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Abstract

A wide range of pharmaceutically active compounds (PhACs) enter water systems and
consequently impact both aquatic and terrestrial ecosystems. Carbon based nanomaterials
(CNMs) have emerged as effective next-generation adsorbents, receiving increasing attention
due to their potential in water and wastewaters treatment applications. Understanding and
acquiring knowledge about the adsorption of PhACs on CNMs is imperative to the chemical
engineering applications of CNMs, as well as to risk assessment and pollution control of both
CNMs and PhACs. Here we provide a computational assessment of the mechanism and
thermodynamics of the adsorption of 18 most common PhACs (acetaminophen,
acetylsalicylic acid, atenolol, caffeine, carbamazepine, clofibric acid, diclofenac, fenofibric
acid, fluoxetine, gemfibrozil, ibuprofen, ketoprofen, naproxen, phenazone, primidone,
propranolol, salicylic acid, tramadol) on four different CNMs (pristine/functionalised
graphene and carbon nanotube) in two different solvents (water and n-octanol). We show that
the adsorption of PhACs on pristine CNMs is controlled by dispersion forces, @ interactions
and hydrophobic interaction. On the other hand, adsorption on functionalised CNMs is
controlled by hydrogen bonding and Coulombic ionic interactions. Furthermore, we
demonstrate how functionalization of CNM, CNM curvature and background solution
properties modulate the intensity of non-covalent interactions and their contribution towards
adsorption Gibbs free energy. With this knowledge, we pinpoint functionalised graphene at
environmental pH as the most effective setting for the removal of a given set of PhACs from
water and wastewater. Finally, we show that CNMs may transport PhACs into living
organisms and release them in nonpolar mediums such as cellular membranes and fat cells.
The obtained theoretical insights regarding the adsorption of pharmaceuticals on CNMs

expand and complement experimental observations and provide important information that
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can contribute to further exploration into the adsorbent properties of CNMs, the evaluation of

CNMs toxicity, and towards the development of predictive adsorption models.

Keywords: density functional theory, water and wastewater treatment, environmental fate,

solvent polarity, desorption, pH range
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1. Introduction

A wide range of pharmaceutically active compounds (PhACs) have been readily detected in
wastewaters, freshwater ecosystems and tap water [1]. Although the levels are generally low,
due to continuous environmental exposure there is rising concern about potential long-term
adverse effects on aquatic ecosystems and consequently on human health [2]. The
bioaccumulation of PhACs has been observed at both lower and higher trophic levels in
aquatic food webs, e.g. from biofilm to higher predators [3], causing the modification of
microbial community composition and hampering natural hormonal functions in fish. Due to
food web coupling, PhACs cross ecosystem boundaries and enter terrestrial food webs, thus
posing a threat to terrestrial ecosystems. In addition, there is an increasing concern regarding

the impact of PhACs on potable water supplies.

Wastewaters of urban, industrial, and agricultural origin have been identified as the main
source of PhACs found in waters. Conventional wastewater treatment plants are generally
designed to remove pathogens and suspended or flocculated matter and thus only remove a
small fraction of PhACs present in wastewater influents [1]. Advanced wastewater treatments
like membrane- and nanofiltration, advanced oxidation processes and adsorption have been
revealed as promising strategies for the efficient removal of PhACs. In line with the
expansion of nanotechnology, wastewater treatment technology has embraced the application
of carbon-based nanomaterials (CNMSs), such as graphene, nanotubes, fullerenes and their
functionalised variants. CNMs have been used in the processes of adsorption [4],
photocatalysis [5, 60], electrochemical oxidation [6], nano-membrane filtration [7] and
(re)active membranes [8]. It has been suggested that the adsorption of micropollutants on
CNMs is one of the most promising treatment methods, encompassing both simplicity and
techno-economical attractiveness. Persulfate based advanced oxidation has benefited greatly

from the use of an efficient adsorbent [61].. Photocatalysis also benefits from the presence of
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an adsorbent where the reaction can take place and CNMs have been used to act as highly
efficient adsorbents and enhancers of photocatalytic activity [5]. Similarly, adsorption onto
CNMs plays an important role in high-performance electrochemical sensors due to the fact
that PhACs are adsorbed prior to electrochemical oxidation on the electrode surface [6].
Active membranes also rely on the adsorption/repulsion properties of CNMs to tailor
separation performances [7,9]. Therefore, the exploration of CNMs as more efficient, robust
adsorbents for the remediation of wastewater impacted by PhACs has intensified in recent
years.

Experimental studies have reported the adsorption of acetaminophen, atenolol, caffeine,
carbamazepine, diclofenac and ibuprofen on carbon nanotubes (CNTs) [10-13] as well as the
use of graphene or graphene oxide (GO) for the removal of acetylsalicylic acid,
acetaminophen, atenolol, caffeine, carbamazepine, diclofenac, ketoprofen and propranolol
[9,14-18]. Furthermore, the kinetics and thermodynamics of adsorption have been explored.
CNM characteristics such as surface area, curvature, functionalisation and purity have been
investigated in relation to the adsorption rate of PhACs [19,20]. The physicochemical
properties and characteristics of adsorbate and solution chemistry such as pH, polarity,
temperature and ionic strength [15,19,20] were found to play an important role on this
adsorption. Each one of these properties may influence these adsorption mechanisms and it is
emphasised that further research is still needed to understand the adsorption and develop
predictive adsorption models [20]. In order to thoroughly understand and interpret the above-
mentioned data, hypotheses were made on the nature of the molecular interactions involved.
In addition to hydrophobic interactions, several non-covalent interactions such as hydrogen
bonding, ionic, electrostatic and m—interactions have been observed and assumed to play an
important role in the adsorption of PhACs on the surface of CNMs [4]. In that context,

computational chemistry can reveal the nature and the relative importance of the interactions
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involved in sorption and complement the information obtained by experiments. Furthermore,
it can predict some of the properties and adsorption affinities of PhACs that have not yet been
studied experimentally.

Hitherto, only a handful of theoretical studies on the sorption of microcontaminants on CNMs
have been published and of those, the majority were concentrated on tetracycline antibiotics
or simple organic model molecules [21-29]. In this work, we computationally evaluated the
fundamental properties and behaviour of the 18 most common pharmaceuticals (analgesics,
lipid regulators, beta blockers, psychotropic drugs) found in aquatic environments [1,30]
during adsorption on CNMs. Single wall CNT, graphene and their functionalised variants,
were used as adsorbents. In addition to assessing molecular-level interactions in the sorption
mechanism, the effects of curvature and functionalisation of CNMs, as well as the influence
of pH, solvent polarity and temperature on adsorption affinity were examined and discussed.
By using obtained data, we evaluated the regeneration of studied CNMs and their potential
ecotoxicity. We would like to note at this point that antibiotics, as a specific therapeutic class,
were not considered in this work and their adsorption on CNMs will be provided in a

forthcoming publication.
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2. Materials and methods

2.1 Model building.

PhACs: Acetaminophen, acetylsalicylic acid, atenolol, caffeine, carbamazepine, clofibric
acid, diclofenac, fenofibric acid, fluoxetine, gemfibrozil, ibuprofen, ketoprofen, naproxen,
phenazone, primidone, propranolol, salicylic acid, and tramadol were chosen due to their
frequent detection in aquatic environments [1,30]. When available, conformations of the
compounds were taken from existing literature; otherwise, geometry optimisations were
performed at the B3LYP-D3BJ/6-31g(d) level using the SMD solvation model. The minima
on the potential energy surface were confirmed by harmonic frequency analysis. The effect of
pH was simulated by the addition or removal of a proton from the model compound on the

basis of functional group, pK, and the pH in question (Table S1 - Supplementary material).

Pristine graphene surfaces that consist of between 54 and 112 carbon atoms were built.
Accordingly, zigzag single wall CNTSs that consist of between 70 and 110 carbon atoms were
built. The edges of CNMs were passivated by hydrogen atoms. In order to attain a reasonable
balance of accuracy and computational cost, depending on the size of PhAC, the sizes of
CNMs were adjusted. This approach has been successfully used in several studies where the
influence of graphene flake size on adsorption energies was much lower than the mean
absolute computational error [31]. In addition, Cgo fullerene was added to help us with the
estimation of curvature effect. Although functionalised CNMs are known to contain many
kinds of oxygen-bearing functional groups, the models with a low degree of oxidation bearing
only hydroxyl and epoxide groups were used [32]. Functionalised graphene used in this study
had hydroxyl and epoxide functional groups and it is was referred as graphene oxide while
functionalised CNT had only hydroxyl functional groups and it was referred as hydroxylated

CNT (HCNT). Fig. S1 (Supplementary material) depicts example geometries of graphene
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oxide and HCNT. Simulation of pH was done by the removal of H" from the model at pH >
10, at which point the modelled graphene oxide would be dissociated (pK, = 9) [33]. The
same was assumed for CNT. All geometry optimisations were performed using the same

approach as for PhACs.

2.2 Adsorption complexes

For each combination of PhACs and CNMs, several interaction configurations were
generated. Due to their symmetry, 6 possible spatial orientations were generated for graphene-
like structures, while 12 possible spatial orientations were generated for CNTs. In each
configuration, the optimised molecule of the pharmaceutical was placed above the optimised
surface of the CNMs, approximately in the middle of the CNM structure, to avoid boundary
effects. Initial assessment of the complexes was performed with a semi-empirical PM6-D3H4
based method augmented with the empirical correction for the dispersion and hydrogen
bonding interactions and the COSMO implicit solvation model. This method showed
reasonable accuracy [34] and it was used to establish complexes hierarchy for next-level
calculations. From the acquired geometries, the most stable ones, those with no bonding or
unrealistic hydrogen transfers, were chosen for subsequent optimisations at the B3LYP-
D3BJ/6-31g(d) level of theory. The minima on the potential energy surface were confirmed
by harmonic frequency analysis. The employed level of theory was shown to be superior in
treating dispersion-dominated supramolecular associations as it represents the best trade-off
between accuracy and computational cost [34]. The effect of the solvent was elucidated by the

SMD solvation model for water and n-octanol [35].

Attempts to identify minima of negatively charged graphene oxide and hydroxylated carbon

nanotube PhAC complexes in octanol were unsuccessful due to the problems with SCF
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convergence and the default choice of solute cavity, as reported by [36]. The use of extra
steps of a quadratically convergent SCF procedure and the use of solvent accessible surface to
represent the solute-solvent boundary during geometry optimization followed by single-point
energy and frequency calculation that uses the default solute cavity was not feasible at the

scale and number of systems examined within this work.

2.3 Computational details.

Adsorption enthalpy (AH), which indicates the intensity of interaction between the PhAC and

CNM surface, was derived according to the following equation:

AH = Hpnac-cnm - Hpnac - Henm + BSSE

where Hphac-cnm IS the enthalpy of the adsorption complex, Henac is the enthalpy of PhAC,
Hcnw is the enthalpy of CNM, and BSSE is the basis set superposition error correction. BSSE
was calculated to eliminate the effect for basis set incompleteness by employing a
counterpoise correction method [37]. The use of counterpoise correction was also found to
result in a greater decrease in mean unsigned error than the transition from a double zeta to a
triple zeta basis set [58]. Vibrational frequencies were obtained by harmonic frequency
analysis and, as previous work found the scaling factor is very close to one [59], were not
scaled. Using the same adjusted equation, adsorption Gibbs free energy (AG) was calculated.
Final AG was corrected for the AG change associated with moving from a gas-phase pressure
of 1 atm to a liquid-phase concentration of 1 M. Atomic charges were obtained by the use of
the cm5 model as implemented in multiwfn 3.7 [38]. Enthalpies of hydrogen bond formation

(AHu-pong) Were calculated from the redshift of donor — hydrogen stretching vibration (Av in
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cm™) using logansen’s relationship and summed for all existing hydrogen bonds in a

complex, (AHu-ponds) [39]:

AHy_pona = /1.92(Av — 40)

AHy_ponas = Z AHy_pona

All semi-empirical calculations were performed using Mopac2016 software (MOPAC2016,
James J. P. Stewart, Stewart Computational Chemistry, Colorado Springs, CO, USA), while

DFT calculations were performed using Gaussian 16 [40].
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3. Results and Discussion

3.1 Thermodynamic parameters and performance against the experimental data

The computed Ea¢s and thermodynamic parameters in water and octanol are listed in Table S2
- Supplementary material (due to large amount of data provided). The range of the E,qs and
AH values suggests an exothermic nature of the adsorption. All the AS values are negative,
indicating that adsorption is associated with ordering. Negative AH and AS values indicate
that the spontaneity of the reaction (AG) is temperature-dependent. AG values at 298K are
generally negative, suggesting that the studied PhACs are spontaneously adsorbed on the
studied CNMs. Prior to a general discussion, a few words on the performance of our model
against the experimental data.

A comparison of the AG values obtained by the employed theoretical model with available
experimental data show that calculated AG values are systematically lower than the
experimental ones. The mean unsigned error is 19.96 kJ mol™, which is slightly better than
the performance of the SMD model in the solvation free energies at the B3LYP/6-31G(d)
level of theory for ions in water that exhibited a mean unsigned error of 20.48 kJ mol™ [35].
Except for the computational error of the model, any difference between experimental and
theoretical values may be attributed to differences between the model and real-life system.
Our model CNMs are of uniform size and have a homogeneous surface and strictly defined
functional groups (for functionalized CNMs). On the other hand, real life CNMs can have
defective surfaces with vacancies, wrinkles and folds, form bundles with grooves and
intestinal channels and non-uniform and imperfect functionalization [19,20]. Furthermore,
this study does not consider ionic strength of the solution as well as competitive adsorption.

However, a good agreement with the reference experimental data, found in table S3, indicates
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that the employed model can reproduce the chemical phenomena behind the adsorption of

studied the PhACs on CNMs sufficiently well.
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3.2 Adsorption mechanism

The obtained AH values are generally > -60 kJ mol™ and there is no apparent chemical bond
formation (Table. S2), thus categorising the observed adsorption interactions into
physisorption, in agreement with general observations on the adsorption of organic molecules
onto CNMs. Physisorption is caused by the non-covalent interactions between adsorbates and
adsorbents. Electrostatic, hydrogen bonds, Van der Waals (vdW) and = interactions usually
act together with changing relative contributions, causing the adsorption of PhACs on CNMs.
The relative contributions of certain categories of non-covalent interactions are modulated by
the properties of the PhACs, CNMs and the solution. Several recent reviews have emphasised
the need to systematically understand the nature of the molecular interactions associated with
the adsorption of PhACs on CNMs in order to interpret the obtained experimental data
[19,20]. Along these lines, we examined the relationship between certain categories of non-

covalent interactions and adsorption energy.

3.2.1 van der Waals dispersion forces

Dispersion interaction was pinpointed as one of the main interactions governing the
adsorption of molecules on CNMs [41,42]. Since vdW dispersion energy is proportional to the
polarizabilities of the interacting entities, average molecular polarisability has been used to
describe the intensity of vdW interactions during adsorption [41]. Average molecular
polarisability was used here to display the change in contribution of vdW dispersion
interactions to the energy of adsorption. Strong Spearman correlations between vdW and
adsorption enthalpy were found for graphene (rs = -0.68, p < .05), CNT (rs = -0.59, p < .05)
and fullerene (rs = -0.43, p < .05), suggesting a meaningful contribution of vdW dispersion

interactions to the adsorption AH for pristine CNMs (Fig. S2 — Supplementary material). A
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decrease in the contribution of induce dipole-induce dipole interactions in the order of
fullerene<nanotube<graphene was observed. The observed trend is the consequence of the
size of the CNM molecule. Larger molecules have more electrons and with more electrons,
the outer electrons are more easily displaced, which gives a larger molecule a higher ability
for stronger induced dipole interactions. The size of the contact surface also contributes to the
observed trend, because the contact surface of the CNM through which the CNM interacts
with PhACs decreases in the following order: fullerene<nanotube<graphene. Analysis of the
correlation by charge of molecular entity shows the strongest correlation for anions (Isigraphene)
= -0.85, p < .05), followed by neutrals (rsgraphene) = -0.7, p < .05) and lack of correlations for
cations (Isgraphene) = -0.66, p > .05), Fig. S3 — Supplementary material. This is to be expected,
as negative ions with excess electrons are more easily polarized compared to the denser
electron clouds of cations. It should be noted that the correlation between the molecular
polarisability of cations and the AH of the adsorption for graphene and nanotube is not even
statistically supported. This latter observation is consistent with the lack of correlation
between adsorption energies and dispersion when strong electron acceptor-substituted
benzene rings interact with graphene moiety [42]. It has been suggested that the strong charge
transfer absorbed into the induction energy caused the lack of correlation between interaction

and dispersion energies.

The presence of OH groups on the surface of CNMs has a large effect on the contribution of
vdW dispersion interactions. A statistically supported correlation between vdW interactions
and AH of the adsorption was only detected for graphene oxide (rs = -0.54, p <.05), Fig. S2 —
Supplementary material. This is expected due to the introduction of additional interactions
such as hydrogen bonds. The formation of hydrogen bonds negatively affected vdW forces in
two ways. Firstly, the average distance between CNMs and PhACs increased by 0.7 A due to

the formation of hydrogen bonds, causing Van der Waals attraction forces to exponentially
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drop. Secondly, functionalization introduced sp® carbons onto the surface of CNMs, which
had the overall effect of lowering the isotropic polarizability of the graphene oxide flake, in
comparison with the pristine graphene flake, particularly for larger flake sizes.. The fact that a
meaningful contribution of vdW dispersion interactions to adsorption AH was detected for

graphene oxide should be attributed to the effects of size of the CNM molecule.

Change of solvent polarity towards a lower dielectric constant (n-octanol) did not affect the
contribution of vdW interactions towards AH of the adsorption, Fig. S2 — Supplementary
material. Although the polarisability of molecules decreased in the lower dielectric medium
and the lower permittivity of n-octanol led to an increase of the contribution of electrostatic
interactions, the correlation of the polarizability of the PhACs molecules and adsorption
energy remained high for neutral and negatively charged molecules on both pristine graphene
and CNT, Fig. S3 — Supplementary material. This altogether indicates that, in an environment
that enhances electrostatic interactions, vdW dispersion interactions remain an important

contributor to the stabilisation of the adsorption complex.

3.2.2 w interactions

7 interactions were suggested to play a prominent role in the process of the adsorption of
PhACs onto CNMs [4]. Two types of © interactions played the most prominent role in the
formation of the PhRACs—CNM associates: 1) The n—r interaction, a type of dispersion force
established between two unsaturated (poly)cyclic systems and Il) the ion—m interaction,
essentially the electrostatic interaction between ion and negatively charged electron cloud of ©
systems. Tang et al. (2020) used LOLIPOP (Localized orbital locator-integrated @ over plane)
index values to explain the role of 7 interactions in the adsorption of aromatic compounds on

graphene oxide and found a partial relationship between LOLIPOP indices and the interaction
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ability of adsorbent and adsorbate [21][21](Tang et al. 2020)(Tang et al. 2020). We, however,
found no correlation between LOLIPOP index values and the AH adsorption values (Fig. S4 -
Supplementary material). The reason for this may lie in the increasing complexity of
adsorbent molecules, PhACs used in our case versus simple aromatic compounds used by

Tang et al. [21].

In order to assess the contribution of 7 interactions to adsorption processes, we examined the
difference in AH adsorption between a set of PhACs with one aromatic ring against a set of
PhACs with two aromatic rings (separated or fused). Both sets contained 9 molecules.
Molecules from both sets were adsorbed onto CNMs though the parallel-displaced
configuration interacting preferably via n—m stacking, Fig. S5 a) - Supplementary material.
Statistically significant differences between compounds with one ring and compounds with
two rings were found for both graphene and CNTSs (t(16) = 2.69, p<.05; t(16) = 2.93, p<.05,
respectively (Table S4 — Supplementary Material)). On average, the additional 7 system
resulted in a 14.7 kJ mol™ lower AH of the adsorption for graphene and 10.4 kJ mol™ for
CNTs, suggesting a strong role of the additional m system in stabilising the PhACs — CNM
complex. This observation highlights the important contribution of n—r interactions to the
adsorption energy. On the other hand, functionalised CNMs do not exhibit statistically
significant differences in adsorption AH between compounds with one ring and compounds
with two rings, suggesting reduced role of the additional & system (Table S4 — Supplementary
Material). The presence of sp® carbons on the functionalised CNM surface alters the
conjugated structure and reduces m—electron-donating ability, therefore lessening the
possibility of m-stacking interactions, Fig. S5 b) - Supplementary material. Similar results
were seen in He et al. (2018), who reported weakened n—m interactions between graphene
oxide and tetracycline as a result of the decreased m—electron-donating ability of the graphene

oxide surface. It is important to note that effect of reduced role of the additional & system due
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to functionalization is stronger for functionalised CNT and that at p<.06 graphene oxide
exhibit significant differences in adsorption AH between compounds with one ring and
compounds with two rings (Table S4 — Supplementary Material), suggesting a relevant
contribution of n—m interactions to the adsorption AH of graphene oxide due to larger surface
plane. Along these lines, graphene and/or CNT oxide with a relative low number of OH
groups and large sp? regions (the opposite of those used here) may have a strong contribution
of & interaction energy towards AH of the adsorption. On average, graphene showed a larger
difference between one and two rings sets than CNT, which can be correlated to the larger

planar surface area of the m system available for stacking interaction.

Introduction of the charge to PhACs influences the nature of & interactions by introducing an
additional ion-n interaction. Positive PhAC-pristine CNM complexes are on average 8.2 kJ
mol™ more stable than neutral PhAC-pristine CNM complexes. Difference may be attributed
to interactions of the positively charged cation moiety with the negatively charged electron
cloud of m systems. The anion-rm interaction displays the opposite trend and leads to a
complex destabilisation by an average of 10.3 kJ mol™. Depending on the conformation of the
complex observed, the ion-m interaction is either strong or mild. If the charge is close to the
of the systems as it is in e.g. acetylsalicylic acid or atenolol (Fig. 1 a) and c)), the ion-n
interaction displays a strong effect on complex stabilisation. Protonated atenolol-graphene
complex is 10.7 kJ mol™ more stable, while deprotonated acetylsalicylic acid is 18.2 kJ mol™
less stable than its neutral form. On the other hand, a mild ion— = interaction takes place when
the ion is further away from the negatively charged electron cloud of 7 systems as it is in e.g
tramadol cation or clofibric acid anion (Fig. 1 b) and d)). Protonated tramadol-graphene
complex is 3.4 kJ mol™ more stable, while deprotonated clofibric acid is 5.1 kJ mol™ less

stable than its neutral form. Atenolol and acetylsalicylic acid complexes show a 5 to 7 times
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greater charge transfer upon ionisation than tramadol/clofibric acid complexes, further

confirming a strong interaction.

In addition, charged functional groups may act as electron withdrawing/donating substituents,
which further enhance/reduce the m-stacking interaction. As an illustrative example, the
negatively charged carboxylic group of acetylsalicylic acid increases the electron density in
the m-cloud of the substituted ring, which increases the electrostatic repulsion with the z-
system of the nanomaterial, reducing the m-stacking interaction, (Fig. S6 - Supplementary
material). On the other hand, the highly basic group of carbamazepine (pK, 13.9) upon
protonation increases cumulative charge of the closest six-membered ring by +0.065 e,
leading to an observed increase in complex stability, even though the charged group is not
close to the graphene surface. A similar mutual influence of cation— n and © — = interactions

was detected for benzene model systems [43].

A significant difference in adsorption AH between neutral compounds with one and two rings
was also observed for both graphene and CNT complexes dissolved in n-octanol (13.7 and
11.03 kJ mol™, respectively (Table S4 — Supplementary material)). The latter further supports
our previous observation regarding the important contribution of m—m interactions to the
adsorption energy. It is important to note that the adsorption AH of the complexes in n-
octanol is lower than in water. However, the difference is mainly due to
solvatation/desolvatation effects which is consistent with observations on the inverse

correlation of complexation constant with solubility of fullerene in various solvents [44].
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Fig. 1: B3LYP-D3BJ/6-31g(d) optimized complex of pristine graphene with: a) deprotonated
acetylsalicylic acid, b) deprotonated clofibric acid, c) protonated atenolol and d) protonated

tramadol.

3.2.3 Hydrogen bonding

The functionalization of CNMs, among other things, enables the formation of hydrogen bonds
between CNMs and PhAC molecules, and hydrogen bonding has been suggested as one of the
mechanisms that contribute to adsorption [20]. The functionalization of CNMs resulted in
enthalpic gains, especially for cationic and anionic complexes, Fig. 2 b). Enthalpic gains
changed the complex stability ladder from cation>neutral>anion for pristine CNMs to
cation>neutral~anion for functionalised CNMSs, Fig. 2 b). Obtained enthalpy gains of
functionalised CNTs (compared to functionalised graphene) imply a significant role of
hydrogen bonds. Authors have been assessing the strength of hydrogen bonds on the basis of

bond length and angle between functional groups [21,28]. Although this approach
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demonstrated its functionality, it is constrained by both nominal values and number of
comparisons. Due to the volume of data, we estimated the enthalpy of formation of an
hydrogen bond through the change of the proton-stretching vibration [39]. First we found an
strong correlation (functionalized graphene r= -1, p < .05, functionalised CNT r;=-0.8, p <
.05) between the mean number of hydrogen bonds and the mean adsorption AH, suggesting
that complexes with a larger number of hydrogen bonds are more stable, Fig. S7 —
Supplementary material. The total hydrogen bonds AH (AHpponas) OFf @ given PhAC-CNM
complex correlates well with the change in adsorption AH from pristine to functionalised
CNMs. Correlation is strong for CNTs (rs= -0.79, p < .05) and moderate for graphene (rs = -
0.51, p < .05), indicating a considerable contribution of hydrogen bonds to the observed
differences in adsorption AH between functionalised and pristine CNMs, (Fig. S8
Supplementary material). These results relate to recent findings about the significant roles of
hydrogen bonds in tetracycline-graphene oxide complexes [25]. Moderate correlation between
the total hydrogen bonds AH and the adsorption AH (rs=-0.42, p < .05) was detected only for
oxidized CNTs (Table S5 - Supplementary material). The lack of correlation for
functionalised graphene may be attributed to the balance between the contribution of
hydrogen bonds and other non-covalent interactions. As it was shown, functionalized
graphene has a statistically supported contribution of dispersion, while functionalized CNT
does not. Also, there is indication for relevant contribution of n—m interactions to the
functionalized graphene adsorption AH. Here we hypothesized that dispersion, x interactions
and hydrogen bonds contribute to the stabilization of adsorption complexes for both
functionalised CNMs. However, the contribution of dispersion and = interactions is higher for
functionalized graphene, while functionalized CNTs have a higher contribution of hydrogen
bonds energy. With this in line, the higher enthalpic gains of functionalised CNT compared to

functionalised graphene can be rationalised by the prevailing hydrogen bonds energy term.
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The strongest hydrogen bonds were observed in anionic molecular entities, followed by
neutral complexes and cations (Table 1), a finding consistent with prior research that has
shown the larger hydrogen bonding basicity of carboxylates in comparison with carboxylic
acids and the change in behaviour of secondary amines upon proton capture from hydrogen
bond acceptors to hydrogen bond donors [45,46]. The average number of hydrogen bonds that
molecules form also varies depending on their ionic form. Graphene oxide forms 3 hydrogen
bonds per molecule while hydroxylated CNTs 1.9 — a consequence of the availability of
hydroxyl groups due to curvature effect. Cationic and anionic complexes mainly form more
hydrogen bonds than neutral complexes, Table 1. This stems from the change in both type and
number of hydrogen bonds accompanying the (de)protonation of PhAC functional groups.
The total hydrogen bonds enthalpy increases in the order of anionic<cationic<neutral
complexes, indicating the largest impact of hydrogen bonds on the stability of anionic
complexes, Table 1. This explains why the adsorption AH ladder changes from

cation<neutral<anion for pristine CNMs to cation<anion~neutral for functionalised CNMs.

In octanol, all observed trends regarding hydrogen bonds remained as they were in water,
Table 1. Moreover, the total hydrogen bonds enthalpy did not change significantly between
water and n-octanol, indicating that the strength of hydrogen bonds within complexes does
not change with a decreasing dielectric constant of solvent. These findings are in contrast with
previous findings on small model systems that suggest stronger hydrogen bonds with a
decreasing dielectric constant of solvent [47]. On the other hand, the small model systems
considered in the study were full hydrated in contrast to our complexes, where some hydrogen
bonds were formed outside the water-accessible surface area (Fig.3), which we believe

reduced the negative impact of water on hydrogen bonds.
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436  Fig. 2. Mean adsorption Gibbs free energy and enthalpy of CNM complexes broken down by

437  charge of a complex.

438  Table 1. hydrogen bond properties of functionalised CNM complexes by charge and solvent.

Mean number Pooled mean
Mean AH{-bonds
Solvent CNM Charge of hydrogen hydrogen bond
(kJ mol™)

bonds AH(kJ mol™)
water Graphene oxide + -55.04 3.83 -14.37
neutral -41.31 2.24 -19.52
- -63.96 3.00 -22.16
HCNT + -32.25 240 -16.54
neutral -24.13 1.69 -14.18
- -37.20 1.56 -25.82
n-octanol  Graphene oxide + -51.48 3.83 -13.93
neutral -34.08 2.33 -15.42
- -69.43 3.11 -23.21
HCNT + -30.73 1.67 -22.35
neutral -25.56 1.60 -17.05
- -45.95 1.89 -25.44

439
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Fig. 3. B3LYP-D3BJ/6-31g(d) optimized geometry of the positive atenolol-graphene oxide
complex. Spheres are showing complex solvation cavity. Protonated amine hydrogen bonds
are placed outside the water-accessible area Due to clarity of representation majority of the

complex structure is omitted.

3.2.4 Coulombic ionic interactions

The pKa of graphene oxide and hydroxylated CNTSs is around 9 [33] and it is expected that at
pH levels above 10, OH groups on CNM surfaces become negatively charged, putting
forward ionic electrostatic interactions as the dominant mechanism in controlling the
adsorption of PhACs on negatively charged graphene oxide or hydroxylated CNTs. Since
Coulombic interactions are very strong interactions, the adsorption complex between
positively charged PhACs and negatively charged CNMs is extremely stable, as can be
observed in the case of carbamazepine. Intuitively, it is opposite in the case of the interaction
between negatively charged PhACs and negatively charged CNMs. The calculated positive

AG values for all “negative-negative” adsorption complexes indicated no spontaneous
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reaction. The rapid decrease of adsorption capacity due to the negative surface charge of the
functionalised CNMs and the deprotonated functional groups of PhACs is also reported in
experimental data (Guerra et al. 2019; Tang et al. 2020). Complexes with hydroxylated CNTs
exhibit a positive AH, suggesting an endothermic process. In contrast to this, the adsorption of
negatively charged PhACs on negatively charged graphene oxide is mainly exothermic.
Although initially surprising, this result is rationalised by carefully examining the structure of
the complexes in place. Conformations are maximising the distance between negatively
charged groups thus minimising Coulombic repulsion and if available form hydrogen bonds
and interact via T-shaped configuration. It is suggested that the T-shaped configurations enjoy
a favourable interaction of the positive quadrupole of the benzene ring and the negative
quadrupole of the sp? region, as seen on benzene dimer systems [49]. For example
deprotonated acetaminophen complex with deprotonated graphene oxide minimise Coulombic
repulsion, forms the hydrogen bond and forms T-shaped configuration. In a T-shaped
configuration the acetaminophen substituted benzene ring have a potential to interact with

small undistorted sp? region on the graphene surface.

Fig. 4. Deprotonated acetaminophen complex with deprotonated graphene oxide at the

B3LYP-D3BJ/6-31g(d) level of theory.
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3.2.5 Hydrophobic interactions

Neutral pharmaceuticals show a lower complexation AG in water compared to n-octanol.
Graphene and CNT complexes are, on average, 14.9 and 11.3 kJ mol™, respectively, more
stable in water than in n-octanol. This result is consistent with observations on molecular
tweezers-fullerene associations, where increases were reported following decreasing solubility
of the fullerene [44,50]. The fact that this interaction is stronger in polar solvents due to the
less solvated nonpolar surfaces demonstrates that the complexation interaction is hydrophobic
in nature [51]. The obtained negative enthalpies and entropies of complexation (Table S2 —
Supplementary material) suggest that complexation is enthalpy-driven, indicating a
nonclassical (enthalpic) hydrophobic effect [51]. Moderate correlation (Fsraphene) = -0.60, p <
.05, rsenty = -0.58, p < .05) between complexation AG and differences in the solvent-
accessible surface area of the interacting particles before and after the association additionally
confirms the nonclassical hydrophobic effect [51], Fig. S9. Supplementary material.
Desolvation of the fullerene, dispersive interactions within the complex and solute—solute
dispersion interactions were listed as dominant factors governing the hydrophobicity of

fullerene [44,50,51].

3.3 The effect of CNM properties on adsorption of PhACs

3.3.1 CNM curvature effect

Our calculations show a strong positive correlation between CNM curvature and AG of
adsorption, Fig.5. Similarly, previous studies observed that significant differences between
the adsorption amounts of simple aromatics on CNTs were caused by CNT curvature

[26,27,52]. Expressing curvature as the amount by which CNM surface deviates from being a
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plane confirms that the adsorption of PhACs becomes more exotermic in the order of
fullerene<nanotube<graphene. As already noted through our discussion, both vdW dispersion
and 7 interactions are related to contact surface and, consequently, PhACs maximise their
interaction if CNM is less curved. In addition, PhACs form more hydrogen bonds with less

curved functionalised CNMs, leading to overall stronger adsorption interactions.
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Fig 5: Regression of CNM surface curvature and mean AG of adsorption.

3.3.2 Functionalization of CNM

Previous discussion suggests that the functionalization of CNMs via introduction of hydroxyl
and carbonyl groups strongly affects all non-covalent interactions between PhACs and CNMs.
While it reduces vdW and = interactions, it enables the formation of hydrogen bonds and (at
certain pH levels) Coulombic ionic interactions. In addition, the introduction of OH groups

decreases CNM surface hydrophobicity [4,20], thus reducing the hydrophobic effect in the
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polar solvent. Altogether, the functionalization of CNMs resulted in high enthalpic gain for
cationic and anionic complexes due to the formation of strong hydrogen bonds changing the
complex stability ladder from cation>neutral>anion for pristine CNMs to
cation>neutral~anion for functionalised CNMSs, Fig. 2. b). On the other hand, enthalpic gains
due to functionalisation are partly cancelled out by higher entropic losses (~10 kJ mol™ larger
for functionalised CNMs), which can be attributed to the cost of ordering hydroxyl and
carbonyl groups. Enthalpy—entropy compensation significantly lowered the AG of adsorption
for all functionalised CNM ionic moieties, Fig. 2. a). Moreover, it made the adsorption AG of
anionic CNT complexes exothermic, compared to the endothermic complexation of anionic
PhACs on pristine CNTs , Fig. 2. a). Our findings are in accordance with a recent study which
showed enthalpy—entropy compensation for small aromatic compounds adsorbed on a
hydroxylated graphene surface [26]. At basic conditions with a pH value over 10, the
hydroxyl groups of functionalised CNMs dissociate into —O and become engaged in
Coulombic ionic interactions. The reason for this is the endothermic reaction for the
complexation of all PhACs, except those with a high pKa which form very stable complexes
(e.g. carbamazepine, atenolol and propranolol). Our results are in accordance with
experimental observations that report rapid decreases of adsorption for ketoprofen, diclofenac,
naproxen [48,53-55] and an increase in adsorption for atenolol and propranolol [15] in
alkaline conditions (pH>9). Finally, functionalization minimises the impact of all non-
covalent interactions other than hydrogen bonds and introduces Coulombic ionic interactions.
It results in lower (CNTSs) or roughly the same (graphene) adsorption AG comparing to its

pristine counterpart.
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3.4 The effect of background solution

3.4.1 pH

pH is an important factor which influences the adsorption behaviour of PhACs by changing
the charge state of the molecule. Increased pH (from 2 to 10) will lead to deprotonation of the
functional groups on PhACs and will also deprotonate the hydroxyl groups on functionalised
CNM surfaces. Because the complex stability ladder based on the adsorption AG is anion<
neutral<cation for both pristine and functionalised CNMs ( Fig. 2. a)), an increase in pH will
have a negative influence on adsorption. Deprotonation of the functional groups of
pharmaceuticals due to an increase in pH will change favourable cation-n interactions to n-nt
interactions (for basic PhACs) and ©-m interactions to unfavourable anion-n interactions (for
acidic PhACs). For functionalised CNMs, a high enthalpic gain of the cationic hydrogen
bonded complexes will be reduced by switching to neutral hydrogen bonded complexes. In
addition, at high pH, Coulombic electrostatic repulsion will occur between the negative
functionalised CNMs and negative PhACs. Identical observations on the decreased adsorption
of PhACs in alkaline conditions has been reported in several experimental studies [18,48,53—
56]. An exception to this trend is displayed by those PhACs which do not change their ionic
form over a pH range from 2 to 10 (i.e. carbamazepine, caffeine and primidone, ) and,
consequently, AG for the adsorption on pristine CNMs is constant, in accordance with
experimental observations [16,18]. Another exception is an increase in adsorption AG for the
interaction of carbamazepine, atenolol and propranolol with negatively charged functionalised

CNMs due to favourable Coulombic ionic interactions, as discussed in previous paragraphs.
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3.4.2 Solvent polarity

Electrostatic interactions and nonclassical hydrophobic effect are expected to behave
differently as solvent polarity changes. The interplay of these effects is best observed as
solvent polarity changes, Fig. 6. Hydrophobic interactions cause favourable complexation of
pristine CNMs in water. On the other hand, electrostatic interactions modulate the impact of
the hydrophobic effect. Low electric permittivity of n-octanol enhanced favorable cation—-n
interactions and lowered complexation energy differences. In contrast, enhanced unfavorable
anion—r interactions caused larger differences between anionic complexes in water and n-
octanol. The effect of solvent polarity on adsorption AG is not so pronounced for
functionalised CNMs (Figure X) due to two reasons. Firstly, the introduction of OH groups
decreased CNM surface hydrophobicity, thus reducing the hydrophobic effect in polar
solvents and lowering the energy difference. Secondly, hydrogen bonds were partly formed in
solvent-free areas which reduced the impact of the solvent on the strength of the hydrogen
bonds, making the contribution of hydrogen bond enthalpies similar in both solvents. At first,
our results are in contrast with those of Wei et. al. (2019) who reported a ~25 kJ mol™ weaker
interaction of neutral chlorophenol-based hormones with graphene oxide in non-polar
solvents. However, they used a CNM model system with only one hydroxylic group and we
speculate that one hydroxylic moiety did not decrease the CNM surface hydrophobicity

enough to significantly lower hydrophobic interactions.
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3.4.3 Temperature

Our calculations show negative AS values for all adsorption processes, suggesting that raising
the solution temperature will decrease AG and accordingly decrease adsorption (if present) of
the PhACs from the solution on the CNM. While our calculations agree with some
experimental observations about the negative effect of solution temperature on adsorption

behaviour [18,56], it disagrees with others [15,53].
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3.5 Conditions for the efficient adsorption of PhACs on CNMs and subsequent

regeneration of CNMs

AG of the adsorption of PhACs on CNMs is modulated by the properties of the PhACs,
CNMs and the solution. With this knowledge, the adsorption process can be adjusted to favor
or disfavor the removal of our ensemble of the 18 most common pharmaceuticals found in
wastewaters [30]. Here we briefly assess different solution and CNM properties for achieving
efficient adsorption. Details underpinning the reasoning can be found in the previous sections
3.4.1 and 3.4.2. Fig. 7. shows that graphene-based materials offer more favourable adsorption
over CNTs, while pristine CNMs display slightly better adsorption at a low pH range. Pristine
CNTs do not show spontaneous adsorption (except for positively charged PhACS) in the
middle and high pH range. To summarise, functionalised CNMs display the strongest
adsorption of PhACs in neutral conditions with an increase in pH causing a greater loss of
adsorption strength than a decrease in pH. Pristine CNMs, on the other hand, display the
strongest adsorption of PhACs in acidic conditions with a slower loss of adsorption strength

as pH increases than was the case for functionalised CNMs.

Achieving peak performance of adsorption within the environmental (wastewaters) pH range
is a huge benefit of functionalised CNMs considering their cost-effective application in
wastewater treatment. Another benefit of functionalised CNMs is very low or no adsorption in
the high pH range for most (except for a few very basic) pharmaceuticals. Effective
desorption from pristine CNMs can be accomplished by reducing solvent polarity, preferably
in the middle or low pH range. Effective desorption for both pristine and functionalised
CNMs increases the reusability of an adsorbent, which in turn contributes to their cost
effectiveness. In the end, it is important to have in mind that these results are based on model

systems which may not perfectly reflect real life conditions.
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Fig. 7. Mean adsorption AG (at 283 K) for positive, neutral and negative complexes at

different pH and solvent. Bar thickness is adjusted to the number of contributing complexes.

3.6 Understanding the ecotoxicity of PhACs — CNM complexes

The increased production and application of CNMs, as well as the weathering of CNMs will
lead to their release into the environment. It is reasonable to believe that CNM debris will
adsorb PhACs present in water. In addition, CNM debris will also adsorb dissolved organic
matter, proteins and enzymes that stimulate cellular uptake of carbon nanoparticles by biota

[57]. In a classical exposure scenario, aquatic organisms can ingest multi-stressor complexes
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i.e. PhAC — CNM complex. Our data show that the transport of multi-stressor complexes
through the gastrointestinal tract and blood of aquatic biota will not result in a significant
change of adsorption energy for most of the PhACs studied, suggesting no release of these
PhACs (Table S6, Supplementary material). This is due to the fact that water, the
gastrointestinal tract and blood have a similar dielectric constant (Table S7, Supplementary
material) and that the studied PhACs mostly will not change ionic form. Only diclofenac,
ibuprofen, ketopofen, naproxen, gemfibrozil, fenofibric and clofibric acid may change their
ionic form from negatively charged to neutral once they enter the abdomen and pH drops to
the lowest physiological levels i.e. pH 3. A change to neutral ionic form will increase
adsorption on pristine CNMs, in accordance with the observed trend of stability; neutral >
anions, vide supra. However, most of the complexes with functionalised CNMs will exhibit a
decrease of adsorption affinity, suggesting the potential latent release of these
pharmaceuticals while in the abdomen at a pH below 4. Again, details explaining the

observed behavior can be found in previous section 3.4.1.

While our data imply no release during transport through blood, the situation partly changes
in the case of uptake across the epithelium and final cellular uptake. Intracellular pH is
commonly around 7 and can vary from 4.5 to 8 depending on different organelles (Table S7,
Supplementary material). Within that range, the ionic form of the studied pharmaceuticals and
consequently their adsorption affinity will not change. However, the dielectric constant will
range from 50 to 5 due to the presence of intracellular organelles and proteins, as well as a
high content of lipid molecules (e.g. in cellular membranes and fat cells, Table S7,
Supplementary material). A change in polarity will decrease the adsorption AG of all studied
PhACs adsorbed on pristine CNMs and decrease adsorption AG of neutral and anionic PhACs
adsorbed on functionalised CNMs (with exception of acetylsalicylic and fenofibric acid),

suggesting the potential release of these pharmaceuticals in areas with low polarity, Fig 8. We
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4. Conclusion

In this work, we computationally assessed the adsorption of 18 PhACs on four different
CNMs in two different solvents. To the best of our knowledge, we presented the properties
and adsorption thermodynamics of many PhAC-CNM complexes not yet studied

experimentally.

Important findings of our work are summarised as follows:

Adsorption of PhACs on pristine CNMs, controlled by vdW dispersion forces, © interactions
and hydrophobic interaction, exhibits the following stability ladder: cationic complexes >
neutral complexes > anionic complexes. All complexes draw their stability from n—n and
hydrophobic interactions; however, PhACs with larger © systems are more stable. The ratio

between dispersion forces and ion-m interaction determines the stability of ionic complexes.

The functionalisation of CNMs minimises n interactions, but introduces hydrogen bonding
and Coulombic ionic interactions. Delivered adsorption enthalpy gains are partly compensated
by increased entropy. Strong hydrogen bonding has the largest impact on the stability of
anionic complexes and changes the complex stability ladder to cation>neutral~anion.
Activation of Coulombic ionic interactions (at pH levels above 10) results in endothermic

complexation of all PhACs except those with high pKa,.

Control of CNM curvature enables control of the contact surface (i.e. vdW and 7 interactions)
and number of hydrogen bonds, primarily modulating the intensity of their contribution

toward adsorption enthalpy.

The background solution controls many thermodynamic parameters through pH and solvent
polarity. pH changes the charge distribution of both PhACs and hydroxylated CNMs, thus

impacting electrostatic and hydrophobic interactions and, consequently, adsorption capacity.
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Solvent polarity influences the hydrophobic effect, which is modulated by electrostatic

interactions.

The use of functionalised CNMs at environmental pH is the most effective method of removal
of a given set of PhACs. Washing with a basic water solution is the most cost-effective
method for the regeneration of the material. Problems, however, can arise with very basic

pharmaceuticals, which, under these conditions, still have low adsorption Gibbs free energy.

CNM debris can pose an environmental problem as they can adsorb and transport PhACs into
living organisms. Although PhAC-CNM complexes are stable, the potential release of PhACs

can happen in nonpolar mediums such as cellular membranes and fat cells.

We anticipate that the new data and insights into the mechanism of adsorption of PhACs on
CNMs under different conditions, along with the regeneration and ecotoxicity of CNMs
provided in this paper will contribute towards a design of CNMs for the effective removal of
PhACs from wastewaters, the evaluation of CNM toxicity, and towards the development of

predictive adsorption models.
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