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Abstract 27 

Biochar and functionalized biochar (fBC-1 and fBC-2) were prepared and applied to remove 28 

antibiotic chloramphenicol from deionized water, lake water and synthetic wastewater. Results 29 

showed that chloramphenicol removal on biochar was pH dependent and maximum sorption 30 

occurred at pH 4.0-4.5. The sorption data of chloramphenicol fitted better with the Langmuir 31 

isotherm model than the Freundlich isotherm model with the maximum Langmuir sorption 32 

capacity of 233 μM g-1 using fBC-2. Chloramphenicol sorption on fBC-2 followed the trend: 33 

deionized water > lake water > synthetic wastewater. The presence of humic acid decreased the 34 

sorption distribution coefficient (Kd) while the presence of low ionic strength and soil in 35 

solution increased Kd value significantly. The mechanism of sorption on fBC mainly involved 36 

electron-donor-acceptor (EDA) interactions at pH < 2.0; formation of charge assisted hydrogen 37 

bond (CAHB) and hydrogen bonds in addition to EDA in the pH 4.0-4.5; and CAHB and EDA 38 

interactions at pH > 7.0. Additionally, solvent and thermal regeneration of fBC-2 for repeatable 39 

applications showed excellent sorption of chloramphenicol under the same condition, due to 40 

the creation of a fingerprinting effect in fBC-2. Consequently, fBC-2 can be applied with 41 

excellent reusability properties to remove chloramphenicol and other similar organic 42 

contaminants. 43 

 44 

Keywords: Functionalized biochar; Chloramphenicol; Electron-donor interactions; H-bond; 45 

Reusability; Fingerprinting effect 46 
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1. Introduction 48 

Antibiotics are widely produced and used in large quantities to treat diseases caused by 49 

microorganisms as they can selectively act on bacteria and pathogens without affecting human 50 

cells and tissues (Ahmed et al., 2015; Ahmed et al., 2017b; Boxall et al., 2003; Liao et al., 51 

2013). Considering the different classes of antibiotics, chloramphenicols antibiotics have been 52 

commonly employed in veterinary clinics since the 1950s. Chloramphenicol, however, has 53 

geno-toxic effects and causes severe side effects such as aplastic anaemia, leukopenia, 54 

agranulocytosis and anaemia (Zhao et al., 2015). Although chloramphenicol has been banned 55 

since the 1990s in many countries for use in food-producing animals, it is still widely used due 56 

to its low cost and easy availability (Zhao et al., 2015; Nie et al., 2015). The occurrence and 57 

fate of chlorinated pollutants in the environment is recognized as an important problem due to 58 

the adverse effects on human health through the formation of emerging antibiotic-resistant 59 

bacteria and antibiotic-resistant genes (Mi et al., 2014; Chen et al., 2017). Low removal 60 

efficiencies of these organic contaminants have been reported through different biological 61 

treatment technologies (Ahmed et al., 2017a). Moreover, they are not easily degraded in the 62 

metabolite system and thus, they have been frequently detected in surface water, groundwater, 63 

and even in drinking water (Maskaoui and Zhou, 2010; Chen and Zhou, 2014). Several 64 

chemical methods have been applied to remove chloramphenicol from water (Lofrano et al., 65 

2016; Nie et al., 2015; Wu et al., 2016; Xia et al., 2016). In addition, physicochemical methods 66 

have been applied for the removal of chloramphenicol (Dai et al., 2016; Fan et al., 2010; Qin et 67 

al., 2016; Zhu et al., 2016). Generally, adsorption by porous materials such as engineered 68 

activated carbon, resin, graphene oxide and carbon nanotubes is an expensive process. For this 69 

reason, biochar has received increasing interest due to its low cost (Ahmed et al., 2015), high 70 

hydrophobicity, aromaticity and multifunctional applications such as reduction of soil acidity, 71 

carbon sequestration and water remediation (Ahmed et al., 2016a; Chen et al., 2016; Dai et al., 72 

2017; Das and Sarmah, 2015; Mandal et al., 2017; Sorrenti et al., 2016). However, biochar 73 
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properties depend on biomass origin, chemical composition, physical properties, and pre and 74 

post-treatment processes (Suliman et al., 2017). Biochar properties including surface 75 

functionality can be further improved through different modification methods (Ahmed et al., 76 

2016b). 77 

Adsorption of antibiotic onto biochar is expected to be heavily influenced by solution 78 

conditions and antibiotic speciation under different pH values (Ji et al., 2009a; Ji et al., 2009b; 79 

Ji et al., 2011; Taheran et al., 2016; Teixidó et al., 2011). Different species can interact with 80 

biochar through different mechanisms such as π-π electron-donor-acceptor (EDA) interaction, 81 

nucleophilic addition, electrostatic attraction, cation bridging, cation/anion exchange, pore 82 

filling, partitioning into un-carbonized fraction and formation of the charge assisted hydrogen 83 

bond (CAHB) with surface oxygen groups (Liao et al., 2013; Teixidó et al., 2011). For example, 84 

during charcoal remove of tetracycline and chloramphenicol, Liao et al. (2013) found that π-π 85 

EDA interaction, cation-π bond in conjunction with hydrogen bonding interaction were the 86 

main mechanisms while surface diffusion was less likely to be involved. However, so far no 87 

studies clearly described the sorption behavior of chloramphenicol using carbonaceous 88 

materials such as carbon nanotubes, graphene or graphene oxide, and biochar. In addition, 89 

research is lacking on the potential regeneration and repeatable application of carbonaceous 90 

sorbents. The physicochemical properties of chloramphenicol are shown in Table A.1. 91 

Therefore this study aimed to use biochar and fBC for removing chloramphenicol. 92 

Specifically the objectives were to (i) evaluate the interaction mechanism and performance of 93 

biochar and fBC for removing chloramphenicol; (ii) study the impact of humic acid, soil and 94 

salt concentrations on the sorptive behavior of chloramphenicol; (iii) assess the sorption 95 

performance in different water matrices for removing chloramphenicol; and (iv) examine the 96 

desorption and repeatable application of fBC with special emphasis on the fingerprinting effects 97 

during regeneration from different water. 98 

 99 
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2. Materials and methods 100 

2.1. Chemicals 101 

The standards of chloramphenicol (purity > 98%), potassium chloride, sodium chloride (> 102 

99.6%), calcium chloride (> 97%), and organic solvents such as methanol, acetonitrile and 103 

formic acid of HPLC grade were purchased from Sigma-Aldrich, Australia. Peptone, beef 104 

extract, humic acid, tannic acid, sodium lignin sulphonates, Na-laryl sulphate, acacia gum 105 

powder, arabic acid, ammonium sulphate, K2HPO4, NH4HCO3, and MgSO4.3H2O were of 106 

analytical-grade. Phenanthrene (98%) and para amino benzoic acid (PABA, > 99%) were also 107 

purchased from Sigma-Aldrich. A Zorbax Bonus RP C18 column (5.0 μm, 2.1 1.50 mm) was 108 

purchased from Agilent Technologies. Eucalyptus globulus wood was donated by New Forest 109 

Asset Management Pty Ltd, Portland, Victoria, Australia. The soil sample was collected from 110 

the surface horizon (0-10 cm) at Willy Park, NSW, Australia. The soil was air dried, sieved (< 111 

1.0 mm), and stored at room temperature for further use.  112 

 113 

2.2. Preparation of biochar and fBC 114 

Biochar and fBC were prepared according to our previous study (Ahmed et al., 2017b). Briefly, 115 

50 g of bamboo or eucalyptus wood biomass was pyrolyzed at 380 oC at a heating rate of 10-116 

11.4 °C min-1 under nitrogen flow at 2.5 psi for 2 h, to obtain biochar samples coded BBC380 117 

and EGBC380, respectively. Activation of BBC380 and EGBC380 was carried out through 118 

chemical activation method by soaking 15 g of each biochar in 30 mL of 50% ortho-phosphoric 119 

acid (oH3PO4) for 3 h at 50 °C. The mixture was then heated at 600 °C for 2 h. After that, the 120 

prepared activated biochar was left to cool, washed and the pH adjusted to 7, followed by drying 121 

overnight at 100 °C, to obtain the activated biochar fBC-1 (prepared from bamboo) and fBC-2 122 

(prepared from eucalyptus wood). Average biochar particles size ranged from 75 to 1000 μm. 123 

As activated biochar was enriched with different functional groups (such as –COOH, -OH, 124 

C=O, C=C) on its surface, the prepared activated biochar was termed as fBC. 125 



6 

 

2.3. Chloramphenicol sorption on biochar and fBC under different pH and different 126 

concentrations of humic acid, salt, soil and competitors  127 

Interactions of biochar and fBC with chlorinated chloramphenicol in deionized water were 128 

studied in batch method at different pH (1.6 to 9) to calculate Kd. Sorption was carried out in 129 

PTFE-lined screw cap glass vials with a capacity of 50 to 100 mL. Sorbents were pre-130 

equilibrated at a specific pH followed by adding the required amount of sorbate solution with 131 

the same pH. Batch sorption isotherm experiments were conducted at pH ranging from 4.0 to 132 

4.5 at 25 oC with initial chloramphenicol concentrations of 0.774 to 154.7 μM L-1 at room 133 

temperature using 50-60 mg L-1 of fBC and 100 mg L-1 of biochar for 40 h. These conditions 134 

made it possible to calculate the maximum sorption at different pH values. The control 135 

experiments without sorbents were also executed. 136 

To study the effects of salts, soil and humic acid on Kd, the sorption experiments were 137 

conducted by mixing humic acid or soil or salts with chloramphenicol (3.1 μM L-1) overnight, 138 

before fBC-2 (being the best sorbent) was introduced. The sorption experiments were 139 

performed at pH 4.0-4.5 and 25 oC. Humic acid stock solution was prepared by dissolving the 140 

desired amount of humic acid in NaOH solution and stored for further use. Chloramphenicol 141 

sorption was also carried out in the presence of competitors (PABA and phenanthrene). The π-142 

electron donor (phenanthrene) and π-electron acceptor (PABA) were chosen to unravel the 143 

possible EDA, electron acceptor-acceptor (EAA) and electron donor-donor (EDD) interactions 144 

mechanisms. The initial concentrations of chloramphenicol, phenanthrene and PABA were 3.1 145 

µM L-1, 1.0 mg L-1 and 1.0 mg L-1, respectively at different pH (~1.85, 4.0-4.5 and 9.0-10.5). 146 

Control experiments (no chloramphenicol) were also executed. The supernatant concentration 147 

of chloramphenicol and PABA were measured using HPLC with aliquots from each reactor 148 

being taken and filtered through a 0.2 μm PTFE filter. Phenanthrene concentration was 149 

measured using UV-Vis spectroscopy. 150 

 151 
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2.4. Analytical method and data analysis 152 

Chloramphenicol hydrolysis does not occur at pH 2–7 (Ahmed et al., 2017c). Its concentrations 153 

at different pH (1.7 to 11.0) were measured by HPLC (Jasco) equipped with an auto-sampler 154 

and UV detector at 285 nm, by 50 μL injection. A Zorbax Bonus RP C18 column was used for 155 

the separation. Mobile phase A was composed of acetonitrile and formic acid (v/v, 99.9: 0.1) 156 

while mobile phase B was composed of Milli-Q water and formic acid (v/v, 99.9: 0.1). The 157 

elution used 40% of A and 60% of B at a flow rate of 0.4 mL min-1, which was changed to 0.3 158 

mL min-1 at 0.1 min. The method run time was 7 min. The same method was used for the 159 

measurement of PABA concentration with HPLC. Phenanthrene concentration was measured 160 

using UV-Vis spectroscopy (Shimadzu, UV-1700) at ~251 nm. In addition, the concentration 161 

of Ca2+ and Cl- were measured using a Merck Spectrophotometer (NOVA 60) and relevant test 162 

kits.  163 

The adsorption data were fitted to the Langmuir and Freundlich models. The apparent 164 

sorption distribution coefficient (Kd, L kg-1) is defined as the ratio of adsorbate sorbed per unit 165 

sorbent mass (Qe, μM g-1) to adsorbate concentration in solution (Ce, μM L-1) at equilibrium, 166 

and was calculated using equation (1): 167 

𝐾𝑑 = 1000
𝑄𝑒

𝐶𝑒
=   1000 (

𝐶0−𝐶𝑒

𝐶𝑒
)
𝑉

𝑀
     (1) 168 

where Co is the initial adsorbate concentration in water (μM L-1), V is the solution volume (L) 169 

and M (g) is the sorbent mass. 170 

The Langmuir and Freundlich isotherm models can be represented as follows:  171 

        Freundlich model: 𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛    (2) 172 

    Langmuir model: 𝑄𝑒 =
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
   (3) 173 

where Qmax is the maximum adsorption capacity (μM g-1), 1/n is a dimensionless number related 174 

to surface heterogeneity, KF is the Freundlich capacity-affinity coefficient (μM1-n Ln g-1) and KL 175 

is the Langmuir fitting parameter (L μM -1). Parameters were estimated by nonlinear regression 176 
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weighted by the dependent variable using above equations and fitting in Origin pro software 177 

(version 2016).   178 

 179 

2.5. Characterizations of the sorbents 180 

Characterization of the prepared materials was carried out using Scanning Electron Microscope 181 

with Energy Dispersive Spectrometer (SEM-EDS) (Table A.2), Brunauer-Emmett-Teller 182 

(BET) analyzer, Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR). 183 

Raman shifts measurement was done using Renishaw in Via Raman spectrometer 184 

(Gloucestershire, UK) equipped with a 17 mW Renishaw Helium-Neon Laser 633 nm and CCD 185 

array detector at 50% laser intensity. Structural analysis was conducted using FTIR (Miracle-186 

10: Shimadzu). The spectra were obtained at 4 cm-1 resolutions by measuring the absorbance 187 

from 400 to 4000 cm-1 using a combined 40 scans. The specific surface area and the porosity 188 

distributions were calculated using BET nitrogen adsorption-desorption isotherms and the 189 

Barrett-Joyner-Halenda (BJH) method, respectively by using a Micromeritics 3 FlexTM surface 190 

characterization analyzer at 77 K. Zeta potential was measured twice using 1.0 mM KCl 191 

solution at different pH for 48 h (Nano-ZS, Malvern). Zeta potential was measured twice for 192 

each pH.   193 

 194 

2.6. Desorption and regeneration of fBC-2 195 

Desorption experiments were conducted in different water matrices to calculate desorption 196 

percentage of chloramphenicol, study on fingerprinting effects and the reusability of the sorbent 197 

(fBC-2). After experiments, the supernatant was decanted and replaced with an equal volume 198 

of 50% methanol. The fBC-2 and the solution mixture were shaken on an orbital shaker for 24 199 

h at 120 rpm and the suspension was centrifuged for 7 min at 2000 rpm. The supernatant was 200 

then filter using 0.2 µm PTFE filter paper and chloramphenicol concentration was measured 201 
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using HPLC. Desorption was performed after each sorption cycle using fBC-2. The thermal 202 

regeneration and fingerprinting ability of fBC-2 was examined by heating fBC-2 at 300 oC.  203 

 204 

2.7. Water and wastewater samples 205 

Synthetic wastewater was prepared based on a recent study (Ahmed et al., 2017c) (Table A.3) 206 

and lake water was collected from Victoria Park, NSW, Australia. All water samples were 207 

filtered through 1.2 μm filter paper and stored in a fridge. The characteristics of lake water are 208 

given in Table A.3. Deionized water, lake water and synthetic wastewater were spiked with 209 

3.10 μM L-1 chloramphenicol and contacted with fBC-2 to examine sorption trends in different 210 

water. Control experiments were also conducted. 211 

 212 

3. Results and discussion 213 

3.1. Sorbents surface properties 214 

Surface properties of biochar and fBC were carried out using BET, EDS, FTIR, Raman and 215 

zeta potential measurement. EDS data showed that BBC380 comprised of mainly ~81% C and 216 

~19% O% while fBC-1 comprised of 59% C, 28% O, ~5% N and ~8% P, with O/C molar ratio 217 

of 0.363. The fBC-2 was composed of 60.8% C, 25.4% O, ~5% N and ~8% P, with O/C molar 218 

ratio of 0.314 (Table A.2). BET surface area of fBC-1 and fBC-2 were found to be 1.12 and 219 

1.18 m² g-1, respectively. The Langmuir surface area of fBC-1 and fBC-2 was 7.23 and 8.22, 220 

respectively. The pore size distribution of fBC-1 and fBC-2 is represented in Fig. A1. FTIR 221 

peak of each EDC is shown in Fig. 1. All biochar had alkyl –C-C- groups, aromatic -C=C- 222 

group (due to conjugated arene units), ketonic or carboxylic -C=O group and at least one 223 

hydroxyl functional group (alkyl or phenolic –OH) in its structure. The peaks around 3300-224 

3850 cm-1 represents the presence of hydroxyl groups whereas peaks at 2926-2976 cm-1 225 

represent the asymmetric carbon. In addition, two characteristics peaks at 1720 cm-1 and 1520-226 
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1594 cm-1 represent the presence of –C=O and -C=C- groups (Ahmed et al., 2016b; Ahmed et 227 

al., 2017c).  228 

Raman spectroscopy was also carried out to obtain further data on fBC before and after 229 

sorption. fBC showed two characteristic peaks at 1592-1597 and 1325-1345 cm-1 (Fig. 1b). The 230 

two broad peaks located at ~1325-1345 cm-1 and ~1592-1597 cm-1 corresponded to the D-band 231 

(disordered structure) and G-band (graphitic structures) of sp2-type carbon presence in fBC 232 

(Peng et al., 2016). The sharp and relative band intensity ratio (IG/ID) showed the degree of 233 

functionalization in biochar. It is important to note that Raman spectra of fBC featured a strong 234 

D-band, which illustrated a slightly more amorphous character (disordered) of the carbon in 235 

fBC (Pang et al., 2016). D-band surface defect was possible by the introduction of other 236 

elements onto carbon structure during fBC preparation. 237 

 238 

3.2.  Chloramphenicol Kd on biochar and fBC 239 

Chloramphenicol sorption on biochar, fBC-1 and fBC-2 revealed pH dependence. The effect of 240 

pH on the sorption coefficient is shown in Fig. 2. Clearly, chloramphenicol sorption was greatly 241 

governed by the electrostatic interactions between chloramphenicol and fBC surfaces. The 242 

maximum Kd value for biochar (BBC380) was found to be ~500 L kg-1 at pH around 4.5. Similar 243 

result was obtained for EGBC380 (data not shown). However, higher Kd values were observed 244 

for both fBC-1 and fBC-2 than biochar at all pH values studied. The finding indicated that 245 

functionalization of biochar significantly changed the biochar properties and increased its 246 

sorption capacity. The Kd values for both fBC reached their first maxima at pH ~1.6 and the 247 

maximum at approximately pH 4.5. A further increase in pH resulted in decreasing Kd values. 248 

Detailed mechanism in relation to pH values are discussed in section 3.4. Based on the results, 249 

the maximum Kd values were found to be ~1.8104 L kg-1 for fBC-2 and ~1.2104 L kg-1 for 250 

fBC-1 at pH ~4.0-4.5 with initial chloramphenicol concentration of 15.5 μM L-1. As fBC-2 251 
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showed a higher Kd value than fBC-1 for chloramphenicol, it was used in further sorption 252 

experiments. 253 

3.3. Effects of humic acid, salt and soil concentration on Kd 254 

The effect of humic acid on Kd was studied using different concentrations of humic acid (1.0 to 255 

40.0 mg L-1). It emerged that the increase of humic acid concentration from 1.0 mg L-1 to 10 256 

mg L-1 reduced Kd value slightly from ~2.0104 to ~1.7104 L kg-1 (Fig. 3a). A further 257 

increase in humic acid concentration caused a significant reduction in the Kd of 258 

chloramphenicol which fell sharply to ~6.1103 L kg-1 when humic acid concentration was 259 

raised to 40 mg L-1 (Fig. 3a). In comparison, the Kd value in deionized water, in the absence 260 

humic acid, under the same initial conditions was ~6.9104 L kg-1 (SD, 3.7×103). This 261 

indicated that humic acid yielded a negative influence on the sorptive removal of 262 

chloramphenicol which can be explained by the direct competition of humic acid and fBC 263 

sorption sites for the sorption of chloramphenicol (Zhang et al., 2015; Pignatello et al., 2006). 264 

Pignatello et al. (2006) found that natural organic substances (e.g. humic substances) appear 265 

partially block biochar pore network and may suppress adsorption by a competitive effect at 266 

the external surface at normal temperature. The strongest suppression occurs for large 267 

molecules with reduced access to interior pores, especially when the biochar has been co-268 

flocculated with the humic substance. Moreover, Zhou et al. (2015) confirmed that pore 269 

blockage (confirmed by BET surface area measurement) as well as the more hydrophilic surface 270 

with more sorbed water molecules mainly suppressed the sorption of atrazine by biochar. In 271 

addition, hydrophobic effects and electron donor acceptor (EDA) might also be responsible for 272 

lower chloramphenicol sorption in the presence of humic acid. Hence, the presence of humic 273 

acid decreased sorption of chloramphenicol which was significant when the humic acid 274 

concentration was more than 20 mg L-1. 275 

The presence of lower ionic strength increased Kd slightly (Fig. 3b). For example, in the 276 

presence of 0.001 M NaCl, Kd was found to be ~7.0104 L kg-1 (initial chloramphenicol 277 
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concentration was 3.1 μM L-1), whereas it was ~6.9104 L kg-1 in the absence of salt with the 278 

same initial chloramphenicol concentration. This effect can be explained by the ionic mobility. 279 

Lower ionic strength increased the ionic mobility of a solution hence the ionic mobility of the 280 

fBC was increased and contributed to the overall increase in sorption (Park et al., 2008). 281 

However, a further increase in ionic strength (i.e. NaCl concentration up to 0.01 M) slightly 282 

decreased the sorption distribution efficient. Further increase of NaCl concentration (0.10 M) 283 

did not have significant effect on the sorption of chloramphenicol and the Kd was almost same. 284 

This can be explained by the saturation of biochar surface in the presence of a higher 285 

concentration of NaCl. On the other hand, in the presence of low calcium chloride concentration 286 

(0.001 M), the Kd values was almost the same as that without CaCl2. Hoverer, further increase 287 

in CaCl2 concentration (up to 0.01 M) reduced the Kd values linearly, indicating that sorption 288 

of chloramphenicol in the presence of excess CaCl2 salt had much higher negative influence  289 

than that of NaCl (Fig. 3b). Control experiments with only Ca2+ showed that Ca2+ was sorbed 290 

by fBC-2 (initial Ca2+ concentration = 155 mg L-1, final concentration = 146.5 mg L-1) at pH 291 

~4.45. Thus, it can be stated that biochar surface was highly saturated by salt of divalent calcium 292 

ion as this ion which contributes to water hardness like magnesium.  293 

Furthermore, Kd value was found to be significantly higher in the presence of soil, e.g. 294 

1.06105 L kg-1 in the presence of 5.0 mg L-1 of soil (50-60 mg L-1of fBC-2 dosage). While in 295 

the absence of soil, chloramphenicol sorption Kd value was ~6.9104 L kg-1 (SD 3.7×103). It 296 

is usual that biochar adsorbs organic contaminants significantly more than soil, and the addition 297 

of biochar to soil significantly increases sorption capacity which also depends on the type of 298 

soil (Cornelissen and Gustafsson, 2005; Lahmann and Joseph, 2015). Soil solids consist of 299 

different minerals (e.g. quartz, calcite, montmorillonite, iron oxide) and organic matter (e.g. 300 

biopolymers, microbial and root exudates, plant litter in varying stages of degradation). Pure 301 

clay minerals and metal oxides have highly reactive surfaces, in most soils, coating/modifying 302 

of soil surfaces by organic matter profoundly modifies their sorptive character. As a result, soil 303 
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organic matter fraction governs the sorption of virtually all organic molecules in soil (Lahmann 304 

and Joseph, 2015). Thus, the increase in Kd values might be due to soil organic matter and 305 

different minerals which make contribution to the overall sorption of chloramphenicol onto 306 

fBC-2. From literature it is found that, soil organic matter (π-electron acceptor site) can interact 307 

with an aromatic organic compound (with π-donor site) through π-electron donor acceptor 308 

interactions (Zhu et al., 2004) which might happen in this case. Yet, the increase in soil 309 

concentration (up to 1.0 g L-1) with the same dosage of fBC-2 reduced Kd values, indicating 310 

that fBC-2 dominated the overall sorption compared to soil. An increase in the amount of soil 311 

led to a decline in Kd values which may be due to partial deposition of soil particles onto biochar 312 

active surface that might block or hinder the pores of the fBC-2 as well as due to release of 313 

more organic matter including minerals in the solution (Fig. 3c). This aligns with the finding 314 

of different ionic strength solution discussed earlier in this section. However, chloramphenicol 315 

adsorption was still significant which was mainly due to the sorption by fBC-2 with partial 316 

contribution from soil minerals and organic fractions.  317 

 318 

3.4. Affinity and mechanism of chloramphenicol sorption by fBC 319 

The sorption data was better fitted to the Langmuir isotherm model than the Freundlich model 320 

(Fig. 4a). The maximum Langmuir adsorption capacities (Qmax) were found to be 26.2, 200.5 321 

and 233 μM g-1 for biochar, fBC-1 and fBC-2, respectively. Conversely, the maximum 322 

Freundlich constant (KF) values were 1.6, 39 and 56 μM1-n Lng-1 for biochar, fBC-1 and fBC-2, 323 

respectively (Table 1). The higher adsorption by fBC-2 was attributed to change in the specific 324 

surface area, microspore volume, and the introduction of additional sites onto fBC through 325 

different interactions (Ahmed et al., 2015; Ahmed et al., 2017b). Further, Kd values varied 326 

between 1.0102 and 1.6103; 1.35103 and 8.0104; and 1.6103 and 1.2105 L kg-1 for 327 

biochar, fBC-1 and fBC-2, respectively (Fig. 4b). The isotherm showed little sign of becoming 328 

linear at lower end of the experimental concentration range for BBC380 (1/n = 0.50) than that 329 
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of fBC-1 (1/n = 0.34) and fBC-2 (1/n = 0.30), upon regressing data from 0.774 to 154.74 µM 330 

L-1 of chloramphenicol (Fig. 4a). The observed values of Kd, Qmax and KF for chloramphenicol 331 

were higher than reported values (Ji et al., 2009b; Liao et al., 2013). For example, biochar 332 

prepared at 400-700 oC from bamboo (Liao et al., 2013) had a Langmuir sorption capacity of 333 

25.11 µM g-1. The detailed sorption mechanisms at different pH are described in more detail 334 

below.   335 

At pH below 2.0 336 

At low pH, higher Kd values were obtained (Fig. 2). At very low pH, proton exchange from 337 

surface functional groups (-OH and –COOH) of the biochar is not possible due to the higher 338 

pKa values of the surface hydroxyl group (7-10) and surface –COOH group (4.0-5.0) (Pan et 339 

al., 2008). Thus, if solution pH could be maintained near the pKa value, then proton exchange 340 

might contribute to the sorption process. This suggests that proton exchange is not favorable at 341 

low pH and subsequently, maximum sorption of chloramphenicol may be mostly due to EDA 342 

interactions with π-electron rich biochar and chloramphenicol surface (Ma et al., 2016; Teixidó 343 

et al., 2011). It is assumed that stronger EDA interactions between oppositely polarized 344 

quadrupoles might be possible when the π-electron depletes aromatic rings (or regions) and π-345 

electron rich regions (or aromatic rings) interact each other. fBC was enriched with C=C, –OH, 346 

C=O and –COOH groups (Fig. 1) and surface zeta potential was +2.20 to +2.50 (point of zero 347 

charge) (Table A.4). The surface functional groups of fBC may act as a strong π-electron-donor 348 

due to (i) hydroxyl groups being situated in the benzene rings (participating in resonance as a 349 

π-electron donor), and (ii) strong π-electron-acceptors due to carboxyl functional groups/ 350 

ketonic functional groups on the benzene rings (Ahmed et al., 2017b; Keiluweit and Kleber, 351 

2009; Lattao et al., 2014; Sander and Pignatello, 2005;  Zhu and Pignatello, 2005; Zhu et al., 352 

2005). Thus, when the π-electron-acceptor is positively charged and this charge lies within or 353 

resonates with an arene unit of chloramphenicol then a stabilized overall interaction is designed 354 

as π-π EDA. Resonance forms of positive species of chloramphenicol are able to form π+-355 



15 

 

electron (acceptor site) and sorption affinities are mostly governed by the mechanism of π-π 356 

EDA (Case I, Fig. 5) (Ahmed et al., 2017b). In addition, electron acceptor-acceptor (EAA) 357 

interactions (Case II, 1st part) may also be possible but not critical.  358 

To test the π-π EDA hypothesis, the competitive effects of two compounds having similar 359 

affinity for the surface but opposite quadrapolarity were compared: phenanthrene, a π-electron 360 

donor by virtue of its π rich electrons (polarizable ring system) and PABA, a strong π-electron 361 

acceptor by virtue of the withdrawing capability of the acid groups. The results are presented 362 

in Figs 6a and 7. It can be predicted that their competitor’s strengths against chloramphenicol 363 

sorption would be similar if the competitive effect was due merely to nonspecific forces, 364 

whereas PABA would be a much stronger competitor than phenanthrene if the π-electron 365 

acceptor property of chloramphenicol as well as π-electron donor property of fBC arene units 366 

were critical. Figs 6a and 7 clearly show that PABA strongly interacted with fBC-2 (i.e. with 367 

graphene like arene unit as π-electron donor site), suppressing chloramphenicol (acted as π-368 

electron acceptor) adsorption significantly than phenanthrene (acted as π-electron donor). Thus. 369 

PABA is, by far, the stronger competitor than phenanthrene for chloramphenicol sorption (Fig. 370 

6a). This kind of interactions can be written simply as π- π EDA interactions, where EDD 371 

interactions were not as strong as EDA interaction. As the sorption of chloramphenicol was 372 

increased by ~10% (excluding SD) in the presence of phenanthrene indicating the insignificant 373 

role of EDD interactions. Similar explanation can be drawn in the absence of chloramphenicol 374 

where adsorption of PABA was higher than that in the presence of chloramphenicol (Fig. 7).  375 

Moreover, cation exchange capacity of fBC-2 (Ca2+) in this pH range was excluded as Ca2+ ion 376 

adsorption capacity was found to be insignificant (data not included). We also observed, anion 377 

competitor such as PO4
3- can reduce chloramphenicol sorption capacity by ~8 % at this pH 378 

range and thus anion exchange capacity of fBC-2 might be important under this condition. 379 

Besides, the maximum Kd values can also be partially attributed to the degradation nature 380 

of chloramphenicol in excess hydrogen ions in solution based on reaction (4) (Higuchi et al., 381 
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1953). This increase is most logically owing to the basic character of the amide linkage (-NH-382 

CO-), resulting in the formation of a protonated intermediate due to Lewis acid base interaction 383 

(equation 4): 384 

−𝑁𝐻 − 𝐶𝑂 −
   𝐻+

⇔ −[𝑁𝐻 = 𝐶(𝑂𝐻)]+ −
𝐻+

⇔−𝑁𝐻(𝐻+) − 𝐶(𝑂𝐻+) −  (4) 385 

Thus, this acid-degraded positive complex of chloramphenicol and positive surface of fBC 386 

(zeta potential was positive) might repel each other and sorption of this degraded product was 387 

not favorable. At low pH, different chloramphenicol Kd values were obtained for biochar, fBC-388 

1 and fBC-2, indicating that the degradation of chloramphenicol was not pronounced but 389 

comparable (Fig. 2). It can be concluded that sorption of chloramphenicol was mostly favoured 390 

by EDA interactions at low pH. 391 

At pH 4.0 to 4.5 392 

Chloramphenicol has three hydrogen bond donors and five hydrogen bond acceptor groups in 393 

its structure. Aqueous solution of chloramphenicol is neutral and hydrolysis does not occur 394 

rapidly at room temperature in the pH 2 to 7 range (Higuchi et al., 1953). We have carried out 395 

separate experiments for the dissociation of chloramphenicol at pH range from 1.5 to 10.0 and 396 

found that chloramphenicol concentration was almost same in all pH except only ~10% 397 

reduction at pH ~4.5.  And this was might be due to the pKa value of chloramphenicol.  At pH 398 

4.5, maximum Kd value is mostly due to electrostatic interactions. Proton exchange with water 399 

molecules is unfavorable (equation 5) by leaving the -OH group in solution, so the solution pH 400 

should increase (Ahmed et al., 2017b; Teixidó et al., 2011). However, in our experiments, the 401 

pH shifted towards the acidic region following adsorption. The proton transfer free energy was 402 

calculated using ∆𝐺𝐻+𝑒𝑥𝑐ℎ1
0 = −𝑅𝑇 𝑙𝑛(𝐾𝑎1/𝐾𝑎𝑤) and found to be +45.5 kJ mol-1, where Kaw is 403 

the water dissociation constant for chloramphenicol. Furthermore, proton transfer is likely to 404 

be unfavorable by at least 15 kJ mol-1 at 293 K and pH 5 (Teixidó et al., 2011; Pan et al., 2008). 405 

Thus, the decrease in equilibrium solution pH was due to release of proton from fBC-2 surface 406 

carboxylic groups (pKa value ~4.0-5.0) as well as from chloramphenicol functional groups (pKa 407 
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value ~5.50) although deprotonation of water molecule release –OH in the solution which might 408 

be neutralized by protons release from fBC-2 and chloramphenicol and the total interactions 409 

can be written as (Chloramphenicol O-……H+….-OOC-fBC-2). Thus, overall the stabilization 410 

of the sorption complex can be obtained by releasing protons from surface functional groups 411 

and forming a strong CAHB. Hydrogen bonds among surface carboxylic groups, hydroxyl 412 

groups and quaternary nitrogen functional groups of fBC-2 and hydroxyl groups, nitro groups 413 

of chloramphenicol also play a major role in the maximum sorption at this pH (case III, 414 

reaction 6).  415 

Chloramphenicol + H2O + fBC = Chloramphenicol+ …fBC + OH-          (5) 416 

Chloramphenicol + fBC = Chloramphenicol+….fBC-                              (6) 417 

EAA interaction for –COOH group may not occur within this pH range as –COOH takes 418 

part in CAHB formation. Additionally, CAHB formation with the surface hydroxyl group of 419 

biochar was not possible due to higher pKa value. It is noted that maximum sorption of any 420 

organic species is observed near a pH where pKa lies within narrow limits. To test the π-π EDA, 421 

EAA and EDD hypothesis, we also performed competitive effect on chloramphenicol sorption. 422 

The results are presented in Figs 6b and 7. It is noticeable that, fBC-2 surface functional groups 423 

such as –COOH (due to matched pKa value of surface –COOH groups) and C=O can act as π-424 

electron acceptor sites whereas arene unit can act as π-electron donor site (Fig. 5). Thus, in this 425 

case both interactions are preferable at this pH range if solutions are provided with both 426 

acceptor and donor competitors. Figure 6b clearly shows that PABA and phenanthrene strongly 427 

interacted with fBC-2 by suppressing chloramphenicol adsorption significantly. However, 428 

PABA was found to have comparative highly competitors than phenanthrene. This kind of 429 

interactions can be written simply as π- π EDA interactions due to following reasons: PABA as 430 

acceptor and fBC-2 arene unit as donor; phenanthrene as donor and fBC-2 surface carboxylic 431 

groups and C=O groups as acceptor; π- π EAA interactions due to PABA as acceptor and fBC-432 

2 surface carboxylic groups and C=O as acceptor; and finally, π-π EDD interactions due to 433 
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phenanthrene as donor and fBC-2 arene unit as donor. However, EDA interactions was the main 434 

reason with hydrogen bonds formations which can be confirmed from Fig. 7, which shows the 435 

strong adsorption of PABA and phenanthrene with fBC-2 due to EDA interactions that clearly 436 

support the previous explanations. Moreover, electrostatic attraction with opposite charged 437 

quadrupoles (fBC-2 as negative and Ca2+ as positive) were also observed as sorption of 438 

chloramphenicol reduce nearly ~18% in presence of 0.005 M L-1 CaCl2 in the solution while 439 

presence of anion (PO43-) in solution did not bring any significance chloramphenicol sorption 440 

reduction. 441 

 Moreover, based on Raman spectra, it was found that the D to G band peak intensity ratio 442 

(ID/IG) significantly decreased after sorption (Fig. 1b). This clearly indicated strong interaction 443 

among surface functional groups and chloramphenicol molecules. FTIR peak shifted to a point 444 

where C=O (~1720 cm-1) or –COOH functional groups (~1028 cm-1) as well as –OH groups 445 

(3400-3800 cm-1) were located due to sorption of chloramphenicol onto functionalized biochar 446 

surfaces (Fig. 1a). Thus, maximum sorption of chloramphenicol in this pH range was due to 447 

the formation of CAHB and weak hydrogen bonds along with mainly EDA interactions in fBC.   448 

At pH above 7.0 449 

 At pH above 7.0, Kd values decreased when the pH of the solution was increased. However, 450 

the negatively charged biochar surface (zeta potential was highly negative) could still sorb 451 

chloramphenicol. This was mainly due to the formations of CAHB and weak hydrogen bonds 452 

among surface hydroxyl groups of biochar, aromatic nitro group and hydroxyl groups in 453 

chloramphenicol. The pKa value of the surface hydroxyl group in carbon-based sorbents lay 454 

within 7-10. The only possible way was to form CAHB (Case IV, Fig. 5). EDA was not 455 

favorable at this pH since the hydroxyl group was deprotonated. In addition, EAA could be 456 

possible due to unchanged –COOH groups on the biochar surface (Case II, 1st part). To 457 

elucidate the EDA, EAA and EDD interaction mechanisms, competitors were introduced into 458 

solution at this pH range, and results (Figs 6c and 7) clearly showed that PABA and 459 
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phenanthrene had insignificant effect on the overall sorption of chloramphenicol. Hence, EDA, 460 

EAA and EDD interactions would have insignificant influence at this pH due to the fact that 461 

both surface hydroxyl groups of fBC-2 and phenanthrene acted as π-electron donor. Thus, their 462 

repulsive force was stronger than attractive forces. On the other hand, fBC-2 arene unit might 463 

function as π-electron donor site whereas chloramphenicol and PABA act as π-electron acceptor 464 

sites hence sorption of chloramphenicol remains stable (Fig. 6c). Interestingly, PABA sorption 465 

was significant in the absence of chloramphenicol. Hence, EDA might play a role in the overall 466 

sorption rather than EAA and EDD interactions. Moreover, the presence of anion (PO4
3-) in 467 

solution did not bring any significant increase in chloramphenicol sorption compared to without 468 

competitors. However, the presence of Ca2+ in solution caused a reduction in the sorption of 469 

chloramphenicol to some extent indicating the role of electrostatic attraction to oppositely 470 

charged ions (data not presented). 471 

 Based on the results of FTIR, chloramphenicol interacted with surface –OH which led to 472 

the increase of absorbance indicating the formations of hydrogen bonds. Moreover, the Raman 473 

spectra intensity band ratio (ID/IG) also decreased suggesting that the –OH group played a major 474 

role in the sorption of chloramphenicol. As well, at high pH, chloramphenicol might also 475 

produce chloride ions in solution through hydrolysis (equation 7) (Higuchi et al., 1954).  476 

−𝑁𝐻 − 𝐶𝑂 − 𝐶𝐻𝐶𝑙2
−𝑂𝐻
⇔  −𝑁𝐻 − 𝐶𝑂 − 𝐶𝐻(𝑂𝐻)2  (7) 477 

Thus, chloramphenicol sorption at this pH range mainly occurred through hydrogen bond 478 

formation with little contribution from EDA interactions. 479 

 480 

3.5. Application in different water at environmentally relevant concentrations 481 

The fBC-2 was applied to remove chloramphenicol (3.10 μM L-1) from different water types. 482 

Pronounced differences in the removal efficiencies were observed for different water types in 483 

the sorption of chloramphenicol (Fig. 8a). However, synthetic wastewater had a highly negative 484 

influence on the overall removal of chloramphenicol by fBC-2 followed by lake and deionized 485 
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water. This might be due to the presence of different species (inorganic and organic) that were 486 

unfavorable for the comparative faster sorption of chloramphenicol from synthetic wastewater. 487 

For example, the presence of humic substances (discussed earlier) had negative influence on 488 

chloramphenicol sorption. Synthetic wastewater used in this study contained different organic 489 

materials (such as peptone, beef extract, humic acid, tannic acid, arabic acid, sodium lignin 490 

sulphonate, acacia gum powder) and inorganic (KH2PO4 and MgSO4.3H2O) species. Thus, it 491 

was assumed that similar kinds of interactions with humic acid could happen in the case of 492 

synthetic wastewater. In addition to this, we have separately carried out chloramphenicol 493 

sorption experiments in the presence of sodium lignin sulphonate and acacia gum powder using 494 

the same synthetic wastewater composition and same conditions, and observed that the presence 495 

of these substances significantly hindered the sorption of chloramphenicol by ~50%. In 496 

comparison with deionized water, the removal of same amount of chloramphenicol from 497 

synthetic wastewater required a higher dosage of fBC-2 and also longer contact time (Fig. 8a). 498 

Control experiments in the absence fBC with different water matrices showed that there was no 499 

loss of chloramphenicol. On the other hand, fBC-2 needed less contact time and at a low dosage 500 

for the complete removal of chloramphenicol from lake water than synthetic wastewater. This 501 

indicated that lake water may contain fewer competitive ions or species than synthetic 502 

wastewater. In the case of deionized water, the removal of chloramphenicol was most effective 503 

which needed the least dosage of biochar. This is because deionized water does not contain any 504 

competitive species whether organic or inorganic. Hence the sorption of chloramphenicol was 505 

high and lower dosage of biochar was required. The trend for removing environmentally 506 

relevant concentrations of chloramphenicol followed the order: deionized water > lake surface 507 

water > synthetic wastewater. However, the removal of chloramphenicol from different water 508 

matrices can be improved by using higher concentration of biochar and by employing longer 509 

contact time (~48-60 h). Hence, fBC-2 can be successfully applied for the removal of 510 

environmentally relevant concentrations of chloramphenicol from water and wastewater. 511 
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 512 

3.6. Fingerprinting effect, regeneration and reusability of fBC-2 513 

Chloramphenicol that was sorbed onto fBC-2 surface was desorbed using either methanol as 514 

solvent in order to regenerate fBC or, heated directly to regenerate fBC-2. The percentage of 515 

chloramphenicol desorption by methanol (two cycles on average) from fBC-2 was found to be 516 

~91%, ~86% and ~89.2% for deionized water, synthetic wastewater and lake water, 517 

respectively (Fig. A.1). The results indicated that fBC-2 had specific sites or specific functional 518 

groups on its surface that interacted with chloramphenicol repeatedly, which clearly indicated 519 

some kind of “fingerprinting effect” (Westdijk et al., 2017). The successful cycles of application 520 

and desorption of chloramphenicol using fBC-2 showed almost the same results as those of 521 

virgin fBC-2.  522 

This fingerprinting effect can be confirmed by the thermal regeneration studies of fBC-2. 523 

For this reason, fBC-2 was thermally regenerated and tested under the same conditions as 524 

freshly prepared fBC-2. Regeneration ability was repeated for six cycles and it emerged that 525 

fBC-2 can maintain excellent reusability with undiminished removal efficiencies (almost 100% 526 

under same contact time and same dosages) up to the 6th cycle of application (Fig. 8b). It is 527 

evident that due to thermal regeneration, chloramphenicol antibiotic was sorbed onto specific 528 

sites or with specific functional groups (-OH, -COOH or –C=O groups confirmed by Raman 529 

spectra) of fBC-2. This can be explained by two facts. Firstly, chloramphenicol molecules that 530 

were sorbed onto the fBC-2 surface or functional groups had to emerge during thermal 531 

treatment and leave the functional groups or surface intact as they were before. Therefore, 532 

further application of regenerated fBC-2 for chloramphenicol sorption was accelerated. 533 

Secondly, thermal regeneration of fBC-2 at 300 oC might have created some new binding sites 534 

which may have accelerated the sorption process. However, this kind of outcome might not be 535 

significant since the functionalization of biochar was carried out at 600 oC and an increase in 536 

surface porosity theoretically may not be feasible below that temperature. Furthermore, no 537 
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significant change in biochar weight was noticed after regeneration. So, it can be suggested that 538 

chloramphenicol sorption on fBC-2 was highly site specific producing a fingerprinting effect, 539 

which was favorable for chloramphenicol removal and subsequent regeneration for repeatable 540 

applications. 541 

From the findings it can be stated that fBC-2 can be successfully regenerated and reused 542 

for compete sorption of chloramphenicol. This type of functionalization of different 543 

carbonaceous materials is very efficient for the removal of organic contaminants from water 544 

and wastewater. Previous study also confirmed the efficient removal of three sulfonamide 545 

antibiotics in single and competitive modes (Ahmed et al., 2017b) using fBC. In addition, fBC-546 

2 or the functionalization of other carbonaceous materials utilizing the same method can 547 

generate more cost effective sorbents for the removal of different types of emerging organic 548 

contaminants. 549 

 550 

4. Conclusions 551 

The sorptive removal of chloramphenicol by fBC was very effective in different water types. 552 

The removal of chloramphenicol was pH dependent and maximum sorption occurred in the pH 553 

4.0-4.5 range. The removal of chloramphenicol was described better by the Langmuir isotherm 554 

model than the Freundlich isotherm model. Sorption of chloramphenicol onto fBC-2 was 555 

significantly influenced by humic acid, salt concentration and different water properties.  The 556 

removal of chloramphenicol was higher in deionized water followed by lake water and synthetic 557 

wastewater. Kd was decreased by ~70% when humic acid concentration was increased from 0.5 558 

to 40 mg L-1. The presence of low concentration of salts and soil resulted in increasing Kd values 559 

while high concentration of salts and soil led to decreasing Kd values. The sorption of 560 

chloramphenicol onto fBC involved mainly EDA interactions at pH < 2.0; formation of CAHB 561 

and hydrogen bonds in addition to EDA in the pH 4.0-4.5; and CAHB and EDA interactions at 562 

pH > 7.0. fBC-2 can be regenerated with excellent reusability up to many cycles for the efficient 563 
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removal of chloramphenicol due to creating the fingerprint effect onto specific sites of fBC-2. 564 

Finally, fBC-2 or functionalization of other carbonaceous materials with the same method can 565 

potentially generate better sorbents for the removal of similar organic contaminants in a 566 

sustainable manner. 567 
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