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Abstract 22 

The knowledge on the sorption behaviour of antibiotics on nanomaterials is limited, especially 23 

regarding the reaction mechanism on the surface of carbon nanomaterials, which may 24 

determine both the adsorptive capacity and regeneration efficiency of graphene adsorbers. In 25 

this work, we used molecular modelling to generate the most comprehensive (to date) 26 

adsorption dataset for pristine and functionalised graphene interacting with 8 β-lactams, 3 27 

macrolide, 12 quinolone, 4 tetracycline, 15 sulphonamide, trimethoprim, 2 lincosamide, 2 28 

phenicole and 4 nitroimidazole antibiotics, and their transformation products in water and n-29 

octanol. Results show that various non-covalent interactions that operate simultaneously, 30 

including van der Walls dispersion forces, π-interactions, hydrophobic interaction and 31 

hydrogen bonding, facilitate adsorption. The molecular properties of antibiotics and 32 

graphene/graphene oxide, as well as the composition of the background solution regulate the 33 

magnitude of these interactions. Our findings demonstrate that the most efficient method for 34 

the removal of antibiotics from aquatic environments is the use of graphene at environmental 35 

pH. The subsequent regeneration of the sorbent is best achieved through washing with slightly 36 

basic (pH 8-10) non-polar solvents. The obtained theoretical insights expand and complement 37 

experimental observations and provide important information that can contribute to further 38 

exploration into the adsorbent properties of graphene-based materials, and towards the 39 

development of predictive adsorption models. 40 

 41 

 42 

Keywords: pharmaceuticals, density functional theory, nanomaterials, adsorption, water and 43 

wastewater treatment. 44 
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Introduction 46 

The omnipresence of both narrow and broad-spectrum antibiotics in the environment around 47 

the world is a well-established fact. Accordingly, a large number of studies have reported on 48 

the occurrence of antibiotics in natural and engineered aquatic environments(Kovalakova et 49 

al., 2020; Kümmerer, 2009). The continued pressure of antibiotics on aquatic environments 50 

has resulted in alterations of bacterial community composition, the emergence of antibiotic 51 

resistant bacteria, and their uptake by aquatic plants and animals(Previšić et al., 2021; Rizzo 52 

et al., 2013; van der Grinten et al., 2010; Wang et al., 2020). The presence of broad-spectrum 53 

antibiotics is currently recognized as a very serious public health concern due to the 54 

disappearance of some microbial populations and their ecological functioning, as well as risks 55 

associated with antibiotic resistome, toxic effects on higher trophic level organisms and the 56 

transport of antibiotics to terrestrial ecosystems(Previšić et al., 2021; Rizzo et al., 2013; van 57 

der Grinten et al., 2010; Wang et al., 2020). This has spurred research on many processes that 58 

may be applied for the remediation of antibiotics from natural and engineered aquatic 59 

environments, as the issue is expected to grow in importance with time (Phoon et al., 2020). 60 

The processes explored for the removal of antibiotic contaminants include adsorption(Sophia 61 

et al., 2016), advanced oxidation processes(Thakur and Kandasubramanian, 2019), 62 

biodegradation(Baselga-Cervera et al., 2019), membrane filtration(Wang et al., 2016) and 63 

reverse osmosis(Albergamo et al., 2019). Of these, adsorption offers a simple and easily 64 

implementable method for (waste)water treatment. Carbon nano-materials (CNMs), such as 65 

graphene and graphene oxide, have emerged as efficient adsorbents for the remediation of 66 

(waste)waters (Ersan et al., 2017; Sophia et al., 2016). Also, the presence of an efficient nano-67 

sorbent was shown to greatly benefit other wastewater treatment processes such as 68 

persulphate-based oxidation (Zhou et al., 2020) and photocatalysis (Rahnama et al., 2021). 69 

Consequently, the exploration of graphene-based materials as next-generation adsorbents for 70 
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the treatment of waters and wastewaters impacted by antibiotics has been intensified in recent 71 

years.  72 

The use of graphene-based materials for the adsorption of various antibiotics has been 73 

reported in literature(Ersan et al., 2017; Yu et al., 2016). Experimental studies have reported 74 

on the kinetics and thermodynamics of the adsorption of some members of tetracycline (Gao 75 

et al., 2012; Lin et al., 2013; Rostamian and Behnejad, 2018), quinolone (Zhu et al., 2015), 76 

and the sulphonamide(Chen et al., 2015; Rostamian and Behnejad, 2016) family onto CNMs. 77 

Studies agree that graphene-based materials exhibit a large adsorption capacity towards the 78 

studied antibiotics. In addition to the intrinsic properties of the adsorbent in use, most of the 79 

studies agree on the significant effect of solution pH, ionic strength and temperature on the 80 

adsorption of antibiotics. Adsorption interactions are categorized as physisorption caused by 81 

the non-covalent interactions between antibiotics and graphene-based materials. However, the 82 

actual nature of non-covalent interactions, i.e. electrostatic, hydrogen bonds, hydrophobic, 83 

Van der Waals (vdW) or π interactions and their relative contributions is widely speculated. 84 

The contribution of hydrophobic interactions, explored through adsorption in different 85 

solvents e.g. n-octanol, has also received little attention given their importance in adsorbent 86 

regeneration and possible adsorbate transport effects. Several recent reviews on this topic 87 

have emphasized that “a clear understanding of the reaction mechanism on the surface of 88 

carbon nanomaterials is crucial to the design of carbon adsorbers since these reactions may 89 

determine both the adsorptive capacity and regeneration efficiency of carbon adsorbers and 90 

ultimately their economic viability”(Ersan et al., 2017; Sophia et al., 2016; Yu et al., 2016). 91 

Although scarce, computational approaches have been shown to facilitate understanding of 92 

the fundamental mechanism regarding the adsorption of some aromatic compounds and   93 

pharmaceutically active compounds on the surface of carbon nanomaterials(Ai et al., 2019; 94 

Alammar et al., 2020; He et al., 2018; Ivanković et al., 2021; Jauris et al., 2016; Song et al., 95 



5 
 

2016; Tang et al., 2020; Zhang et al., 2016). In addition to providing a fundamental 96 

understanding of adsorption on these materials, computational approaches may reveal the 97 

influence of the level of graphene-based materials oxidation, solution pH and solvent polarity 98 

to the overall adsorption(Ivanković et al., 2021). These approaches also enable us to use 99 

models of graphene oxide with a consistent degree of oxidation which has been difficult to 100 

achieve experimentally since slight modifications to the commonly used Hummers’ method 101 

lead to differences in both degree of oxidation and adsorption properties of the resultant 102 

nanomaterial(Kang et al., 2016; Luo et al., 2015; Morimoto et al., 2017; Yadav and Lochab, 103 

2019).  104 

The aim of this work is to fill the current knowledge gap and provide a molecular level details 105 

of the  adsorption of 51 antibiotics (most of them not studied so far) on graphene and 106 

graphene oxide in water and n-octanol following our earlier uniform and adequate theoretical 107 

framework used for modeling the adsorption of pharmaceutically active compounds (not 108 

antibiotics) on several CNMs(Ivanković et al., 2021). Adsorption process is broken down by 109 

antibiotic classes allowing integrated comparison of the antibiotic compounds with 110 

significantly different physico-chemical properties. In addition, we aim to contribute to the 111 

enlargement of the graphene based nanomaterials adsorption database for sorbent/sorbate 112 

systems for which experimental data is either difficult or enduring to acquire. Obtained results 113 

are expected to assist in the “tuning” of the adsorption of antibiotics on graphene-based 114 

materials, and to help with risk assessment and pollution control of both graphene-based 115 

materials and antibiotics. 116 

  117 
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Materials and methods 118 

Selection of antibiotics 119 

Several hundred different antibiotic substances are used in human and veterinary medicine 120 

(Kovalakova et al., 2020; Kümmerer, 2009). Recent overviews of antibiotic use have shown 121 

that in the European region the most prescribed antibiotics correspond to the β-lactam, 122 

macrolide, quinolone, tetracycline, sulphonamide (including trimethoprim) and lincosamide 123 

classes(Adriaenssens et al., 2011; Brauer et al., 2016; Versporten et al., 2014). In the 124 

European Union as well as in the United States, 50% of all antibiotics prescribed annually are 125 

used in human medicine, while the other 50% have applications in veterinary medicine, 126 

agriculture and aquaculture (Kovalakova et al., 2020; Kümmerer, 2009). In addition to the 127 

aforementioned classes, phenicole and nitroimidazole class antibiotics are extensively used 128 

for food-producing animals. Although their use has been restricted in many locations, the 129 

residues of these antibiotics continue to be detected in food items and the environment 130 

(Hassan et al., 2013; Kümmerer, 2009). Taking into consideration the data on their use and 131 

occurrence in water and wastewater environments, we selected a representative dataset of 8 β-132 

lactams, 3 macrolides, 12 quinolones, 4 tetracyclines, 15 sulphonamides, trimethoprim, 2 133 

lincosamides, 2 phenicole and 4 nitroimidazoles. The selected antibiotics and their properties 134 

are listed in table S1 Supplementary information (SI).  135 

 136 

Model building 137 

Models of the selected antibiotics and nanomaterials were built using GausView 6.0 138 

software(Dennington, Roy; Keith, Todd A.; Millam, 2016). Geometry optimizations were 139 

then performed at the B3LYP-D3 / 6-31 G(d) level of theory in water (ε = 78.3553) and n-140 

octanol (ε = 9.8629) using the SMD implicit solvation model at 298 K and 1 bar(Becke, 1993; 141 
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Grimme et al., 2010; Marenich et al., 2009; Stephens et al., 1994). Harmonic frequency 142 

analysis was done to confirm that the obtained structures were minima on the potential energy 143 

surface. Protons were added or removed from the antibiotic models as was required to 144 

simulate different solution pH based on the functional groups and pKa of the antibiotic, listed 145 

in table S2. 146 

Graphene and graphene oxide sheets were represented by models of varying sizes that contain 147 

from 54 to 144 and from 54 to 140 carbon atoms, respectively. Passivation of model edges 148 

was achieved by the addition of hydrogen atoms. Graphene oxide models contain hydroxyl 149 

and epoxide functional groups, but not carboxyl functional groups, as is appropriate for a low 150 

degree of oxidation(Morimoto et al., 2016). Models of graphene oxide were not adjusted for 151 

pH because, while they are representative at acidic and neutral pH, the removal of protons 152 

required to model graphene oxide at pH > 9.8 results(Konkena and Vasudevan, 2012) in great 153 

difficulties with the convergence of the SCF procedure that is an integral part of the 154 

calculation of model energies, therefore pH ranges considered in this work stop at pH 10. 155 

Other approaches to obtaining SCF convergence such as quadratic convergence procedures, 156 

while possible, incur an unfeasibly large computational cost given the size and number of the 157 

adsorption complexes studied. Nanomaterial models of different sizes were constructed to 158 

decrease the computational cost of adsorption complexes constructed with smaller antibiotic 159 

models where little benefit to accuracy would be achieved through the use of large 160 

nanomaterial models. The size effect of graphene models introduced by this approach was 161 

shown to have negligible impact on calculated binding energies.(Daggag et al., 2019) 162 

 163 
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Adsorption Complexes 164 

Models of adsorption complexes were generated using a three-step process following the 165 

procedure described in our previous publication(Ivanković et al., 2021). Briefly, antibiotic 166 

models were placed above the center of an adequately-sized nanomaterial model in six 167 

possible orientations. Following this, all preliminary adsorption complexes were subject to 168 

geometry optimization by the PM6-D3H4 semi-empirical method with the use of the COSMO 169 

implicit solvation model as reasonable accuracy was shown to be achievable by this 170 

method(Sedlak et al., 2013). Of the six preliminary adsorption complexes, the most stable, in 171 

which no bonding or hydrogen transfers occurred, were used as input for further geometry 172 

optimizations at the B3LYP-D3 / 6-31 G(d) level of theory in water (ε = 78.3553) and n-173 

octanol (ε = 9.8629) using the SMD implicit solvation model(Marenich et al., 2009). The final 174 

geometries were confirmed as minima by harmonic frequency analysis. The level of theory 175 

employed in this procedure represents an excellent trade-off between the accuracy and 176 

computational cost of describing dispersion dominated supramolecular complexes, as shown 177 

in comparison against the QCISD(T)/CBS method(Sedlak et al., 2013). 178 

 179 

Computational details 180 

Adsorption enthalpy (ΔH), which indicates the intensity of interaction between the antibiotic 181 

and CNM surface, was derived according to the following equation: 182 

                                     

where Hcomplex is the enthalpy of the adsorption complex, Hantibiotic is the enthalpy of the 183 

antibiotic, HCNM is the enthalpy of CNM, and BSSE is the basis set superposition error 184 

correction. Counterpoise correction(Boys and Bernardi, 1970; Simon et al., 1996) was used to 185 

calculate the basis set superposition error and compensate for it. Gibbs free energy (ΔG) of 186 
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adsorption was calculated analogously to the adsorption enthalpy (ΔS), using the harmonic 187 

oscillator approximation, with the addition of the correction for the change from gas-phase at 188 

1 atmosphere of pressure to liquid-phase at 1 M concentration. Iogansen’s 189 

relationship(Iogansen, 1999) was used to calculate the enthalpies of the formation of 190 

hydrogen bonds from the redshift of donor – hydrogen stretching vibrations in cm
-1

, which 191 

was possible only for hydrogen bonds - the formation of which resulted in a redshift larger 192 

than 40 cm
-1

. Calculated hydrogen bond enthalpies of formation were summed for each 193 

adsorption complex: 194 

          √            

          ∑         

All semi-empirical calculations were performed using Mopac2016 software (MOPAC2016, 195 

James J. P. Stewart, Stewart Computational Chemistry, Colorado Springs, CO, USA),
 
while 196 

DFT calculations were performed using Gaussian 16(Frisch et al., 2016). 197 

 198 

Performance against experimental data 199 

The comparison of computed vs. reference values of Gibbs free energy of adsorption, when 200 

available, is presented in Table S3 - SI. The data show a mean signed error of -0.79 kJ mol
-1

 201 

and mean unsigned error of 7.90 kJ mol
-1

 which compares favourably with the performance of 202 

the SMD model in the solvation free energies at the B3LYP-D3 / 6-31 G(d) level of theory for 203 

ions in water(Marenich et al., 2009). At this point it should be noted that the used graphene 204 

and graphene oxide structures are single sheet of uniform size and have a homogeneous 205 

surface and strictly defined functional groups comparing to wrinkles, folds, vacancies and 206 

non-uniformly distributed functional groups of real life nanomaterials(Ersan et al., 2017). 207 
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Adsorption in real wastewater treatment systems is also influenced by effects such as ionic 208 

strength of the solution and competitive adsorption of other ions and molecules present in the 209 

solution. The study of these effects is a topic into itself and falls beyond the scope of this 210 

work even if they may account for possible discrepancies between experimental and 211 

theoretical values. However, the strong agreement with reference experimental data, in 212 

addition to the previous successful application of this model(Ivanković et al., 2021), verifies 213 

the ability of the model to reproduce experimental results adequately. 214 

  215 
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Results and discussion 216 

Adsorption mechanism 217 

The results of the adsorption energies suggest a strong adsorption affinity of both graphene 218 

and hydroxylated graphene for the antibiotics. The studied antibiotics are spontaneously 219 

adsorbed onto the studied materials as indicated by generally negative ΔG values (the 220 

computed thermodynamic parameters are listed in Table 1 and Table S4 - SI due to large 221 

amount of data provided). Negative ΔH and ΔS values indicate an exothermic nature of the 222 

adsorption associated with ordering. While antibiotics are indeed spontaneously adsorbed 223 

onto nano-materials, their affinities vary between different classes and individual compounds. 224 

The magnitude of adsorption depends on the interplay between several non-covalent 225 

interactions such as van der Waals, π-interactions, hydrogen bonding, Coulombic ionic and 226 

hydrophobic interactions. In this respect, the relationship between certain categories of non-227 

covalent interactions and adsorption energy was analysed. 228 

 229 

Table 1 Gibbs free energies (in kJ mol
-1

) of adsorption of antibiotics at pH 7 and 298 K. 230 

Antibiotic 
ΔGgraphene ΔGgraphene oxide ΔGgraphene ΔGgraphene oxide 

water n-octanol 

Macrolides 
    

Azithromycin -77.5 -55.2 -84.2 -135.9 

Clarithromycin -78.3 -6.3 -43.0 -31.4 

Erythromycin -75.5 15.6 -58.3 -38.0 

β-lactams 
    

Cefalexin 1.4 6.6 11.4 -2.8 

Oxacillin -33.6 1.9 16.5 13.8 

Penicillin G -24.9 -26.2 0.0 -11.8 

Amoxicillin 1.0 -5.2 18.6 -25.1 

Ampicillin -14.5 -24.1 2.1 -45.2 

Cefuroxime -48.2 -42.2 -12.0 -48.1 
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Cloxacillin -39.2 -25.9 -13.2 31.7 

Dicloxacillin -9.8 2.0 -4.7 15.7 

Quinolones 
    

Ciprofloxacin -40.7 -6.6 -1.0 -23.3 

Flumequine -7.0 -5.7 19.6 -0.3 

Marbofloxacin -8.7 -11.0 -4.7 -45.9 

Nalidixic acid -33.7 -31.6 -16.4 -29.8 

Norfloxacin -30.5 111.6 0.2 -2.2 

Ofloxacin -34.5 -19.1 -9.6 -1.9 

Oxolinic acid -22.4 5.8 4.0 -1.6 

Pipemidic acid -36.6 -22.1 0.2 -17.1 

Enrofloxacin -47.4 -13.8 -21.0 -27.0 

Enoxacin -36.4 3.2 37.6 -10.1 

Danofloxacin -17.3 -4.5 -1.6 -51.4 

Difloxacin -48.5 -31.4 -17.3 27.2 

Nitroimidazoles 
    

Dimetridazole -3.4 13.9 10.3 19.8 

Metronidazole -10.7 10.5 9.4 15.2 

Ronidazole -7.8 6.5 3.5 1.3 

Metronidazole-OH -4.9 30.2 5.2 7.7 

Phenicoles 
    

Florfenicol -20.1 -11.0 -2.1 2.3 

Chlorampenicol -35.0 -21.8 -15.8 -23.0 

Sulphonamides 
    

N(4)-acetyl sulfadiazine -10.0 -12.8 20.0 1.1 

N-acetyl sulfamethoxazole -17.3 18.7 10.3 21.1 

N-acetylsulfapyridine -35.1 -10.9 -17.4 5.1 

Sulfabenzamide -10.9 -6.2 22.5 8.9 

Sulfadiazine 7.8 -5.4 13.7 -2.5 

Sulfadimetoxine -11.0 -8.6 12.9 20.8 

Sulfadimidin -19.3 3.1 -1.1 27.0 

Sulfamerazine -15.0 17.6 -13.4 -27.7 

Sulfamethizole -1.3 10.2 19.9 -19.9 

Sulfamethoxazole -6.2 -4.1 20.5 -0.5 

Sulfamethoxypyridazine -13.5 -7.5 13.3 -1.9 

Sulfaquinoxaline -16.9 -16.8 14.6 17.5 
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Sulfasalazine -74.3 -32.5 -52.3 -70.1 

Sulfathiazole -18.5 20.9 -5.5 -93.0 

Sulfisoxazole -2.9 10.3 11.0 22.2 

Tetracyclines 
    

Oxytetracycline -47.7 -29.2 -26.0 -11.3 

Tetracycline -41.0 -20.6 -23.0 -84.8 

Chlorotetracycline -56.5 -18.1 -23.8 -11.3 

Doxycycline -64.8 -14.9 -33.6 -39.0 

Trimethoprim 
    

Trimethoprim -24.0 -39.4 -18.4 -56.8 

Lincosamides 
    

Lincomycin -43.5 -13.9 -20.9 -12.8 

Clindamycin -31.9 -30.2 -8.1 3.2 

 231 

 232 

van der Waals dispersion 233 

Average molecular polarizability has been proven to be a convenient and straightforward 234 

approximation to assess the contribution of vdW dispersion interactions to the enthalpy of 235 

adsorption in the absence of computationally expensive energy decomposition 236 

analysis(Gowtham et al., 2008; Lata and Vikas, 2021). Here, Spearman correlation, the use of 237 

which is clearly demonstrated by T. D. Gauthier(Gauthier, 2001), was used to assess the 238 

contribution of vdW interactions to adsorption enthalpy. A moderate to strong correlation was 239 

detected in the case of graphene in water (rs = -0.6, p < .05) while lower correlations were 240 

seen for graphene oxide in water (rs = -0.36, p < .05). The reduced contributions of vdW 241 

interactions to the enthalpy of adsorption from graphene to graphene oxide were expected as 242 

the hydroxyl-containing functional groups of graphene oxide disrupt the sp
2
-bonded 243 

hexagonal honeycomb structure of graphene and introduce the possibility of hydrogen 244 

bonding. As noted in our previous publication (Ivanković et al., 2021), oxygen functional 245 

groups introduce sp
3
 carbons onto the surface of graphene which lower the isotropic 246 
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polarizability of the graphene oxide layer (in comparison with the pristine graphene layer). In 247 

addition, the presence of hydroxyl groups and the subsequent formation of intermolecular 248 

hydrogen bonds result in an increase in the average distance between graphene flake and 249 

antibiotics by 1.2 Å, causing van der Waals attraction forces to exponentially drop. It is 250 

interesting to note that antibiotics display a greater distance (by 0.5 Å) compared to the non-251 

antibiotic pharmaceuticals used in our previous study (Ivanković et al., 2021). This can be 252 

attributed to the steric effect, since antibiotics are larger molecules and on average have more 253 

functional groups. In n-octanol, we note the lower contribution of overall vdW interactions to 254 

adsorption enthalpy for both graphene and graphene oxide (rs = -0.45, p < .05, rs = -0.26, p < 255 

.05, respectively) due to the lower polarizability of molecules in n-octanol and the increased 256 

contribution of hydrogen bonds, as shown later. When the correlation is done separately for 257 

differently charged antibiotic entities (data in Table S5 - SI), we note that neutral and anionic 258 

molecular entities exhibit a stronger correlation than cationic. This can be reasoned by the 259 

denser electron clouds of cations which are not so easily polarized compared to e.g. the 260 

electron clouds of negative ions that contain excess electrons. For graphene in water, 261 

however, the Spearman correlation coefficients for anionic entities are lower than those 262 

obtained for cationic entities. We believe that the culprit is a noisier anionic dataset, since 263 

linear regression of the same data gives a steeper slope for anions than for cations. 264 

 265 

π interactions 266 

Interactions between π systems of adsorbate and adsorbent molecules are commonly thought 267 

to play a major role in the overall binding mechanism of antibiotics and other 268 

pharmaceutically active molecules(Peng et al., 2016; Tang et al., 2018; Zhang et al., 2019). In 269 

recent work, we found that pharmaceutically active molecules containing two aromatic rings 270 

had a lower enthalpy of adsorption on graphene than those containing one aromatic ring; 271 
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however, no significant difference was found for adsorption on graphene oxide(Ivanković et 272 

al., 2021). To examine whether this is valid for the adsorption of neutral antibiotic molecules 273 

on graphene and graphene oxide, average enthalpies of adsorption were calculated for groups 274 

containing zero, one and two aromatic rings and compared successively by Welch’s t-test, 275 

Fig. 1 (and Table S6 - SI). Although a trend of increasing adsorption complex stability with 276 

the increase in number of aromatic rings is visible on graphene, no group showed significantly 277 

different adsorption enthalpy than the one adjacent to it on both nanomaterials in both 278 

solvents. Although this result was unexpected at first, it was clarified by examining the 279 

conformations of adsorption complexes. The group of molecules containing no aromatic rings 280 

was mostly comprised of macrolide antibiotics which, due to their size, experienced strong 281 

vdW interactions with the flat surface of graphene. Antibiotic molecules containing one 282 

aromatic ring commonly achieved parallel stacking of that ring with graphene (Fig. S1 SI), 283 

whereas molecules containing two aromatic rings were unable to do so for both of the rings as 284 

the structure of the explored antibiotics does not enable them to assume the conformations 285 

necessary for both rings to be parallel to the nanomaterial surface, Fig. 2 a). On graphene 286 

oxide, although the percentage of carbon atoms not bonded to oxygen atoms was on average 287 

74%, no single area of sufficient size for a phenyl fragment to stack neatly on top of it 288 

remained. This, in conjunction with the possibility of forming hydrogen bonds, led to 289 

conformations where even molecules with only one aromatic ring rarely achieved the close 290 

stacking necessary for strong π-π interactions Fig. 2 b). Altogether, this led to an important 291 

observation suggesting that for molecules similar in size and structure to those explored in 292 

this work, having more than one aromatic ring would not additionally contribute to their 293 

overall adsorption energy via π-π interactions.  294 

In addition to π-π interactions, when charged antibiotics interact with graphene ion – π 295 

interactions emerge as an adsorption-enhancement mechanism. The differences in adsorption 296 
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enthalpies between cationic and uncharged antibiotic molecules on graphene were found to be 297 

20 and 18 kJ mol
-1 

in both water and n-octanol, respectively. This result is in agreement with 298 

the intensity noted for the favourable interactions of cations such as NH4
+
 and benzene 299 

ring(Kim et al., 2003). On the other hand, negatively charged antibiotic molecules display a 300 

less stable adsorption than any other charge entity, resulting in a clear trend of adsorption 301 

stability ranging from cations > zwitterions ≈ uncharged molecules > anions for adsorption on 302 

graphene. It is interesting to note that for graphene oxide in water this trend changes to cations 303 

> zwitterions ≈ uncharged molecules ≈ anions as the greater strength of hydrogen bonds in 304 

anion complexes compensates the unfavourable anion – π interactions. 305 

 306 

 307 
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Fig. 1: Mean enthalpies of adsorption grouped by solvent, nanomaterial and number of the 308 

aromatic rings the antibiotic molecule contains. Bar thickness is adjusted to the number of 309 

contributing complexes. 310 

 311 

 312 

Fig. 2. Adsorption complexes on CNMs: a) Sulfamethizole adsorbed on graphene, unable to 313 

achieve parallel stacking of both rings. b) Florfenicol adsorbed on graphene oxide, unable to 314 

achieve close parallel stacking of its aromatic ring with the graphene oxide surface. Atoms are 315 

colored as using following color assignments: H - white, C - gray, N - blue, O - red, S - 316 

yellow, F- cyan and Cl - green. . 317 

 318 

Hydrogen bonding 319 

Hydrogen bonding has been shown to be an important contributing factor to the overall 320 

mechanism of adsorption in graphene sheets with high surface oxygen content(Ersan et al., 321 

2017; Ivanković et al., 2021; Thakur and Kandasubramanian, 2019). Accordingly, we observe 322 

a very strong correlation (rs = -1, p < .05) between the mean number of hydrogen bonds 323 
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formed in adsorbed complex and the mean adsorption ΔH. The latter suggests that antibiotic-324 

graphene oxide complexes with a larger number of hydrogen bonds are more stable. The 325 

importance of hydrogen bonding is further corroborated through the considerable contribution 326 

of hydrogen bonds to the observed change in adsorption ΔH between graphene oxide and 327 

graphene (rs = 0.42, p < .05). Significant correlations were found between all groups (except 328 

uncharged molecules) when the dependence between the sum of hydrogen bonds ΔH and the 329 

change in adsorption ΔH from pristine to graphene oxide is broken by charge. This finding is 330 

expected, as uncharged molecules adsorbed to graphene oxide are expected to have the 331 

highest contribution of vdW interactions to the total interaction energy due to having the 332 

largest correlation with polarizability.  333 

Change in solvent polarity towards a lower dielectric constant (n-octanol) contributes on 334 

average 8 kJ mol
-1

 to complex stability, which is in line with the trend noted in previous 335 

studies on the effects of solvent polarity on hydrogen bonded systems(Aquino et al., 2002; 336 

Pašalić et al., 2010). The strengthening of hydrogen bonds is also suggested by the stronger 337 

contribution of hydrogen bond enthalpy of formation to the difference of adsorption enthalpy 338 

between graphene oxide and graphene (rs = 0.59, p < .05). Broken by charge of the complex 339 

correlation is stronger or equal for all complexes except for cations where it is no longer 340 

significant. This result, along with the small contribution noted for vdW interactions, indicates 341 

that some other (most likely electrostatic) interaction contributes more substantially to the 342 

adsorption of antibiotic cations on graphene oxide in n-octanol.  343 

 344 

Hydrophobic interactions 345 

The antibiotics studied here, on average, form more stable adsorption complexes on graphene 346 

in water (Fig. 3) suggesting stronger complexation in more polar solvents. A moderate 347 
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correlation of Gibbs free energies of adsorption and the change in total solvent accessible 348 

surface area (rs = 0.55, p < .05) indicates that the interaction between antibiotics and graphene 349 

is partly stronger due to the less solvated nonpolar surface of graphene. The obtained negative 350 

enthalpies and entropies of complexation (Table S3 – SI) invoke a nonclassical (enthalpic) 351 

hydrophobic effect(Kanagaraj et al., 2017). The same is true for the antibiotic–graphene oxide 352 

complexes formed in n-octanol, Fig. 3. This is in line with the lower hydrophobicity of 353 

graphene oxide(Konkena and Vasudevan, 2012) and further confirms the observed 354 

nonclassical hydrophobic, more generally solvophobic effect(Kanagaraj et al., 2017). These 355 

findings are consistent with reports on the increased complexation of pharmaceutically active 356 

compounds with pristine CNMs following the decreasing solubility of the CNMs (Ivanković 357 

et al., 2021). 358 

When considering antibiotic molecules grouped by charge (Fig. 3), a more detailed pattern 359 

emerges. Although all groups form more stable adsorption complexes on graphene in water, 360 

the trend is not consistent on graphene oxide where cations and zwitterions form more stable 361 

complexes in n-octanol, while anions do so in water. The reason for this may be  modulation 362 

of the hydrophobic effect by the electrostatic interactions. The low electric permittivity of n-363 

octanol enhances both the favourable cation-π interactions and unfavourable anion-π 364 

interactions, alternating the range of complexation energy differences (Ivanković et al., 2021). 365 

The large differences observed in the behaviour of different antibiotics charge moieties 366 

adsorbed on graphene oxide, as solvent polarity changes, suggest an important issue that must 367 

be taken into account when considering methods of CNM regeneration. 368 

 369 
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 370 

Fig. 3. Change of adsorption ΔH and ΔG from water to n-octanol (ΔΔH = ΔHwater- ΔHn-octanol, 371 

ΔΔG was calculated analogously). Overall mean ΔΔH and ΔΔG is presented, as well as mean 372 

values broken down by charge of a complex. Bar thickness is adjusted to the number of 373 

contributing complexes. 374 

 375 

Differences in adsorption between classes of antibiotics 376 

Macrolide antibiotics adsorb strongly on the examined nanomaterials, forming the most stable 377 

complexes on graphene in both water and n-octanol, Fig 4. This is expected due to their size, 378 

as they have (on average) double the mass and surface area compared to the rest of the 379 

analyzed ensemble. However, their size is penalized when they adsorb on graphene oxide, 380 

especially in water. The contributions of the adsorption ΔH on graphene oxide in water drop 381 

by 30%, which is most likely due to both a destabilizing solvophobic effect and the increase 382 

of over 1 Å in the distance between the centers of mass of the nanomaterial and antibiotic 383 

models, resulting in a large decrease of vdW interaction intensity. 384 

 385 
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Quinolones form stable adsorption complexes with both nanomaterials in both solvents at low 386 

pH, Fig. 4. In neutral conditions adsorption complexes are more stable on graphene than 387 

graphene oxide in water, which is consistent with previous findings by other researchers for 388 

ciprofloxacine(Rostamian and Behnejad, 2018; Zhu et al., 2015), whereas in n-octanol they 389 

are more stable on graphene oxide due to a solvophobic effect. The adsorption strength of 390 

quinolones on graphene follows the order: difloxacin ≈ enrofloxacine > ciprofloxacine > 391 

pipemidic acid ≈ enofloxacin ≈ ofloxacine ≈ nalidixic acid > norfloxacine > oxolinic acid > 392 

marbofloxacine ≈ flumequine (Table 1 and Table S3 SI). Correlation coefficients for 393 

adsorption ΔH versus isotropic polarizability (rs = -0.4, p < .05) and the change in total 394 

solvent available surface area (rs = -0.6, p < .05) indicate that their adsorption on graphene is 395 

governed by vdW interactions and the hydrophobic effect. This is corroborated by the lower 396 

correlation of adsorption ΔG with the change in total solvent accessible surface area in n-397 

octanol (rs = 0.4). Quinolones display a large drop in complex stability when switching 398 

solvent from water to n-octanol on graphene (ΔΔG > 25 kJ mol
-1

) but an increase in complex 399 

stability (ΔΔG < -10 kJ mol
-1

) for the same change on graphene oxide. This may be very 400 

useful for regeneration of the graphene with a low polarity solvent. On the other hand, one 401 

may experience difficulties with the desorption of quinolones from graphene oxide at neutral 402 

pH in low polarity solvents. The examination of other pH regions reveals that below pH 6 403 

adsorption complex stability increases for all combinations of nanomaterial and solvent. On 404 

the other side of the pH range (up to pH 9.5) quinolone molecules adsorbed on graphene show 405 

no change in behaviour from neutral pH, while for graphene oxide adsorption complexes 406 

become stable in water but desorb in n-octanol. This presents the possibility of a latent release 407 

of adsorbed quinolones should the nanomaterial flakes encounter an alkaline, low polarity 408 

environment.  409 

 410 
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Sulphonamides adsorb in a stable manner on both nanomaterials in water as well as on 411 

graphene oxide in n-octanol in acidic conditions, Fig 4. Sulphonamides form more stable 412 

adsorption complexes on graphene than graphene oxide in water, which is in accordance with 413 

earlier findings on the effect of oxygen containing functional groups on their adsorption on 414 

carbon nanomaterials (Wei et al., 2017). The adsorption strength on graphene in water at pH 7 415 

follows the order: sulfasalazine > sulphisoxazole > sulfamethazine ≈ sulfathiazole > 416 

sulfaquinoxaline ≈ sulfamerazine > sulfamethoxypyridazine ≈ sulfadimetoxine ≈ 417 

sulfabenzamide > sulfamethoxazole > sulfamethizole > sulfadiazine (Table 1 and Table S3 418 

SI). At pH 5, our results display the trend in adsorption stability seen in the previously 419 

mentioned research: sulfadimethoxine > sulfamethizole > sulfamethazine > 420 

sulfamethoxazole(Wei et al., 2017). Examination of earlier correlations indicate that 421 

sulfonamide adsorption is mostly influenced by hydrogen bonding (rs(ΔH vs. ΔHH-bonds)= 422 

0.51, p < .05) in water and the solvophobic effect. Interestingly, the increase in the strength of 423 

the hydrogen bonds upon transfer to n-octanol seems to be the result of the strengthening of 424 

intramolecular nanomaterial hydrogen bonds upon sulphonamide adsorption, rather than the 425 

expected strengthening of intermolecular antibiotic – nanomaterial hydrogen bonds. The 426 

effect of the increase in pH on the adsorption of sulphonamides to graphene oxide is 427 

destabilizing and leads to desorption above a pH of 8 in n-octanol, which is consistent with 428 

earlier findings on the effect of pH on the adsorption of sulphonamides to graphene oxide in 429 

water(Wu et al., 2016). It is interesting to note that N-acetylated sulphonamides (e.g. N-430 

acetyl-sulfadiazine and N-acetylsulfamethoxazole) exhibit (~14 kJ mol
-1

) higher binding 431 

affinity to graphene in water in comparison to the unmetabolized drug. 432 

 433 

β-lactam antibiotics with graphene show the following complex stability rank: cefuroxime > 434 

cloxacillin > oxacillin > penicillin G > ampicillin > dicloxacillin > amoxicillin > cephalexin 435 
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(Table 1 and Table S3 SI). Again, they adsorb more stably on graphene than on graphene 436 

oxide in water, Fig 4. In n-octanol adsorption on graphene is unfavourable whereas adsorption 437 

complexes on graphene oxide are still stable but less so than in water. This, along with the 438 

correlation of Gibbs free energy with the change in solvent available surface area during 439 

adsorption (rs(water) = 0.8, p < .05), leads us to conclude that adsorption of β-lactams on 440 

graphene is mostly driven by hydrophobic interactions. The sum of hydrogen bond formation 441 

enthalpies correlates strongly with the change in adsorption enthalpies from graphene to 442 

graphene oxide (rs = 0.8, p < .05), when considering the adsorption on graphene oxide in n-443 

octanol, while in water the correlation is moderate (rs = 0.5, p < .05). This agrees well with 444 

the findings of Anchique et al. who found that electrostatic interactions (which include 445 

hydrogen bonding) comprised the majority of the interaction energy between amoxicillin and 446 

graphene oxide (Anchique et al., 2021).  447 

 448 

Tetracyclines also form stable adsorption complexes on both nanomaterials in both solvents at 449 

neutral pH, Fig 4. This class of antibiotics adsorbs more stably on graphene than graphene 450 

oxide in water, with the reverse being true in n-octanol. Upon transfer from water to n-451 

octanol, adsorption complexes with graphene oxide become more stable, whereas adsorption 452 

complexes with graphene become less stable. The solvophobic effect on graphene oxide is 453 

also visible as a change from moderate correlation between the adsorption enthalpy and 454 

solvent available surface area in water, to no significant correlation in n-octanol. The strength 455 

of adsorption on graphene was found to follow the order: chlorotetracycline > doxycycline > 456 

oxytetracycline > tetracycline (Table 1 and Table S3 SI), which agrees well with previous 457 

findings that chlorotetracycline adsorbs onto graphene more strongly than tetracycline The 458 

reverse was found to be true for chlorotetracycline and tetracycline on graphene oxide, again 459 

corresponding to previous findings. The influence of both increasing pH beyond 8 and 460 
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lowering solvent polarity was found to have a destabilizing effect on tetracycline adsorption. 461 

This result matches the findings of other researchers who have explored the regeneration of 462 

reduced graphene oxide adsorbents with n-hexane (Song et al., 2016). 463 

 464 

Nitroimidazole antibiotics exhibit the lowest adsorption affinity to graphene compared to 465 

other classes of antibiotics, Fig 4. Metronidazole shows greatest adsorption affinity followed 466 

by ronidazole, hydroxymetronidazole and dimetridazole (Table 1 and Table S3 SI). This is 467 

expected as they are comprised of small neutral molecules with low polarizability, leading to 468 

less intense vdW and solvophobic interactions. This class of antibiotics desorbs completely 469 

from graphene upon changing the solvent to n-octanol and does not adsorb onto graphene 470 

oxide in either solvent. The observed behavior on graphene oxide appears to be the result of 471 

the inadequate complex stabilization by newly formed hydrogen bonds, which do not 472 

compensate well for the weakened vdW and solvophobic interactions as well as for lost π – 473 

interactions. Nitroimidazole antibiotics exhibit no difference in the adsorption stability over 474 

the examined pH range since they do not change their charge state. 475 

 476 

Chloramphenicol and floramphenicol adsorb stably on both CNMs in both solvents, 477 

exhibiting greater stability in water on graphene and in n-octanol on graphene oxide, as do 478 

many antibiotics of other classes, Fig. 4. Trimethoprim, on the other hand, forms more stable 479 

adsorption complexes with graphene oxide than graphene in both solvents (Fig. 4), which we 480 

propose to be the result of hydrogen bonding as we calculated a sum of hydrogen bond 481 

formation enthalpies of over 40 kJ mol
-1

. This is in agreement with the work of Carrales-482 

Alvarado et al. (Carrales-Alvarado et al., 2020) who also found a greater adsorption of 483 

trimethoprim on graphene oxide than on graphene (reduced graphene oxide). Lincosamides 484 

adsorb in the opposite manner to trimethoprim, forming more stable adsorption complexes 485 
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with graphene than graphene oxide in both solvents at neutral pH, Fig. 4. This seems to be the 486 

result of both the existence of cation – π interactions when adsorbed on graphene and an 487 

increase in the distance of the centers of mass of the antibiotic and nanomaterial molecules 488 

upon transition from graphene to graphene oxide. The obtained result is also in line with 489 

previous findings that lincomycine adsorbs less strongly to graphene oxide than 490 

chloramphenicol in water(Gao et al., 2017). 491 

The data presented show that for conditions expected to be found during wastewater 492 

treatment, graphene oxide may require pH adjustments to efficiently adsorb most antibiotic 493 

classes and, even then, may not adsorb molecules such as nitroimidazoles. This may be 494 

beneficial in cases where the selectivity of adsorption on the nanomaterial is exploited. For 495 

such cases of competitive adsorption, the thermodynamic data in table S4 should be  useful 496 

input for  the calculation of competitive adsorption coefficients for the Sheindorf-Rebhun-497 

Sheintuch isotherm.(Sheindorf et al., 1981) In this way, results may contribute to 498 

determination of competition coefficient for antibiotics without the need for large amounts of 499 

laborious experimental work. 500 

 501 
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Fig. 4. Mean adsorption ΔG of antibiotic complexes broken down by solvent, nanomaterial, 503 

class and pH range. For specific antibiotic please consult Table S4 in combination with Table 504 

S2. 505 

 506 

Adsorbent regeneration 507 

Three variables were examined here in terms of their effect on nanomaterial regeneration: the 508 

solvent, pH range and temperature. Of these the effect of temperature is the clearest, 509 

adsorption complexes are less stable at higher temperatures on both nanomaterials, in both 510 

solvents and at every pH. Temperatures at which the Gibbs free energy of adsorption is on 511 

average zero for each class of antibiotic and broken down by nanomaterial, solvent and pH 512 

range are given in Table S7. The data suggest that most antibiotic classes will not desorb from 513 

graphene in water at temperatures where water is liquid. On the other hand, in n-octanol at 514 

100° C,  basic conditions, will desorb all antibiotic classes except macrolides which require 515 

temperatures in excess of 140° C. From graphene oxide in water, it is possible to desorb all 516 

classes of antibiotics at 90° C in alkaline conditions however most classes also desorb at 517 

lower temperatures and neutral pH. Desorption temperatures do not follow a clear trend for 518 

adsorption complexes on graphene oxide in n-octanol. 519 

Less polar solvents may be an interesting option for the regeneration of graphene based 520 

adsorbents as adsorption complexes in n-octanol were universally less stable than those in 521 

water. In addition to reducing solvent polarity, adjusting pH above 8 may lead to even more 522 

effective desorption of all antibiotic classes (except phenicoles) from pristine graphene. For 523 

the regeneration of graphene oxide based adsorbents, solvent polarity cannot be discussed 524 

separately from solution pH as changes of ionic state result in large shifts of the contribution 525 

of the solvophobic effect. Most antibiotic classes form less stable adsorption complexes above 526 
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pH 8 on graphene oxide in water and n-octanol. However, macrolides, quinolones, 527 

sulphonamides and β-lactam antibiotics in water and phenicoles in n-octanol do not lose (or 528 

even increase) adsorption strength. Given this variety of responses, graphene oxide adsorbents 529 

may require more elaborate regeneration protocols to ensure the adequate desorption 530 

antibiotics 531 

  532 
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Conclusions 533 

The adsorption Gibbs free energies of 51 antibiotics on graphene and graphene-based 534 

materials provided in this work likely provide the most comprehensive overview of 535 

adsorption thermodynamics of antibiotics-carbon nanomaterial complexes. We found that 536 

adsorption is guided by various non-covalent interactions that operate simultaneously, 537 

including vdW dispersion forces, π interactions, hydrophobic interaction and hydrogen 538 

bonding. The magnitude of each particular non-covalent interaction is controlled by the 539 

molecular properties of antibiotic and graphene/graphene oxide, as well as the background 540 

solution composition. vdW dispersion forces are positively modulated by average molecular 541 

polarizability, and negatively modulated by the functionalization of graphene. Although π-π 542 

interactions also favour graphene as a sorbent material, more than one aromatic ring on the 543 

antibiotic molecule would not additionally contribute to the overall adsorption energy via π-π 544 

interactions. Hydrophobic interaction and hydrogen bonding are primarily modulated by 545 

solution polarity and pH. Macrolide antibiotics will form the most stable complexes with 546 

graphene at environmental pH in water, while antiprotozoal antibiotics will be at the end of 547 

the stability ladder. For graphene oxide, complexes formed with trimethoprim antibiotic are 548 

the most stable, while antiprotozoal antibiotics form the least stable complexes. At 549 

environmental pH, the most efficient removal method for a given set of antibiotics from 550 

aquatic environments is the use of graphene as a sorbent material. The subsequent 551 

regeneration of the sorbent is best achieved through washing the graphene with slightly basic 552 

(pH 8 – 10) non-polar solvents. It appears that the computational pipeline applied in this work 553 

provides an efficient tool for elucidating the absorption behaviour of antibiotics onto 554 

nanomaterials. Furthermore, we believe that the data presented here will: I) provide guidance 555 

for the design of new CNMs as well as tuning of existing ones, II) contribute to the 556 
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development of predictive adsorption models, and III) support the elucidation of existing 557 

CNM toxicity in terms of their role as antibiotic transport vectors. 558 

  559 
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