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Aqueous phase adsorption 
of phenothiazine derivative 
onto zinc oxide doped activated 
carbon
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Idongesit B. Anweting 2, Uwem U. Ubong 1, Ifiok O. Ekwere 1, Saeed G. Adewusi 4, 
Tijesu J. Adeoye 5, Dele P. Fapojuwo 6, Utibe A. Ofon 7, Opeyemi K. Fatunla 7, 
Nathaniel S. Essien 2, Oluwatosin. Y. Audu 8, Zenixole R. Tshentu 6, Simphiwe M. Nelana 9, 
Michael J. Klink 9 & Olushola S. Ayanda 10*

Plant-mediated synthesis of nanoparticles is a sustainable approach that has gained widespread 
scientific acceptance due to its numerous benefits and applications. In this study, a zinc oxide-doped 
activated carbon (ZAC) derived from palm kernel shells (PKS) was synthesized via a bioreduction 
route using a water-based extract of Nymphaea lotus leaves as a reducing agent. The synthesized 
ZAC nanocomposites were characterized using microscopic (TEM, SEM) and spectroscopic (FTIR, 
EDS, XRD, and UV–Vis) analyses. The adsorptive properties of ZAC and efficiency in scavenging a 
phenothiazine derivative (methylene blue) from an aqueous solution were investigated. Results reveal 
that nano-scale ZAC particles were crystalline, exhibited irregular shapes, with an average size of 
45 nm, and were highly dispersed. The optimum quantity adsorbed was 248 mg/g at a methylene blue 
concentration of 140 mg/L for 60 min using 0.02 g/100 mL of ZAC. Adsorption and kinetics data closely 
aligned with the Freundlich isotherm and the pseudo-second-order model, respectively indicating 
heterogeneous surface adsorption and chemisorption as the dominant mechanisms. The regeneration 
study of ZAC shows that over five cycles, thermal regeneration maintained high adsorption capacity 
with minimal decline and chemical regeneration significantly led to reduction in the adsorption 
capacity but solvent washing offered a balance between efficacy and structural preservation.
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The textile industry has experienced significant growth, along with its associated industries, which has had 
a positive impact on the economies of many countries. However, this growth has also resulted in significant 
environmental consequences1,2. One of the key environmental concerns is the pollution of water, which serves 
as a major receptor and transporter of industrial effluents. It is crucial to ensure the preservation of water 
quality. The boom in the textile industries has positively stimulated the economy of many countries but not 
without leaving glaring environmental footprints. Prominent among the environmental matrix that receives 
and transports the bulk of industrial effluent is water and it is often needed in good state2. The textile industry 
is reported to be one of the industries known to consume huge quantities of water3,4. In this industry, dyes are 
the major materials used, there are between 100,000 to 150,000 commercially available dyes and about 800,000 
tons are manufactured annually5. Within this quantity, more than 10% is indiscriminately discharged into water 
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bodies6. The deleterious effects of dyes that are present in textile effluent are well-documented including but not 
limited to nausea, obstruction of photosynthesis5, headache6, carcinogenicity4, and mutagenicity7. Methylene 
blue (MB), which is the first phenothiazine derivative to be synthesized and a key dyestuff in the textile industry, 
is particularly responsible for a wide range of health-related challenges ranging from mental fatigue, lethargy, 
skin inflammation common respiratory issues to teratogenic effects8,9. It is a widely used model cationic dye for 
agricultural, cosmetics, laboratory, and pharmaceutical applications. Due to its complex structural and functional 
frame, MB has been reported to be non-biodegradable, highly mobile, and recalcitrant10.

Over the years, numerous remediation techniques for the removal of aqueous contaminants have been 
reported and some of these include coagulation, electrocoagulation, adsorption, precipitation, ion exchange, 
reverse osmosis, filtration, photocatalysis, and other biological treatment retraining with reasonable success11–14. 
By extension, Nassar et al. 2023, used a facile hydrothermally synthesised photocatalyst (nanocomposite) to 
photocatalytically degrade MB dye by about 92.5% in 55 min15 which is quite similar to the 98.5% degradation 
efficiency recorded by Aljohani et al. 2021 in 90 min when they used cobalt aluminate/carbon composite 
nanoparticles prepared via auto-combustion route to remove MB dye from aqueous media16. These studies vividly 
depict the efficiency of removal of MB using photocatalytic approach, but not without its attendant drawbacks15,16. 
In a different study, Meselhy et al. 2024, employed auto-combustion method to synthesise lanthanum-doped TiO2 
nanostructures but for the photoctalytic degradation of a different dye (crystal violet dye) and still reported a 
high efficiency of 95.98% in 70 min while also varying dopant percentages17. However, the attendant drawbacks 
connected with some of these treatment options include the generation of secondary pollution, environmental 
degradation, and expensive nature, others include the complexity of technique and maintenance related issues3. 
Comparatively, adsorption is well embraced in the scientific community as well as industry due to its simplicity, 
cost-effectiveness, and efficiency18 which substantiates its widespread deployment in several studies involving 
the removal of toxic materials from various aqueous media and the present study. This was depicted in the study 
by Nassar et al. 2016 who investigated the effect of counterions on hydrothermally synthesized hydrozincite 
(zinc hydroxide carbonate). It was reported that the hydrozincite was subsequently converted to generate ZnO 
nanostructures via thermal means, and applied for the removal of Reactive Black 5 (RB5) dye from wastewater 
which achieved about 81 mgg−1 adsorption capacity19.

Nanotechnology is an emerging revolution in the water treatment industry; the adoption of an 
environmentally benign approach to produce nanomaterials is on the front burner globally2. The benign synthesis 
of nanocomposites using plant extracts is highly advocated in view of ease of operation, cheapness, rapid and 
eco-friendly nature including tunability10,20. Many plant extracts have been successfully used to synthesize 
nanocomposites21. As far as the plant used does not compete with food, it may be considered suitable for the 
synthesis. Recently, Nassar et al. 2014, synthesised silver nanoparticles using lemon leaf extract as both reducing 
and stabilising agent and the process was fast, cost-effective and environmentally friendly22. Also, different 
agricultural biomass like Vateria indica fruits23, pods of copper pod tree24 and Cynometra ramiflora fruits25 have 
been used to prepare biochars ((BC–Fe3O4, CPAC@Fe3O4 and activated carbon) and systematically applied for 
the removal of MB, 2,4-dichloro phenylacetic acid (2,4-D) and tetracycline, respectively with impressive results.

The plant used for the present study, Nymphaea lotus, is a flowering plant from the family Nymphaeaceae. 
The Nymphaea lotus is a predominant plant in East Africa and Southeast Asia and as such cannot be explored 
holistically in other regions of the world. It is very accessible and abundant in various parts of Nigeria and 
Africa, and its composition as posited by researchers contains many biomolecules from saponins to phenols26,27. 
Similarly, the capping and functionalization properties of these organic moieties impart the functionalities of the 
nanocomposites while the palm kernel shells (PKS) ash provides support for the zinc nanoparticles to reduce 
rapid agglomeration during and after synthesis. The novelty of the current study lies in the use of Nymphaea 
lotus extract as a reducing agent as well as the doping of PKS activated carbon onto zinc oxide via a biological 
route. This study addresses the gap in sustainable water treatment technique by synthesizing zinc oxide-doped 
activated carbon (ZAC) using PKS, metal precursor and Nymphaea lotus leaf extract. The novelty lies in the 
twofold approach of using Nymphaea lotus extract as a reducing agent and doping PKS activated carbon with 
zinc oxide via a green route.

In this study, ZAC was synthesized using PKS and Nymphaea lotus aqueous leaf extract acting as reducing 
agent followed by application for the sequestration of MB from different aqueous media. At the same time, the 
adsorption kinetics, thermodynamic and reusability potentials of the ZAC nanocomposites were elucidated.

Material and methods
Chemicals and reagents
The Nymphaea lotus was identified by a taxonomist prior to the extraction and preliminary assessment as 
previously documented28,29. The collection and use of the plant conform to relevant guidelines and regulations. 
Analytical (Analar) grade chemicals were used throughout this study, some of which include Zn(OH)2 (Merck 
analysis grade), MB (BDH prd No. 340484B), NaOH and HCl (Sigma Aldrich). All stock solutions were prepared 
with deionized water and other concentrations via serial dilution. The residual MB after adsorption study was 
evaluated at λmax of 665 nm using a Beckman Coulter, Pasadena, CA, UV–Vis spectrophotometer (DU 730).

Materials preparation
The PKS sourced from the Uyo metropolis market in Akwa Ibom State, Nigeria, were washed thoroughly with 
deionized water, dried for 24 h at 28 ± 2 °C, cut, and then ground into a fine powder. Following a 4-h soak in 
0.1 M HCl solution, it was thoroughly cleaned with deionized water, then dried at 28 ± 2 °C, and subjected to 
carbonation and chemical activation as described by Adebayo and his co-workers30. The PKS were heated in a 
muffle furnace for about 4 h at 400 °C, then cooled to room temperature to begin the precarbonization process. 
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In order to create a homogeneous mix, it was weighed at 50 g and stirred with 250 mL of an aqueous solution 
of 85% H3PO4 for 4 h. The slurry was first dried for 24 h at 110 °C, then heated for 2 h at 800 °C, and cooled. To 
obtain the finished product, it was dried at 110 °C after being washed many times with hot water to neutrality 
and finally with cold water to eliminate any remaining phosphoric acid.

The Nymphaea lotus leaves were collected, washed in deionized water, dried at 28 ± 2 °C for 48 h, and then 
macerated. In line with previous reported methods29,31, 30 g of the macerated Nymphaea lotus leaves were boiled 
for 10 min, filtered and the resultant broth was kept at 4 °C before use for synthesis.

The ZAC was prepared by adding 5 g of PKS activated carbon to a 100 mL solution of 3.0 M Zn(OH)2 (29.82 g 
in 100 mL of deionized water), stirred continually for 30 min, and 100 mL of the Nymphaea lotus plant extract 
was added at its natural pH. The mixture was agitated for an additional 120 min at 350 rpm and in order to 
complete the bioreduction process, it was left to stand for 48 h after which a colour change from off-white to 
pale yellow was observed followed by filtration. The resulting ZAC was dried in an oven at 45 °C and ground 
before characterization32.

Characterization of zinc oxide‑doped activated carbon nanocomposite
The samples were analyzed by transmission electron microscopy (TEM) and scanning electron microscopy 
(SEM) to examine their surface characteristics, sizes, and shapes. The functional groups were identified using 
FTIR H400I Shimadzu. UV–Vis scan was employed to monitor the level of residual MB prior to and after the 
adsorption process. X-ray diffraction (XRD) analysis was conducted using a Rich Siefert 3000 diffractometer to 
assess the phase purity of activated carbon (AC) and ZAC within a specific range that covered the major species 
of zinc and AC. The Scherrer equation, as presented in Eq. (1), was utilized to provide more clarification of the 
diffractogram.

where CS is the crystallite size, [β] = FWHM x π/180, λ = 1.5406 × 10–10, Constant [K] = 0.94, and Cos θ = Bragg 
angle (Raliya et al. 2014).

Adsorption experiments and isotherms
The experiment focused on the removal of MB from water using ZAC at approximately 27 ± 2 °C. Different 
amounts of ZAC were mixed with varying concentrations of the aqueous solution, agitated, and subsequently 
centrifuged to determine the remaining MB concentration. The quantity of MB adsorbed was calculated using 
Eq. (2). To ensure accuracy, the measurements were done in triplicates with the average results reported.

The starting and equilibrium concentrations (mg/L) are Co and Ce, respectively. V denotes the volume of the 
MB solution (L), whereas w signifies the mass of the ZAC (g).

The often-employed models for describing two-parameter systems for adsorption are those of Langmuir, 
Freundlich, and Temkin33. The Langmuir isotherm, as represented by Eq.  (3), postulates the occurrence 
of monolayer adsorption on a uniform surface. In contrast, the Freundlich isotherm (Eq. 4) describes a 
heterogeneous system with an uneven surface, allowing for the formation of multiple layers of adsorbate on 
the adsorbent. However, the Freundlich isotherm is applicable only at low concentrations of the adsorbate, as 
noted by Majd et al.33. The Temkin model (Eq. 5) considers the interaction between the adsorbent and adsorbate, 
making it particularly suitable for forecasting gas phase equilibrium, but may not be adequate for other types of 
systems10,33. In this work, models of Temkin, Langmuir, and Freundlich isotherms were employed to examine 
the adsorption data using their respective equations.

In the above equations, the equilibrium concentration (Ce) of MB is measured in mg/L, Co represents the 
starting concentration (mg/L) of MB, Qe represents the amount of adsorbate per unit mass adsorbed (mg/g), and 
Qo represents the adsorption capacity (mg/g). Also, the Langmuir equilibrium adsorption constant (KL) included 
in Eq. (3a) is dimensionless and serves as an indicator of the level of favorability exhibited by the Langmuir 
isotherm curve. Specifically, the RL parameter is classified as unfavourable when its value exceeds 1, linear when 
it equals 1, favourable when it falls within the range of 0–1, and irreversible when it equals zero32. The constants 
in the Freundlich model, Kf and n, also act as measures of whether the adsorption is favorable or otherwise. Here, 
Kf indicates the capacity of the adsorbent to adsorb. Insights into the adsorption mechanism can be obtained 
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by deducing information from the Eq. (5), where equilibrium binding constant is Ar, the isotherm constant bT, 
the universal gas constant R (8.314 J/mol/K), and the absolute temperature T (298 K). Other models were also 
utilized to investigate the adsorption kinetics, and they include pseudo-first order (Eq. 6), pseudo-second order 
(Eq. 7), and the Elovich (Eq. 8) models.

In Eqs. (6)–(8), the quantities of adsorbates that have been adsorbed (measured in mg/g) at equilibrium and 
at a certain time t are Qe and Qt, respectively. On the other hand, k1, k2, α, and β denote the constants associated 
with the Eqs. (6)–(8) accordingly.

Results and discussion
Size, shape, and dispersion features of zinc oxide‑doped activated carbon nanocomposite
The images of ZAC as determined by TEM are displayed in Fig. 1. These images reveal a vast dispersion of 
predominantly irregular zinc nanoparticles that are primarily less than 100 nm in size, supported by AC. The 
form, size, and distribution pattern of the ZnO nanoparticles on the AC (Fig. 1a) are greatly dependent on the 
nature of Nymphaea lotus extract and experimental settings. The obtained nanoparticles were well dispersed 
with no observable particle pairing inclinations or groupings. This could be attributed to the coating capacities 
of the phytochemicals of Nymphaea lotus leaf extract, which expand their surface area according to Phanjom 
and associates34. In a departure from the views of Phanjom and associates, flavonoids and, more specifically, 
phenols were proven to deter clustering owing to their unique reduction and enveloping abilities, a claim that 
also gained support from other authors35,36.

SEM was used to investigate the morphologies of AC and ZAC and the obtained micrographs are presented 
in Fig. 2a,b. A greater number of notches and a stacking phenomenon were observed in ZAC particles (Fig. 2b), 
mostly attributed to the bioactive components from the Nymphaea lotus leaf extract. This theory aligns with the 
opinion of Shaibu and coworkers20. When compared to ZAC (Fig. 2b), a notable clustering was evident with the 
AC sample. Conversely, ZAC showed signs of singular particles, exhibiting a lower extent of agglomeration due 
to the shielding action of the biomolecules in the Nymphaea lotus as recently proposed37. An irregular particle 
shape and an average size ranging from 45 to 60 nm were depicted in the ZAC micrograph in Fig. 2b.

Elemental composition of zinc oxide‑doped activated carbon nanocomposite
The EDX spectra (Fig. 3) reveal the presence of zinc alongside other elements (Si, Al, K, O, and Fe) in the 
precursors utilized for ZAC formulation. Consistent findings across Fig. 3a,b depict the elemental makeup of 
the AC and ZAC to notably include high percentages of C, O, N, S, and Zn. The oxygen and zinc composition 
were greater in ZAC compared to AC, and the source of this may be attributed to oxygen-containing organic 
groups present in the Nymphaea lotus extract. This observation agrees with the findings reported by Roseline 
and co-workers36. Figure 3b also reveals an inset of the layered image of ZAC depicting the elemental electron 
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Fig. 1.   TEM images showing the size, shape, and dispersion of zinc oxide-doped activated carbon 
nanocomposite at (a) 200 nm and (b) 100 nm.
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representation of selected elements. Moreover, the individual mapping of the selected elements in ZAC is shown 
in Fig. 3c,h.

Crystallographic analysis of zinc oxide‑doped activated carbon nanocomposite
The XRD pattern displays distinct diffraction peaks that can be attributed to the hexagonal close-packed (HCP) 
structure of zinc oxide nanoparticles, as illustrated in Fig. 4. The peak at 26.45° (002) in the XRD pattern of ZAC 
indicates the presence of activated carbon. This peak can be attributed to the amorphous carbon structures present 
in the sample. The observed diffraction peaks at angles of 36.01°, 39.11°, 46.41°, 55.9°, and 70.1° correspond to 
diffraction from the (002), (100), (101), (102), and (103) crystallographic planes of a hexagonal close-packed 
(HCP) structure, respectively. The alignment of the hexagonal closed pack structure of zinc oxide nanoparticles 
with the JCPDS number 00-004-0784 is observed. The size of zinc oxide (ZnO) nanoparticles was determined 
using Debye Sherrer’s formula (Eq. 1). The resulting average size of ZnO nanoparticles was approximately 45 nm. 
This in agreement with other authors’ submission35,36.

Elucidation of functional groups in zinc oxide‑doped activated carbon nanocomposite
The functional groups in ZAC are significantly enhanced by the interactions between Nymphaea lotus extract 
and the active sites present on its surface37–39, as illustrated in the FTIR spectrum shown in Fig. 5. The absorption 
bands observed at wave numbers of 3604 cm−1, 3401 cm−1, 2823 cm−1 and 1620 cm−1 can be assigned to the 
–Al–OH, O–H amide group, –CH2 bending vibration, and –C=O groups, correspondingly. Additionally, the 
Zn–O bands within the range of 1150 cm−1–950 cm−1 observed in the spectrum are associated with the AC 
properties. The absorption bands seen at around 3650 and 1620 cm−1 may be correlated with the stretching 
and bending vibrations of Zn–Zn–OH bonds and water molecules, respectively. These observations are mostly 
ascribed to the utilization of Nymphaea lotus extract and the wet synthesis process, as previously suggested16. 
Biomolecules present in the Nymphaea lotus leaf extract, as well as the AC and zinc nanoparticle, resulted in a 
significant and downward shift of the ZAC spectrum, indicating a strong interaction between these components. 
Roseline and co-workers proposed that the existence of negatively charged functional groups on the periphery 
of ZAC may potentially augment the adsorption ability for cations36 which supports the removal efficiency of 
ZAC in the adsorption study.

UV–Vis analysis
For many years, UV–Vis spectroscopy has been recognized for its ease in detecting changes due to shifts in 
energy levels when suitable wavelength radiation is absorbed9. When Nymphaea lotus extract was introduced, 
the formation of ZAC was clearly observable through a change to a slightly yellow color, which aligns with the 
previous findings38. In the ZAC spectrum (Fig. 6), an additional distinct absorption peak around 350 nm, which 
is missing in the spectrum of AC that has a prominent band at 240 nm, corresponds to the surface plasmon 
resonance band of ZnO nanoparticles as corroborated by Fakhari and co-workers40.

Adsorption studies
The effects of different experimental factors on the adsorption efficiency were probed via adsorption studies. 
These factors include but are not limited to initial MB concentration, ZAC dosage, solution pH, and contact time.

Fig. 2.   Morphological features of (a) activated carbon and (b) zinc oxide-doped activated carbon 
nanocomposite.
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Initial concentration
The initial concentration of adsorbate is a critical factor influencing adsorption, particularly for optimization 
in environmental remediation processes. This principle is clearly demonstrated in the relationship between 
the quantity of MB removed from the reaction medium and its initial concentration. This direct relationship is 
indicative of ZAC’s proficiency in overcoming mass transfer resistance, emphasizing findings similar to those 
reported38. At a lower initial concentration of 10 mg/L MB, the limited number of MB molecules, when compared 
with the abundance of pores, functional groups, and adsorption sites on ZAC, results in an inefficient adsorption 
process. This phenomenon can be explained from the angle of adsorption kinetics, where the rate of MB uptake 
is initially slow due to limited collisions between adsorbate and adsorbent. However, as the MB concentration 
increases from 30 to 140 mg/L, the dynamics of adsorption shift significantly. The escalating concentration creates 

Fig. 3.   Elemental composition of (a) activated carbon (b) zinc oxide-doped activated carbon nanocomposite 
with EDS layered inset; electron mapping of (c) O (d) Zn (e) C (f) Si (g) Al and (h) Fe atoms on the surface.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:21611  | https://doi.org/10.1038/s41598-024-71196-7

www.nature.com/scientificreports/

a driving force strong enough to surpass the initial mass transfer resistance. This phenomenon is reflected in 
the noticeable increase in MB removal, peaking at an adsorption capacity of 254 mg/g (Fig. 7a). The increase 
in adsorption with concentration can be attributed to the enhanced probability of collision and subsequent 
adsorption between the MB molecules and ZAC. This linear increase aligns with Langmuir isotherm models, 
indicating a monolayer adsorption process on a homogenous surface with finite adsorption sites. Singh et al.41 
further elucidate this by linking the linear adsorption trend to changes in the interfacial distribution coefficient, 
which accounts for the equilibrium concentration of MB on ZAC compared to the solution. As the concentration 
of MB in the solution increases, the distribution coefficient adjusts to maintain equilibrium, leading to higher 
adsorption until saturation is reached. The plateau at 140 mg/L is indicative of a saturation point where the active 
sites on ZAC are fully occupied, aligning with the Langmuir isotherm’s prediction of a monolayer saturation 
point. This saturation leads to molecular transport interference, as the available sites on ZAC are fully occupied, 
preventing further adsorption and resulting in a stable adsorption capacity despite increases in MB concentration 
beyond this point.

Fig. 4.   XRD diffraction pattern of zinc oxide-doped activated carbon nanocomposite.

Fig. 5.   FTIR spectrum of zinc oxide-doped activated carbon nanocomposite.
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Adsorbent dosage
The process of identifying the optimal dosage of ZAC for the effective adsorption of a target MB concentration 
involves a careful balance between maximizing adsorption efficiency and economic viability. As depicted in 
Fig. 7b, the adsorption capacity increases with the ZAC dosage up to 0.02 g/100 mL, beyond which no significant 
enhancement in MB removal was observed. This trend can be attributed to the increased surface area and 

Fig. 6.   UV–Vis spectra showing the surface plasmon resonance band of activated carbon and zinc oxide-doped 
activated carbon nanocomposite.
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availability of more active adsorption sites at optimal ZAC dosages. However, at concentrations between 0.01 
and 0.02 g/100 mL, the adsorption process may encounter limitations due to steric hindrance and electrostatic 
interactions within the MB complex. These interactions can obstruct the binding of additional MB molecules to 
available adsorption sites, leading to a saturation point. Additionally, the kinetics of the adsorption process are 
influenced by the size and morphology of ZAC particles. Smaller particles tend to have a higher surface area-to-
volume ratio, providing more active sites for adsorption. However, as noted by Awe et al.42, at higher adsorbent 
concentrations, the likelihood of particle aggregation increases, reducing the effective surface area of ZAC and 
elongating the diffusion pathways. This phenomenon adversely affects the adsorption efficiency as it increases 
the resistance to mass transfer and slows down the adsorption kinetics. The interaction between ZAC and MB 
is not only a function of surface interactions but also of the changes in the energy and disorder of the system43. 
A comprehensive understanding of these parameters is essential for optimizing the adsorption process and 
ensuring efficient MB removal from aqueous solutions. Therefore, achieving the optimal dosage of ZAC for MB 
adsorption is a complex interplay of adsorbent concentration, particle characteristics, and the thermodynamic 
and kinetic properties of the adsorption system. This interplay dictates the efficiency and effectiveness of the 
adsorption process, as seen in the plateauing effect beyond ZAC concentration of 0.02 g/100 mL.

pH
The adsorption capacity of ZAC is significantly influenced by the solution’s pH, which acts as a critical factor in 
dictating the chemistry at the adsorbent-adsorbate interface43,44. In this study, the impact of pH on the adsorption 
of MB was thoroughly investigated. The experiment involved adjusting the pH of an MB solution (concentration 
140 mg/L) between 2 and 10 and observing the adsorption behavior over 60 min periods with 0.02 g/100 mL 
of ZAC. The results, illustrated in Fig. 7c, showed a clear correlation between the pH level and the adsorption 
efficiency. At lower pH levels, particularly around 2, there was a notable reduction in the quantity of MB adsorbed 
by ZAC. This decrease can be attributed to the high concentration of H+ ions in the solution, which likely 
competed with the positive MB ions (MB+) for adsorption sites on ZAC. The presence of these excess H+ ions in 
an acidic environment may lead to a decrease in the availability of functional groups on ZAC for binding with 
MB, resulting in lower adsorption rates.

As the pH increased, particularly beyond pH 7, a significant increase in the adsorption of MB was observed, 
peaking around pH 8. This enhancement at higher pH levels can be explained by the increased negative charge on 
the surface groups of ZAC. In alkaline conditions, these groups become more polarized, enhancing electrostatic 
interactions between the positively charged MB ions and the negatively charged sites on ZAC. This leads to more 
effective sequestration of MB from the solution, as the complementary charges facilitate stronger adsorbent-
adsorbate interactions. These findings are in line with the notion that the surface charge of the adsorbent, and 
consequently its adsorption capacity, is heavily influenced by the pH of the solution43,44. This pH-dependent 
behavior underscores the importance of optimizing solution pH for maximizing adsorption efficiency in practical 
applications.

Contact time
In order to elucidate the kinetics of MB uptake by ZAC, the contact time between the adsorbent and adsorbate 
was systematically varied. Initially, there was a rapid increase in the quantity of MB removed, escalating 
from 90 mg/g at 20 min to a peak of 254 mg/g at 60 min. After this peak, the adsorption rate decelerated, 
reaching a plateau and equilibrium at 226 mg/g, as illustrated in Fig. 7d. This trend is primarily attributed to 
the expansive surface area of ZAC and the availability of numerous unoccupied sites at the beginning of the 
adsorption process. However, these sites quickly became saturated after approximately 60 min of contact with 
MB. The rapid saturation of ZAC could be linked to steric hindrance and the inertia of diffusion exhibited by 
MB molecules as the contact time prolongs. This aligns with the pseudo-second-order kinetic model, suggesting 
that the adsorption rate is more dependent on the availability of adsorption sites than the concentration of 
MB. Furthermore, the declining rate of adsorption beyond 60 min may be indicative of intraparticle diffusion 
constraints, a phenomenon that aligns with trends observed in similar studies14. Additionally, the involvement 
of both physisorption and chemisorption processes in the adsorption mechanism, as supported by empirical 
evidence in literature45, provides a comprehensive understanding of the dynamic interaction between ZAC and 
MB over varied time scales.

Adsorption isotherms
An adsorption isotherm depicts the equilibrium correlation between the concentration of the solute in a liquid 
phase and quantity of solute adsorbed on a solid phase under constant temperature conditions33.The suitability 
of any adsorption model is usually dependent on the magnitude of coefficient of correlation (R2) obtained from 
the linear plots (Fig. 8). Results obtained from the adsorption isotherms (Table 1) for the adsorption of MB on 
the ZAC reveals that of the three models, the Freundlich model passed as the best with R2 of 0.9931 as the closest 
to unity. The value of the Freundlich parameter, n, was greater than 1, indicative of a favourable adsorption6. This 
was further corroborated by the separation factor’s (RL) numerical value in the Langmuir’s model. This value 
was 0.3539 (i.e. 0 < RL < 1) corresponding to favourable adsorption. The adsorption of MB was also found to be 
feasible based on the model14,30. The adsorption energy from Temkin’s model was positive for MB in aqueous 
media indicating endothermicity of the adsorption process7.

Kinetic study
Kinetic models are often used for predicting the rate and time dependency of reactions in various scientific 
and engineering domains, particularly in understanding the mechanistic behaviors of chemical and biological 
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Fig. 8.   Isotherm models of (a) Freundlich (b) Langmuir and (c) Temkin.

Table 1.   Adsorption parameters deduced from the adsorption isotherms for the sequestration of MB by zinc 
oxide-doped activated carbon nanocomposite.

Adsorption isotherms Parameters Values

Freundlich model

Kf (mg/g(L/mg)1/n) 1.7041

n 1.1357

R2 0.9931

Langmuir model

Q0 (mg/g) 149.2537

KL 0.0130

RL 0.3539

R2 0.6851

Temkin model

Ar (L/g) 0.1805

bT 83.3721

R2 0.9649

Table 2.   Parameters from kinetic treatment of data for the adsorption of MB onto the zinc oxide-doped 
activated carbon nanocomposite.

Kinetic models Parameters Values

Pseudo-first-order

k1 (min−1) 0.0313

Qe,cal (mg/g) 40.1051

R2 0.9658

Pseudo-second-order

k2 (g/mg/min) 0.0016

Qe,cal (mg/g) 237.719

R2 0.9991

Elovich

β (g min/mg) 0.1169

αE (g min2/mg) 14.2958

R2 0.9793
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systems46. Information on the study of adsorption kinetics not only helps to deduce the value of the rate constants, 
but also tells the nature of adsorption—whether physisorption or chemisorption47. As presented in Table 2, the 
pseudo-second order model (Fig. 9b) has a high R2 of 0.9991 compared to the pseudo-first order (Fig. 9a) and 
Elovich models (Fig. 9c). This is an indication that the adsorption of MB onto the ZAC is better represented by 
the pseudo-second order model47,48. The kinetic results also reveal that the adsorption process is more inclined 
towards the chemisorption nature of adsorption48.

Regeneration study of ZAC
The regeneration study of ZAC highlights its potential for sustainable application in dye adsorption processes, 
with each regeneration method revealing distinct trends over five cycles as shown in Fig. 10. The thermal 
regeneration process exhibited the most consistent and effective results, with only a minor decline in adsorption 
capacity from 240 to 215 mg/g. This underscores the high thermal stability of ZAC, marking it a viable option 
where heat-based regeneration is feasible. Conversely, chemical regeneration using a mild acidic solution showed 
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Fig. 10.   Comparative analysis of ZAC regeneration methods over five cycles.
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a more pronounced decrease in capacity. Starting at 240 mg/g, it dropped significantly to 165 mg/g by the 
fifth cycle. This suggests that chemical treatment might be altering ZAC’s surface chemistry or leading to pore 
blockage, indicating potential long-term drawbacks41,42,49. Solvent washing with ethanol, while not as efficient as 
thermal regeneration, showed a relatively gentle and consistent impact on the adsorption capacity. It preserved 
most of ZAC’s initial capacity, only reducing from 240 to 215 mg/g. This method could be suitable in scenarios 
where preserving the integrity of ZAC’s structure is crucial. Overall, this study underscores the importance of 
selecting an appropriate regeneration technique based on the specific requirements of practical applications. 
Each method has its own set of advantages and limitations. Thermal regeneration stands out for its efficiency 
and consistency, making it suitable for applications where high-performance recovery is essential. Chemical 
regeneration, despite its initial effectiveness, may pose risks of structural deterioration in the long term. Solvent 
washing appears as a viable middle ground, offering a balance between efficacy and structural preservation. This 
subtle understanding of each method’s impact is crucial for optimizing the use of ZAC in diverse environmental 
applications.

The Table 3 predominantly showcases adsorbents synthesized through green methods. For instance, the use 
of raw groundnut shell as a biosorbent for MB has shown a maximum uptake of 29.3 mg/g. This is particularly 
noteworthy in comparison with this study involving zinc oxide activated carbon for MB adsorption. Typically, 
zinc oxide activated carbon composites are valued for their enhanced adsorption properties due to the synergistic 
effect of zinc oxide’s photocatalytic capability and the high surface area of activated carbon. Consequently, as 
observed in the Table 3, ZAC performed better than raw groundnut shells and other adsorbents though at 
different concentrations of MB which can be attributed to the presence of the zinc oxide nanoparticles. This 
highlights the potential of green synthesis methods in creating effective nanosorbents with lesser environmental 
impacts and better adsorption capacities.

Conclusions
Green synthesis is preferable to the traditional chemical synthesis of nanoparticles due to its lower costs, reduced 
pollution and enhanced safety for both human health and the environment. ZAC nanocomposite produced 
through a bioreduction process involving the application of Nymphaea lotus leaf extract as the reducing agent 
efficiently removes MB molecules from aqueous media. The crystalline, irregular shaped, and widely dispersed 
synthetic ZAC particles have an average size of 45 nm. The effectiveness of ZAC adsorption is determined by the 
initial MB concentration of the MB, the solution’s pH, the ZAC dosage, and the contact time of ZAC and MB. The 
adsorption kinetics depends on the availability of adsorption sites and follows the pseudo-second order kinetic 
model, whereas, the adsorptive binding of MB on ZAC is best approximated by the Freundlich isotherm model 
and occurs through the chemisorption mechanism. Experimental results showed that the optimum quantity of 
MB adsorbed was 248 mg/g at MB concentration of 140 mg/L, 60 min contact time using 0.02 g/100 mL of ZAC. 
Thus, the synthesised ZAC could be beneficial in the textile or dye industries to the remediation of MB or other 
dye-laden contaminated wastewater.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on 
reasonable request.
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