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Abstract

Nickel contamination in natural water bodies has become a major environmental concern, causing
undesirable issues in ecosystems, requiring the remediation of Ni(I) from contaminated aqueous
systems. Although many approaches have been in practice, biosorption provides a sustainable and
low-cost methodology as a viable alternative. In this respect, this study investigates the potential
of NaOH-modified tea waste adsorbent (STWA) and NaOH-modified tea waste biochar (STWB)
for the remediation of Ni(II) from contaminated aqueous solutions. Application of Fourier
transform infrared spectroscopy, X-ray fluorescence spectroscopy, scanning electron microscopy,
thermogravimetric analysis and point of zero charge confirms favorable surface characteristics for
Ni(II) adsorption. Optimum conditions of 0.60 g and 0.30 g dosages, 20 min shaking time and 10
min settling time lead to the extent of removal of Ni(II) from 10 mg L™ solution by TW and its
biochar at 76% and 65%, respectively, for ambient pH and temperature, which are increased up to
95% and 98%, respectively, by NaOH treatment. Investigation of kinetics confirms efficient and
superior biosorption, while the Weber—Morris intra-particle diffusion (IPD) model indicates multi-
stage adsorption governed by film diffusion and IPD. Isotherm modeling indicates that STWB
follows the Langmuir model, with a maximum adsorption capacity (gm) of 15.17 mg g'!, whereas
the Freundlich model is suitable for STWA, with gm of 24.64 mg g!. It is further determined that
competing ions reduce adsorption efficiency, with STWB showing better stability. Regeneration
is possible with HNOs, HCl and EDTA with >90% desorption, confirming the sustainable removal

of Ni(II).

Keywords: Tea waste, biosorption, biochar, Ni(Il) remediation, Optimization
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1. Introduction

Effluents released from various industrial fields have been marking their territory, forming
polluted environments. Among these, the release of toxic metals and their compounds into water
reservoirs has been a major concern recently. Metal ions are non-biodegradable and can be
accumulated through bioaccumulation, biomagnification, and bioconcentration in animals,
including humans, through food chains (Nnaji et al., 2023). The toxicity of these heavy metals can
lead to severe health issues in the human body, such as reduced growth and development, cancer,
organ damage, nervous system impairment, and even death when minimum exposure levels are
exceeded (Oladimeji et al., 2024). Consequently, several heavy metal removal techniques, such as
filtration, electrochemical methods, oxidation/reduction, ion exchange, oxidation/reduction and
reverse osmosis, have been implemented (Kotabewatta & Priyantha, 2024). However, their
disadvantages such as low removal efficiency and lack of cost-effectiveness confront adsorption

as a viable alternative (MALKOC & NUHOGLU, 2005).

Adsorption distinguishes itself among heavy metal physicochemical treatment techniques due to
its high adsorption efficiency, cost-effectiveness, and ease of handling. It has thus become a
globally popular wastewater treatment technology (Panneerselvam et al., 2011). The adsorption
process 1is typically described using equilibrium, kinetics, and thermodynamic models.
Specifically, Langmuir, Freundlich, and Temkin adsorption isotherm models; pseudo first order
and pseudo second order kinetics models, and intra particle diffusion model deliver essential data
about the adsorption process (Quansah et al., 2024). Activated carbon is broadly implemented as
an effective adsorbent in sewage water treatment. However, due to high activation cost, extensive
research screening for cost-effective adsorbent has been carried out (Amarasinghe & Williams,

2007).
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Over the past five decades, nickel contamination of soil has progressively increased through both
human activities and natural processes, particularly through the accumulation of ash remnants
from coal combustion, disposal of municipal sewage sludge, nickel alloy industries and their
studies, pigment production, tannery wastewater, and the weathering of mafic and ultramafic rocks
(El-Naggar et al., 2021; S. Sen Gupta & Bhattacharyya, 2006; Levicka & Orlikova, 2024). Recent
studies have been carried out investigating the suitability of many types of biosorbents, such
agricultural waste, microbial biomass, algae, biochar and modified natural materials, for the
remediation of nickel (Aryal & Liakopoulou-Kyriakides, 2015; Fdez-Sanroman et al., 2020; Su et
al., 2023). Among these, modified natural materials and biochar show significant efficiency in
heavy metal adsorption from polluted water. Table 1 shows an overview of the comparative
analysis of nickel removal percentages achieved by various biosorbents under their respective
experimental conditions, based on reported studies. Operational parameters are different among
these studies, and the values provide general indication about the biosorbent effectiveness towards
the nickel adsorption. Along with the removal efficiency, adsorption capacity (¢) is widely used
to investigate the adsorption performance of adsorbents, providing a fair comparison between
biosorbents regardless of dosage. Table 2 indicates the reported equilibrium adsorption capacities

of some natural and modified biosorbents for nickel adsorption.
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Biosorbent Removal percentage (%) Reference
Chicken egg shell 94 (Mashangwa et al., 2017)
Raw tea waste 70 (Khir et al., 2025)
Raw orange peel 70 (Salleh et al., 2023)
Lemna minor 82 (Axtell, 2003)
Salvinia sp 74 (UGYA, 2019)
Nymphaea lotus 86 (Charazinska et al., 2022)

Table 2: Evaluation of nickel adsorption capacity among various biosorbents

Biosorbent q (mg g) Reference
Natural zeolite containing 1.79 (Kolmykova et al., 2023)
tripolite
Sugarcane-based activated 2.99 (Van Tran et al., 2017)
carbon
Sugarcane bagasse 12.35 (Ezeonuegbu et al., 2021)
Walnut shell 13.92 (Georgieva et al., 2020)
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Orange peel 62.89 (Ferda Gonen, 2012)

DTPA-modified banana 29.24 (F. Wang et al., 2022)
DTPA-modified pomegranate 16.61 (F. Wang et al., 2022)
peel

The selection and preparation of the biosorbent hold a vital role in the successful execution of the
adsorption strategy (Li et al., 2021). The porosity of the biosorbent, which influences the
adsorption proficiency, can be further boosted through surface modification using defined
chemicals customized for the intended applications (Li et al., 2021). For example, EDTA, which
enhances the chelation, and acid or base treatment, which aids hydrolysis of ester linkages, can be
used (Liang et al., 2020). Such modifications are employed not only to enhance available active

adsorption sites, but also to improve stability and reusability (Liang et al., 2020).

Previous studies have confirmed that the use of tea waste for the remediation of heavy metals from
the contaminated aqueous solution is a low-cost, efficient, and sustainable biosorbent (Datta &
Deb, 2025). The tea plant (Camellia sinensis (L.)) is a perennial evergreen crop with a high
economic value cultivated in tropical and subtropical regions (Datta & Deb, 2025). Tea waste
(TW), which is called refused tea, is the byproduct arising from the processing of tea in the factory,
and large quantities of waste are produced on an industrial scale. In composition, TW is rich in
cellulose, hemicellulose, lignin, proteins, tannins, polyphenols and residual caffeine, along with
various functional groups including hydroxyl (—OH), carboxyl (~COOH), and ester groups, giving

the favorable surface functionalities for the adsorption of heavy metals (Cakmak et al., 2024).
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Raw TW and biochar have been investigated as low-cost and eco-friendly biosorbents for heavy
metal remediation. However, fewer studies have been carried out on systematic comparative
evaluations that integrate surface chemistry, adsorption mechanisms, and material stability.
Specifically, limited studies have simultaneously clarified the relationships among surface
functional groups, surface charge characteristics, adsorption isotherms, thermal stability, and
competitive ion selectivity for Ni(II) removal. Consequently, the underlying mechanisms
governing differential adsorption performance between modified TW and biochar remain poorly
understood. To address this knowledge gap, this study concentrates on the characterization of
NaOH-modified tea waste adsorbent (STWA) and NaOH-modified tea waste biochar (STWB) as
efficient adsorbents. Further, comprehensive investigations were conducted on optimization and
evaluation of adsorption performance under controlled experimental conditions, equilibrium and
kinetic behaviors, investigation of competitive ion interference, regeneration efficiency using
various desorption agent and mechanistic insights into Ni(II) uptake for a sustainable approach for

the removal of Ni(II) from aqueous solutions are focused.
2. Materials and Methods:
2.1 Biosorbent preparation

Factory TW was collected from a tea processing factory located in Sabaragamuwa Province of Sri
Lanka. TW collected was washed first with tap water to eliminate surface impurities and loosely
bonded particles and then with boiled water to remove leachable colored compounds present in
the tea waste. This was followed by extensive rinsing with deionized water to remove any residual
matter. Thereafter, the cleaned TW was oven-dried at 80 °C overnight. Once dried, the TW was
ground and sieved to retain particle sizes from 0.500 mm to 0.710 mm to achieve a consistent

particle size for further experiments. To chemically activate the biosorbent, 0.10 mol L' NaOH

7
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was employed as the treatment agent (Rathnayaka et al., 2024). To achieve this, 10.0 g of sieved,
cleaned TW was mixed with 1.0 L of 0.10 mol L' NaOH, and the mixture was stirred for 1.0 h
using a magnetic stir at 150 rpm to facilitate proper interaction between the base and the functional
groups present in TW. After stirring, the suspension was allowed to settle for an hour. Finally,
STWA was washed thoroughly with tap water, followed by deionized water until the washing

solution exhibited the neutral pH.
2.2 Biochar preparation

Oven-dried TW was taken for the preparation of tea waste biochar. The pyrolysis process was
carried out at 300 °C with a time duration of 1.0 h. To perform chemical modification, 10.0 g of
TW biochar was treated with 0.10 mol L' NaOH at 150 rpm for 1.0 h and allowed to settle for 1.0
h. STWB was washed with tap water, followed by deionized water until the black color was
completely removed and the washing solution became neutral pH. Samples of STWB were oven-

dried at 80 °C overnight.
2.3 Characterization of biosorbent

The biosorbent was characterized using Fourier transform infrared (FTIR) spectroscopy (ATR-
FTIR: PerkinElmer Spectrum TWO FTIR Spectrophotometer, USA), X-ray fluorescence (XRF)
spectroscopy (FISCHERSCOPE XAN 250, Germany), thermal gravimetric analysis (TGA)
(PerkinElmer TGA 4000, USA), and scanning electron microscopy (SEM) (ZEISS EVO LS 15,
Germany). FTIR spectroscopic analysis was conducted to identify functional groups present in the
adsorbent, while the elemental composition due to Ni(II) adsorption was determined using XRF.

SEM was utilized to analyze the structural surface morphology of the biosorbent. TGA is helpful



154
155

156

157

158
159
160
161
162
163
164
165
166
167

168

169
170
171
172
173

174

for evaluating the thermal stability of biosorbents by indicating how they behave under different

temperatures and assessing the impact of chemical modifications on their heat resistance.

2.4 Point of zero charge (PZC)

The PZC of different types of TW was analyzed using potentiometric titration. Three different
concentrations of NaNOs solutions (0.1 mol L, 0.01 mol L', and 0.001 mol L) with different
ionic strengths were prepared (Priyantha & Kotabewatta, 2019). A fixed amount of the biosorbent
was added to 250.0 mL of each NaNOs solution in separate 500 mL beakers. Then the suspensions
were agitated for 24.0 h at ambient temperature in closed beakers using a magnetic stirrer to reach
equilibrium. Following equilibration, the pH of each suspension was adjusted to pH 4.00 using 0.1
mol L' HNO3. Subsequently, the pH was raised to 12.0 by adding 0.05 mL of 0.10 mol L' NaOH
using a micropipette, and the pH was recorded after each addition. Finally, the specific surface
charge (C g') was determined and plotted against the pH of the solution for each electrolyte

concentration.

2.5 Optimization of experimental parameters

Adsorption experiments were performed under ambient conditions to determine optimum
conditions for the maximum removal efficiency of Ni(Il). Each experiment was executed in
triplicate, and the average values were considered. The total concentration of each Ni(II) solution
was determined using atomic absorption spectroscopy (AAS) (Thermo SCIENTIFIC M SERIES,

USA), and the removal percentage was calculated using the following Equation 1.

Removal percentage(%) = ﬂ x100% [1]

Ci
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where C; is the initial Ni(II) concentration and C. is the concentration of Ni(II) at adsorption

equilibrium (Tijjani et al., 2024).

Dosage optimization: The effect of adsorbent dosage was investigated through the variation of
mass of STWA/STWB from 0.10 g to 1.20 g. For this, the adsorbent was added to glass jars,
containing 50.0 mL of 10 mg L' Ni(II) solutions, and they were shaken at 150 rpm on orbital
shaker for 1.0 h, followed by a 1.0 h settling time. Thereafter, 5.0 mL aliquots of the supernatant

were withdrawn for AAS analysis to determine the final concentration of Ni(II).

Shaking time optimization: To assess the optimal shaking time, a series of experiments was carried
out by changing the shaking time from 10 min to 90 min at 150 rpm with a 1.0 h settling time. For

that, an optimized dosage of the biosorbent was used with 50.0 mL of 10 mg L' Ni(II) solutions.

Settling time optimization: Using the same solution (50 mL of 10 mg L™ Ni(II)), optimized dosage,
and optimized shaking time, the optimum settling time was determined by varying the time from

5 min to 70 min.
2.6 Investigation of kinetics

The adsorption rate of Ni(II) by STWA was evaluated before reaching equilibrium by withdrawing
5.0 mL aliquots from 10 mg L' Ni(II) solution treated with 12.0 g of STWA at ambient conditions.
Samples were collected at 1-min intervals during the first 15 min, and subsequently at 5-min
intervals up to 60.0 min. The experiment was repeated for a 25 mg L' Ni(I) solution with the
same conditions, and samples were taken up to two hours. The first hour was the same as the
above, and from 1.0 h 10.0 min, periods were used until the end of 2.0 h. The same procedure was

used for the 6.0 g of STWB.

10
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Equations (2), (3) and (4) represent pseudo-first-order (PFO), pseudo-second-order (PSO), and the

Weber and Morris intra-particle diffusion models, respectively
The pseudo-first order kinetics model is given by,
In(gq, — q:) =Ing, — kt (2]

where g, is the adsorption capacity at equilibrium (mg g™'), ¢is the amount adsorbed at time ¢ (mg
g'!), k is a rate constant (min!), and ¢ is time of interaction (min) (Dharmarathna & Priyantha,

2024).

The pseudo-second order kinetics model is given by,

t 1

1
= —t 3
qe kzq£+qe [3]

where g, is the amount adsorbed at time ¢ (mg g!), & is the rate constant (g mg™! min'), ¢. is the

adsorption capacity at equilibrium (mg g™'), and ¢ is time of interaction (min) (Osman et al., 2024).
The Weber and Morris IPD  model is given by,
qc = kit +C [4]

where ¢ is the amount adsorbed at time ¢ (mg g!), kis represents the IPD rate constant (min™ '), C
(mg g!) is a constant that characterizes the boundary layer thickness of the linear plot and ¢ is time

of interaction (min) (Nnadozie & Ajibade, 2020).

2.7 Investigation of adsorption isotherms

To investigate the equilibrium behavior of Ni(II) adsorption on STWA, a batch isotherm study was
performed with different initial concentrations of Ni(Il). For that, a concentration series ranging

from 10 mg L' to 500 mg L' of Ni(Il) was prepared. For each concentration, 0.60 g of STWA
11
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was added to 50.0 mL of the Ni(II) solution in glass jars. Then they were shaken at 150 rpm using
an orbital shaker for the optimized contact time of 20 min. Suspensions were allowed to settle for
10 min to ensure the separation of biosorbent particles. Finally, the 5.0 mL of aliquots of each
solution were withdrawn, diluted accordingly as required, and the equilibrium concentration of
Ni(IT) was assessed using AAS. Finally, the data were fitted to both the Langmuir and the
Freundlich adsorption-isotherms to investigate the adsorption behavior and surface characteristics

of the biosorbent. The same procedure was carried out for STWB using the dosage of 0.30 g.

2.8 Interference study

Optimized dosages of the STWA and STWB are treated under previously optimized conditions
with solution consisting of 25 mg L' of Ni(Il) and 25 mg L! interference agent. Then 5.0 mL
aliquots of the mixture were withdrawn into test tubes and analyzed the final concentration of the

Ni(Il) using AAS.

2.9 Regeneration study

Initially, the adsorption process of Ni(II) was carried out using STWA and SWTB under previously
optimized conditions. Then the metal-loaded biosorbent was separated by filtration and oven dried.
Dried biosorbents were treated with 50.0 mL of different desorption agents, namely 0.10 mol L™!
HNO;3,0.10 mol L™ HCI, 0.10 mol L™ EDTA and deionized water, and agitated at 150 rpm for 1.0
h shaking time with 10 min of settling time. Thereafter, 5.0 mL of aliquots were withdrawn and

analyzed using AAS to determine the extent of desorption according Equation (5),

Desorption percentage (%) = _Cd x100% [5]

i—-Ce

12
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where Cy is desorbed Ni(II) concentration, C; is the initial Ni(II) concentration before adsorption

and C. is the concentration of Ni(II) at adsorption equilibrium (Boeykens et al., 2018).

3. Results and Discussion

3.1 Characterization of raw TW before and after adsorption of Ni(II)

3.1.1 FTIR analysis

FTIR spectroscopy is a rapid, nondestructive method used to determine the molecular structure
and functional groups in organic and inorganic materials. This method uses infrared radiation to
pass through the sample with some radiation absorbed by molecular bonds inducing vibrational
transitions, and some pass through, producing a characteristic spectrum of wave number vs
transmittance that reflect the functional groups. In this study, FTIR spectroscopic analysis
confirms the involvement of functional groups such as hydroxyl, carboxylic, and ester groups
which would promote adsorption of Ni(Il) through complexation (Figure 1). In raw TW, key bands
appear at 3334cm™ (O-H), 1793 cm™ (C=0 ester), 1689 cm™ (C=0O carboxylic acid), and
1021 cm™ (C-O alcohol) (A. Gupta & Balomajumder, 2017; Liu et al., 2018). In TW biochar,
slight changes are observed in band positions (3332 cm ™' (O—H), 1774 cm™ (C=0 ester), 1697 cm™!
(C=0 carboxylic acid), and 1019 cm™ (C-O alcohol) due to dehydration, decarboxylation and
partial decomposition of cellulose and hemicellulose associated with aromatization during the
biochar formation. After NaOH modification (STWA, STWB), band intensities increase and shift
slightly, indicating activation and enhanced availability of binding sites. Following Ni(Il)
adsorption, decrease in intensity and slight shifts in the above bands are observed, suggesting direct

involvement in metal binding.

13



259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

Table 3: Key functional groups present in TW

Wavenumber (cm™) Functional group

3334 —OH (Hydroxyl)

1793 C=0 (Ester)

1690 C=0 (Carboxylic acid)
1021 C—O (Alcohol)

Unmodified TW
— STWA
—— After adsorption
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Fig. 1 FTIR spectra of (a) unmodified TW, STWA and STWA after Ni(II) adsorption (b)

unmodified TWB, STWB and STWB after adsorption of Ni(II)

3.1.2 XREF spectroscopic analysis

XRF spectroscopy is nondestructive and rapid analytical technique which uses interaction between
X-rays and material under investigation for the determination of elemental composition. XRF
spectroscopy allows both qualitative and quantitative analysis of a variety of samples including
solids, liquid and powders. According to Figure 2(a,b) and Figure 3 (a,b), Ni peak does not appear
in the spectra confirming that unmodified TW, STWA, unmodified TW biochar and STWB are
free from residual Ni. Moreover, the Ni peak that appears in Figure 2(c) and Figure 3(c) confirms

the adsorption of Ni(Il) by the STWA and STWB.

15
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Fig. 2 X-ray fluorescence spectrum of (a) unmodified TW, (b) STWA and (¢c) STWA
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Fig. 3 X-ray fluorescence spectrum of (a) unmodified TWB, (b) STWB and (c) STWB

after Ni(II) adsorption
3.1.3 SEM analysis

SEM analysis is important in adsorption research because it provides high resolution and 3-D
images, allowing direct visualization of surface morphology, porosity and structural changes of
biosorbents which aids determining the adsorption efficiency. Figure 4 demonstrates the SEM
analysis of unmodified TW, STWA, Ni(Il) adsorbed STWA, unmodified TWB, STWB and Ni(II)
adsorbed STWB. Both unmodified TW and TWB show a smooth, compact and less porous surface
compared to STWA and STWB. Among unmodified TW and unmodified TWB, unmodified TWB
shows a rougher and more irregular surface with many visible fractures. The compact structure of
unmodified biosorbents blocks the accessibility of functional groups, reducing the number of
available active adsorption sites for Ni(Il), resulting in lower adsorption capacity. After chemical
modification, significant surface structural changes are observed in STWA and STWB. The
surface has become rougher, more irregular and highly porous with the development of cracks and
fissures than unmodified biosorbents. This transformation is due to the removal of lignin in the

cell wall, waxes and other extractives, which cover the internal adsorption active sites during

18



344  NaOH treatment, enhancing surface area and exposing previously inaccessible functional groups.
345  After adsorption of Ni(I), both STWA and STWB show clear morphological changes confirming

346  the adsorption of Ni(II).
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Fig. 4 SEM images of (a) unmodified TW, (b) STW, (c) Ni(Il) adsorbed STWA, (d)

unmodified TWB (e), STWB and (f) Ni(II) adsorbed STWB

3.1.4 Point of zero charge (PZC)

The PZC is the pH at which the surface of an adsorbent has a neutral charge (Cakmak et al., 2024).
If the solution pH > PZC, the surface will be negatively charged, which is favorable for cation
adsorption, and if the pH < PZC, the surface will be positively charged, which is favorable for
anion adsorption. As shown in Figure 5, PZC values were determined by investigating the specific
charge as a function of solution pH for NaNOs3 solutions of three concentrations using several
adsorbents used in this study. NaNOs is used as the background electrolyte in surface charge
determination because it does not interact on the adsorbent surface. The results suggest that raw
TW adsorbent and unmodified TW biochar have higher PZC values, approximately pH 10.90 and
pH 9.25, respectively, revealing a limited number of negatively charged sites at neutral pH (7.0).
After NaOH treatment, both STWA and STWB demonstrate a noticeable shift in PZC to lower pH
values, approximately to pH 4.50 and 5.50, respectively, which indicates that the increase of

negatively charged sites due to deprotonation and exposure of functional groups such as —OH and

20
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—COO'. As a result, the modified adsorbents are more effective in adsorbing positively charged

metal ions like Ni(II) at neutral to slightly acidic pH.
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Fig. 5 Point of zero charge (PZC) of (a) unmodified TW, (b) STW, (c) unmodified TWB

and (d) STWB
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3.1.5 Thermal gravimetric analysis (TGA)

TGA is a technique that measures the mass of the sample over time as the temperature changes,
allowing to determine the material composition, thermal stability, decomposition and moisture
content of the sample. For the typical lignocellulose biomasses, the decomposition occurs in
multiple stages. Initially, intramolecular moisture is removed from ambient temperature to 120 °C,
hemicellulose is decomposed from 200 °C to 320 °C, followed by cellulose decomposition from
300 °C to 400 °C. Decomposition of lignin, being a stable polymer, requires a broad temperature
range, from 200°C to 800°C (Paredes et al., 2024; P. Wang & Howard, 2017). Figure 6
demonstrates the mass loss curves with increasing temperature for unmodified TW, STWA,
unmodified TW biochar and STWB, indicating the thermal behavior that reflects the structural and

compositional changes among the adsorbents.

According to Figure 6, the TGA curves of unmodified TW and STWA show similar decomposition
patterns, with some differences. The cell walls contain lignin tightly bound to the cellulose and
hemicellulose through ester bonds. When TW 1is treated with NaOH, these ester bonds are
hydrolyzed and exposing more hydroxyl groups and carboxylic groups, thereby providing more
active functional groups for adsorption of Ni(Il). In both samples, an initial mass loss below 120
°C was observed due to the evaporation of physically bound water. It is little higher in STWA
because water molecules move inside and bind with internal functional groups during the treatment
process due to the absence of lignin and cell walls. That is, STWA does not have water-
impermeable cell walls. Another noticeable difference in mass loss of STWA is observed between
200-380 °C with additional mass loss compared to that of TW, because more functional groups
introduced during the modification process are decomposed, while broader degradation extending

up to 600 °C corresponds to the decomposition of lignin. On the other hand, TW is fully
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decomposed indicating lower thermal stability, while STWA leaves a slightly higher residue,
reflecting the incorporation of Na-based minerals during the modification process, indicating more

thermal stability.

In contrast, TW biochar and STWB demonstrate much higher thermal stability than unmodified
TW and STWA because, in the pyrolysis process, the decomposition of cellulose, hemicellulose,
and lignin occurs at relatively low temperature, allowing the aromatic ring formation,
polymerization, and the cross-linking of carbon chains. These structures are highly stable and
resistant to decomposition. Initial mass loss in both TW biochar and STWB is attributed to the
moisture loss, similar to that of unmodified TW and STWA. According to Figure 6(d), lignin is
not completely decomposed, and it is present in biochar. After treatment with NaOH, lignin is
hydrolyzed similar to what is observed in STWA. The small additional mass loss observed in
STWB in the range of 200 °C — 400 °C likely corresponds to the decomposition of newly
introduced functional groups, which are beneficial for the adsorption process. Overall, TGA results
reveal that pyrolysis and modification with NaOH significantly enhance the thermal stability and

the functional groups, confirming the superior adsorption capacity of the STWA and STWB.
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3.2 Optimization of parameters

Optimizing experimental parameters is crucial in adsorption to maximize the adsorption
efficiency, minimize waste and cost, improve reproducibility, understand system behavior, and
support the real-world applicability. In this study, optimization of key parameters such as
adsorbent dosage, shaking time, and settling time were performed to investigate their effect on the

removal efficiency of Ni(II) STWA and STWB.

3.2.1 Dosage optimization

Figure 7 illustrates the effect of varying the dosage of unmodified TW, STWA, and STWB on the
extent of removal of Ni(II) from a 10 mg L' solution, under constant shaking time (1.0 h) and
settling time (1.0 h). According to the figure, the extent of Ni(II) removal increases from 55% to
80% with unmodified TW, 69% to 95% with STWA, and 85% to 98% with STWB, as the
adsorbent dosage increases from 0.1 g to 1.2 g. This enhancement is due to the greater availability
of active adsorption sites at higher dosages, leading to a higher probability of Ni(Il)—adsorbent
collisions, which facilitate the removal. However, once the saturation limit is reached, further
increases in dosage does not affect the removal efficiency. As shown in Figure 7, unmodified TW
shows a lower removal percentage (75%) compared to STWA (95%) and STWB (98%). Therefore,
modified forms of biosorbents were selected for further studies with dosage of 0.60 g (for STWA)

and 0.30 g (for STWB) as the optimum for subsequent experiments.
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Fig. 7 Effect of dosage on removal of Ni(Il) by unmodified TW, STWA and STWB

3.2.2 Shaking time optimization

The effect of shaking time on the extent of removal of Ni(Il) ions using STWA and STWB as
adsorbents was extensively analyzed to determine the optimal contact time for maximum Ni(II)
removal. For that, a series of experiments was carried out by varying the shaking time from 10
min to 90 min with optimized dosages of 0.60 g (for STWA) and 0.30 g (for STWB) by
maintaining the initial Ni(II) concentration at 10 mg L. All experiments were conducted under
controlled conditions with constant agitation to ensure uniform mixing. Shaking promotes better
contact between the adsorbent and the adsorbate. Additionally, continuous motion leads to a
decrease of the thickness of the boundary layer, facilitating the adsorption efficiency. As shown in
Figure 8, the removal percentage of Ni(Il) is increased to more than 90% within the first 10 min
with both adsorbents. As the shaking time increases, eventually, the removal percentage reaches a
steady state, and within 20 min, the adsorption reaches 95% (for STWA) and 98% (for STWB),
after which no considerable enhancement is observed with further agitation. Such behavior implies

that the active sites on the biosorbent surface have gradually filled up with Ni(II) ions, resulting in
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442  saturation. At this moment, the available sites for Ni(II) ions become diminished. Once equilibrium
443  isreached, the rate of adsorption equals the rate of desorption. According to the observed data, 20

444  min was selected as the optimal shaking time for both biosorbents in this study.

445
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450 Fig. 8 Effect of shaking time on removal of Ni(I[) by STWA and STWB with optimum

dosages of 0.60 g (for STWA) and 0.30 g (for STWB)

451  3.2.3 Settling time optimization

452  As shown in Figure 9, there is no impact of settling time on Ni(II) adsorption. The results confirm
453  that the majority of adsorption occurs predominantly during the shaking phase. However, a short
454  settling period is still required to ensure proper separation between the solid biosorbent and the
455  aqueous phase. Moreover, shaking induces collisions among molecules, which may lead to a slight
456  increase in temperature. To avoid the impact of temperature variation on adsorption equilibrium,
457  the solution was allowed to cool to room temperature. Therefore, 10 min was chosen as the optimal

458  settling time for further experiments.

459

27



460

461

462

463

464

465

466
467
468
469
470
471
472
473
474

475
476

100

= 3 & = * ———%
= STWB
80 -+ e STWA
S
g
3 60+
£
[
=
s
w 404
(=
[
o
x
wi
20 -
o T T T T T T T
10 20 30 40 50 60 70
Time (min)

Fig. 9 Effect of settling time on removal of Ni(Il) by STWA and STWB at optimum dosages of

0.60 g (for STWA) and 0.30 g (for STWB) and at 20 min shaking time for both adsorbents

3.3 Investigation of kinetics

The Ni(II)-STWA and the Ni(II)-STWB systems demonstrate an exceptionally rapid adsorption
behavior, reaching equilibrium very fast. This indicates that the Ni(II) ions have a high affinity
towards both STWA and STWB, likely driven by surface interactions with minimal diffusion
resistance. This rapid equilibrium limits the conducting of a detailed kinetic study under typical
time intervals and standard Ni(II) concentrations. Raising the initial Ni(II) concentration from
10.0mg L''to 25.0mg L' did not change the time taken to achieve equilibrium. Although the
kinetics is so fast that it is not possible to investigate under normal circumstances, even at a higher
concentration of Ni(II), it is confirmed that STWA and STWB adsorbents are extremely efficient

for the rapid removal of Ni(II) from aqueous solutions.

The IPD model is used to identify the rate limiting step in an adsorption process and evaluate the

adsorption mechanism. There are three main stages in a diffusion process corresponding to film
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diffusion, IPD and adsorption onto internal active sites, which is an equilibrium step (Zhong et al.,
2021). According to Figure 10, both diffusion plots of STWA and STWB have tri-linear stages
confirming that adsorption occurs through multiple stages. All lines are deviated from the origin
(C # 0), indicating that IPD is not the rate-limiting step (Lach & Okoniewska, 2024). The first
linear region of both STWA and STWB shows relatively high ks values of 1.296 mg g™! min™'"?
and 1.193 mg g min""?, respectively, indicating fast mass transfer of Ni(II) from bulk solution to
the surface of the biosorbent via complexation with functional groups on the biosorbent surface.
Notably, lower kis values were observed for STWA (0.221 mg g"! min""?) and STWB (0.329 mg
g"! min""?) in the second stage controlled by IPD of Ni(II) into internal pores of the biosorbents.
This is due to decrease in availability of active adsorption sites, decrease in concentration gradient
and increase in mass transfer resistance due to active sites of the surface being previously occupied
in first stage (Sangoremi, 2025). These factors collectively increase the adsorption resistance and
slow down the adsorption rate at the last stage. Overall, these multi-stage IPD plots confirm that
adsorption onto both STWA and STWB is governed by a mixed mechanism involving film

diffusion and IPD.
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493 3.4 Investigation of adsorption isotherms

494  Adsorption isotherm analysis contributes to determining the adsorption mechanism between the
495  adsorbate and the adsorbent surface. Langmuir, Freundlich, Temkin, Dubinin—Radushkevich, and
496  Redlich-Peterson models are commonly used in adsorption studies. Among these, Langmuir,

497  Freundlich, and Temkin are frequently used to investigate the adsorption mechanism of natural

498  biosorbents.

499  The Langmuir isotherm model assumes monolayer adsorption onto a homogeneous surface with a
500 finite number of identical and energetically equivalent adsorption sites. After adsorption, there are
501 no interactions between adsorbed molecules. The linearized Langmuir isotherm model is
502  expressed as follows,

503 =_1 4 te [6]

de AmaxKL dmax
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where C. is equilibrium concentration of adsorbate (mg L"), g. is equilibrium adsorption capacity
of adsorbent (mg g '), gmax is maximum adsorption capacity of biosorbent (mg g '), and K is the

isotherm constant (L mg™') (Nadheesha et al., 2021).

Alternatively, the Freundlich isotherm model assumes multilayer adsorption onto a heterogeneous
surface of the adsorbent. The adsorption sites are not energetically equivalent, and the energy of
the adsorption sites depends on whether the adjacent sites are occupied or not. The linearized

Freundlich isotherm model is expressed as follows,
log q. = log Kf+%logCe [7]

where ¢, is equilibrium adsorption capacity of the adsorbent (mg g '), K is isotherm constant (L
mg ), C. is equilibrium concentration of adsorbate (mg L"), and 1/ is the adsorption intensity (0

< 1/n <1 implies favorable adsorption) (Tobbi et al., 2024).

On the other hand, the Temkin isotherm model supposes that the heat of the adsorption process
decreases linearly with increasing surface coverage due to interactions between the adsorbent and
adsorbate. Additionally, it assumes a chemical interactive adsorption process. The linearized

Temkin isotherm model is expressed as follows,
q. = BInC, + BInkK,, [8]

where ¢, is equilibrium adsorption capacity of the adsorbent (mg g!), Kris isotherm constant (L
mg), C. is equilibrium concentration of adsorbate (mg L™!), and B is Temkin constant related to

sorption heat (J mol™!) (Rauf et al., 2020).
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Figure 11 shows the linearized fit of the Freundlich, Langmuir, and the Temkin isotherm models

for STWA, and Figure 12 for STWB with the Ni(Il) concentration range of 10 mg L' to

700 mg L~!. R? of the different concentrations is shown in Table 4.

Table 4: R values at different ranges of concentrations of Ni(II) for STWA and STWB

STWA STWB
All High Low All High Low
concentrati | Concentrati | Concentrati | concentrati | Concentrati | Concentrati
ons ons ons ons ons ons
Freundlich 0.9772 0.5706 0.9887 0.9690 0.4477 0.9839
Langmuir 0.9126 0.6462 0.9760 0.9951 0.9853 0.9690
Temkin 0.8259 0.5010 0.9344 0.9249 0.4146 0.8427

According to the R? values listed in Table 3, all three adsorption models show a better fit at low
concentrations of Ni(Il) on STWA. Among these three models, the Freundlich adsorption
isotherm, with the R? value of 0.9887, has become more dominant at low concentrations, indicating
that the amount of Ni(II) lost from the solution phase is more than what is required for a monolayer.
Therefore, Ni(II), once adsorbed to the surface of the adsorbent would contribute to other means
of mass transfer, such as transfer to mesopores and macropores, inter-particle diffusion and intra-
particle diffusion. Adsorption at the high Ni(Il) concentration is not well explained by any of these
three models. According to the R? values for the range of all concentrations, Freundlich isotherm

is the best fit with an R? value of 0.9772.

In parallel, STWB shows the highest R* value of 0.9951 for the Langmuir adsorption model with

a range of all concentrations of Ni(Il), suggesting monolayer coverage on a more homogeneous
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surface as compared to STWA. However, at low Ni(Il) concentration, Freundlich isotherm
becomes more dominant with R? of 0.9839, indicating a similar behavior as described earlier for
STWA. However, at high Ni(Il) concentration, again Langmuir isotherm shows a better fit with

R? 0f 0.9853.

Interestingly, the Temkin model shows improved correlation at low Ni(II) concentration for
STWA (R? = 0.9344), suggesting that at lower concentrations, the heat of adsorption decreases
linearly with increasing surface coverage due to adsorbate—adsorbent interactions becoming more
significant. The Temkin model for STWB exhibits a moderate fit within the entire concentration
range (R* = 0.9249), but with clear limitations at high concentrations (R* = 0.4146), suggesting
that heat of adsorption decreases with coverage, but is less predictable at higher metal ion

concentrations.
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Fig. 11 Adsorption isotherms for Ni(II) adsorbate by STWA adsorbent at equilibrium; Freundlich

(top), Langmuir (middle) and Temkin (bottom)
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3.5 Interference study

Figure 13 evaluates the extent of removal of Ni(IT) by the STWA and STWB in the presence of
various interference agent: EDTA, NaCl, Co(II), Al(IIl), Fe(Ill), Cr(Il), Pb(Il), and Cu(Il)
Trivalent cations such as Al(III), Fe(Ill), and Cr(Ill) cause the significant reductions in Ni(II)
removal than the divalent cation. Charge density and the affinity for the active adsorption sites of
these trivalent cations are higher than the divalent cations. Therefore, Ni(Il) removal is
significantly lower in the presence of these trivalent cations than the divalent cations. In the
presence of NaCl, the removal efficiency is reduced, possibly due to increased ionic strength,
which reduces the thickness of the electrical double layer. In all cases, STWB maintained higher
Ni(Il) removal than STWA, indicating that pyrolysis and modification enhanced surface area,

porosity, and functional group stability, confirming resistance to interference.
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Fig. 13 Effect on Ni(II) removal by STWA and STWB in the presence of interfering agents
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3.6 Regeneration study

Among adsorption studies, the principal focus is on adsorption performance, while the post
treatment management of spent adsorbents receives comparatively limited attention, although the
it is an important aspect. Regeneration provides several advantages including reduction of
secondary waste, recovery of adsorbate molecules, reuse of adsorbent material and improve the
economic and environmental sustainability of adsorption treatment processes (Zhang et al., 2020).
Chemical, thermal, microbial, electrochemical, ultrasound and micro-wave assisted techniques are
widely used in regeneration studies (Renu & Sithole, 2024). In this study chemical reagents,
namely, HNO3;, HCl and EDTA and deionized water, were used to detach the Ni(Il) from the
surface and pores of STWA and STWB. Figure 14 shows the adsorption and desorption
performance after treatment with four different desorption agents (HNO3, HCl and EDTA and
deionized water). Both STWA and STWB exhibit superior desorption efficiency with HNO3 and
HCI achieving values above 95%. During adsorption process Ni(II) ions interact with negatively
charged surface functional groups such as COO", OH through complexation. Treatment with acids
causes the higher H" concentrations and effectively replace the Ni(I) from these active sites
resulting efficient desorption. EDTA also shows desorption value above 90% for both STWA and
STWB which is slightly lower compared to the acidic reagents. The desorption mechanism is
governed by the chelation where EDTA forms stable Ni-EDTA complex facilitating the Ni(II)
removal from the adsorbent surface (Velempini et al., 2023). In contrast, negligible desorption is
observed for the deionized water with the value of 4%. This indicates that Ni(I) is strongly bound
to the functional group of the adsorbent surface through chemisorption. After the desorption of
Ni(I), STWA and STWB can be reused and exhausted adsorbents can be safely disposed in

landfills or burned in incinerator according to the environmental standards.
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4. Mechanism of adsorption

Adsorption of Ni(Il) on STWB and STWA occurs through a combination of complexation,
physicochemical interactions with surface functional groups, and IPD. In lignocellulosic biomass,
lignin is tightly bound with hemicellulose within the cell wall through ester linkages. NaOH
treatment breaks these ester bonds, leading to partial removal of lignin from the biosorbent cell
wall, thereby exposing more functional groups of the underlying cellulose and hemicellulose
layers and generating additional surface-active adsorption sites. Consequently, more hydroxyl,
ester and carboxyl groups become available as active sites for Ni(Il) binding. This structural
modification increases surface accessibility and enhances the adsorption performance of STWA

and STWB compared to unmodified TW and TWB.

FTIR analysis confirms the presence of oxygen-containing functional groups, such as hydroxyl,
ester and carboxyl groups, which play an important role in Ni(Il) adsorption. In addition, XRF
analysis reveals the presence of inorganic metal ions such as Mn(II), Ca(I1) and K(I) that contribute
to the development of surface charges and PZC results clarify the effect of surface charge on
adsorption behavior. At suitable pH conditions which is pH higher than the PZC, deprotonation of
surface functional groups generates negatively charged sites which favorable for attracting
positively charged Ni(Il). Further TGA results exhibit the typical thermal degradation pattern of
lignocellulosic biomass for unmodified TW and indicate structural changes for unmodified TWB
and STWA and STWB supporting the proposed mechanism. Figure 15 shows schematic illustrate

of the proposed mechanism of the Ni(II) adsorption onto STWA and STWB.
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Fig. 15 Schematic illustration of the proposed mechanism of the adsorption of Ni(II) onto

STW and STWB

5. Conclusion

The outcome of this study highlights the fact that STWA and STWB are efficient biosorbents for
the removal of Ni(Il) from aqueous solutions. Ester groups present in unmodified TW would
undergo hydrolysis during the treatment with NaOH forming anionic moieties. Further, -OH and
—COOH groups would also be converted to corresponding anionic forms during the NaOH
treatment. Both these processes are thus favorable for Ni(Il) adsorption. SEM analysis reveals that
NaOH treatment of TW and TWB significantly enhances the surface morphology, developing
pores, cracks and roughened surfaces with the exposure of more functional groups which directly
involve in Ni(II) adsorption. Ni(Il) adsorbed sample shows evidence of deposition and pore filling
supporting the proposed complexation-driven mechanism. Further, the pH at the point zero charge
shifts to low values during modification, creating a negatively charged surface at ambient pH,

which is also favorable for Ni(Il) adsorption. Parameter optimization studies reveal that the
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maximum extent of removal can be achieved with a dosage of 0.60 g (for STWA) and 0.30 g (for
STWB) with 20 min shaking time and 10 min of settling time for both STWA and STWB. The
kinetics study confirms the rapid adsorption of Ni(II) on both adsorbent types, promising their high
adsorption capacity to remove Ni(Il) from solution. Multi-stage mechanism occurs in the
adsorption of Ni(II) onto STWA and STWB, as evidenced by the tri-linear Weber—Morris IPD
plots. High ks value of the first stage of each plot reflects rapid mass transfer from the bulk solution
to the biosorbent surface via complexation with surface functional groups, while the subsequent
IPD stage shows lower £kis indicating lower diffusion rate. Overall, Ni(Il) adsorption onto STWA
and STWB is governed by a mixed mechanism involving both film diffusion and IPD. Adsorption
of Ni(II) on STWB obeys the Langmuir isotherm model, indicating the monolayer adsorption onto
the homogeneous surface, while the STWA obeys the Freundlich isotherm model. Interference
study demonstrates that trivalent cation significantly reduces the Ni(Il) removal than divalent
cations, and more importantly, STWB shows higher resistance to interference. Biosorbent upon
treatment with Ni(II) can easily be regenerated with HCl, HNO3 and EDTA, demonstrating the
sustainability of the use of the biosorbents in this study. In summary, this study emphasizes that
the pyrolyzed and NaOH-modified tea waste has high potential for Ni(II) removal as a sustainable,

low-cost and highly efficient biosorbent.
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