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Effective removal of water-soluble
methylated arsenic contaminants with

phosphorene oxide nanoflakes: A DFT study
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Abstract. This work explores by density functional theory calculations the ability of oxidized
phosphorene nanoflakes (PhosO) to simultaneously remove methylarsenicals from
contaminated water sources via adsorption in solid phases. Adsorption energies and
conformations, energy decomposition analyses (ALMO-EDA), binding analyses,
implicitly/explicitly solvated structures, and competitive adsorption with coexisting
molecules afford deep insights into the selectivity adsorption and interaction mechanisms.
The PhosO nanoflakes form inner-sphere surface complexes with methylarsenicals
underwater conditions, even with enhanced adsorption stability compared to intrinsic
phosphorene and without the competition of water molecules for adsorption sites. The inner-
sphere surface adsorption of trivalent methylarsenicals is driven by electrostatic forces and
contributed from charge-transfer (orbital) stabilization. While surface complexation of
pentavalent methylarsenicals occurs by a balanced contribution of orbital and long-range
driving forces, explaining their relative higher adsorption energies than trivalent pollutants;
anionic contaminants also show a high stabilization via extra polarization effects. PhosO
nanoflakes turn convenient to recycle via simple treatment with alkaline eluents because
these show a strong repulsive surface at high pH. Indeed, PhosO makes easier the
regeneration with alkaline eluents, increasing by ~20% the affinity with hydroxide anions
compared with intrinsic phosphorene. Conceptually understanding the adsorption properties
of phosphorene oxide towards hazardous methylarsenicals provides a valuable framework
for new developments in future water treatment technologies with adsorbents of large surface
area, high adsorption capacity/selectivity without requiring pre-oxidation processes, and easy
recovery.

Keywords: Environmental pollution; water pollution; surface science; nanotechnology; DFT
calculations; adsorption.
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1. Introduction

Arsenic (As) is atoxic and highly mobile contaminant, which forms dangerous water-
soluble compounds for human health[1,2]. Anthropogenic sources and aquatic organisms
allow the methylation of inorganic arsenicals to monomethylated (MMA), dimethylated
(DMA), and trimethylated (TMA) arsenic species[3], which usually have a lesser extent than
inorganic ones; however, increasing herbicides and pesticides worldwide makes them a
dangerous water and groundwater pollutant (Scheme 1a for molecular structures). Moreover,
trivalent and pentavalent methylarsenicals promote diabetes via distortion of glucose
metabolism[4-6]. Due to the latter, the World Health Organization (WHOQO) has adopted
regulatory standards to limit the arsenic concentration in drinking water, imposing a limit
value of 10 pg/L[2]. Additionally, the toxicity of methylarsenicals depends on their
methylation degree and pH [7]; pentavalent TMAY, MMAY: and DMAY species are less toxic
than inorganic pentavalent arsenicals (iAsV); while the trivalent MMA'"!, DMA'" and TMA'!
species are much more toxic than inorganic trivalent forms (iAs""). Thus, the toxicity depends
on the uptake rate of each arsenic compound where less toxic species (pentavalent forms)
can be converted to the more toxic species (trivalent forms) increasing in the following order;

TMAY < MMAY~DMA" < iAsV< <iAs'' < MMA!"' < DMA!"' < TMA'''[8,9].

In this regard, two-dimensional 2D materials are a useful alternative for drinking
water treatment via physical/chemical adsorption of arsenic pollutants, favored by their high
surface area, high adsorption capacity, and high recovery and reusability[10,11]. As an
illustration, activated carbons and graphene-based materials have been demonstrated as
potential materials for arsenic removal removing with a high adsorptive capacity for a large

number of compounds (Scheme 1b-c)[12,13,22-24,14-21], where the hydrophobicity,
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recyclability, and adsorption capacity of nanostructured intrinsic surfaces can be remarkably

enhanced by surface treatments and oxidation process[25].

Phosphorene-based materials are structurally flexible layers where each phosphorus
atom is covalently bonded to three adjacent atoms (Scheme 1d), which have been considered
promising candidates in pollutant control technologies. Contrary to graphene, the unique
structure of phosphorene allows a direct bandgap of ~1.5 eV, which confers high carrier
mobility, and interesting optical and electronic anisotropy[26-28]. Regarding its sorbent

ability, phosphorene has already been demonstrated by both theoretical and experimental
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Scheme 1. (a) Structure of methylarsenicals and metabolic pathways for arsenic
methylation. (b-f) Low-dimensional adsorbent materials.
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investigations a larger adsorption capacity for other aqueous pollutants such as toxic dyes;
methylene blue, rhodamine B, and N-nitrosodimethylamine since the strength of binding is
highly dependent on the amount of charge transfer between the contaminants and the
phosphorene layer, which is characteristic of their electrical resistivity[29,30]. In addition,
phosphorene reaches 50-90% efficiency by chemisorption of inorganic arsenicals in water
treatment[31]. At the same time, phosphorene shows an adsorption capacity of ~4.8 mg g*
for inorganic iAs"" in contrast to graphene, which reaches ~1.3 mg gt at pH=7[31]. The
adsorption strength on phosphorene is often stronger than graphene because the chemically
active phosphorous atom makes it have stronger affinity interaction with the atoms or
molecules[32]. Additionally, density functional theory (DFT) calculations show that
phosphorene doping with transition metals (e.g., Fe, Ni, and Cu, Scheme 1e) enhances the
adsorption capacity by a strong inner-sphere surface complexation of chemical nature
reaching adsorption energies of up to ~2.0 eV[33,34]. Also, the adsorption efficiency for
inorganic arsenic removal remains at acidic and neutral environments, with a low competition
of adsorption sites with coexisting species and high reusability/recovery of adsorbents by

alkaline treatment[33,34].

On the other hand, it is well known that phosphorene is prone to oxidize when it is
exposed to air and water, which changes its structure and properties depending on the type
of the formed oxide [PxOy or PxOy(OH).][35,36]. A computational study explored many
possible reaction products between phosphorene and oxygen, resulting in the most stable
species in contact with water, the PxO type suboxides (with x=8, 6, 4, 2)[37]. This partial
oxidation type of phosphorene surface is another interesting property to explore the

adsorption ability of this material, which could show an improved adsorption capacity
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compared to its pristine counterpart like graphene oxide [38]. The latter turns into a key point
because the oxidized forms could be the reliable structures to act as adsorbents in pollutant
removal. With this in mind, a surface structure with dangling oxygen atoms (P-O) is the most
stable configuration of oxidized phosphorene for low/medium oxygen concentrations
(Scheme 1f)[39]. In addition, an easy bottom-up synthesis route for partially oxidized
phosphorene surfaces can be addressed[38]. In this way, the properties of pristine
phosphorene could be preserved in the oxidized forms, with slight changes in the structure
of oxidized phosphorene confirming the primary role of oxygen on the surface and their

beneficial application in an aqueous environment[38].

Our motivation is to clarify the role of partially oxidized phosphorene to control
water-soluble methylarsenicals, which to our knowledge, has not yet been explored. In
particular, the present work addresses a DFT study for (i) the adsorption ability of
phosphorene for uptake of methylated As"' and AsY species in water environments, (ii)
adsorption conformations, (iii) the interaction mechanisms and nature of the physical or
chemical adsorption, and (v) recovery of the adsorbent material as a new technology for water

treatment.
2. Computational Details

We employed all-electron DFT calculations at the PBE/def2-SVP level of
theory[40,41]. Dispersion corrections due to van der Waals interactions were included with
the DFT-D3(BJ) method[42,43]. Solvent effects in water (¢=80.4) were comprised by the
conductor-like polarizable continuum model (CPCM), where the solvent reaction field is

described by apparent polarization charges on a cavity surface where the solute is placed[44].
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Convergence tolerance values of 1x108 and 3x10°° Ha were used for energies and geometry

optimizations; the geometries were converged with tolerance values in gradients and
coordinate displacements of 2x10-2 Ha/Bohr and 1x10-2 Bohr, respectively. Phosphorene
(Phos, P126H30) and phosphorene oxide (PhosO, P126012H30) nanoadsorbents were modeled
as finite clusters with a surface area of 1583-1611 A? (considering its electron density), which
is larger compared to methylarsenicals (115-135 A?). Then, the 126-phosphorous atoms finite
model has already been validated to obtain well-converged adsorption energies for arsenical
removal[33]. Dangling bonds at the edges are saturated with hydrogen atoms to avoid vacant
orbitals[33,34]. According to previous results, the phosphorene oxide was modeled using the
25% oxygen atoms in the structure[45,46]. PhosO with 25% of oxygen content displays the
following advantages: (i) the higher stability based on indirect and direct band gaps[45]; (ii)
it conserves the phosphorene skeletal structure after active surface oxidation; (iii) the active
surface contains equal oxygen and phosphorous atoms as electron donor and acceptor sites,
respectively; (iv) a medium content of oxygen atoms reduces the repulsion between
negatively charged oxygen atoms and anionic methylarsenicals. The computed cohesive
energies are 3.36 and 3.42 eV/atom for Phos and PhosO, denoting the geometrical and

energetic stability of the proposed systems.

Adsorption energies (Eags) of the adsorbent-pollutant systems were computed as:

Eads=Ephos+Eas—Ephos-as (Eq. 1)

where Epnos, Eas, and Epnos-as are the total energies of the free phosphorene-based
nanoadsorbent, free arsenic contaminant, and adsorbent-adsorbate system, respectively; then,

the more positive the Eags values, the more stable the adsorption is. The standard counterpoise
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correction was used to avoid basis set superposition errors[47]. Adsorption energies in water
were further decomposed into physically meaningful terms for quantitative characterization
of the adsorption mechanism via the energy decomposition analysis based on absolutely
localized molecular orbitals (ALMO-EDA) in the Q-Chem5.2 program[48-51].

Accordingly, the adsorption energy is expressed as the sum of six physical terms:

—Eads=AEEeLEctAEDIsP+AEpPoL +AECT+AEPAULITAEPREP (Eq. 2)

Here, AEELec, AEpisp, AEpoL, and AEcr are related to the stabilizing energy contributions due
to Coulombic attractions (classical intermolecular electrostatic), dispersion forces (van der
Waals interactions), polarization (induced electrostatic effects), and charge transfer (inter and
intramolecular charge flow between fragments), respectively. AEpauLi IS the energy
destabilization due to Pauli repulsion when two fragments are close enough (volume
exclusion effects). AEprep is the preparation energy due to geometric/electronic distortion of

the fragments to reach the geometry of the adsorbent-adsorbate system.

We employed the Atoms-in-Molecules (AIM) method to demonstrate the fingerprint
of chemical interactions, which quantifies the electron density (pi) at the bond critical points
(BCPs) of intermolecular interactions[52]. In this framework, covalent bonds, coordinate
covalent bonds and hydrogen bonds (highly polarized interactions), and weak electrostatic
interactions show pi values of ~0.50—0.10, 0.10-0.04 <0.01 e/Bohr®, respectively. AIM,
Mayer bond orders, Mulliken population analyses, and wavefunction analyses were
performed in the Multiwfn 3.7 program[53]. An orbital picture of the bonding was obtained

through the natural bond orbital NBO module in Gaussianl6 at the same level of theory[54].
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3. Results and Discussion

In terms of toxicity, trivalent arsenicals are more toxic and mobile than pentavalent
ones, which is related to the speciation and its affinity with the -SH groups in biomolecules
such as glutathione and cysteinyl residues in enzymes[55-57]. In the first place, trivalent
arsenicals are deprotonated above pH=9.2; then, trivalent arsenicals are neutrally charged at
neutral and physiological pH[55,58]. Besides, pentavalent methylarsenicals show acid-base

equilibria in solution:

MMAY = H* + aMMAY, pKa,=4.1 (Eq. 3)
aMMAY 2 H* + CH3AsO3?", pKa=8.7 (Eq. 4)
DMAY = H"+ aDMAY, pKa1=6.2 (Eq. 5)

According to Eqg. 3-5, pentavalent methylarsenicals are anionic at pH=7, while TMAV is non-
protic. Given these points, the adsorption ability of oxidized phosphorene is evaluated by the

adsorption energies Eags (Fig. 1), where positive values indicate a stable adsorption.

3.1. Interaction stability

Firstly, the stability of the arsenicals adsorbed onto Phos and PhosO were studied
using adsorption energy in water (Eags, Fig. 1). To have a comparative perspective, the
adsorption onto intrinsic phosphorene is contemplated. Neutral trivalent and pentavalent
methylarsenicals show adsorption energies onto intrinsic phosphorene in the range of 0.35-
0.68 eV, while anionic pentavalent methylarsenicals shows adsorption energies of up to 1.33

eV. On the side of phosphorene oxide, the neutral methylarsenicals display adsorption
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Fig. 1. Adsorption energy of adsorbed methylarsenicals and aqueous species. Values in black
are the adsorption energy difference with respect to intrinsic phosphorene
[AEads=Eads(PhosO)-Eads(Phos)]; values in green are the respective percentual increase.

energies between 0.42 and 0.91 eV, reaching an increment of up to 0.49 eV compared to
intrinsic phosphorene. Anionic pentavalent methylarsenicals reach adsorption energies of
1.28-1.67 eV on phosphorene oxide, increasing up to 0.34 eV compared to intrinsic material.
These results illustrate the positive effect on the stabilization of methylarsenicals onto

phosphorene oxide as nanoadsorbent.

3.1.1. Adsorption of trivalent methylarsenicals

Two main conformations were found for methylarsenicals onto Phos and PhosO
nanoadsorbents (Fig. 2): (i) lying-down, where the substituents (CHz and OH) are oriented
towards the adsorbent surface (Fig. 2a,b,d); (ii) standing, where the As atom confronts
straightforward to the adsorbent surface (Fig. 2c.e,f). In the cases of methylarsenicals
absorbed onto intrinsic phosphorene, lying-down conformations were obtained for MMA!"
and DMA'"", but a standing conformation for TMA'!""; these systems show intermolecular

bond lengths on the range of dpnos-as=2.8-4.1 A and adsorption energy of up to 0.58 eV. In

9
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Fig. 2. Trivalent methylarsenicals adsorbed onto Phos (a-c) and PhosO (e-f) nanoadsorbents.
As-adsorbent distances are displayed in A.

the case of phosphorene oxide, the standing conformation is adopted by DMA!" and TMA!!"
(drhoso_as=2.6 A), with adsorption energies of 0.52-0.64 eV, respectively, which overcome
the stabilization by MMA'"" (Eags=0.44 eV). To summarizing, lying-down complexes are less
stable than standing complexes. Noteworthy methylarsenicals adsorbed onto PhosO are
always thermodynamically favored, presenting an adsorption energy difference with respect
to intrinsic phosphorene difference [AEags=Eads(PhosO) — Eads(Phos)] with positive values
that reach up to 0.17 eV for DMA"! (Fig. 1, values in black). Thus, the AEags values oscillate
between ~5% and ~50%, demonstrating the improvement of adsorption properties of PhosO
compared with intrinsic phosphorene. For comparison, the adsorption of trivalent
methylarsenicals onto intrinsic bidimensional materials such as graphene is less efficient in
an aqueous environment due to lower adsorption energies (Eads~0.3 eV[16]) compared with
intrinsic phosphorene and phosphorene oxide (Eads~0.5 eV, this work).

Literature cases offer a comparative landscape of these results since are reached
adsorption energies of 0.5 to 1.5 eV, in the case of iAs'"" neutral species interacting with Phos

and Ni/Cu-doped phosphorene, respectively [34]. Another theoretical study considering
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iAs"!" and methylated As'"' adsorbed onto doped Fe/Al-doped graphene reaches adsorption
energies of 1.7 eV[16]; the adsorption mechanism is mainly related to monodentate
complexation of the pollutant due to bond formation between oxygen and the doping metal.

Fe-doped phosphorene also interacts with iAs"" species, displaying Eads values between 1.1

and 2.0 eV, where a bidentate complex is observed for the most stable conformation[33]. For

graphene and carbonyl-functionalized graphene, the adsorption of iAs'"

reaches adsorption
energies of 0.3 and 0.5 eV[59]; these results reflect the improvement of the stabilization and

the effectiveness for the arsenical removal oxidating the adsorbent surface.

3.1.2. Adsorption of pentavalent methylarsenicals

Two conformations were obtained for adsorbed pentavalent methylarsenicals
according to their speciation at neutral pH (Fig. 3): (i) lying-down or (ii) seated
conformations, where deprotonated oxygen of methylarsenicals is oriented toward the
adsorbent surface, while the arsenic atom is placed at intermolecular distances of 3.0-3.7 A
from the adsorbent surface. In comparison, neutral pentavalent methylarsenicals reach
adsorption energies of 0.42-0.68 eV onto intrinsic phosphorene. In the case of pentavalent
methylarsenicals adsorbed onto phosphorene oxide, a slight shortening of intermolecular
length (drhoso-as) IS accompanied to an increase of stabilization compared to the intrinsic
phosphorene; that is, neutral pentavalent methylarsenicals display Eadss of 0.77-0.91 eV
showing a substantial increment of up to 115% (+0.49 eV) in the adsorption process for
MMAY (Fig. 1). Concerning the adsorption of anionic pentavalent methylarsenicals, the
adsorption process is substantially more robust using phosphorene oxides as nanoadsorbents.
For instance, the adsorption energy reaches 1.67 eV for PhosO-aDMAY, displaying the
stronger adsorption. Geometrical differences are observed in the participation of methyl
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Fig. 3. Molecular structures of (a) neutral pentavalent methylarsenicals and (b) anionic
pentavalent methylarsenicals adsorbed onto Phos and PhosO nanoadsorbents. Lengths from
As atom to the phosphorene-based structure are displayed in A.

groups pointing to the oxygen atoms of PhosO while one deprotonated oxygen is towards the
surface phosphorous atoms (Fig. 3b). According to literature, the adsorption of iAsY,
MMAsY, and DMAsY onto pristine graphene reaches adsorption energies of ~0.5-0.7 eV,
while higher values are reached with metal-doped graphene (~2.9-4.2 eV)[16]. Besides, iAs¥
and DMAY adsorbed onto hematite rise Eags of 0.60 and 0.34 eV, respectively, where a non-

complexation process via hydrogen bonding is verified by ATR-FTIR spectroscopy [60].

From a general perspective, the average adsorption energies for methylarsenicals
absorbed onto intrinsic phosphorene and phosphorene oxide (Fig. 4) demonstrate that PhosO
is more efficient than intrinsic phosphorene (incremental between ~20 and 46%) for all the
studied methylarsenicals, and it is responsible for strong adsorption using phosphorene in
water. An increase in arsenical removal efficiency was observed for As(ll1) removal for
graphene/graphene oxide[59]. Therefore, the controlled incorporation of oxygen atoms on
phosphorene surfaces offers an exciting route to improve the efficiency of removing

methylarsenicals pollutants.

12
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Fig. 4. Comparative average adsorption energy (Eags) for trivalent and pentavalent
methylarsenicals adsorbed onto intrinsic phosphorene and phosphorene oxide.

3.2. Energy Decomposition Analysis.

The adsorption energies of the inner-sphere surface complexes were decomposed for
a quantitative and readily physical interpretation of interaction mechanisms. According to
the ALMO-EDA method, we focused the attention on the stabilizing terms of Eq. (2)
(AEeLec, AEpise, AEpoL, AEcT). Their relative single contributions (in percentage) are

displayed in Fig. 5 for a standardized comparison. Energies are included in Table S1.

Regarding neutral trivalent methylarsenicals, the adsorption energy is strongly
determined by the magnitude of intermolecular electrostatic interactions, with an AEgLec
contribution of up to 61% (Fig. 5a). Note that AEeLec in aqueous solution also tracks the
energy penalty due to the solvation process because Coulomb potential V is inversely
proportional to the solvent dielectric constant (€); in other words, AEeLec contains the
contribution from solvation energies. With this in mind, electrostatic interactions are a key
stabilizing driving force even in agueous environments. Despite the latter, the charge-transfer

term (AEct) displays the second-highest contribution (up to 38%), in agreement with the
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adsorbed methylarsenicals: a) neutral trivalent, b) neutral pentavalent, c) anionic pentavalent.

relative high magnitude of electron transfer between methylarsenicals and phosphorene oxide
(pollutants transfer ~0.2—0.4 electrons after uptake, indicating its donor character or pollutant
— PhosO electron transfer). Thus, the key stabilization gained by AEct contribution is related
to the charge-flow between fragments upon adsorption, i.e., increasing the number of methyl
groups increases in methylarsenicals. In addition, the larger magnitude of AEct term in the
case of PhosO-DMA!"" and PhosO-TMA"' complexes explain their relatively higher
adsorption energies than the MMA!"" adsorption, mainly because AEct term show
dependence on orbital interactions, relative orientation, and separation between molecular
fragments. Therefore, the arsenic atom of DMA'"" and TMA"' must be influenced by the
substrate at shorter intermolecular distances. As an illustration, the PhosO-MMA!"' complex
(dphoso-s~3.9 A) shows a higher AEcT=-0.79 eV than PhosO-DMA"' complex (dpnoso-as~2.6
A) with AEct=-2.41 eV. In particular, AEcr is associated with orbital interactions at short-

range distances, denoting orbital overlapping in the PhosO-DMA!"" and PhosO-TMA!"

14



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

complexes, which agrees with their relative higher values of electron transfer. As can be seen,
the inner-sphere surface adsorption mechanism of trivalent methylarsenicals is driven by
electrostatic forces and contributed from charge-transfer (orbital) stabilization, standing for
a combined contribution of ~80%. With this in mind, we cannot assume hydrogen bonding
as the primary interaction mechanism from the structural motif, revealing the relevance of
our energy decomposition analyses. Otherwise, dispersion forces (AEpisp) have a minor
contribution (10-12%), comparable to polarization effects (7-11%). As a comparison, the
As(I11) physisorption onto intrinsic phosphorene is 28% due to dispersion energies, implying

the different way as arsenicals are stabilized onto phosphorene oxide[33,34].

In the case of pentavalent methylarsenicals, some interesting mechanistic features
emerge because of the oxide groups and charge speciation. For neutral pollutants, the
combined contribution from charge transfer and polarization effects (AEct+AEpoL) accounts
for up to 54% of the stabilizing energy, which is almost balanced with the electrostatic term
(AEELEC, 42-46%, Fig. 5b). Because AEct and AEpoL show a strong dependence of orbitals
interactions at shorter intermolecular distances, oxide groups of pentavalent methylarsenicals
must covalently bind with activated phosphorous atoms of the adsorbent, in agreement with
short O—P bonds in neutral PhosO-As" complexes (do-p~1.8 A). Consequently, the inner-
sphere surface complexation of pentavalent methylarsenicals occurs by a balanced
contribution of orbital and long-range driving forces, explaining their relatively higher
adsorption energies than trivalent pollutants. Note that the oxide group of pentavalent
pollutants is also responsible for strong chemical bonding onto doped substrates like Al, Fe,
and Si-doped graphene, denoting its key role in the low mobility of As(V) species compared

to As(111) [14,16].
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On the other hand, anionic pentavalent arsenicals show a high stabilization via
polarization effects, with a relative AEpoL contribution of 43% (Fig. 5c). According to their
speciation, aMMAY and aDMA\ are found with a negative charge at the removal pH due to
their acid-base equilibria (Eq. 3-5); the negative charge of adsorbates induces strong
polarization in the phosphorene oxide nanoadsorbents, leading to the on-fragment relaxation
of each species to the presence of their nuclei and electrons. The on-fragment relaxation
comes in the form of electron density rearrangements that create favorably aligned induced
multipole moments, favoring the energy lowering. Consequently, the anionic charge of
pentavalent species ensures higher adsorption energies and lower mobility compared to the
uptake of neutral pollutants. Note that part of the polarization stabilization also comes from
the covalent O—P bonding, but charge transfer effects are almost balanced with electrostatics
effects in these complexes (combined AEct+AEeLec contribution of 53-54%). Finally,
dispersion forces show a negligible contribution to the stability of anionic/neutral pentavalent

methylarsenicals (AEpisp, up to 7%).

Last but not less, Pauli repulsion (AEpauLi) compensates for all the stabilizing effects,
standing for 84-97% of the whole destabilizing energy. Pauli repulsion is related to the
volume exclusion effects when molecular fragments are brought into close interaction. Due
to the latter, AEpauLi is sensitive to the number of methyl groups, molecular volume,
oxidation state, and relative adsorption orientation in methylarsenicals. For instance, AEpauLi
is higher for anionic PhosO—aMMAY complex (AEpauLi=11.8 eV) compared to neutral
PhosO-MMA!"" (AEpauLi<3.4 eV), which is due to the anionic nature, relatively higher

molecular volume, and short-range P—O bonding in the pentavalent case (Table S1).
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3.3. Characteristics of chemical bonding.

EDA results revealed the key contribution of orbital interactions to the adsorption
stability. We performed electron density-based analyses to address the chemical fingerprint
of the surface complexation. We evaluate the electron density values (pi) at the intermolecular
bond critical points [BCPs, points in space at which the first derivatives of the electron
density vanish Vp(r)=0]. First, the non-covalent part of the PhosO—Pollutant bonding is
associated with strong electrostatic interactions and hydrogen bonding, which are associated
to pi values of the order of ~0.06-0.02 e/Bohr? (red values, Fig. 6), which is a characteristic
of electrostatic interactions and supporting the key role of electrostatics interactions as noted
by EDA results. Additionally, methyl groups of methylarsenicals accumulate electron density
upon adsorption, which electrostatically attracts the electron-deficient atoms of PhosO near
the adsorption site. The latter results in several electrostatically attracted pairs with pi values

of ~0.02-0.01 e/Bohr® at BCPs (green values, Fig. 6).

a) trivalent methylarsenicals

_ i | in _ ]
Phos—MMA' Phos-DMA Phos-TMA color code by range of
p values:
i) orbital overlapping.
ii) strong electrostatic
attraction or hydrogen
bonding.
iii) weak electrostatic
attraction.
b) neutral pentavalent methylarsenicals c) anionic pentavalent methylarsenicals
Phos—MMAY Phos—DMAY Phos-TMAY Phos—aMMAY Phos—aDMAY

Fig. 6. Electron density at the bond critical points of intermolecular interactions (i, in
e/Bohr®).
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In the case of orbital interactions, some differences arise between trivalent and
pentavalent methylarsenicals. Orbital interactions increase for trivalent pollutants depending
on the adsorption orientation because arsenic atom must be closer to phosphorous atoms. The
As—P bonding is associated with pi values of 0.06-0.07 e/Bohr® in the PhosO-DMA!"" and
PhosO-TMA!"" complexes as expected for orbital interactions (blue values, Fig. 6a), in
agreement with the high AEct contribution in these cases (see section 3.2). The NBO
procedure clarifies the orbital picture of the bonding, where PhosO-TMA"' and
PhosO—-TMAY complexes are considered as representative cases. Accordingly, the P—As
covalent bond occurs by overlapping of 3p (phosphorous) and sp® hybridized (arsenic)
orbitals, forming one cAs—P covalent bond by sharing one electron pair (Fig. 7a). The
bonding density is ~60% polarized to methylarsenicals due to their acceptor character; as a
result, the cAs—P bonding strength is lower compared to standard cP—P or cAs—C bonds. In
fact, the Mayer bond order for single covalent bonds is ~1.0 a.u., but single cAs—P bonds
show bond order of ~0.5 a.u, which is a consequence that cAs—P bonds can delocalize bond

density to intramolecular o*As—C bonds via donor-acceptor interactions (electron

| [ a)PhosO-TMA" |

b) PhosO-TMAY

Fig. 7. Natural bond orbitals associated with bonds in the a) PhosO-TMA!"' and b)
PhosO-TMAY complexes. Blue arrows stand for donor-to-acceptor orbital interactions.
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delocalization) (blue arrows, Fig. 7a). On the positive side, this bonding behavior balances
two main features: i) it allows pollutant desorption in further steps for sorbent recovery; ii) it
avoids pollutant decomposition into harmful compounds due to heavy complexation on the
surface. Additionally, PhosO—-MMA!"' complex do not show cAs—P bonding, but there is a
strong intermolecular O---P attraction due to the low electronegativity of phosphorous atoms

compared to oxygen [P (2.19) and O (3.44), in the Pauling scale] (blue values, Fig. 6a).

In the case of pentavalent methylarsenicals, the short orbital O—P interactions
(dp-0~1.8 A) show high pi values of 0.10-0.14 e/Bohr® (blue values, Fig. 6b-c). The O-P
interaction is a coordinative covalent bond due to electron delocalization from 2p oxygen
lone pair orbitals in methylarsenicals toward one low-occupied c*P—P bond of PhosO (Fig.
7b). Provided that the acceptor antibonding o*P—P bond is occupied by ~0.3 electrons,
destabilizing steric energy must increase in agreement with higher AEpauLi energies in the
case of adsorbed As(V) species. The O—P bonding features also allow the balance between

stable adsorption without pollutant decomposition and desorption ability for further recovery.

3.4 Assisted adsorption by water and recovery

Before exploring the adsorption ability of PhosO nanoadsorbents, it is necessary to
analyze the competitiveness of the adsorption site with water molecules. Fig. 1 shows that
all arsenic species are more efficiently adsorbed than a water molecule. The water adsorption
onto PhosO display lower adsorption energy values than methylarsenicals (Eags~0.5 eV).
Thus, a water molecule is not competitive enough to disrupt the methylarsenicals adsorptions
onto oxidized phosphorene. These results agree with the experimental and theoretical

evidence, where phosphorene and its derivatives can be employed as effective adsorbents for
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arsenical removal from aqueous matrices since pollutants can be adsorbed more strongly than

water molecules[31,33,34,61].

In this regard, the superior adsorption ability towards arsenic species is attributed to
the orbital part of the bonding, as shown by EDA and bonding results. However, this is not
the case for the trivalent monomethyl arsenic TMA!"' which is the only physisorbed
contaminant since the electrostatic effect is the most prominent interaction with the oxidized
phosphorene surface (Table S1), even with a greater adsorption ability than the water
molecule. Therefore, these results suggest that phosphorene oxide may not be intrinsically
hydrophilic because the water molecule is weakly physisorbed, which makes this material a
good candidate for water treatment. This agrees with the findings of the Sutter group[62];
they found that water adsorption does not perceptibly change the structure of oxidized

phosphorene, confirming the primary role of oxygen on the surface in front of the water.

In an explicit water environment (Fig. 8), the physisorption mechanism prevails for
MMA!" because electron densities at the BCP of intermolecular interactions are in the range
of ~0.02-0.01 e/Bohr3, which is related to electrostatic interactions. A similar trend is
observed for the anionic DMAY forms (Fig. 8a), where the chemisorption prevails, as noted
from the high electron density values at the BCP of P—O bond (pi=0.113 e/Bohr®) with a
slight change related to the implicit solvent model (pi=0.144 e/Bohr®). Consequently, only
the monomethylated trivalent species of arsenic will have relatively higher mobility than the
rest of the methylarsenicals. Thus, it could be predicted that the mobility in water decreases
accordingly to the electron densities at the BCP in the following order:

MMA!"'<DMA"<TMA!'<TMAY<MMAV<DMA'<aDMA'<aMMA".
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a) methylarsenicals
LowW E,

ads

MMA"-PhosO aDMAY-PhosO
Explicit Implicit Explicit Implicit

color code by range of p,
values:

o i) Orbital overlapping.
[— & ' 7 \ { ii) Strong electrostatic
Y A « > Al eg A éb \ attraction or hydrogen
e “, ~ 1 > '%%‘» b bonding.

iii) Weak
electrostaticattraction.

= pod

b) aqueous species Water: dj,,, 2.5-2.6 A;

Phos-H,0 [ Phos-OH- | PhosO-H,0 [PhosO-OH-| Eaus=°-2-°-f_t?Vt ;
| I > 0 @ ater is non-competitive towards

methylarsenicals adsorption.
25 1.7 2.6 : Hydroxide: do.,, 1.7 A;

ﬂ ll E,4=2.48-2.91 eV

Hydroa:isde overcomes the
methylasenicals adsorption.
Fig. 8. PhosO-MMA!"" and PhosO-aDMAV systems at water environments (hydrogen
bonds of water molecules are depicted with white points). Numbers stand for pi values at the
BCPs of intermolecular interactions in e/Bohr®. (b) Molecular structures of single H20 and
OH- species adsorbed onto Phos and PhosO, with distances in A,

Water molecules demonstrate lower adsorption energies for adsorption on either
intrinsic or oxidized phosphorene (Eadas 0.14 and 0.28 eV for Phos-H>0 and PhosO-H>0,
respectively), adopting an intermolecular distance from oxygen to nanoadsorbent of 2.5-2.6
A (Fig. 8b). The adsorption energy of water onto intrinsic phosphorene or phosphorene oxide
is always lower (at least 40%) than methylarsenicals adsorption, showing the selectivity of
methylarsenicals to be absorbed in agueous environments. In this sense, water molecules are

non-competitive factors for arsenic remotion with phosphorene-based nanoadsorbent.

Water treatment technology looks for sorbent materials capable of resisting several
adsorption-desorption cycles for repetitive use. For regeneration and reusability of
nanoadsorbents, surface treatment with alkaline eluents (e.g., NaOH solutions) allowed the
regenerations by removing the ~99% of arsenic from graphene-oxide composites with metal

oxides such as CuFe;Os4, Gd20s, Fe30s, and CuO), Zn-Fe mixed metal oxides,
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FezO4/Halloysite nanocomposites, Fe/Cu-polyurethane nanoparticles, and Ti-oxides[63—66].
Hence, the reusability was investigated considering the hydroxide anion (OH™) adsorption as
eluent. Fig. 1 shows that the hydroxide anion (OH™) competitiveness with the arsenic species
is much higher (Eats=2.91 eV) given its strong stabilization by polarization effects with
phosphorene oxide (see Table S1) and displaying an intermolecular length of 1.7 A. The
latter prevents the adsorption of arsenic species by repulsive electrostatic interactions with
the adsorbent surface in alkaline conditions. Additionally, the results indicate that
phosphorene oxide makes easier the regeneration with alkaline eluents increasing the
stabilization by ~20% compared with the affinity of intrinsic phosphorene with hydroxide
anions. In other words, the regeneration of adsorbent is allowed by inexpensive alkaline
reagents such as sodium hydroxide solution, i.e., through suitable modifications operating
settings, such as pH conditions. In addition, also it has been demonstrated that a 1,2-
ethanedithiol (EDT) treatment is a simple and effective way to completely recovered even to
its pristine state[67]. Similarly, another method for recovering nanoadsorbents has been

rinsing with deionized water and following with post-treatment[68].
4. Conclusions

In summary, we have elucidated the ability of oxidized phosphorene nanoflakes (PhosO) for
the simultaneous removal of methylarsenicals from contaminated water sources. The PhosO
nanoflakes form inner-sphere surface complexes with methylarsenicals under water conditions, even
with enhanced adsorption stability compared to intrinsic phosphorene and without the competition of
water molecules for adsorption sites. The inner-sphere surface adsorption of trivalent
methylarsenicals is driven by electrostatic forces and contributed from charge-transfer (orbital)

stabilization. While surface complexation of pentavalent methylarsenicals occurs by a balanced
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contribution of orbital and long-range driving forces, allowing relative higher adsorption energies
than trivalent pollutants; anionic contaminants also show a high stabilization via extra polarization
effects. Furthermore, recovery of nanoadsorbent after uptake turns convenient via inexpensive

alkaline post-treatments. Therefore, phosphorene oxide could serve as a remarkable basis material
for future technologies related to adsorption, removal, and/or control of water-soluble

methylarsenicals.
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