption onto BSAC600 (micro, non-milled) and N-
BSAC600 (nano ball-milled) was examined between 30 and 50 °C (Fig. 10). The percentage of dye removed for both adsorbents
increased slightly with increase in temperature, suggesting that adsorption was endothermic. The dye removal efficiency of
BSAC600 (micro) rose from about 78% at 30 °C to about 88% at 50 °C. Increased mobility of dye ions at higher temperatures
and improved diffusion of dye molecules into the pores could be the cause of this improvement. However, the total removal was
still less than that of the nano equivalent, indicating that the micro-structured adsorbent had fewer accessible adsorption sites. On
the other hand, N-BSACG600 (nano) continuously produced almost total elimination (~99%) at all temperatures examined, with
very little fluctuation. The observed pattern suggests that the adsorption process is less susceptible to temperature impacts since
the nano ball-milled adsorbent has a large number of active sites and a significant affinity for RBO-3R. Overall, the results suggest
that N-BSAC600 has already reached optimum performance regardless of temperature fluctuation, whereas BSAC600 (micro)
demonstrated better removal efficiency with rising temperature.

3.4.5 Effect of Initial Concentration
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Fig. 11 Effect of Initial Concentration

Fig. 11 illustrates how the initial concentration of RBO-3R dye affects the adsorption by BSAC600 (micro, non-milled) and N-
BSAC600 (nano ball-milled). Both adsorbents had a gradual decrease in percentage removal as the dye concentration increased
from 100 to 200 mg/L whereas BSAC600 The dye removal efficiency of BSAC600 (micro) decreased from about 87% at 100
mg/L to about 77% at 200 mg/L. At greater concentrations, when there are more dye molecules in solution than there are active
sites on the adsorbent surface, the available adsorption sites become saturated, which is the cause of this pattern. (micro) saw a
more noticeable decline
The removal effectiveness of N-BSAC600 (nano), on the other hand, was continuously higher, sustaining ~98-92% over the same
concentration range. The FTIR and XPS investigations verified that N-BSAC600's superior performance can be attributed to its
increased exposure of oxygen functional groups, improved surface roughness, and reduced particle size. These characteristics
allowed for improved active site usage and stronger dye—adsorbent interactions, even at high concentrations.

Overall, the findings show that N-BSAC600 had a greater resistance to concentration effects and a stronger capacity for dye
uptake, even if site saturation caused adsorption efficiency to decline for both adsorbents as concentration increased. This
conclusion is corroborated by isotherm analysis, which showed that the nano ball-milled adsorbent had a significantly larger
maximum adsorption capacity (qmax) than its micro-sized counterpart according to the Langmuir model [13,14,15,16].
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3.5 Adsorption Isotherm Studies

The equilibrium interaction between the RBO-3R dye molecules and the adsorbents was assessed using adsorption isotherm
models. For BSAC600 (micro) and N-BSACG600 (nano), both Langmuir and Freundlich models were investigated; the findings
are displayed in Figures A-D, and Table 3 provides a summary of the relevant parameters.
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Fig.12 Adsorption isotherm models for N-BSAC600 (nano),(a) Freundlich (b) Langmuir
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Fig.12 Adsorption isotherm models for N-BSAC600 (micro),(c) Freundlich (d) Langmuir

Langmuir Isotherm

Monolayer adsorption on a uniform surface with finite binding sites is assumed by the Langmuir model. The plots of Ce/qge vs
produced strong correlation coefficient linear connections for both adsorbents (R? = 0.937 for BSAC600 and 0.9696 for N-
BSAC600). The highest adsorption capacity (qmax) was noticeably greater for N-BSAC600, indicating that nano ball milling
increased the availability of adsorption sites and raised the effectiveness of dye uptake. Stronger binding affinity of RBO-3R to
N-BSAC600 was also shown by the greater Langmuir constant (b) [17,17,19,20].

Freundlich Isotherm

Multilayer adsorption on heterogeneous surfaces is described by the Freundlich model. The Inge vs InCe also provided a decent
fit to the data (R?= 0.8988 for BSAC600 and 0.9738 for N-BSAC600). Favourable adsorption was indicated by the Freundlich
constant (n > 1) for both adsorbents; N-BSAC600 displayed a greater slope value, indicating improved surface heterogeneity and
improved interaction with dye molecules.
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The Langmuir model showed a marginally superior correlation for both adsorbents, indicating that monolayer adsorption was the
predominant process, even though both models offered respectable fits. Significantly, N-BSAC600's better performance in the
Freundlich and Langmuir models suggests that surface heterogeneity and extra adsorption sites were revealed by nano ball milling,
which enhanced the dye's ability to absorb dye and its adsorption strength [8,9,14,21,22].

Table 3. Langmuir and the Freundlich isotherm parameters for RBO-3R adsorption onto BSAC600 and N-BSAC600

Adsorbent Langmuir R? gmax (mg/g) KL (L/mg) Freundlich R? n Kf (mg/g)
BSAC600 0.937 9.20 0.071 0.8988 3.03 1.98
(micro)
N- 0.9696 12.97 0.115 0.9738 2.24 2.43
BSAC600
(nano)
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Fig.13 Thermodynamic analysis
Table 4. Thermodynamic parameters for RBO-3R adsorption onto BSAC600 micro and nano adsorbents

Adsorbent AH® (kJ/mol) | AS° (J/mol'K) | AG®°at303 K (kJ/mol) | Nature
BSAC600 non-NB (micro) | +32.4 +117.7 -3.3 Spontaneous, Endothermic
BSAC600 NB (nano) +50.1 +190.2 -7.6 Spontaneous, Endothermic

Table 4 provides a summary of the thermodynamic characteristics for RBO-3R adsorption onto BSAC600 (micro) and N-
BSAC600 (nano). The endothermic character of the adsorption process was confirmed by the positive AH® values (32.4-50.1
kJ/mol) displayed by both adsorbents. Increased randomness at the solid-liquid interface is suggested by positive AS® values
(117.7-190.2 J/mol-K), which are probably caused by dye molecule decomposition and strong adsorbent—adsorbate interactions.

At all assessed temperatures, negative AG® values verified that adsorption was both spontaneous and thermodynamically possible.
Additionally, the higher spontaneity and better affinity of the nano ball-milled adsorbent toward RBO-3R are shown by the larger
negative AG° values for N-BSAC600 (-7.6 kJ/mol at 303 K) in comparison to BSAC600 (-3.3 kJ/mol).
The increased AH® and AS° values for N-BSAC600 further imply that nano ball milling improves structural heterogeneity and
surface activity, leading to more robust adsorbent-dye interactions. These results are in line with kinetic and isotherm
investigations, which demonstrated the nano adsorbent's faster kinetics and greater adsorption capacity [15,16,17,21,22].
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3.7 Adsorption Kinetics
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Fig.14(b) Kinetic data for Pseudo 2nd order BSAC 600 nano and micro.

To study the adsorption kinetics of RBO-3R onto BSAC600 (both non-milled and nano-ball milled), pseudo-first-order (PFO) and
pseudo-second-order (PSO) models were used. With stronger correlation values (R2 = 0.9972 for BSAC600NB and 0.9977 for
BSAC600nonNB) than the PFO model (0.8661 and 0.9567, respectively), the PSO model offered a better fit. The experimental g
values (4.98 and 4.19 mg/g, respectively) and the PSO model's estimated equilibrium adsorption capacities (qccalc) (5.26 mg/g
for BSAC600NB and 4.47 mg/g for BSAC600nonNB) were nearly identical. In contrast, adsorption was understated by the PFO.

model. These findings imply that chemisorption is the primary rate-controlling mechanism and validate that the adsorption process
follows pseudo-second-order kinetics. Significantly, compared to its non-milled counterpart, the nano-ball-milled BSAC
(BSAC600NB) demonstrated faster kinetics and a larger adsorption capacity, underscoring the advantageous impact of nano-
milling in improving surface accessibility and active sites for dye removal[15,16,17,23,24,25].

Table 5. Kinetic Parameters

Sample Model | qeexp (Mg/g) | qecale (mg/g) | kiork: R2

BSAC600NB (Nano) PFO 4.98 4.15 ki =0.0862 min™! 0.8661
BSACG600NB (Nano) PSO 4.98 5.26 k.=0.0343 g'mg''min~! | 0.9972
BSAC600nonNB (Micro) | PFO 4.19 4.09 ki =0.0578 min™ 0.9567
BSAC600nonNB (Micro) | PSO 4.19 4.47 k:=0.0417 g'mg ' min™' | 0.9977

Overall, the comparative analysis shows that by improving the bamboo stick activated carbon's adsorption capacity (gmax),
equilibrium uptake (q.), and surface activity, nano-ball milling (BSAC600NB) enhances its adsorption performance.
Thermodynamic data suggest that the nano-milled sample exhibits much greater adsorption efficiency, faster kinetics, and stronger
dye—adsorbent interactions, even though both adsorbents exhibit pseudo-second-order kinetics and Langmuir isotherm behaviour.
These enhancements confirm nano-milling as a viable modification method to maximise adsorbents made from biomass for
wastewater treatment [26].
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IV. CONCLUSION

This study compared the non-ball-milled (BSAC600nonNB) and nano-ball-milled (BSAC600NB) forms of bamboo stick activated
carbon (BSAC), which was synthesised at 600 °C, for the adsorption of Remazol Brilliant Orange-3R (RBO-3R) dye in batch
mode. SEM, FTIR, and XPS characterization data verified that nano ball milling enhanced dye—adsorbent interactions by reducing
particle size, improving surface roughness, and adding more oxygen-containing functional groups. Important factors like pH,
initial concentration, contact time, dosage, and temperature have a substantial impact on removal efficiency, according to batch
adsorption trials. In comparison to the non-milled version, the nano-ball-milled adsorbent continuously showed better
performance, attaining higher equilibrium capacity (ge¢) and dye removal percentages

Adsorption was shown to follow the pseudo-second-order model by kinetic modelling, indicating chemisorption as the
predominant process. The maximal monolayer capacity (gmax) for BSAC600NB was around 12.97 mg/g, while for
BSAC600nonNB it was approximately 9.19 mg/g. Isotherm tests revealed that the Langmuir model offered the greatest fit.
Stronger driving forces were seen for BSAC600NB, and thermodynamic analysis verified that the adsorption was endothermic
(AH® > 0), spontaneous (AG® < 0), and accompanied by greater randomness at the solid—liquid interface (AS° > 0).

Overall, it turned out that using nano ball milling to improve the adsorption effectiveness of activated carbon derived from bamboo
was a successful modification technique. An environmentally benign, economical, and sustainable adsorbent for removing textile
dyes is BSAC600NB. Regeneration performance, column studies, and testing with actual textile effluents should be the main areas
of future research to evaluate broad applicability.
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