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Abstract 32 

Anthracene belongs to the polycyclic aromatic hydrocarbon (PAH) consisting of benzene rings, 33 

unusually highly stable through more π-electrons and localized π-bond in entire rings. Aqueous-34 

phase anthracene adsorption using carbon-based materials such as biochar is ineffective. In this 35 

paper, carbon dots (CDs) derived from the acid treatment of coconut shell biochar (CDs/MCSB) 36 

decorated with chitosan (CS) are successfully synthesized and applied for anthracene removal 37 

from aqueous solutions. The h-CDs/MCSB exhibited fast adsorption of anthracene with significant 38 

sorption capacity (Qmax = 49.26 mg g-1) with 95% removal efficiency at 60 min. The study 39 

suggested chemisorption dominated monolayer anthracene adsorption onto h-CDs/MCSB, where 40 

a significant role was played by ion-exchange. Density Functional Theory (DFT) suggested the 41 

anthracene adsorption was dominated by the electrostatic interactions and delocalized electron, 42 

induced by higher polarizability of functional groups on the surface of hybrid CDs/MCSB assisted 43 

by chitosan (h-CDs/MCSB). In addition, the aromatic structure of CDs/MCSB and high 44 

polarizability of functional groups provided the strong interactions between benzene rings of 45 

anthracene and hybrid adsorbent-assisted multiple π-bond through delocalized π-bond and 46 

polarization-induced H-bond interactions. The presence of carboxylic and sulfonic groups on the 47 

CDs/MCSB surface also contributed to the effective adsorption of anthracene was confirmed by 48 

the fluorescence spectra. The results showed that the hybrid adsorbent was an effective material 49 

for removing PAHs, usually difficult to remove from water owing to the presence of benzene rings 50 

in their structures. Further, consistency in the DFT results suggested the outstanding binding 51 

capacity with the anthracene molecules with h-CDs/MCSB. 52 

 53 
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Polarizability of functional groups  55 
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1. Introduction  62 

A class of emerging contaminants that recently have been more noticed is polycyclic aromatic 63 

hydrocarbons (PAHs). This class of pollutant has recently gained more interest among researchers 64 

owing to its potential threat to the ecosystem and human health. Recently, PAHs emissions have 65 

become a major problem in some developed and developing countries(Gupta 2018; Zango et al. 66 

2019). There is a multifarious pathway for introducing PAHs into environmental media, 67 

particularly in waterbodies, including discharges from municipal wastewater treatment plants and 68 

petrochemical industries, the release of petroleum products, and leakage of engine oils (Zhang, 69 

Chen, et al. 2018; Imam et al. 2021). Among the PAHs, anthracene is considered to be one of the 70 

the most toxic, which has recently been detected widely in multitudinous environmental samples, 71 

particularly in foods, water, waterbodies, and sewage sludge (Ma et al. 2021).  72 

(Amorini et al. 2022) reported anthracene is highly resistant not only to biodegradation but 73 

also the conventional physicochemical techniques among the PAHs resulting into some serious 74 

health issues, including cardiovascular disorders, lung cancer, and defects in reproductive systems, 75 

can be related to PAHs like anthracene. The PAHs compounds have been classified into three 76 

major groups as (a) endocrine disruptors, (b) carcinogenic, and (c) mutagenic by the United States 77 

Environmental Protection Agency (USEPA) (Zhang et al. 2022). Their removal from waterbodies 78 

demands the development of effective methods(Ma et al. 2021; Wiśniowska and Włodarczyk-79 

Makuła 2022; Pathak et al. 2022). Several treatment methods have been adopted for the effective 80 

purifying anthracene from polluted-based media, such as biological treatment, coagulation, 81 

flocculation, and catalytic degradation(Zhou et al. 2022). However, most of these methods suffer 82 

from incomplete elimination, owing to toxicity and the presence of a long chain of carbon, 83 

resulting in the persistence to the microorganisms for biodegradation. Cost and toxic effects of the 84 

chemical methods are among the major problems associated with the chemical treatment of 85 

PAHs(Shaikh, Islam, and Chakraborty 2021; Ajani et al. 2022).  86 

Among the treatment techniques, the adsorption process is a promising method to purify 87 

the PAHs-laden aqueous media due to its easy operation, high efficiency, and cost-effectiveness. 88 

Moreover, the adsorption process could be used as a pretreatment method to remove PAHs like 89 

anthracene. Anthracene harms aquatic life, poisons fish, invertebrates, and algae, affecting their 90 

development, reproduction, and health; also, can accumulate in aquatic creatures may multiply 91 
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along the food chain, causing ecological instability. Waterborne anthracene can damage 92 

ecosystems and reduce biodiversity (Le Bihanic et al. 2015). Ingestion or water contamination 93 

with anthracene may be harmful.   Long-term anthracene exposure can cause rashes, respiratory 94 

issues, and cancer.   Health and safety are threatened by anthracene in water (Ojha and Tiwary 95 

2021).   Regulatory bodies and environmental groups have devised water anthracene pollution 96 

standards to reduce its risk.   Remediating anthracene-contaminated water using physical, 97 

chemical, or biological approaches reduces its environmental and health impacts (Singh and Singh 98 

2023). Among the multifarious adsorbent materials, carbon-based materials are well suited owing 99 

to high chemical stability, various biomass and non-biomass precursors, thermal stability, ease of 100 

operation and recovery, low cost, and availability (Ahmed, Hameed, and Hummadi 2020; 101 

Dehghani et al. 2016; Chen, Gao, et al. 2022; Lopes and Astruc 2021). Multifarious and 102 

multitudinous biomass and waste materials-based materials like carbon nanotube (CNT) and 103 

graphene are the most significant and widely utilized adsorbents for the anthracene as well.  104 

In this study, we have derived a functional matrix, biochar, from one of the most significant waste 105 

biomasses, coconut shells. It is a potential agricultural waste worldwide (Dai et al. 2021; Shaheen 106 

et al. 2022; Li, Shaheen, et al. 2022). Because of its unique characteristics, coconut shell-based 107 

biochar is used for various applications, including the treatment of a wide range of environmental 108 

pollutants like PAHs. For example, Atibun Isa et al, synthesized a functionalized-coconut shell 109 

biochar to remove Hg (II) from solution. Their results exhibited that functionalization biochar can 110 

remove Hg (II) effectively and faster compared to the pristine biochar (Isa et al. 2022). In addition, 111 

the removal of antibiotics from wastewater using recyclable coconut shell-based biochar was 112 

improved by activated with KOH and magnetified with FeCl3 (Sun et al. 2022). The study 113 

indicated the outpacing of effectively adsorbed antibiotics on modified biochar was due to the 114 

hydrogen bonding. However, the anthracene consists of three fused benzene rings together, their 115 

adsorption by the biochar only is not effective specifically due to the lipophilicity of anthracene 116 

and the presence of π-electron clouds (Kundu and Gupta 2007).  117 

The biochar surface is enhanced with oxygen-containing functional groups through acid treatment. 118 

These functional groups act as active sites for the sorption of PAHs, utilizing mechanisms such as 119 

π-π interactions and hydrogen bonding (Valizadeh et al. 2022).   The process of acid-induced 120 

etching and oxidation leads to the formation of meso- and micropores in the biochar structure, 121 
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which increases its surface area and creates more sites for the adsorption of PAHs (Gholami et al. 122 

2021).   By deliberately introducing acidic functional groups, the process becomes capable of 123 

selectively targeting particular PAH molecules, enabling customized elimination based on factors 124 

such as molecular size, polarity, and aromaticity (Ding and Fang 2010).   Acid-treated biochar 125 

demonstrates increased effectiveness and specificity in eliminating PAHs from polluted settings, 126 

providing a promising approach for focused remediation initiatives (Dai et al. 2019).   The 127 

customized structure of acid-treated biochar adheres to the tenets of green chemistry, offering an 128 

environmentally acceptable and enduring method for addressing PAH contamination.   The acid 129 

treatment's adaptability enables the tailoring of biochar characteristics to match various matrices 130 

polluted with PAHs, while also facilitating scalability for practical use (Adeola and Forbes 2021). 131 

  Biochar modification can be a promising strategy to eliminate anthracene due to its porosity 132 

and the presence of numerous active surface functional groups, including OH, CH, CHx, C=C, 133 

C=O, C-O-C, NHx, and SH. In addition, the presence of stable benzene ring and the lower 134 

adsorption capacity of anthracene made to unveil a modified biochar with precise insight into 135 

interaction mechanisms. Hence, in this study, a coconut shell-derived sulfonated biochar is 136 

successfully synthesized. The acid treatment of coconut shell biochar (MCSB) leads to the 137 

formation of carbon dots (CDs) consisting of functionalized sulfonic acid, carboxylic acid, as well 138 

as hydroxyl epoxy and carbonyl groups on their surface(Usman et al. 2021; Huang et al. 2016). 139 

The acid treatment of biochar entails the application of potent acids to corrode the surface of the 140 

biochar, resulting in the formation of pores and an augmentation of the surface area (Wang and 141 

Wang 2019).   Furthermore, the use of acid treatment causes chemical alterations in biochar, 142 

resulting in the incorporation of functional groups like carboxylic and phenolic moieties onto the 143 

surface of the biochar (Zhang, Xu, et al. 2018).    144 

Beyond those advantages of CDs/MCSB adsorbent, the acid modification of coconut shell biochar 145 

may lessen or even degenerate some weak functional groups on the adsorbent as well as weaken 146 

the binding of active groups with anthracene (Wu et al. 2022; Saheed, Da Oh, and Suah 2021; 147 

Usman et al. 2021). The benzene rings of anthracene have an insignificant affinity to interact with 148 

functional groups of adsorbents, including CDs/MCSB. To address this inadequacy, an 149 

environmental-friendly natural polysaccharide-based material, chitosan (CS) was developed and 150 

used as the functional material for CDs to produce eco-friendly, target-specific, highly efficient, 151 
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and low-cost CDs decorated hybrid polysaccharide-based chitosan nanocomposite (h-152 

CDs/MCSB).  153 

This study assessed the potency of the h-CDs/MCSB for enhanced removal of anthracene, keeping 154 

the 'waste to wealth’ principle in mind. The biogenic h-CDs/MCSB was tailor-made to target 155 

anthracene and potentially similar contaminants. The synthesis of amphiphilic carbon dots 156 

generated from biochar is cost-effective, as it entails converting biomass waste materials into 157 

valuable goods (Zhu et al. 2021).   The ample availability of biomass sources additionally enhances 158 

the economic feasibility of this approach.   Furthermore, the utilization of chitosan, derived from 159 

sources like crab shells, offers a cost-efficient substitute for synthetic polymers (Junceda-Mena, 160 

García-Junceda, and Revuelta 2023; Hashmi et al. 2022).   When evaluating the long-term 161 

advantages of water remediation, the cost-effectiveness of this technique becomes apparent, 162 

particularly when compared to conventional remediation approaches that may entail greater 163 

operational and maintenance costs.  The objectives of the study are: (a) fabricate biogenic carbon 164 

dots from the acid-treated waste coconut shell-derived biochar, (b) elucidate the in-depth charge 165 

balancing with stabilization mechanism, and (c) implement the developed adsorbent with 166 

multifarious active groups for anthracene removal form aqueous solutions. 167 

 168 

2. Material and Methods 169 

2.1.Preparation of carbon dots decorated biogenic chitosan nanocomposite 170 

Biochar is prepared by simple carbonization and then activation of the coconut shell. The overall 171 

process of synthesis is shown in Scheme 1. Firstly, coconut shell was procured from a tropical fruit 172 

market (Fruit and vegetable store, Tehran, Iran), washed thoroughly with tap water followed by 173 

distilled water, and oven dried at 105 °C for 48 h for dehydration. A ball milling with a rotating 174 

speed of 100 rpm was carried out for grinding coconut shells. The resulting powder was sized 175 

using a sieve shaker to obtain an average particle size of < 1 mm. The carbonization was performed 176 

by pyrolyzing dried coconut shells in a tube furnace for 1 h at 550 °C with a heating rate of 10 °C 177 

min-1(Qu et al. 2021; Gurav et al. 2021). After cooling to ambient temperature, the resulting 178 

product (1 g) was added with 50 ml 2% wt. H2SO4 solution and allowed to react for 24 h at 110 179 

°C in a temperature-controlled incubator shaker (Incubator ES 20/60, bioSan) to activate the 180 
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carbonized coconut shell. The required mixture was washed with 2% sodium bicarbonate solution 181 

to remove unbound acid and then several times with distilled water. Finally, the resulting carbon 182 

dots (CDs) modified coconut shell biochar (CDs/MCSB) were dried at 80 °C in a vacuum oven 183 

overnight.  184 

The h-CDs/MCSB was synthesized by adding chitosan to 0.5 % wt. acetic acid under strong 185 

stirring (100 rpm) for 24 h. After that, chitosan was added with a ratio of 5 to 1 (w/w) than of 186 

CDs/MCSB and continued stirring for another 24 h to achieve CDs-MCSB adorned CS (h-187 

CDs/MCSB). This process was repeated three times, and finally, the h-CDs/MCSB was washed 188 

with distilled water and dried at 80°C in a vacuum oven.  189 

 190 

 191 

 192 

 193 

 194 

 195 
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2.2.Characterization 196 

The functional groups of the h-CDs/MCSB were examined by Fourier transform infrared 197 

spectroscopy (FTIR) (Nicolet, 6700, Thermo fisher, USA). The surface morphology of the h-198 

CDs/MCSB was studied using Field emission scanning electron microscopy (FE-SEM). Raman 199 

spectra were carried out at 532 nm using a micro spectrometer (LabRAM HR800, Horiba Jobin-200 

Yvon, Japan). The Brunauer-Emmett-Teller (BET) adsorption-desorption isotherm analysis was 201 

used to investigate the porosity (cm3 g-1), pore diameter (nm), and specific surface area (m2 g-1) of 202 

the h-CDs/MCSB (TrisStar II 3020 analyzer). The X-ray Diffraction (XRD) analysis was 203 

performed using STOE-STADV to determine the structure and mineralogical composition of the 204 

h-CDs/MCSB using Cu-Kα monochromatic radiation at 1.54 Å. A thermogravimetric analysis 205 

(Shimadzu TGA-50 Analyzer) was performed at a heating rate of 10 °C min-1 to understand the 206 

thermal stability of the h-CDs/MCSB. The CDs were detected using a Horiba fluorolog 207 

fluorescence spectrometer after separating them by sonicating 50 mg of acid treatment coconut 208 

shell biochar in 20 ml of 2-propanol for 3 h and removing MCSB by filtration (Fig. S1).   209 

pH of aqueous solution was measured with a pH meter (Metrohm, lab pH meter, Model 827).  210 

 211 

2.3.Isotherm and kinetics models  212 

The Langmuir and Freundlich isotherm models were investigated, to determine the anthracene 213 

uptake mechanism using h-CDs/MCSB. (Baharum et al. 2020; Dehghani et al. 2019; Madikizela 214 

2021; Khader et al. 2022) 215 

𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑄𝑚𝑎𝑥
+

𝐶𝑒

𝑄𝑚𝑎𝑥
                    (1) 216 

 217 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑘𝐹 +
1

𝑛𝐹
𝑙𝑛𝐶𝑒           (2) 218 

Where, Ce is equilibrium anthracene concentration (mg L-1), qe is adsorbed amount at equilibrium 219 

in mg/g -1, Qmax is maximum adsorption capacity (mg g-1), KL is Langmuir constant (L mg-1), nF is 220 

Freundlich adsorption strength, and KF is Freundlich adsorption capacity.  221 

Moreover, to investigate the favorability of h-CDs/MCSB based on Langmuir isotherm, a 222 

dimensionless constant (RL) was calculated according to the following equation(Javanbakht and 223 

Rafiee 2022) : 224 
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𝑅𝐿 =
1

1+𝐶0𝐾𝐿
                                                            (3) 225 

Where, KL and C0 are the Langmuir constant and the initial anthracene concentration, respectively. 226 

The range of RL between 0 and 1 represents the favorability of the process. 227 

The adsorption kinetics of h-CDs/MCSB were further investigated using pseudo-first order 228 

and pseudo-second order models, as respectively given as (Chen, Hoang, et al. 2022; Zhang et al. 229 

2021; Xue et al. 2021): 230 

     231 
ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡                                         (4) 232 
 233 
𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                            (5) 234 

 235 
Here, qe, qt, K1, and K2 are equilibrium anthracene concentration (mg g-1), anthracene concentration 236 
at time t (mg g-1), rate constant of pseudo-first and rate constant of pseudo-second order models, 237 
respectively. 238 

 239 

3. Results and Discussion 240 

3.1. Structural characterization  241 

The morphology of h-CDs/MCSB before and after sulfonation and hybridizing with chitosan 242 

exhibited a heterogeneous porous structure (Fig. 1a and 1b). Acid treatment changed the porous 243 

structure towards multifarious pores. In this study, the acid treatment resulted in the generation of 244 

micro and mesopores structured matrix. The co-presence of micro and mesoporous structures in 245 

h-CDs/MCSB provides higher adsorption sites through easy diffusion of anthracene to the surface 246 

of the adsorbent(da Silva Medeiros et al. 2022). Fig. 1c and 1d, show that the sulfonation of 247 

coconut shell biochar created a dispersed layer of CDs in the range of 3-5 nm over the adsorbent. 248 

CDs dispersed on the coconut shell biochar can act as a functional supporting material with 249 

favorable structure, including enriched active surface functional groups and high surface area. In 250 

addition, CS could stabilize active groups of CDs adorned MCSB, strengthen the structure, and 251 

chelate sites for adsorption reactions(Mobarak, Ali, and Seliem 2021; Verma et al. 2022; 252 

González-González et al. 2022; Liu et al. 2021; Mansuriya and Altintas 2021; Inbaraj, Sridhar, 253 
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and Chen 2021). It is important to note that both dispersed CDs and CS adorned coconut shell 254 

biochar would act as the active components of the adsorbent material.  255 

Fig. 1: FE-SEM of (a) CDs/MCSB and (b) CS adorned hybrid CDs/MCSB; and (c) and (d) 256 

TEM images of CS adorned hybrid CDs/MCSB  257 

The co-presence of sulfonic groups in CDs and coconut shell biochar, as well as other 258 

active groups, was verified via FTIR spectra (Fig. 2a), with details being presented in Table S1. 259 

Further, CDs formation was quantified using fluorescence emission spectra. As shown in Fig. 2b, 260 

the strong intensity at 434 nm pertaining to CDs response agreed with the literature (Li et al. 2021; 261 
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Feng et al. 2021). As well shown in Fig. 2c, several strong and sharp peaks were at 27.8 ⸰, 41.2⸰, 262 

and 44.6⸰ for MCSB, representing to atomic arrangements and graphene-like structures (Mirzaee 263 

and Sartaj 2022). By adorning it with CS and the presence of CDs, the broad and weak crystalline 264 

peaks appeared that the presence of multifarious active groups that could be created various 265 

bonding such as H-bonding with anthracene molecules and also the generating the regularity in 266 

hybrid adsorbent (Okoro et al. 2022). The structural characteristics of h-CDs/MCSB, including 267 

chemical bond vibration and cation distortion, were characterized using Raman spectroscopy. The 268 

Raman spectra showed prominent peaks at 1354 cm-1 (D peak) ascribed to the A1g symmetry 269 

vibration of sp2 hybridized carbon atoms or defect (or disorder) in carbon structure and at 1585 270 

cm-1 (G band) tied to the E2g symmetry vibration of sp2 carbon atoms in the graphite structure (Fig. 271 

2d) (Palansooriya et al. 2021; Wang et al. 2021). The calculated IG/ID ratio of the h-CDs/MCSB 272 

was 1.32, which is 15% higher than that of the coconut shell biochar (1.15), indicating enhanced 273 

graphitization degree in the h-CDs/MCSB. All of the spectra were apparently consistent, 274 

confirming high graphitization and good electrical conductivity of the h-CDs/MCSB. This 275 

suggests that the introduction of CS could facilitate charge transfer between adsorbate and 276 

adsorbent and also delocalized electrons over h-CDs/MCSB that stabilize functional groups and 277 

subsequently enhance the multifarious mechanisms in the adsorption of anthracene.  278 

To elucidate the underlying mechanism of the anthracene adsorption on the textural 279 

properties of the novel composite, N2 adsorption-desorption tests were conducted (Fig. S2). 280 

According to the IUPAC classification, the type-IV isotherm was observed for h-CDs/MCSB, 281 

suggesting the existence of micro/mesopores structures. The CS exhibited a very low BET specific 282 

area of 24.34 m2 g-1, whereas the CDs-derived coconut shell biochar exhibited a 412.01 m2 g-1 with 283 

a pore volume of 0.184 cm3 g-1 (Table S3). The reduction in the surface area of the h-CDs/MCSB 284 

could be ascribed to the modification with CS by introducing the functional groups, in particular, 285 

-NH2 groups, which would occupy some of the vacant pore space (especially microporous 286 

moieties) in the CDs/MCSB. The pore distribution of h-CDs/MCSB ranged between 1.15 and 3.5 287 

nm, while the h-CDs/MCSB extended this range towards mesopores ranges (1.47 to 5.9 nm).  288 

The stability of as-prepared material under different temperatures was investigated by the 289 

TGA analysis, as shown in Fig. 2e. The first stage (A) of weight loss, with about 16%, is attributed 290 

to the release of light volatile chemicals and physically adsorbed interlayer-bound water. The 291 
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further weight loss corresponded to the partial decomposition of (hemi)cellulose and the 292 

disappearance of structural water molecules (Shaikh et al. 2020) of the h-CDs/MCSB (B). In the 293 

third step (C), a moderate weight loss was observed, likely due to the decomposition of residual 294 

carbonaceous materials and large phytochemicals like lignin (Shaikh, Islam, and Chakraborty 295 

2021). The decomposition of h-CDs/MCSB resulted from the splitting of the butyric acid, forming 296 

acetic, glycosidic bonds, and probably lower fatty acids (Chen, Gao, et al. 2022).    297 

 298 

Fig. 2: (a) FTIR spectra of as-prepared adsorbent hybrid; (b) Fluorescence emission spectra 299 

of formed CDs; (c) the XRD pattern of as-prepared adsorbent; (d) Raman spectra of as-300 

synthesized hybrid adsorbent; and (e) the thermal stability of h-CDs/MCSB.   301 

 302 

3.2.The formation principle of the prepared adsorbent hybrid 303 

The coconut shell biochar was functionalized with oxygen-containing groups, in particular, 304 

sulfonic and carboxylic acid groups and carbon dots (CDs). The chitosan (CS) decorated on the 305 

hybrid CDs/MCSB formed the adsorbent hybrid with induced highly polarized functional groups 306 

that protect and stabilize the CDs at high temperatures. The scheme, representing plausible CS-307 
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adorned hybrid CDs/MCSB formation, is depicted in Fig. 3. The characterization results in 308 

subsection 3.2 supports this proposed scheme. 309 

Generally, coconut shells consist of a wide range of polymeric phytochemicals, including 310 

cellulose, hemicellulose, and lignin (Sun et al. 2022). After pyrolysis and removal of water, a 311 

highly and randomly aromatic compound with aggregate layers of graphene and graphite was 312 

formed (Li, Shi, and Luo 2022). The aromatic groups containing coconut shell biochar could lead 313 

to delocalizing π electrons in whole structures, considered as Lewis bases (Yuan et al. 2022; Tang 314 

et al. 2022). After undergoing oxidative acid treatment, heterogeneous, nanosized graphene-like 315 

aggregates and atomic arrangements beside the formation of the carbon dots were developed(Li, 316 

Shi, and Luo 2022). The simultaneous anchoring of oxygen-containing groups, in particular, -317 

SO3H and -COOH groups on CDs/MCSB surface and leaching some of the acids into sensitive 318 

components of carbonaceous channels, resulting in the generation of mesoporous beside 319 

microporous structures. The incorporation of chitosan into the lattice structure of CDs/MCSB can 320 

increase delocalization energy, the polarizability of functional groups of surfaces, rich-reactive 321 

groups, and breaking the inactive groups of the sp2-hybridized carbon atom network. 322 

Fig. 3 The formation principle of the prepared adsorbent hybrid 323 
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The increasing delocalization energy of CDs/MCSB decorated with chitosan could 324 

stabilize the active groups and form strong electrostatic and non-covalent interactions (Jiang et al. 325 

2021; Oh and Seo 2019; Chen et al. 2014). The introduction of chitosan to CDs/MCSB can increase 326 

the polarizability and delocalization energy of the adsorbent (Fig. 4). As can be seen in Fig. 2a, 327 

with the introduction of CS into a hybrid adsorbent, the -NH2 groups of CS that have lone pair 328 

directly can attach to a benzene ring of anthracene, then the lone pair could be delocalized. This 329 

occurrence is called electron donation by resonance. As a result, electron donation could 330 

destabilize anthracene, allowing an easy interaction and bonding with the functional groups of the 331 

adsorbent. 332 

 333 

 334 

Fig. 4 (a) The resonance contributor and hybrid of CS adorned h-CDs/MCSB obtained 335 

moving lone-pair electrons toward an sp2 carbon; (b) the π bonds of the COO- groups on the 336 

hybrid adsorbent that are shared by two oxygens and the carbon (the dashed lines indicate 337 

the delocalization of two π electrons over three atoms; (c) inductive and/or in-field and 338 

resonance stabilization of a carboxylate base on the hybrid adsorbent; and (d) inductive 339 

and/or in-field and resonance stabilization of sulfonic groups functionalized on the CDs. 340 

The carbonyl groups are considered an electron-withdrawing group that withdraws 341 

electrons from the benzene ring of anthracene double bond through sigma bonds. This leaves a 342 

partial positive charge on the sp2 carbon of anthracene rings that can probably add π electrons of 343 

carbonyl groups to the partial positive charge of carbon (Fig. 4b). The inductively electron-344 
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withdrawing C=O groups attached directly to the active center and methyl groups in carboxylate 345 

groups might develop anionic oxygen atom (negative charge O), and further might stabilize the 346 

anionic oxygen atoms of the carboxylate groups (Fig. 4c). This can create a conjugation between 347 

π symmetry orbitals of the O=C-O- system and π symmetry orbitals of anthracene rings (π-π 348 

conjugation interactions). Further, the acid treatment of coconut shell biochar and accordingly 349 

generated functionalized carbon dots (CDs), which provide the HOSO2 groups attached to the OH 350 

center (Fig. 4d), are expected to be completely inductive withdrawing electrons. This can be 351 

originated from the presence of high electronegative oxygen and the moderately electronegative 352 

sulfur atom concomitantly. 353 

According to DFT calculation, the interaction energy between anthracene and functional 354 

groups of carbon dots derived from coconut shell biochar was -78.85 eV. When h-CDs/MCSB is 355 

in an aqueous solution containing a given anthracene concentration, each functional group on the 356 

adsorbent (Table S1) allows a H-atom to bind with the aromatic ring of anthracene molecules 357 

(H……. π interaction) (Fig. 5a and 5b)(Gong, Li, and Li 2021; Ren et al. 2018). As can be seen 358 

from characteristics analysis and DFT calculation (Fig, 5; Supplementary document), the 359 

introduced CS could polarize functional groups effectively on the surface of the adsorbent, and 360 

thereby the efficiency of anthracene adsorption enhanced, contributing multifarious simultaneous 361 

mechanisms and active binding. Moreover, CS could create a strong and stable bonding between 362 

the adsorbent’s surfaces and benzene rings of anthracene through strong polarizability and electron 363 

delocalization. As well known, the adsorption process depends on the adsorbent properties, such 364 

as active sites and unique functional groups. Hence, it is predicted that co-doped sulfonated carbon 365 

dots and CS on the biochar could improve adsorption performance. After introducing CS into h-366 

CDs/MCSB, the presence of -NH2 as an active group and electron-withdrawing groups can create 367 

a high delocalization energy in the functional groups of CS decorated on h-CDs/MCSB. As a 368 

result, the hydrogen atoms of the anthracene ring bond with oxygen atoms of h-CDs/MCSB 369 

through polarization-assisted H-bond (or σ-bond cooperative) (Fig. 5c)(Ahmed et al. 2017; 370 

Prasannamedha et al. 2021). Moreover, multiple functional groups polarization-assisted H-bond, 371 

π-bond, and electrostatic interaction might also enhance the anthracene adsorption.  372 

  The presence of -CH3 groups in CS, can lead to the overlap of an orbital of adjacent C--H 373 

σ bond with an empty p orbital of adjacent carbon. The delocalization of electrons from a sigma 374 
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bond orbital to an empty p orbital can decrease the charge density on the sp2 carbon and thereby 375 

can generate bonds with anthracene molecules (Fan et al. 2021; Lopes and Astruc 2021). This 376 

overlapping owing to the delocalization of electrons between a sigma bond orbital with an empty 377 

orbital on the adjacent carbon is called hyperconjugation (Kirmizakis et al. 2020; Hao et al. 2021) 378 

(Fig. 6a and 6b). The interaction is mainly based on the difference of energy between the C─H 379 

bonding (σ) molecular orbital on one carbon of h-CDs/MCSB and the C-H antibonding (σ*) 380 

molecular orbital on the other carbon of anthracene, resulting in a partial moving of  381 

electrons in the filled bonding molecular orbital into unoccupied antibonding molecular orbital.  382 

 383 

 384 

 385 

 386 

 387 

 388 

Fig. 5: Structural details of the complex of anthracene with active sites of CDs/MCSB (a and 389 

b); and h-CDs/MCSB (c) (point: with locating hydrogen atoms between the two 390 

electronegative atoms (oxygen and nitrogen), the strongest hydrogen bond is formed. The 391 

presence of polar and hydrogen bonds simultaneously leads to stronger and stabilization of 392 

adsorption bonds effectively through more polarizability of functional groups derived by CS 393 

addition to the adsorbent).  394 
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The stabilization was achieved by the overlap of a filled C-H sigma bond orbital with a 395 

vacant p orbital (Zhao et al. 2021; Lin, Wu, and Mo 2019). As a result, the interaction energy of 396 

h-CDs/MCSB with anthracene molecules decreased to -42.25 eV. Moreover, the Mulliken charges 397 

of oxygen atom in the h-CDs/MCSB was lower than the CDs/MCSB hybrid alone (-0.522 against 398 

-0.582), suggesting that more polarized functional groups in h-CDs/MCSB than that of 399 

CDs/MCSB hybrid (Table S2). At the same time, anthracene molecules and h-CDs/MCSB could 400 

be considered as H- donor and H-acceptor, respectively. In summary, in an aqueous solution, the 401 

CDs/MCSB is less stable than h-CDs/MCSB. 402 

 403 

 404 

Fig. 6: a) stabilization induced by delocalization of electrons between functional groups and 405 

anthracene molecules; and b) a related molecular orbital diagram of hyperconjugation.  406 

3.3. The effects of experimental conditions on the adsorption process 407 

Due to the presence of anthracene in various environmental media with varying pH, it was critical 408 

to understand the adsorption behavior of anthracene onto h-CDs/MCSB over a chemically relevant 409 

pH range. The initial anthracene concentration from 1 to 50 mg L-1 was investigated to achieve 410 

optimum adsorption of anthracene onto the h-CDs/MCSB, which attained the highest removal 411 

efficiency of 94% at an initial concentration of 10 mg L-1 (Fig. S3). It was found that the acid 412 

activation of carbonized biochar and merging with CS were a way to improve and create various 413 

active sites (or active groups) and thereby enhance adsorption capacity for the treatment of 414 

anthracene. The good performance of modified chitosan with h-CDs/MCSB for anthracene 415 
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removal could be related to the incorporation of plentiful functional groups as active sites that 416 

leads to operates adsorption process under a wide range of pH condition.  417 

To optimize the influenced parameters on anthracene adsorption capacity, Analysis of 418 

variance (ANOVA) and Response Surface Methodology (RSM) were performed and fitted 419 

significantly to the experiment data. As shown in Table S4, the higher value of F could be 420 

interpreted by the regression equation, and the p-values less than 0.001 are regarded to be 421 

statistically significant. According to Table S4, all p-values of experiment parameters are less than 422 

0.001 except for initial concentration, indicating great influences of the main parameters on 423 

anthracene adsorption capacity. Fig. 7 (7a, 7b, 7c, 7d, and 7e) exhibits the 2D surface plots of 424 

collective interaction effects of the independent variables on anthracene adsorption capacity that 425 

are presented as a function of two factors by holding other factors at fixed levels.  426 

As exhibited in Fig. 8a, the anthracene sorption by h-CDs/MCSB decreased as the pH of 427 

the anthracene solution increased from 5 to 8 with the highest (qe) value of 8.78 mg g-1 achieved 428 

at pH 5 and 10 mg L-1 initial anthracene concentration. The qe of h-CDs/MCSB slightly decreased 429 

when the pH increased to > 7, likely due to the deprotonation of oxygen-containing surface 430 

functional groups (e.g., ketone, carboxyl, ether, and lactone groups), free -NH2, and -OH active 431 

groups that increased at high pH(Ren et al. 2022; Li, Yang, et al. 2022). The suggested reason for 432 

this can be ascribed to less tendency of the interaction of functional groups in h-CDs/MCSB with 433 

the π-electron cloud existed in anthracene due to the negatively charged h-CDs/MCSB surface that 434 

is one of the main mechanisms in the adsorption of anthracene (Brown et al. 2013). Due to multi-435 

functional and plentiful functional, active groups of h-CDs/MCSB, effective adsorption of 436 

anthracene spanned across a wide range of pH.  437 
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438 

Fig. 7: 2D surface plot for the interactive effect of variable parameters of anthracene 439 

adsorption by CS decorated h-CDs/MCSB, (a) Reaction time versus h-CDs/MCSB dose, (b) 440 

Anthracene concentration versus pH, (c) Anthracene concentration versus reaction time, (d) 441 

Reaction time versus pH, and (e) h-CDs/MCSB dose versus pH. 442 

At lower pH, active groups of h-CDs/MCSB such as carboxyl, carboxylic, quinine, and 443 

lactone could be formed (Bruice 2006). These active groups promote the adsorption of PAHs. Fig. 444 

8a shows the percentage of anthracene adsorption initially increased from 85% at pH 3 to 87% at 445 

pH 5. However, beyond the equilibrium pH (pH 5), the anthracene adsorption efficiency slightly 446 
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decreased to 82% (at pH 7), which might be due to the decline of electrostatic charge potential 447 

between h-CDs/MCSB and anthracene molecule (Wade and Simek 2017). Previous studies also 448 

reported higher adsorption of anthracene at lower ranges of pH, particularly acidic pH. For 449 

instance, Zango et al. reported the highest adsorption capacities of anthracene at pH 2 by two 450 

adsorbents, NH2-MIL-88(Fe) and MIL-88 (Fe)(Zango et al. 2019). Another study on vehicular 451 

tire-based activated carbon for anthracene removal reported the reduction of anthracene by ~90% 452 

at pH 2(Gupta 2018). In another study, anthracene adsorbed on β-cyclodextrin functionalized 453 

magnetite hydrochar at a wide range of pH, although the adsorption capacity was low and 454 

insignificant (by up to ~50%) (Qu et al. 2021).   455 

The low adsorption capacity of anthracene by CS is related to poor mechanical strength, 456 

weak stability and solubility in acid, low hydrophilic, and low surface area(Usman et al. 2021). 457 

These challenges could be resolved by combining CDs/MCSB and modified CS into a multi-458 

functional adsorbent (h-CDs/MCSB). The enriched active groups of h-CDs/MCSB permit the 459 

preservation of hydroxyl, carboxyl, and other functional groups on the surface of h-CDs/MCSB 460 

through covalent bonding to CS (the bonding mainly taking place through the -NH2 and -OH 461 

groups) at acidic pH. The benefit of modified h-CDs/MCSB was the applicability of the adsorbent 462 

for anthracene removal with a wide pH range of solution. The pH of 5 was chosen for further 463 

experiments and parameter optimization.  464 

Reaction time as another parameter influencing anthracene adsorption by h-CDs/MCSB 465 

was studied (Fig. 8b). The equilibrium adsorption time of anthracene on h-CDs/MCSB was ~90 466 

min, achieving a high removal efficiency (~92 %) and qe of 9.24 mg g-1. Interestingly, the fast 467 

adsorption of anthracene (Table 1) suggests h-CDs/MCSB as a promising biogenic adsorbent for 468 

the effective remediation of aqueous phase anthracene. The batch mode adsorption experiment 469 

showed rapid adsorption of anthracene within the first 60 min, and then it proceeded steadily state 470 

until equilibrium was achieved might be due to the greater availability of active binding sites and 471 

incorporation of multifarious functional groups and preserving active groups by h-CDs/MCSB 472 

(Bao et al. 2021). Moreover, (Kamińska et al. 2019) reported that the rapid adsorption of 473 

anthracene might be due to the covalent bonding between -NH2, and -OH chelating  474 

 sites and some active functional groups, including carboxyl, amino, sulfonic groups (binding 475 

sites). The adsorption performance of h-CDs/MCSB was superior compared to those of other 476 
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adsorbents (Table 1), making it a promising adsorbent for the removal of PAH, particularly 477 

anthracene. 478 

 479 

 480 

Table 1. Comparisons of various materials carried out for the adsorption of anthracene 481 

 482 

Materials Equilibrium 
time (mins) 

Initial 
concentration 

(mg L-1) 

Dosage 
 (g L-1) 

Optimum 
pH 

% 
Removal 

Qmax 
(mg g-1) 

Ref. 

Waste vehicular tyres 
(VTAC) 

75 40 0.8 2 99 142.24 (Gupta 
2018) 

β-Cyclodextrin 
functionalized magnetic 

hydrochar 

80 30 0.5 5.5 - 60.27 (Qu et al. 
2021) 

Mixed-MIL-88(Fe) 25 4 0.5 6 95 23 (Zango et 
al. 2019) 

NH2-MIL-88(Fe) 25 4 0.5 6 92 22.2 (Zango et 
al. 2019) 

MIL-88(Fe) 25 4 0.5 6 98 23.6 (Zango et 
al. 2019) 

MgO–carbon composite 60 25 0.6 5 96 17.07 (Kumar et 
al. 2019) 

Activated carbon 30 4 0.3 - - 8.35 (Saad et al. 
2014) 

Granular activated carbon 400 10 0.3 - - 14.6 (Valderrama 
et al. 2008) 

Non-imprinted silica 
aerogel 

240 2.4 0.1 - 38 - (Saad et al. 
2020) 

Hal-CNT composite 30 1 0.25 - - 0.45 (Kamińska 
et al. 2019) 

NGO/SA/PVA 
microspheres 

1440 0.5 0.05 - 65 4.63 (Song et al. 
2021) 

Fe3O4/MIL-101 60 4 - 6 95 12.7 (Tirado-
Guizar et al. 

2020) 
CS-decorated h- 

CDs/MCSB 
60 10 1 5 >95 49.26 Present 

study 
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 Resource recovery and conservation of materials in the removal process can lead the 483 

remediation technologies. Therefore, the required dose to achieve the optimum removal was 484 

investigated along with other variable factors. A wide range of h-CDs/MCSB dose from 0.25 to 2 485 

g at pH 5 with 10 mg L-1 initial anthracene concentration was examined. The best removal 486 

efficiency was achieved at the adsorbent dosage of 1 g (Fig. 8c). Due to the very low surface area 487 

and weak stability of active sites for CS, adding h-CDs/MCSB to CS could increase surface area 488 

and preserve active sites of CS surface. Here, h-CDs/MCSB composite exhibits a structure with 489 

favorable strength and porous structure. As shown in Fig. 8c, the increase in dose of adsorbent 490 

enhanced the active binding sites available on the adsorbent surface for the adsorption of 491 

anthracene with 1 g of adsorbent. Moreover, beyond the optimum dose (1 g L-1), the adsorption 492 

efficiency of anthracene did not change substantially due to the high dosage of h- CDs/MCSB 493 

could lead to aggregation of adsorbent hybrid (Singh et al. 2022). Moreover, FTIR and Raman 494 

studies indicated the h- CDs/MCSB to be a multi- and variable active site that could reach a higher 495 

and faster adsorption performance than CDs/MCSB without CS. 496 

 497 

 Fig. 8: The impacts of process variables on the adsorption process by h-CDs/MCSB; (a) pH, 498 

(b) reaction time, and (c) adsorbent dosage. 499 
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3.4.Isotherms and kinetics of adsorption 500 

The adsorption of anthracene onto h-CDs/MCSB was modeled by Langmuir and Freundlich 501 

expressions. Depicted in Fig. 9a and 9b and Table S5, the Langmuir isotherm demonstrates a high 502 

correlation coefficient (R2) than the Freundlich isotherm, indicating the adsorption process of 503 

anthracene over h-CDs/MCSB is more agreeable with Langmuir model. Moreover, the close value 504 

of a maximum of experimental adsorption capacity (Qmax, exp) to the theoretical (Langmuir) 505 

equilibrium of adsorption capacity than that of Freundlich maximum of adsorption capacity 506 

(theoretical and experimental), was demonstrated that the Langmuir model is more appropriate for 507 

explaining the equilibrium data of h-CDs/MCSB. The better agreement with Langmuir model 508 

suggests that the anthracene adsorption on the h-CDs/MCSB was monolayer coverage. Moreover, 509 

the adsorption energetics (n) constant was lower than 1, indicating favorability of anthracene 510 

adsorption process (Shaikh, Chakraborty, et al. 2022). The RL parameter (Langmuir constant) 511 

calculated from the Langmuir model (Fig. S4), conveyed the favorability of the adsorption process. 512 

We proposed that the modification and stabilization of functional groups of biochar surface with 513 

chitosan enhanced the homogeneity of the h-CDs/MCSB surface, providing a uniform distribution 514 

of finite and multifarious active groups on the adsorbent and monolayer coverage of anthracene 515 

on the h-CDs/MCSB. The isotherms interpretation was consistent with the monolayer coverage of 516 

anthracene observed by BET and SEM images. 517 

Generally, adsorption is considered to be a complex synergistic phenomenon of manifold 518 

stages involving multiple mechanisms, including multiple scales and species (of the adsorbate) 519 

(Kundu and Gupta 2007). The adsorption results yield the following deductions: (a) monolayer 520 

anthracene adsorption onto h-CDs/MCSB, (b) anthracene adsorption occurred on homogeneous h-521 

CDs/MCSB, (c) electrostatic interaction between h-CDs/MCSB, and (d) significant improvement 522 

of anthracene adsorption was achieved using h-CDs/MCSB. 523 

The kinetics of adsorption of anthracene onto h-CDs/MCSB was characterized by the 524 

pseudo-1st order and pseudo-2nd order models. As shown in Fig. 9c and 9d, and Table S5, the 525 

pseudo-2ndorder is a better fit with the experimental data. Generally, the four main stages are 526 

suggested to be involved in the adsorption of anthracene by h-CDs/MCSB. To begin with, the 527 

adsorption process was started with the mass transfer of anthracene molecules and completely 528 

dissolved in solution. In addition, the process was continued with the slow diffusion of anthracene 529 

Adsorptive removal of anthracene from water by biochar derived amphiphilic carbon dots decorated with chitosan



24 
 

molecules towards the surface of the h-CDs/MCSB (film diffusion). Furthermore, the movement 530 

of anthracene molecules from the surface into the porous of h-CDs/MCSB (intraparticle diffusion). 531 

Finally, the binding active moieties of anthracene with active sites of the h-CDs/MCSB. As the 532 

micropores and mesopores contribute the majority of h-CDs/MCSB, so the rapid transport of 533 

anthracene ions through the channels of micro/mesopores can decrease the effects of film and 534 

intraparticle diffusion (Shaikh, Kumar, Chakraborty, Islam, et al. 2022). Also, the adsorption 535 

process of anthracene molecules on h-CDs/MCSB was chemisorption rather than diffusion 536 

controlled (Shaikh, Kumar, Chakraborty, Naushad, et al. 2022).  537 

 538 

 539 

 540 

 541 

 542 

Fig. 9: The plotted isotherms and Kinetics of h-CDs/MCSB 543 

 544 

The overall kinetics model results of anthracene adsorption onto the h-CDs/MCSB suggest 545 

(a) chemisorption dominated adsorption mechanism, where a significant role was played by ion-546 
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exchange, (b) rate of anthracene uptake was directly dependent on the square of remaining 547 

anthracene concentration in solution, where surface adsorption was one of the major dominating 548 

factors, and (c) a complex anthracene adsorption mechanism including surface adsorption, π-π 549 

staking, H-bonding, and electrostatic attraction. 550 

3.5.Thermodynamic study 551 

The adsorption process was further investigated in terms of the effect of temperature (298.15, 552 

308.15, and 318.15 K). The related parameters, such as enthalpy (ΔH°), entropy (ΔS°), and Gibbs 553 

free energy (ΔG°), were calculated by these following equations to understand adsorption 554 

mechanisms (Shaikh, Kumar, Chakraborty, Islam, et al. 2022; Shaikh, Islam, and Chakraborty 555 

2021): 556 

𝛥𝐺° = −𝑅𝑇𝑙𝑛 𝐾                                                   (8)                                            557 

ln 𝐾 = −
∆𝐺°

𝑅𝑇
= −

∆𝐻°

𝑅𝑇
+

∆𝑆°

𝑅
                        (9) 558 

Where K and R (8.314 J mol-1 K-1) are the adsorption equilibrium constant and universal gas 559 

constant, respectively.  560 

The van,t Hoff curve for the anthracene sorption on h-CDs/MCSB is shown in Fig. S5, and 561 

the related calculated thermodynamic parameters are presented in Table S6. The negative value of 562 

∆G° indicates that the anthracene adsorption process was spontaneous and thermodynamically 563 

favorable and exothermic(Hassan et al. 2022).   564 

 565 

3.6.Mechanistic insights into anthracene removal 566 

Activation and modification of the biochar by the sulfonating process provided a homogeneous 567 

dispersion of CDs onto MCSB. Therefore, oxyanion groups (e.g., sulfonic and carboxylic acid 568 

groups) bonded with CDs in the biochar matrix (Table S1). Further, through hybridizing 569 

CDs/MCSB with CS (h-CDs/MCSB), the methylene group in CH2OH, methine group in the 570 

pyranose ring, and -NH2 groups of CS were formed and remained on h-CDs/MCSB (Fig. 10a). 571 

These multifarious and multitudinous active groups on h-CDs/MCSB could play a critical role in 572 

the interaction between h-CDs/MCSB and anthracene in aqueous solution. It is believed that the 573 
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high polarity of the synthesized composite drives the anthracene adsorption due to polar functional 574 

groups and NH2 protonation of the polymeric chain. This resulted in an excellent affinity for 575 

intra/inter molecular hydrogen bonding between h-CDs/MCSB and anthracene, thus enhancing the 576 

adsorption performance (Hino, Matsuo, and Hayashi 2022). For example, protonation of NH2 577 

under isotropic pH, fosters a large number of cationic sites, which can serve as complexation sites 578 

for anthracene and other potential co-contaminants in aqueous solutions.  579 

The generation of high polarity on the surface of h-CDs/MCSB with CS introduction, the 580 

h-CDs/MCSB is provided the affording good affinity for generating intra-molecular and 581 

intermolecular hydrogen bonding (H-bond donating/accepting). The C-H bonds in anthracene and 582 

O or N in the h-CDs/MCSB can serve as H-bond donors and acceptors, respectively. Moreover, 583 

both the carboxylic and phenolic hydroxyls in the h-CDs/MCSB can serve as both H-bond donors 584 

and acceptors. Under unfavorable pH for -NH2 protonation, the oxygen-containing groups (e.g., -585 

SO3H and -COOH) act as H-bond accepting sites to generate H-bonds with H-bond donors (Fig. 586 

10b). The carboxylic groups on the h-CDs/MCSB could stabilize the negatively charged oxygen 587 

due to inductive electron withdrawal and delocalized electrons, suggesting the establishment of 588 

the active groups on the h-CDs/MCSB as well as potential to reuse the adsorbent (Ajani et al. 589 

2022).  590 

Another mechanism involved in the adsorption process could be electrostatic attraction or 591 

repulsion between h-CDs/MCSB and anthracene that was derived from the surface charge of h-592 

CDs/MCSB (Wiśniowska and Włodarczyk-Makuła 2022). The sulfonated and oxygen-containing 593 

groups (such as aliphatic surface) could be ascribed to generate surface charges of h-CDs/MCSB, 594 

confirmed by a linear relationship between surface charge of -COOH and determined from FTIR 595 

band at 1700 cm-1 of h-CDs/MCSB (Fig. 10c). 596 
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 597 

Figure 10. (a and b) the adsorption mechanisms of Anthracene on CS adorned h-CDs/MCSB, 598 
and (c) the obtained sulfonated and oxygen-containing groups CS adorned h-CDs/MCSB  599 

 600 

 601 

 602 

 603 

 604 

 605 
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4. Conclusions 606 

This study showed that the modification of biochar is necessary for the effective removal of 607 

anthracene from an aqueous solution. This work provides a new insight into interactions between 608 

benzene rings of anthracene and π-polarized hydrogen bonds induced by CS addition besides rich-609 

functional groups of h-CDs/MCSB. The CDs-derived acid treatment of coconut shell biochar was 610 

also functionalized by sulfonic and carboxylic groups and could be served as additional active sites 611 

on the hybrid adsorbent. The complex generated by polarized functional groups induced CS, and 612 

aromatically rich-functionalized CDs derived coconut shell biochar could serve as an H-acceptor 613 

source for available for hydrogen bonding. Moreover, the induced polarizability of the functional 614 

groups and increasing electron delocalization could be responsible for improving the sorption 615 

ability of π-electron delocalized stable benzene rings of anthracene. The higher capacity and fast 616 

removal of anthracene were achieved by h-CDs/MCSB adsorbent, with 49.26 mg g-1 at 60 min. 617 

The suitability of the Langmuir isotherm and pseudo-second order kinetic model for describing 618 

the adsorption data suggest monolayer adsorption of anthracene on CS adorned h-CDs/MCSB and 619 

chemisorption as a rate-determining step, respectively. The CDs functionalized active functional 620 

groups, and their dispersion over porous micro/mesoporous structures of carbon network was 621 

confirmed. It is worth noting that the rich-functional groups (acidic and oxygen-containing groups) 622 

were anchored on both the coconut shell biochar as well as on the CDs. The outcomes of this work 623 

are significant as the proposed methodology for the CDs can be used for other carbon-based 624 

adsorbents with a great potential for water/wastewater treatment applications, in particular, 625 

emerging and persistent organic pollutants with similar properties as PAHs, especially anthracene.  626 
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