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Highlights  

 Clay-biochar composite was prepared using municipal solid waste and bentonite  

 The composite adsorbed ciprofloxacin more efficiently than pristine materials 

 The antibiotic may have intercalated in the clay interlayers of the composite  

 Cooperative adsorption mechanism was suggested by data modeling 
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Abstract 

This study investigates the adsorption of ciprofloxacin (CPX) onto a municipal solid waste 

derived biochar (MSW-BC) and a composite material developed by combining the biochar 

with bentonite clay.  A bentonite-MSW slurry was first prepared at 1:5 ratio (w/w), and then 

pyrolyzed at 450C for 30 min. The composite was characterized by scanning electron 

microscopy (SEM), Powder X-ray diffraction (PXRD) and Fourier transform infrared (FTIR) 

spectroscopy before and after CPX adsorption. Batch experiments were conducted to assess 

the effect of pH, reaction time and adsorbate dosage. The SEM images confirmed successful 

modification of the biochar with bentonite showing plate like structures. The PXRD patterns 

showed changes in the crystalline lattice of both MSW-BC and the composite before and after 

CPX adsorption whereas the FTIR spectra indicated merging and widening of specific bands 

after CPX adsorption. The optimum CPX adsorption was achieved at pH 6, and the maximum 

adsorption capacity of the composite calculated via isotherm modeling was 190 mg/g, which 

was about 40% higher than the pristine MSW-BC. The Hill isotherm model along with pseudo-

second order and Elovich kinetic models showed the best fit to the adsorption data. The most 

plausible mechanism for increased adsorption capacity is the increased active sites of the 

composites for CPX adsorption through induced electrostatic interactions between the 

functional groups of the composites and CPX molecule. The added reactive surfaces in the 

composite because of bentonite incorporation, and the intercalation of CPX in the clay 

interlayers improved the adsorption of CPX by the biochar-bentonite composite compared to 

the pristine biochar. Thus, MSW-BC-bentonite composites could be considered as a potential 

material for remediating pharmaceuticals in aqueous media. 

 

Keywords: Water treatment; Engineered biochar; Emerging contaminants; Antibiotics; Clay 

composites 
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1. Introduction 

In the recent past, antibiotics have emerged as an important group of environmental pollutants 

that is extremely challenging to remediate in the water systems (Kanakaraju et al., 2018; Philip 

et al., 2018). Extensive usage of antibiotics in human and veterinary medicines have 

revolutionized treatment of diseases, and are mostly used as inhibitors and biocides of 

pathogenic microorganisms. They have also been used as growth promoters in the animal feed 

industry, especially in aquaculture, poultry, beekeeping, and livestock (Sarmah et al., 2006). 

Despite antibiotics designed to treat ailments of humans and animals, their continuous presence 

in the groundwater, urban wastewater and drinking water has become a threat to the 

environmental quality. Thus, these organic pollutants have been considered as contaminants of 

emerging concern since the last two decades (Kanakaraju et al., 2018; Oberlé et al., 2012; 

Sanderson et al., 2016). They have been listed as priority risk group of contaminants due to 

their toxicity to algae and bacteria even at nanogram level of concentration creating a 

disturbance in the natural ecosystems (Huang et al., 2017; Philip et al., 2018; Yi et al., 2017).  

Antibiotics such as norfloxacin, sulfamethoxazole, tetracyclines, sulphonamides, macrolides 

and quinolones have been detected alarmingly in wastewater effluents, river water and ground 

water in various parts of the world (Azanu et al. 2018; Kim et al. 2015; Yi et al. 2017). 

Extensive studies are being carried out for tetracycline, sulfamethazine and sulfonamide based 

antibiotics in the aqueous media, but studies on ciprofloxacin (CPX), which is a quinolone 

compound, are limited despite its extensive use in humans and veterinary animals. Few 

previous studies indicated CPX concentrations in the range of 0.01-0.03 mg/L in wastewater 

streams (Maul et al., 2006), 0.75 mg/kg in animal feeds (Martínez-Carballo et al., 2007), and 

0.64-45.59 mg/kg in animal excreta (Li et al., 2018; Zhao et al., 2010). Larsson et al. (2007) 

confirmed the presence of 31 mg/L of CPX in wastewater from industrial effluent. 

Approximately, 40-60% of CPX administered to humans get excreted as such increasing the 

toxicity in the natural systems (Espinosa et al., 2015; Li et al., 2014; Patrolecco et al., 2018). 

The degradation pathways of CPX remains a question of debate as it does not get easily 

degraded except with a particular kind of bacteria (Labrys poetucalensis) (Amorim et al., 

2014). Liao et al. (2016) suggested that with the increase in temperature, the CPX degradation 

rapidly increases and the supplement of glucose or nitrogen could improve the degradation 

rate. However, such scenarios do not sound feasible in the open environmental conditions. The 

high environmental occurrence level of CPX together with its persistence nature and potential 

to form antibiotic resistance like other antibiotic compounds urge to remediate CPX in soils 

and aquatic bodies.  
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Conventional water treatment systems do not mitigate CPX (Azanu et al. 2018; Li and Zhang 

2010), and as a result, adsorption method is widely used due to the ease of operation and cheap 

costs (Yu et al., 2016). For choosing the adsorbents, well-developed porous structures, large 

surface area, modification of surface functional groups and cheap and easy availability of the 

materials are taken into significant consideration. Carbon based materials have been used 

widely for remediating CPX from aqueous solutions. Activated carbon derived from bamboo, 

single layer graphene oxide, activated carbon from used lignin black liquors and hydroxylated 

acid treated carbon nanotubes are among the few adsorbents that were used for the removal of 

CPX from aqueous media (Huang et al. 2014; Li et al. 2014; Wang et al. 2015). A maximum 

CPX adsorption capacity of 615 mg g-1 was reported for bamboo based activated carbon (Wang 

et al., 2015).  

Studies on pyrolytic biochar has gained momentum over activated carbon in the recent years 

due to its unique properties that are suitable for remediating a range of organic and inorganic 

contaminants in soil and water environments (Ahmad et al., 2014). Different feedstocks are 

used to produce biochar, and municipal solid waste (MSW) derived biochar has been least 

studied as a sorbent for antibiotic or other organic contaminants remediation (Gunarathne et al. 

2018; Jayawardhana et al. 2017). The reported interactions of carbonaceous biochar with 

environmental organic molecules have proven its potential for binding also with antibiotic 

compounds (Rajapaksha et al., 2015; Vithanage et al., 2014). The versatility of biochar for 

remediating both organic and inorganic contaminants (Ahmad et al., 2014) can be further used 

to make strong active sites for CPX adsorption irrespective of the feedstock of the biochar. 

Although the production cost of biochar is less than activated carbon,  the antibiotic adsorption 

capacity of biochar was limited due to two key reasons: firstly, many antibiotics like CPX are 

ionic nature that may cause electrostatic repulsion, and secondly ionic size of many antibiotics 

do not fit to the pore size of biochar (Peng et al., 2016).  

Bentonite clay is a well-known adsorbent of numerous contaminants due to the high specific 

surface area, porosity, surface charge and cation exchange capacity (CEC) of the clay (Styszko 

et al. 2015). Bentonite has been proven as a potential adsorbent for tetracyclines (Li et al. 2010; 

Parolo et al. 2008) and oxytetracyclines (Kulshrestha et al., 2004) antibiotics. Thus, 

modification of biochar through structural changes or impregnation with clay materials might 

overcome some of the above issues and improve antibiotic removal capacity of the material 

(Yao et al., 2014). Clay-biochar composite materials have recently been studied for 

environmental remediation (Hongbo Li et al., 2017; Lin et al., 2018; Oliveira et al., 2003). 
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Although clay-biochar composites have been considered as potential adsorbents of several 

other antibiotics (Chang et al., 2016),  CPX has not been considered yet. Hence, this study aims 

to investigate the plausibility and effectiveness of a clay-biochar composite prepared from 

MSW biochar and bentonite clay for CPX removal from aqueous media.  

 

2. Experimental 

2.1.  Chemicals 

Ciprofloxacin hydrochloride monohydrate was obtained from HIMEDIA Laboratories, India. 

For pH adjustments, 0.1M nitic acid and 0.1M sodium hydroxide were used. All chemicals 

(analytical grade) including the bentonite (86% montmorillonite, 4% silt and 10% find sand) 

were obtained from Sigma-Aldrich, USA.  

 
2.2.  Biochar preparation 

The partially dried municipal solid waste (MSW) was collected from Gohagoda dumpsite, 

Kandy, Sri Lanka, and the organic fraction of the dump pile was used for producing the biochar. 

Pyrolysis was carried at 450 C in a muffle furnace (Nabertherm, Germany). With a 15 C/min 

increasing rate of temperature, 30 min holding time was maintained for the pyrolysis in the 

high temperature muffle furnace. A quick quenching was done at the end of the pyrolysis by 

placing the prepared char into a cold water bath to immediately activate the surface pores of 

the material without converting them to ash in the presence of air. For this, the pyrolyzed 

material was quickly transferred to a cold-water bath. Then, the material was dried in a hot air 

oven, and sieved through a 2 mm screen before storing it in a closed container.  

 

2.3.  Biochar-bentonite composite preparation 

Bentonite (50 g) was added to 2 L of deionized water, and the suspension was sonicated for 30 

min in an Ultrasonicator (Rocker-Soner 220). The MSW feedstock (250 g) was then mixed 

with the clay suspension, and the mixture was shaken for 2 h. The prepared slurry was oven 

dried at 80 C for overnight. The MSW treated clay so prepared was converted to biochar by 

slow pyrolysis as described above.  
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2.4.  Biochar and biochar-bentonite composite characterization 

Powder X-ray diffraction (PXRD) patterns of the adsorbents before and after CPX adsorption 

were collected on a X-ray diffractometer (Rigaku, Ultima IV, Japan). Adsorbents were pressed 

in a glass slide sample holder, and patterns were collected using Cu Kα radiation at a 

wavelength of 1.54056 Å operating at 40 kV and 40 mA and scanning in the range of 2 and 

65 (2). Scherrer equation was used for determining the mean single-crystal particle size of 

the clay composite adsorbent (Chen et al., 2016; Holzwarth & Gibson, 2011). 

The functional groups on the adsorbent surfaces were investigated using Fourier Transform 

Infrared Spectroscopy. Spectra for the adsorbents before and after CPX adsorption were 

obtained on a Thermo Scientific, Nicolet iS10 spectrometer (USA). The spectra were obtained 

in transmission mode in the wavelength range of 4000- 400 cm-1 with a resolution of 4 cm-1 

and 64 repetitive scans.  

Field Emission Scanning Electronic Microscopy (FE-SEM) analysis was carried out to 

investigate the morphological features and characteristics of the adsorbents using a Hitachi 

SU6600 Analytical Variable Pressure FE-SEM (Japan). Adsorbent materials were mounted on 

an aluminum pin stub using a double-sided carbon tape, and images were collected at various 

resolutions. 

 

2.5.  Ciprofloxacin batch adsorption experiment 

Unless otherwise stated, all adsorption experiments were carried out at 25C under N2 purged 

environment in a controlled flow just sufficient to minimize the atmospheric contamination of 

CO2. At the end of each batch of experiment (after attainment of equilibration), the suspension 

of adsorbent was centrifuged (150 rpm) and syringe filtered (0.45 µm cellulose acetate 

membrane filter). The clear filtrate was then analyzed for the final concentration of CPX by 

UV/Vis spectrophotometer at 280 nm wavelength (Shimadzu UV160A) (Wang et al., 2010). 

All batch adsorption experiments were conducted with three replications, and their average 

results are reported here. 

 

2.5.1. Edge experiment 

The effect of pH changes on CPX adsorption by raw MSW-BC and MSW-BC-clay composite 

was studied by adjusting the pH of CPX solution (25 mg/L) with 0.1 M HNO3 or NaOH in the 
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pH range of 3.0-9.0. The adsorbent dosage was 1.0 g/L in the edge experiment. The residence 

time was maintained for 12 h by shaking the mixture at 150 rpm, and thereafter the final pH 

was measured. Samples were then centrifuged and filtered, and the filtrate was analyzed for 

CPX concentration as described above.  

 

2.5.2. Kinetic experiment 

In the kinetic experiment, the dosage of adsorbents was maintained at 1 g/L with 25 mg/L CPX 

concentration. The optimum pH (pH 7-8) for CPX adsorption (as determined in the edge 

experiment) and a shaking speed of 150 rpm were maintained during the kinetic experiment.  

The residence time was varied at 5, 15, 30 min and 2, 4, 7, 10, 15 and 24 h. After each run, 

samples were analyzed for CPX concentration as described above. 

 

2.5.3. Isotherm experiment 

Adsorption isotherms were determined at different CPX concentrations (10 to 250 mg/L) with 

a defined pH (pH 7-8), adsorbent dosage (1 g/L) and residence time (12 h).  Other experimental 

conditions remained similar to the edge and kinetic experiments. Samples were finally 

analyzed for CPX concentration as described above. 

 

2.6.  Data modeling and calculation 

Effective adsorption at a defined pH in the batch experiments was modeled using the pseudo 

second order kinetic model and Elovich equation (Supplementary Information). The isotherm 

experimental data were fitted to the non-linear form of the Hill model (Supplementary 

Information) to understand the physico-chemical mechanisms of CPX adsorption on clay-

biochar composites. The Origin statistical package (version 8.0) was used to carry out the 

analysis of data retrieved from adsorbent characterization and adsorption experiments.  

 

3. Results and discussion 

3.1.  Characterization of MSW biochar and MSW-BC-clay composite 

3.1.1. PXRD Analysis 
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The basal spacing of the pristine bentonite was 15.49 A (Fig. 1), which is the d001 reflection 

of pure montmorillonite with a crystal size of 17.96 nm (crystallite size calculated using 

Scherrer equation). The XRD pattern for biochar showed a noticeable reflection at 2θ = 24ᴼ 

which revealed the presence of quartz in the material (Zhang et al., 2015). Reflections in the 

patterns of bentonite and clay-biochar composite also showed traces of feldspar and dolomite 

(Fig. 1), which are supported by the IR spectra of these adsorbents (Fig. 2). The d001 reflection 

of montmorillonite shifted substantially to the right after formation of the clay-biochar 

composite, meaning the interlayer spacing of the clay mineral dropped to 12.44 A⁰ (2θ = 7.10⁰) 

in the composite as opposed to 15.49 A⁰ (2θ = 5.70⁰) in the raw montmorillonite. This decrease 

in the d-value could be attributed to the internal structural change of the clay mineral driven by 

the removal of water molecules during the course of synthesizing the MSW-BC-clay 

composite. 

There was an increase in the basal spacing of montmorillonite (d001 reflection shifted to the left; 

18.24 A⁰, i.e., 2θ = 2.42⁰) after treating the MSW-BC-clay composite with CPX (Fig. 1). Such 

an increase in d-value could be attributed to the migration of CPX molecules into the interlayer 

space of the clay mineral in the composite through forming H-bonds (Madusanka et al., 2015). 

Chang et al. (2009) observed similar behavior of montmorillonite following tetracycline 

adsorption by the clay mineral. Similarly, Wang et al. (2010) observed a response of the degree 

of swelling nature of the clay mineral (i.e., organic molecule intercalation) to the initial 

concentration of the organic molecules. The crystallite size in the composite decreased to 2.27 

nm (as opposed to 17.96 nm of the pure montmorillonite) due to broadening of the peak and 

the expansion of the lattice due to the presence of amorphous biochar particles. 
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Fig. 1: PXRD patterns for (a) MSW-BC-bentonite composite with treated CPX, (b) MSW-BC-

bentonite composite, (c) pristine bentonite, and (d) pristine MSW-BC, (M: montmorillonite; 

D-Dolomite; F-Feldspar; Q-Quartz). 

 
3.1.2. FT-IR analysis 

Transmittance spectra are shown in Fig. 2 for the pristine materials and the composites. Bands 

in the range of 1500-1700 cm-1 were attributed to the COOH stretching vibrations in the 

spectrum of CPX (Chen et al., 2017). Several bands observed below 1500 cm-1 of the CPX 

spectrum accounted for the effect occurred during the solvation of CPX molecules in aqueous 

media (Trivedi & Vasudevan, 2007). Strong band at 3630 cm-1 in the spectrum of bentonite 

indicated O-H stretching vibration, and the broadened band at around 3407 cm-1 implied further 

stretching of the water molecules (Madejová et al., 2017). Overall, these bands found in the 

pristine bentonite spectrum in the range of 3400-4000 cm-1 could be attributed to the structural 

hydroxyl groups of the clay associated with Si and Al (Chen et al., 2017; Fernando et al., 2012). 

In the spectra of the clay-biochar composite, these bands disappeared likely due to the 

elimination of –OH groups at high pyrolysis temperature during the synthesis of the composite. 

Additionally, the Si-O and Al-OH deformation bands in the bentonite spectrum appeared in 

the range of 1010-915 cm-1 in which they were stretching at 1010 cm-1 and bending at 913 cm-

1, respectively (Madusanka et al., 2017). Notably, the band at 1010 cm-1 in the bentonite 

spectrum shifted to a higher frequency (1032 cm-1) in the spectrum of the clay-biochar 

composite likely due to a steric hindrance created during the composite synthesis (Li et al., 
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2017). The intensity of the 1010 cm-1 band drastically reduced by almost 10 fold in the 

composite’s spectrum as compared to the pristine clay (Fig. 2). The band 1604 cm-1 in the 

bentonite spectrum appeared due to the bending vibrations of hydroxyl groups (Fig. 2) (Chen 

et al., 2017). This particular band showed a much broader dip in the spectra of biochar and the 

clay-biochar composite indicating changes in the quantity of their respective individual 

materials in the composite. No significant difference in the IR bands were observed in the 

spectra of the clay-biochar composite before and after CPX adsorption except disappearance 

of the CPX band at around 3600 cm-1 (O–H stretching).  

 

Fig. 2: FT-IR spectra of (a) pristine bentonite, (b) MSW-BC-bentonite composite with CPX, 

(c) biochar-bentonite composite without CPX, (d) prisitne CPX, and (e) prsitine MSW-BC 

 
3.1.3. SEM Analysis 

SEM images of the MSW-BC-clay composite at two different magnifications (x1k and x20k) 

are shown in Fig. 3. Since the biochar was derived from MSW, the image structures depicted 

here were random and disordered because of the heterogeneous nature of the biomaterials taken 

up for the pyrolysis. However, the presence of the bentonite clay could be confirmed through 

inter spatial layers or plate-like appearances that were seen at the cross- section (Fig. 3d). The 
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irregular structures and numerous pores could be noticed in the images with the flakey clay 

structures embedded in the voids. The mechanisms through which interaction of the clay-

biochar composite with antibiotic molecules is expected to occur are rightly embedded within 

the voids of these composite deciphered by the biochar impregnated with the clay. These results 

were supported by the PXRD and FTIR results through the increase of clay interlayer space 

and incorporation of new functional groups in the composite, respectively.   

 

  

  

 

Fig. 3: SEM images of (a) MSW-BC magnification x2.00k, (b) MSW-BC magnification x40, 

(c) MSW-BC-bentonite composite magnification x1.00k, (d) MSW-BC-bentonite composite 

magnification x20.0k 

 

3.2.  Batch adsorption studies 

3.2.1. Effect of initial solution pH 

Preliminary batch experiments showed a limited adsorption of CPX by the untreated MSW-

BC as compared with the MSW-BC-clay composite. The removal of by the CPX by MSW-

50 µm 2 µm 

20 µm 10 µm 

(a) (b) 

(c) (d) 
Plate-like appearance 
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BC-clay composite could be influenced by the solution pH because both the speciation of CPX 

and surface charge of the adsorbent would vary according to the solution pH (Tadkaew et al., 

2011).  

Generally, for sulfonamide and quinolone group antibiotics, sorption capacity lowers at a 

minimal pH as low as pH 2 and gradually increases at an elevated pH up to pH 5 (Rajapaksha 

et al., 2015; Salma, Thoröe-Boveleth, Schmidt, & Tuerk, 2016). From Fig. 4, removal reaches 

an equilibrium at pH between 6.5-7.0, and then drops at a higher pH.  

 

Fig. 4: Adsorption variation of CPX in bare and clay treated MSW-BC at different pHs 

 

According to Vasudevan et al., (2009), where the behavior of the dependence of pH on the 

sorption of CPX onto soils was studied, proved the hypothesis on interactions that occur 

between the cationic amine moiety of the CPX to the negatively charged SiO2 which pertains 

in the bentonite justifying the optimum edge obtained here. When the solution pH becomes in 

the range of 5 and 6, the active sites exists as cationic and has stronger tendency for CPX to 

bind (Li et al., 2018).  

 

3.2.2. Effect of initial concentration of CPX on adsorption 
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The adsorption isotherm parameters along with the coefficients of determination (r2 at p < 0.05) 

are presented in ( 

 

Table 1). Data modeling shows the best fits to Hill isotherm of CPX onto both bare and clay 

modified biochar (Figure 5). Values of 𝑏 were >1 which emphasized higher interactions of 

CPX onto the sorbents (Gregg, 1951). Hill model is based on an assumption that the adsorption 

of different species onto the homogenous substrate will affect the other parts of the same 

substrate. This accounts for the adsorption in the first half (up to 60 mg/L) of the curve and 

desorption in the latter part and then adsorption (Ringot et al., 2007). The maximum adsorption 

capacity was achieved by composite at 286.60 mg/g which is 70 % higher than the pristine 

MSW-BC and thus greatly enhanced the removal with the presence of clay. This can be 

ascribed for the CPX molecules being intercalated between the layers of the bentonite. Hill 

model dictates a cooperative adsorption where on an ideal scenario, the surface active centers 

of the sorbents are uniformly distributed and the behavior of the sorbents and the adsorbate are 

steady in monolayer as in Langmuir, Hill model is a multi-layer adsorption which takes into 

account of the interaction between the adsorbates and adsorbents that caused the deviation from 

non-ideal non-Langmuir scenario (Liu, 2015; Vithanage et al., 2014). The impregnation of the 



15 

 

clay on the biochar made a difference within the lattices of the clay to further enhance the 

removal efficiency of CPX. 

 

Figure 5: Hill isotherm model fit for pristine MSW-BC and MSW-BC-clay composite 

 

Table 1: Hill isotherm parameters for CPX adsorption 

Adsorbent qmax (mg g-1) b (L mg-1) Kh r2 

MSW-BC 167.610 2.507 0.013 0.955 

MSW- BC-clay  

composite 
286.604 1.653 0.032 0.981 

 

3.2.3. Effect of contact time on adsorption 

Adsorption of CPX variation with time shows a subsequent increase and then stays at plateau 

finally reaching equilibrium with time (Fig. 6). The decrease in the active sites as the time 

progresses is results a decrease in the adsorption rate. A rapid adsorption was observed within 

60 minutes of the residence time of CPX with the biochar resulting in an adsorption of 22.4 

mg/g until the rate reaches an equilibrium. A similar trend is observed for the MSW-BC-clay 

composite. Elovich model fitted the kinetic data indicating that the composite has a high 
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surface activity for the cationic part of the CPX molecule that ionizes at different pH (Chen et 

al., 2017). Table 2 shows the kinetic model parameters and coefficients of determination (r2 at 

p < 0.05) for CPX adsorption onto MSW-BC and MSW-BC-clay composite. Elovich best fit 

for the composite also indicates a more dominative chemisorption mechanism as in chemical 

bonds between the different ionization moiety of the CPX molecule and the sorbents that is 

with a heterogenous surface (Inyang et al., 2015). Since, bentonite is a mixture of minerals 

including montmorillonite, the available cations in the interlayer of the bentonite get replaced 

with the cationic NH2
+ of the CPX molecules, and the negative ends of the MSW-BC may bind 

with these cations forming ion pairs (for instance, Na+, Ca2+ in the case of montmorillonite) 

(Chen et al., 2016). 

 

 

 

Fig. 6: (a) Pseudo-second order kinetic fit for pristine MSW-BC, and (b) Elovich fit for MSW-

BC-clay composite 

 

Table 2: Kinetic model parameters and coefficients of determination of adsorption of CPX on 

to biochar and biochar-bentonite composite 

Model Parameters for MSW-BC 

Pseudo-second-order k2 (g mg-1 min-1) 0.009 

qe (mg g-1) 22.227 

r2 0.989 

Model Parameters for MSW-BC-clay composite 

(a) (b) 
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Elovich a (g mg-1 min-1) 2.64x107 

b (g mg-1 min-1) 0.805 

r2 0.937 

 

3.3.  Adsorption mechanisms 

According to FTIR analysis, there is an underlying difference between the pristine MSW-BC 

and the composites prepared where the disappearance of O-H group is accountable for the clay 

modification made as well as the deduced intensity of the SiO2 absorption bands. This can be 

further confirmed through the peaks obtained from the PXRD intensity at 2θ of 24ᴼ which 

decreased with the introduction of the MSW-BC. Adsorption in clays for most cases occurs in 

four different pathways: at the surface itself, on the edges of the plates and the interlayer spaces 

between two consecutive layers (Chen et al., 2016). Ideally, in clay the dominant cation is 

saturated with two layers of water molecules (Wang et al., 2010), however, there is a 

dehydration involved when the CPX is being introduced into the lattice. This attributes to the 

broadening of the peaks in PXRD where the adsorbed CPX are distributed in the lattice in a 

disordered manner. The electrostatic interactions between the different functional groups of the 

MMT and the BC of the sorbents competing with the other functional groups of the CPX 

molecule make it a stronger adsorption. The cationic dominant group in the clay involves for 

the coulombic attraction with the amide group of the CPX according to Vasudevan et al. (2009). 

This explains the heterogeneity deduced from the kinetic modeling of the MSW-BC-bentonite 

composite due to the competing ions in the same CPX molecule with different active sites of 

the sorbents. Chen and Zhou (2008) suggested that the sorption of organic contaminants onto 

biochar is due to two kinds of interactions: adsorption on the carbonized fraction of the biochar 

and the partition in the noncarbonized fractions of the biochar.  

The possible chemical equations for the CPX adsorption reaction can be postulated as follows: 

At acidic conditions:  𝐻+ + 𝑹 − 𝑁𝐻 → 𝑹 − 𝑁𝐻2+ 
 𝑹 − 𝑁𝐻2+ + 𝑴−   → 𝑹 − 𝑁𝐻2𝑴 
At alkaline conditions: 𝑹 − 𝐶𝑂𝑂− + 𝑁𝑎+  →   𝑹 − 𝐶𝑂𝑂𝑁𝑎 

Where, 𝑹 is the group accounting from CPX, and 𝑴 is the group arising from the bentonite. 

This explains the simultaneous exchange of ions between the sorbents and the CPX where 

interactions are stronger, for instance, hydrogen-bonding induced adsorption between the 
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oxygen-containing functional group of the CPX with free hydroxyl group on the MSW-BC 

clay composite (Sun et al., 2011; Zhang et al., 2015). Through the modification done on the 

MSW-BC with bentonite, more active sites may have generated and functional groups have 

been modified for a stronger ionic electrostatic attraction for CPX in aqueous solution.  

 

4. Conclusions 

Municipal solid waste was engineered successfully to prepare clay-BC composite. The MSW-

BC exhibited better affinity for the CPX removal than the pristine MSW-BC.  Interlayer 

encapsulation of CPX into the clay-BC composite was supported from both PXRD and FTIR 

results.  Sorption of CPX was pH-dependent demonstrating a high removal at a mild acidic 

condition. The modification of MSW-BC with clay greatly enhanced the active sites where the 

different functional groups cling on the composite more efficiently than the pristine clay or 

MSW-BC. The MSW-BC-clay and CPX interactions should be further studied and directed 

towards taking the ionization effect of the CPX molecule in different solution conditions into 

account, to further immobilize CPX onto the sorbent for the efficient removal.  
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Appendix:  

Experimental 

A brief methodology is as shown below (Fig. S1). 

 

Figure S7: Brief pictorial of methods followed for biochar-bentonite composite preparation 

Experimental Data Modeling and Calculations 

The amount of CPX adsorbed on the biochar adsorbents and the antibiotic adsorption capacity 

(𝑞𝑒) were determined using the equation below: 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  𝐶𝑖 − 𝐶𝑓𝐶𝑖  × 100 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑞𝑒  (𝑚𝑔𝑔 ) =  𝐶𝑖 − 𝐶𝑓𝑀𝑠 × 𝑉 

 

Where, 𝑉 is the volume of the solution (L), Ms is the weight of adsorbent (g), 𝐶𝑖 is the initial 

concentration (mg.L-1) and 𝐶𝑓 is the final concentration (mg.L-1).   

To investigate the mechanism of adsorption of CPX onto the biochar based adsorbents, 

adsorption kinetic experiments were conducted for both the pristine biochar and the composite. 

The adsorption kinetic data were fitted to pseudo second order kinetic model and Elovich 

equation. 

The pseudo second order kinetic equation can be expressed as (Ho and McKay 1999): 

𝑞 =  𝐾2𝑞𝑒2𝑡1 + 𝐾2𝑞𝑒𝑡 
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Where, qe is the sorption capacity at equilibrium (mg.g-1), K2 rate constant of the pseudo 

second-order sorption (g.mg-1.min-1) and t is the time in minutes. 

The Elovich equation can be written as (Chien and Clayton 1980): 

𝑞 =  1𝑏 ln(𝑎𝑏) + 1𝑏 ln (𝑡) 

Where, 𝑎 is the initial sorption rate (g.mg-1.min-1), and 𝑏 is the adsorption constant (g.mg-1.min-

1). 

The reaction or diffusion pathway that occurs on the sorbent represents the kinetics involved 

in the batches performed.  

The isotherm experimental data were made to fit using a non-linear model, viz., Hill model, to 

provide for the best fit of the physico-chemical mechanisms for adsorption. The Hill isotherm 

equation is described as: 

𝑞𝑎𝑑𝑠 = 𝑞𝑚(𝐾𝐶𝑒)𝑏1 + (𝐾𝐶𝑒)𝑏  
Where, 𝐾 is the Hill constant and 𝑏 is the empirical parameter variable with changing 

heterogenous environment (Foo and Hameed 2010). The parameter 𝑏 should be greater than 1 

for a positive interaction (Weerasooriya et al. 2006). 
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