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Soil amended with Algal Biochar Reduces Mobility of deicing salt 
contaminants in the environment: An atomistic insight 

Farideh Pahlavan a, Hamid Ghasemi a, Hessam Yazdani b, Elham H. Fini a,* 

a School of Sustainable Engineering and the Built Environment, Ira A. Fulton Schools of Engineering, Arizona State University, 660 S. College Avenue, Tempe, AZ 85287- 
3005, USA 
b Department of Civil and Environmental Engineering, University of Missouri , W1024 Lafferre Hall, MO 65211, Columbia   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Soils amended with algal biochar 
immobilize deicing salt contaminants. 

• Type and density of functional groups 
on biochar affect its adsorption efficacy. 

• Direct and indirect adsorption mecha
nisms involve electrostatic interactions.  
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A B S T R A C T   

Soil-based filter media in green infrastructure buffers only a minor portion of deicing salt in surface water, 
allowing most of that to infiltrate into groundwater, thus negatively impacting drinking water and the aquatic 
ecosystem. The capacity of the filter medium to adsorb and fixate sodium (Naþ) and chloride (Cl− ) ions has been 
shown to improve by biochar amendment. The extent of improvement, however, depends on the type and density 
of functional groups on the biochar surface. Here, we use density functional theory (DFT) and molecular dy
namics (MD) simulations to show the merits of biochar grafted by nitrogenous functional groups to adsorb Cl− . 
Our group has shown that such functional groups are abundant in biochar made from protein-rich algae feed
stock. DFT is used to model algal biochar surface and its possible interactions with Cl− through two possible 
mechanisms: direct adsorption and cation (Naþ)-bridging. Our DFT calculations reveal strong adsorption of Cl−

to the biochar surface through hydrogen bonding and electrostatic attractions between the ions and active sites 
on biochar. MD results indicate the efficacy of algal biochar in delaying chloride diffusion. This study demon
strates the potential of amending soils with algal biochar as a dual-targeting strategy to sequestrate carbon and 
prevent deicing salt contaminants from leaching into water bodies.   

1. Introduction 

Depending on terrain, human population density, and road density 

and usage, tens of million metric tons of deicing salts (sodium chloride, 
calcium chloride, magnesium chloride) are applied to paved surfaces in 
cold regions worldwide annually to reduce vehicular accident rates and 
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protect the traveling public (Hintz et al., 2022). This treatment leads to 
heavy influxes of soluble and highly mobile ions that contaminate 
stormwater runoff and leach into groundwater, causing substantial 
aquatic salinization and toxicity and hastening the decline of trees in the 
roadside environment (Howard and Haynes, 1993; Marsalek, 2003; 
Equiza et al., 2017; Hintz et al., 2017; Jones et al., 2017; Kaushal et al., 
2018; Schuler and Relyea, 2018). Deicing ions such as chloride (Cl− ) and 
sodium (Na+) also trigger the release and transport of heavy metals such 
as lead (Pb) and palladium (Pt) from roadside soils and emissions of 
vehicle catalytic converters, further contaminating water resources and 
negatively affecting the environment (Amrhein et al., 1992; Bäckström 
et al., 2004; Paus et al., 2014; Schuler and Relyea, 2018; Aruguete et al., 
2020; Saadeh et al., 2021). 

Green infrastructure (GI) best management practices (BMPs) are 
measures that combine vegetative controls, soils, and natural processes 
to manage and treat contaminated stormwater before discharging it into 
receiving waters and aquifers (Keeley et al., 2013; Deeb et al., 2018; 
McFarland et al., 2019; Qiu et al., 2019; Huang et al., 2020; Mullins 
et al., 2020; Partenio, 2020; Xi et al., 2022). However, this infrastructure 
cannot permanently retain deicing salt ions, gradually releasing them 
into the environment (Semadeni-Davies, 2006; Stagge et al., 2012; 
Denich et al., 2013; Corsi et al., 2015; Robinson et al., 2017; Snodgrass 
et al., 2017; Burgis et al., 2020). Modification of GI as a salt mitigation 
strategy is needed to improve its potential to buffer surface waters from 
salt contaminants and reduce the groundwater salt load. A promising 
way to improve GI’s chloride adsorption and fixation capacity is to 
amend the soil with biochar. 

Biochar is a porous carbonaceous material derived from an animal- 
or plant-based biomass through thermal conversion in oxygen-limited 
conditions (Shackley et al., 2012; Lehmann and Joseph, 2009). This 
process could sequester large amounts of biomass carbon in the biochar. 
Biochar can be used for synergistic goals such as sustainable agriculture, 
climate change mitigation, and contamination remediation. One of the 
beneficial applications of biochar is a surrogate for activated carbon in 
the remediation of contaminated soils (Ahmad et al., 2014; Inyang and 
Dickenson, 2015; Pandey et al., 2022). Amending soil with carbon-rich 
biochar not only improves its nutritional and biological properties and 
contamination resistance (Mohan et al., 2014; Olmo et al., 2016; Dai 
et al., 2019; Jiang et al., 2020) but could also curb the emission of 
greenhouse gases (GHG) like CO2, CH4, and NO2 from the soil, miti
gating climate change (Cheng et al., 2008; Lehmann et al., 2008; 
Kuzyakov et al., 2009; Singh et al., 2012; Rajib and Fini, 2020; Rajib 
et al., 2021; Pandey et al., 2022). Biochar achieves these multiple targets 
through changing microbial activities within and physicochemical 
properties of the soil and creating a medium for GHG adsorption (Panahi 
et al., 2020). Therefore, biochar amendment is a promising way to 
reduce the carbon footprint of GI and turn it into a significant carbon 
sequestration driver (Awad et al., 2013; Purakayastha et al., 2015; 
Sánchez-García et al., 2019; Ghasemi et al., 2022b). 

Functional groups with different characteristics (electron-donating 
or electron-withdrawing) might be present on the surface of biochar and 
its microchannels. The structural features and physicochemical prop
erties of biochars are governed primarily by parent feedstocks and 
conversion process variables such as temperature and oxygen avail
ability. For example, biochars made from biomass rich in protein (e.g., 
algae and sludge) contain a higher density of N-carrying groups such as 
pyrrole and pyridine (Leng et al., 2020). Biochars produced via fast 
pyrolysis have a low surface area, those produced under 
high-temperature conditions have high aromatic hydrocarbon content 
and resemble a graphitic structure (Amonette and Joseph, 2009b; 
Downie et al., 2009), and production in an oxygen-free environment 
enriches biochar with oxygenous functional groups (Fan et al., 2018; 
Amonette and Joseph, 2009b). High temperatures also give rise to 
bond-breaking in hydroxyl groups (‒O‒H) or other less stable func
tional groups in the biochar structure, resulting in more alkalinity and 
hydrophobicity (Li et al., 2019). Removal of acidic functional groups at 

high temperatures decreases the cation exchange capacity of biochar (Li 
et al., 2019). Like thermochemical conditions, the chemical composition 
and ratios of organic components of parent biomass directly impact the 
biochar properties. The reason lies in the fact that organic materials 
undergo thermal decomposition at different temperature ranges; for 
example, cellulose decomposes at 240–350 ◦C, while the appropriate 
temperature for lignin decomposition is in the range of 280–500 ◦C 
(Downie et al., 2009). 

Structural features of biochar are a factor in determining its suit
ability for a specific application. For instance, more porous biochar is 
preferred for increasing plant productivity in hard soils, while those rich 
in functional groups are more effective for contamination remediation. 
Also, biochar’s high content of organic carbon of hydrophobic nature 
and high surface area make it a suitable amendment for increasing the 
soil’s water holding capacity Verheijen et al., 2010 with increases up to 
18% reported in the literature (Glaser et al., 2002). The ability of bio
char to adsorb organic and inorganic species through cation exchange 
improves soil fertility and nutrient retention. (Sohi et al., 2009), (Haji
karimi et al., 2020) In addition, the alkalinity of biochar and the 
abundance of organic functional groups in its highly porous structure 
enable it to immobilize heavy metals in contaminated soils (Zhou et al., 
2020). 

Since the soil in GI plays a vital role in removing and stabilizing 
contaminants from runoff, changes in the soil medium, specifically 
amending it with algal biochar, may lower the mobilization and accu
mulation of chloride (Cl− ) ions in streams. Our prior work has shown 
that biochar derived from the thermochemical conversion of algae is 
rich in nitrogenous functional groups such as amide, amine, pyrrole, and 
pyridine, making it promising for selectively adsorbing some potentially 
hazardous bitumen emissions and retaining these volatile compounds in 
the matrix of bitumen (Mousavi et al., 2021). X-ray photoelectron 
spectroscopy (XPS), elemental analysis, and Fourier-transform infrared 
(FTIR) spectroscopy analysis revealed increases in the C–Cl groups at the 
internal surface of biochar by about 80% after HCl modification (Wang 
et al., 2018; Chen et al., 2022), showing the capability of biochar to 
adsorb chloride ions. It suggests the potential of soil amended with 
amine-functionalized biochar to outperform that amended with con
ventional biochar in adsorbing chloride from deicing salt. 

The effectiveness of biochar as an economical and abundant agent 
for the adsorption and retention of soil contaminants largely depends on 
its surface area, pores volume, surface charge, and type and density of 
functionalities (Zhu and Pignatello, 2005). It also depends on the ad
sorbate’s structure, charge accumulation, and interactions with active 
sites on biochar. Therefore, it appears imperative to optimize the pro
duction variables (biomass composition, thermochemical process, het
eroatom doping techniques) to accentuate and harness favorable 
features of biochar for trapping deicing salt contaminants in soil and 
preventing them from entering groundwater. It is also essential to gain 
an in-depth understanding of the molecular mechanisms involved in the 
adsorption of Cl− onto biochar. Such understanding will help produce 
biochar with maximum resistance to chloride diffusion. 

In this study, we computationally test the hypothesis that N-con
taining functional groups present in algae-based biochar enhance the 
capacity of biochar to adsorb and retain Cl− . We use density functional 
theory (DFT) calculations and molecular dynamics (MD) simulations to 
illuminate the degree of reaction tendency between Cl− and the func
tional groups of algal biochar and the underlying mechanisms involved, 
identifying the most effective functionals for immobilizing chloride and 
heavy metals. 

2. Computational modeling and simulations 

2.1. Density functional theory (DFT) calculations 

2.1.1. Molecular structure of algal biochar 
The first step to evaluating the ability of algal biochar to adsorb the 

F. Pahlavan et al.                                                                                                                                                                                                                               



Chemosphere 323 (2023) 138172

3

chloride ion is to construct a molecular model representative of inher
ently functionalized biochar derived from algal biomass. The typical 
approach to defining a molecular structure for individual biochar in
volves choices regarding the elemental composition, atomic ratios (e.g., 
H/C, O/C, (N + O)/C), atomic bonds in the molecule (e.g., C––C, C–C, 
C––O, C–H, –OH), and functional groups based on analytical and 
chemical analyses (e.g., Fourier-transform infrared spectroscopy, FTIR). 
Such characterizations have been the subject of numerous studies (Leng 
et al., 2015; Chen et al., 2017a, 2017b; Maliutina et al., 2018b; Chabi 
et al., 2020). A common denominator is that biochar is chiefly a 
carbonaceous skeleton decorated with surface functional groups, with 
the elemental composition and the type and abundance of functional 
groups being a function of the parent feedstock and the thermochemical 
process. Despite these laboratory insights, proper molecular represen
tations of biochar remain elusive. 

Based on our previously reported results for elemental information 
(Dandamudi et al., 2021), a decrease in the H/C atomic ratio in biochar 
relative to the biomass can serve as evidence for the aromatic character 
of algal biochar. In addition, XRD peaks at 26.426◦ and 43.019◦ (2θ) 
confirmed the presence of graphitic carbon in algal biochar that is ex
pected to appear in the form of randomly oriented polyaromatic clusters 
(Dandamudi et al., 2021). Further evidence shows poorly ordered stacks 
of graphene layers in amorphous biochar (Keiluweit et al., 2010). So, 
algae-based biochar possesses a molecular structure consisting of a 
central amorphous aromatic zone surrounded by functional groups. 

Functional groups in the biochar structure exhibit a heterogeneous 
composition and elicit different characteristics from the biochar surface: 
hydrophobic, hydrophilic, basic, or acidic. Biochar functional groups 
might have electron-withdrawing nature because of empty orbitals (e.g., 
amide or carboxylic groups) or electron-donating characteristics 
because of their π or σ electrons (e.g., amine or hydroxyl groups) 
(Amonette and Joseph, 2009b). These characteristics play a crucial role 
in the adsorption of organic/inorganic species (Jia et al., 2002; Zhang 
et al., 2017; Leng et al., 2020). As previously stated, the high-protein 
content of algal biomass leads to a rise in N-containing functional 
groups in the resulting biochar that in turn increases its adsorption ca
pacity (Leng et al., 2020). Based on spectroscopic information, a fraction 
of nitrogen content in algal biomass will be retained in biochar in the 
form of nitrogen functionals, including amides, amines, pyrroles, and 
pyridines (Chen et al., 2017a; Maliutina et al., 2017, 2018b, 2018a; 
Chabi et al., 2020; Leng et al., 2020; Dandamudi et al., 2021). FTIR 
peaks also indicate the presence of oxygen-containing functional groups 
such as hydroxyls, phenols, carbonyl, and carboxyl in biochar. (Leng 
et al., 2015; Maliutina et al., 2018b; Sajjadi et al., 2019; Chabi et al., 
2020; Dandamudi et al., 2021). 

A schematic representation for the molecular model of algal biochar 
we used in the DFT computations is shown in Fig. 1. This biochar model 
comprises a polyaromatic graphene-like sheet surrounded by major N- 
and O-based functional groups. The DFT computations were intended to 

elucidate the adsorption of Cl− onto the model through two potential 
mechanisms: 1) direct adsorption and 2) cation (Naþ)-bridging. The 
computations involved optimizing the model and all its interaction 
configurations with the chloride ion with the DMol3 module (Delley, 
1990, 2000) (BIOVIA Materials Studio 2021). The computations were 
carried out using the Perdew-Burke-Ernzerhof (PBE) (Perdew et al., 
1996) generalized gradient approximation (GGA) and all-electron dou
ble-numeric plus polarization (DNP) as functional and basis sets. Given 
the interactions expected for chloride, Grimme’s long-range dispersion 
correction (Grimme, 2011) was included in the optimizations to accu
rately capture thermodynamically stable configurations and the strength 
of chloride adsorption on the biochar surface, PBE-D. The ‘fine’ level of 
integration was used at which the tolerances for energy, maximum 
force, and displacement convergence were set at 1.0 × 10− 5 Hartree, 2.0 
× 10− 3 Hartree/Å, and 5.0 × 10− 3 Å, respectively. 

2.1.2. Calculation of interactions and adsorption energy 
The thermodynamic stability of the chloride-biochar adsorption 

complexes was estimated through the adsorption/binding energy, Eads, 
which is the difference in energy between the adsorbed/bound state and 
the isolated-components state. For a two-component system consisting 
of the chloride ion and algal biochar, the adsorption energy between the 
components can be calculated as: 

Eads = Eadsorbed − (Echloride + Ebiochar) (1)  

where Eadsorbed is the system’s total energy in the adsorbed/bound state, 
and Echloride and Ebiochar are the energies of chloride and biochar in 
isolation and at thermodynamic equilibrium. A negative value for the 
adsorption energy of a bound system indicates a favorable gain in energy 
in the adsorbed state compared with the isolated state, confirming that 
adsorption is thermodynamically feasible. More negative values for 
adsorption energy are associated with stronger adsorption. (Ghasemi 
et al., 2022a) 

The nature of intermolecular interactions is a primary factor 
affecting the system’s stability. We used IGMH (independent gradient 
model [IGM] based on the Hirshfeld partitioning of molecular density) 
to characterize intermolecular interactions and visualize noncovalent 
interaction regions (Lu and Chen, 2021, 2022). IGMH is a recent adap
tation of the IGM method, which was initially proposed by Lefebvre 
et al., 2017, 2018 based on electronic density to quantify and visualize 
intra- and intermolecular interactions separately through a set of 3D 
images that reflect the type of interactions. In comparison with other 
noncovalent interaction (NCI) methods, IGM achieves this practical 
benefit by introducing δg as a local descriptor that is defined as the 
difference between the gradient of promolecular density (sum of atomic 
densities), g, and the IGM type of density gradient (sum of absolute values 
of density gradient of each atom in their free states gradients), gIGM 

(Equation (2)). Due to ignoring the sign of density gradients in the gIGM 

definition, its value is the upper limit of g. 

δg(r) = gIGM(r) − g(r) (2) 

In three-dimensional cases: 

g(r) =

⃒
⃒
⃒
⃒
⃒

∑

i
∇ρfree

i (r)

⃒
⃒
⃒
⃒
⃒

gIGM(r) =
∑

i

⃒
⃒∇ρfree

i (r)
⃒
⃒ (3)  

where i is the number of loops over all atoms, and ρfree
i denotes the 

spherically averaged density of the i-th atom in its free state. The IGM 
method can describe intermolecular (between fragments) and intra
molecular (within each fragment) interactions separately as: 

δg(r) = δgintra + δginter (4) 

The important part of interactions for studying chloride adsorption 
over biochar is intermolecular interactions, defined as: Fig. 1. Schematic of the algal biochar molecular model used in DFT 

computations. 
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δginter = gIGM,inter(r) − ginter(r) (5) 

IGMH distinguishes itself from IGM by calculating the gradient of 
atomic density. IGMH was defined based on actual molecular electron 
densities instead of promolecular approximations (densities of atoms in 
their free states) used in the IGM method (Lefebvre et al., 2017; Lu and 
Chen, 2021, 2022). So, it is expected that IGMH should provide a more 
physically meaningful approach to exhibit interactions. 

Here, we used isosurfaces of δginter to visualize interaction regions 
between the chloride ion and algal biochar, and meantime, to vividly 
reveal the nature of interactions by using different colors. The Multiwfn 
program (Lu and Chen, 2012) was used to perform the IGMH calcula
tions, and the Visual Molecular Dynamics (VMD) program (Humphrey 
et al., 1996) was employed to export grid data to plot color-coded IGMH 
isosurface maps. Gaussian 16 (Frisch et al., 2016) calculations, 
PBEPBE/6-31G**, were used near the Dmol3 level of computations, 
PBE-D/DNP, to generate wavefunction files as input files required for 
rendering IGMH calculations in Multiwfn. 

2.2. Molecular dynamics (MD) simulations 

MD simulations were used to investigate the influence of the density 
of nitrogenous functional groups on chloride diffusion in pristine and 
functionalized biochar nanochannels. The biochar nanochannel model 
constructed for the MD simulations is shown in Fig. 2. The model con
sisted of a reservoir of saline water containing 1280 water molecules and 
seven (7) pairs of chloride (q = -1) and sodium (q = +1) ions, corre
sponding to 40 g/L concentration of NaCl in seawater (Lohrasebi and 
Rikhtehgaran, 2018). Biochar was modeled as an amorphous graphite 
film. The following steps were taken to construct the film (Ghasemi 
et al., 2022b): 1) five 5 nm-by-5nm graphene sheets were stacked at an 
interlayer spacing of 0.335 nm to build a crystalline graphite film, 2) in 
constant volume, the temperature was ramped over 50 ps from 300 K to 
6000 K using the Nose-Hoover (NH) thermostat, 3) the temperature was 
maintained at 6000 K for 50 ps to give rise to the formation of an 
amorphous structure, 4) the graphite film was quenched by dropping the 
temperature from 6000 K to 300 K over 0.5 ps, preventing the restora
tion of the original crystalline configuration, and 5) the film was relaxed 
for 20 ps at 300 K and at constant zero pressure under the NH thermostat 
to obtain the final amorphous structure (Fig. 3). A time step of 1 fs was 
used in these steps, and the reactive force-field (ReaxFF) potential (Van 
Duin et al., 2001) was employed to define interatomic interactions. The 
graphene walls were incorporated into the model to shepherd the 
reservoir contents into the nanochannel. Nonadecanamide (C19H39NO) 
was used to represent amide functional groups in algal biochar (Ghasemi 
et al., 2022b). Its interactions were described using the Consistent 
Valence Forcefield (CVFF). Lennard-Jones potential was used to 
describe intermolecular interactions among nonbonded constituents 
(Table 1). Nonadecanamide was simulated at three different weight 
concentrations of ww = 0, ww = 1.2%, ww = 10%. The thickness of the 

opening of the nanochannel was set at 8.1 Å, three times the diameter of 
a water molecule (2.7 Å); for ww = 0, the opening between the opposite 
biochar surfaces was 8.1 Å thick, and for 1.2% and 10%, it was 18.0 Å to 
accommodate the functional groups. All MD simulations were per
formed with LAMMPS (Thompson et al., 2022). A 500-mV/Å electric 
field was applied to all atoms in the simulation box to actuate a flow of 
chloride and sodium ions from the reservoir into the nanochannel and 
avoid reverse flow. The electric field did not have any influence on 
electrically neutral molecules (water, nonadecanamide, and biochar). 
Periodic boundary conditions were applied in all directions of the 
simulation box. The ‘production’ stage involved allowing the contents of 
the reservoir to flow under the dynamics applied. We continued this 
stage for 500 ps using a time step of 1 fs (i.e., 500,000 steps) while 
keeping a tally of the number of chloride ions passing the right boundary 
of the simulation box. This number was used to compare the efficacy of 
the functional group in delaying the diffusion of chloride. 

3. Results and discussion 

3.1. DFT-based molecular modeling 

3.1.1. Electrostatic potential (ESP) colored molecular van der waals (vdW) 
surface for algae-based biochar 

We performed a quantitative analysis of the electrostatic potential 
(ESP) on the van der Waals (vdW) surface of biochar to characterize the 
adsorption of the chloride ion—the vdW surface of a molecule is the 
outer hull of intersecting spheres representing atoms, with its boundary Fig. 2. The nanochannel model used for chloride diffusion.  

Fig. 3. Snapshots of a) Initial and b) final configurations of biochar 
film (graphite). 

Table 1 
Lennard-Jones coefficients of nonbonded interactions.  

atom/ion ε (kcal/mol) σ (Å) 

C in biochar 0.069 3.805 
C (sp3 carbon) in amide 0.039 3.875 
C (sp2 carbon) in amide 0.148 3.617 
H (bonded to carbon) in amide 0.038 2.450 
H (bonded to nitrogen) in amide 0 0 
Na 0.003 3.333 
Cl 0.118 4.420  
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defined by vdW radii—ESP analysis is a prevalent real space function for 
studying electrostatic-dominated noncovalent interactions (Politzer 
et al., 2001; Hunter, 2004). A visual inspection of ESP-colored molecular 
vdW surface maps can be used to quickly identify potential electrostatic 
interaction sites and qualitatively study interaction strengths. The ESP 
extrema (maxima [largest positive values] and minima [largest negative 
values]) on the molecule surface point to potential sites for nucleophilic 
and electrophilic attacks. The value of these ESP extrema on the vdW 
surface strongly correlates with electrostatic adsorption energies. 

The ESP map shown in Fig. 4a depicts charge distribution over the 
biochar molecule. It can be seen that the surface maxima manifest on 
functional groups, the molecular edges, and the polyaromatic core of 
algal biochar due to the electron deficiency induced by the higher 
electronegativity of heteroatoms in substituents than that in carbon and 
hydrogen. The cyan dots in Fig. 4b correspond to the location of ESP 
maxima on the molecular surface map and denote favorable sites for 
chloride adsorption because the ion’s negative charge makes it most 
attractive to ESP-positive regions. 

The polarization observed in Fig. 4 can be attributed to the polar N- 
and O-carrying functional groups on biochar. A juxtaposition of Figs. 1 
and 4 reveals the concentration of the electron-rich, blue regions around 
the electron-withdrawing heteroatoms of the amine, amide, pyridine, 
and carboxylic functional groups. These regions are unlikely to adsorb 
Cl− . In contrast, the adjacent electron-donating heteroatoms (‒NH and 
–NH2 in amide, –OH in carboxylic and phenol, and –H in amines and 
pyrrole) colored in shades of red in the ESP map would be susceptible to 
chloride attack. These functionals also induce electron depletion at 
molecular edges. Therefore, the ‒CHs on the model’s periphery can 
serve as adsorption sites for chloride. Functional groups located at the 
model’s edges also decrease electron accumulation and increase the 
electrostatic potential of the polyaromatic core, which could favor 
chloride adsorption through π interactions with the aromatic core. The 
ESP maxima are located in these regions, which could be attributed to 
the depletion of weakly bound π-electrons from the aromatics by the O- 
and N-containing functional groups. Although the polyaromatic core has 
a higher electrostatic potential than the aromatic rings without func
tionalities, the Cl− adsorption capacity of the aromatic part was inferior 
to that of polar functional groups. O- and N-carrying functional groups 
have higher electrostatic values (red regions) than polyaromatic zone 
(less intense blue). Regions covered by red-filled isosurfaces suggest that 
functional groups in biochar molecules increase chloride adsorption in 
soil. 

To characterize the noncovalent interactions between chloride and 
algal biochar, we use the terms π-hole and σ-hole referring to regions 
with lower electronic densities (corresponding to the positive ESP values 
on the vdW surface). π- and σ-holes can behave as electron-acceptor to 
form noncovalent interactions dominated by an electrostatic attraction 
caused by the depletion of π- and σ-electrons in these regions. The sur
face maxima located at the opposite side of an atom with respect to a 
covalent σ bond is labeled σ-hole, which can potentially extend that 
bond with approximately linear interactions (Clark et al., 2007). The 
surface maxima located perpendicular to the molecular plane are known 

as a π-hole (Politzer et al., 2010; Hennemann et al., 2012). An electro
static extrema analysis on the vdW surface of the molecule can reveal the 
π- and σ-holes, and the ESP value at extrema is directly related to the 
strength of the corresponding π- or σ-hole bonding. Surface maxima 
shown in Fig. 4b correspond to the π-holes and σ-holes, and the ESP 
positive region around a maximum point is a measure of π- or σ-hole 
size. 

3.1.2. Influence of functional groups on electron distribution on biochar 
surface 

We performed electrostatic analysis and ESP map visualization for a 
simple graphene-like structure in pristine and functionalized forms to 
study the influence of functional groups on electron density distribution 
on the vdW surface of a polyaromatic structure. The structure studied 
was coronene (C24H12, also known as superbenzene and cyclobenzene), 
a polycyclic aromatic hydrocarbon comprising seven peri-fused benzene 
rings. Two different functional groups substituted a carbon at the edge of 
electron-rich coronene; amine and hydroxyl representing electron- 
donating groups, and amide and carboxylic typifying electron- 
withdrawing groups. These functional groups were expected to induce 
changes in the π-electronic distribution and, consequently, the ESP 
maps. Changes in the ESP map of polyaromatic arise from the conven
tional views of the nature of the substituents. Results shown in Fig. 5 
indicate that electron-withdrawing groups (amide and carboxylic) 
slightly deplete electron density above the polyaromatic core (reduction 
of the π-electron density), weakening repulsion between the π-electron 
cloud of coronene and electron-rich species like anions. In contrast, 
substituents with electron-donating characteristics (hydroxyl and 
amine) increase electron density (darker shades of blue) above the 
polyaromatic core, resulting in more negative ESPs. 

As discussed later, changes induced by functional groups in the 
π-electron density of the aromatic core are not important. Light-blue 
areas of the ESP isosurface over aromatic rings in the functionalized 
coronene imply weak, if any, chloride adsorption over the π-system of 
the polyaromatic core. However, substitution further enhanced the 
ability of the polyaromatic core to bind the anion because of the induced 
electron depletion on the polyaromatic core and less steric effects. 
Interaction configurations of Cl− with algal biochar presented in the 
next section corroborate the insignificance of the induced changes in the 
aryl π-electron density. Despite the minor changes in electron density 
over the polyaromatic core, functionalization enhanced the affinity of 
graphene-like structure representing algal biochar for the chloride 
anion. Notably, the ESP maps show significant electron density deple
tion at functional groups (isosurfaces of darker shades of red) corre
sponding to active sites of stronger attractive interactions with Cl− . 

3.1.3. Mechanism of chloride adsorption over the algal biochar 

3.1.3.1. Direct adsorption. The structural and energetic landscape of 
potential interactions between Cl− and algal biochar were investigated 
using DFT-based computations to gain insight into noncovalent in
teractions involving functional groups and the polyaromatic core of 

Fig. 4. a) ESP-colored molecular surface map on a 
BWR (blue-white-red) scale; the red- and blue-filled 
surfaces correspond to electron-depleted and 
electron-accumulated regions, respectively. Values 
range from − 22 kcal/mol (blue) to 22 kcal/mol (red). 
b) surface extrema dots with cyan color on ESP and 
examples for π- and σ-holes. Note: in b), the ESP 
surface has been transparentized to make ESP extrema 
on the backside visible. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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algal biochar and develop a conceptual foundation for the feasibility of 
using algal biochar to adsorb deicing ions such as Cl− in soil. Adsorption 
of a target ion on algal biochar is a thermodynamic process governed by 
the difference between stability energies in isolated and complex forms 
(Equation (1)). This difference determines the strength of ion adsorption 
and the capacity of algal biochar to restrain deicing contaminants in soil. 

As previously stated, ESP maxima (electron-deficient regions) are the 
most probable active sites for chloride adsorption. The adsorption en
ergies and IGMH maps for Cl− adsorption on these sites are shown in 

Fig. 6. The figure was constructed after a thorough search over the entire 
biochar structure for all possible adsorption configurations with Cl− , 
given that active sites for chloride adsorption are not limited to specific 
functional groups, and their reactivity could be overshadowed by sub
stituents and aromatic rings coordinated to the functional groups. This is 
of particular importance because the electron-withdrawing or electron- 
donating characteristics of substituents near the functional group could 
considerably affect the interactions of functional groups with the chlo
ride ion, as evidenced by the b and f configurations in Fig. 6, where the 

Fig. 5. ESP maps on electron density isosurfaces for coronene with and without functional groups. The red color corresponds to regions with low electron density 
(positive ESP), and the blue color indicates regions with high electron density (negative ESP). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 6. IGMH visualization of intermolecular interactions between Cl− and active sites on algal biochar. Active sites are selected among dozens of ESP maxima (cyan 
dots) on the electrostatic potential surface of the biochar molecule. The carbon, hydrogen, nitrogen, and oxygen atoms and the chlorine ion are colored in gray, white, 
blue, red, and yellow, respectively. The IGMH map is on a BGR (blue-green-red) color scale: blue for attractive (like H-bonding), green for vdW, and red for repulsive 
interactions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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chloride ion has found its stable equilibrium location between two 
functional groups. 

3.1.4. Ionic hydrogen bonding 
The DFT computations showed that chloride anions preferentially sit 

on the molecular plane of the polyaromatic algal biochar coordinating 
via electrostatic interactions and hydrogen bonds to C–H and functional 
groups located at the biochar edge (σ-hole bonding). The Eads negative 
values for all chloride-biochar interacting configurations reported in 
Fig. 6 corroborate that Cl− adsorption onto algal biochar is thermody
namically feasible. The extent of adsorption strength (i.e., Eads values), 
however, depended on the functional group. For example, the chloride 
ion shows the maximum adsorption to the pyrrole and phenol sites in the 
σ-hole bonded configurations b and j, with Eads values of − 79.4 and 
− 73.2 kcal/mol, respectively. In contrast, Cl− was found to have the 
weakest interaction with cyclic amide (Eads = − 40.7 kcal/mol) and 
pyrrole (Eads = − 45.1 kcal/mol) to form π-hole bonded complexes. The 
difference observed in the affinity of Cl− for different functional groups 
is due to the distinct intermolecular noncovalent interactions involved, 
as discussed below. 

The IGMH colored maps (Fig. 6) show the main interaction regions 
between the guest Cl− and the host biochar for all adsorption configu
rations a to k. Based on energy results and IGMH visualizations shown in 
this figure, the best performance of algae biochar is related to its Cl−

adsorption through “ionic hydrogen bonding” interactions (Meot-Ner, 
2012; Ashworth et al., 2016). Fourier-transform infrared spectroscopy 
(FTIR) analysis and bond-energy measurements based on the adsorption 
isotherm data reported in the literature also showed that hydrogen 
bonding occurred between chloride and the electropositive H atom in 
polar functional groups at the surface of activated carbon is the major 
mechanism for chloride adsorption (Sun et al., 2017). Because of the 
similarity of biochar’s structural and element composition to that of 
activated carbon, biochar has similar molecular and interacting 
behavior and performance. 

In each adsorption configuration shown in Fig. 6, the Cl− ion forms a 
hydrogen bond with the O–H or N–H segment of a functional group and 
the adjacent C–H bond, resulting in a thermodynamic stabilization for 
chloride over algal biochar. Here, ionic hydrogen bonding is represented 
by X–H…Cl− (X = O or N), where hydrogen intercedes between two 
heteroatoms with high electronegativity. The strength of ionic hydrogen 
bonds is proportional to the negative charge on the anion (here, chlo
ride). The observed ionic H-bonding interactions between the biochar 
and chloride are in the reasonable short H…Cl− distances and X–H…Cl−

angles close to 180◦, similar to the ordinary H-bonding. From the IGHM 
maps, it is found that the δginter isosurfaces with the blue-colored center 
mainly occur in regions between chloride and hydrogen atoms attached 
to the N- or O-carrying functional groups; Cl− … H–N, Cl− … H–O, and 
Cl− … H–C. Among these interactions, the first two are stronger than the 
last one because of the higher electron density accumulated in their 
interacting regions (shown in dark blue in the central area of elliptic 
isosurfaces in Cl− … H–N and Cl− … H–O ionic hydrogen bonds). 
However, depending on the nature of the functional group and its po
sition in the biochar molecular structure, ionic H-bondings in Cl− … 
H–N or Cl− … H–O have different strengths, as confirmed by the five 
different blue color intensities exhibited for the Cl− … H–N interaction 
in a, b, c, d, and f complexes. IGMH for Cl− … H–N in the a configuration 
reveals a distinctly green color, indicating that this interaction is weak, 
though not negligible. The Cl− … H–C interactions in all reported con
figurations in Fig. 6 are revealed by the green color of the IGMH iso
surfaces, indicating a lower electron density in their interacting regions 
than for Cl− … H–N and Cl− … H–O and suggesting the interaction was 
fully dispersion-dominated. There might be a stronger dispersion 
interaction between Cl− and C–H in the high electron deficient areas 
(darker shades of red in the ESP). In configuration j, Cl− … H–C is un
veiled by the light blue region in the center of the green IGMH isosur
face, indicating a higher electron density in the interaction region and 

stronger binding than the other common Cl− … H–C interactions. 

3.1.5. Anion-π interactions 
The polyaromatic core is regarded as a source of π-electron density, 

and based on chemical intuition, it is expected to interact with chloride 
anions repulsively. However, substitutions can alter the electron distri
bution in the π-system and change the strength of forces between the 
anion and the aromatic ring. Interesting findings confirm the existence 
of attractive noncovalent interactions between anions and the electron- 
deficient π-system of aromatic rings, referred to as “anion-π interactions” 
(Quiñonero et al., 2002, 2004; Schottel et al., 2008; Giese et al., 2011, 
2016), where the anion acts as electron donor, and the π-system serves as 
electron acceptor. The interactions of an anion situated atop a 
substituted aromatic ring is not due to its attraction toward the π-system. 
Instead, it is because of favorable interactions of the anion with the 
substitutions or atoms carrying positive potential in the vicinity of 
substitutions that overwhelm the unfavorable repulsion between the 
anion and the aromatic ring (Wheeler and Bloom, 2014). Although the 
electron density over the polyaromatic core of biochar decreases 
because of the electron-withdrawing characteristics of some functional 
groups, the interaction of Cl− with the π-system of polyaromatic is un
favorable. This behavior is due to π-electron accumulation, though in 
lower density (light-blue ESP) than the virgin polyaromatic, repelling 
the chloride ion. In some configurations, favorable interactions of Cl– 
with the functional groups overwhelm its unfavorable repulsion against 
the aromatic ring of algal biochar. In initial configurations designed for 
the chloride-π interacting complexes, dispersion forces push chloride to 
a position over functional groups, concomitant with the formation of 
ionic H-bonding with a functional group, Cl− … H–N or Cl− … H–O. The 
d and b configurations resulted from these switching reaction mecha
nisms. However, in some adsorption configurations (k and g), Cl− ions 
moved to above the aromatic plane because of the electron deficiency of 
the π-system favoring π-hole bonding. 

Our DFT-based computations demonstrate that somewhat anion-π 
interactions dominated by electrostatic effects occurred in the energet
ically favorable chloride-biochar adsorption complex (− 45.1 and − 40.7 
kcal/mol for k and g configurations, respectively). These results suggest 
that N-substitution in the biochar molecular structure (pyrrole and cy
clic amide) caused a concentration of positive potential on the neigh
boring carbons and created active sites to adsorbed chloride anion in the 
vertical direction with respect to the polyaromatic plane, π-hole 
bonding. The blue spot at the center of the surface region in the IGMH 
maps of the k and g adsorptions unveil notable attractions between Cl−

and carbons in the pyrrole or cyclic amide motif. The Cl− … C in these 
complexes should be strong and stable, signified by the prominent blue 
color. Further, the green region in the IGMH maps of k and g indicates a 
dispersion-dominated interaction between the chloride and rings. 

3.2. Cation-bridging mechanism 

3.2.1. Cation-π interaction 
Among functional groups, those with the ability to pair with cations, 

including Na þ or proton (Hþ), can serve as hooks to hold Cl− ions in the 
soil and prevent their transport. The concentration of electrons in the 
negative potential surface of ESP over functional groups (blue-colored 
ESP surface in Fig. 4) can induce strong attraction to Naþ and improve 
the electrochemical Na þ storage and, subsequently, Cl− storage ca
pacity through the cation-bridging mechanism. As shown in Fig. 4, the 
amide, carboxylic, and pyridine electron-withdrawing groups carry a 
negative potential needed to adsorb the sodium cation. Therefore, 
electrostatic attractions between Naþ and these functional groups are 
likely predominant. On the other side, the π-electrons of the poly
aromatic core of the algal biochar structure may be sufficiently electron- 
donating to bind Naþ, resulting in a source of delocalized positive 
charge attracting the chloride ion. Cation-π interaction is a strong non
covalent interaction that is expected to contribute to the adsorption of 
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Na+ on the polyaromatic core of algal biochar. Cation-π interaction in
volves the π-electron distribution of aromatic rings in which cation lies 
above the aromatic ring (Cubero et al., 1998). Unlike anion-π, this 
attraction between cation and π-electron cloud is consistent with 
chemical intuition. Although cation-π is generally dominated by polar
ization induced by cation and electrostatic forces (Cubero et al., 1998), 
cation-π interactions in nonpolarizable sodium cation can be explained 
by electrostatic considerations. 

To gain a molecular-level insight into the configurations and in
teractions in the bridging mechanism, Na+- Cl− adsorption over four 
active sites of biochar was investigated. Fig. 7 shows the adsorption 
complexes and color-coded IGMH maps for interactions between algal 
biochar and the deicing salt ions, Na+ and Cl− . High adsorption energies 
for the Cl− ‧•‧•Na+‧•‧•biochar complexes support this hypothesis that the 
noncovalent interactions of chloride anion with the Na+‧•‧•biochar 
provide high stability for the adsorption complex. In the Na þ -bridging 
mechanism, functional groups with high electron concentrations and 
negative potential, such as pyridine, could be involved in the cation 
(here Na+) adsorption. The adsorption energies shown in Fig. 7 are 
deemed to be adequate to fall in the range of strong electrostatic and 
ionic interactions: the adsorption of Cl− (I) over the Na þ adsorbed on 
pyridine with Eads = − 130 kcal/mol, (II) on Na+‒ carboxylic with Eads 
= − 142.3 kcal/mol, (III) on Na+‒cyclic amide with Eads = − 119.5 kcal/ 
mol, and (IV) on Na+‒polyaromatic surface with Eads = − 120.6 kcal/ 
mol. Higher adsorption energies in complexes I and II are furnished by 
the strong attraction of Cl− from the other side toward the electron- 
deficient functional groups carrying positive potential, i.e., amine (‒ 
NH2) in complex I and hydroxyl (‒OH) of carboxyl in complex II. The 
blue color on the central area of the IGMH elliptic isosurfaces in Cl− … 
H–N and Cl− … H–O suggests strong ionic hydrogen bonds. Even 
without considering high energy values, the IGMH isosurfaces in Fig. 7 
reveal the strength and regions of intermolecular interaction between 
ions and algal biochar, indicating the high stability of chloride adsorp
tion over algal biochar. For instance, the light blue color regions on the 
δginter isosurface showing the interaction between Na+ and Cl− indicates 
notably denser electron fields than in the green dispersion interaction 

regions. The green color on the IGMH isosurface between Na+ and the 
polyaromatic surface of biochar, complex IV, indicates the presence of 
electron density in this region that points to a dispersion-dominated 
cation-π interaction. 

Soil chemistry such as pH may also affect the adsorption of deicing 
salt ions onto biochar. Protonation and deprotonation of surface O- 
containing functional groups (mostly hydroxyl and carboxylic acid 
groups, –COH and –COOH) (Mukherjee et al., 2011; Leng et al., 2015; 
Chabi et al., 2020) in the structure of N-rich algal biochar under acidic 
and alkaline could be responsible for the surface positive and negative 
charge of biochar, influencing the Cl− and Na+ fixation and conse
quently their immobilization in the soil. O-containing functional groups 
become negatively charged on deprotonation, which positively in
fluences Na þ fixation, and, in turn, the immobilization of Cl¡ in soil. As 
previously noted, the content of O-containing functional groups in bio
char depends on feedstock and pyrolysis temperature. The total amount 
of hydroxyl and carboxyl groups decreases with the pyrolysis tempera
ture, resulting in a reduction in the number of deprotonatable groups 
and a corresponding drop in the surface negative charge and anion 
storing. Besides the deprotonability of –COH and –COOH, protonation of 
these functional groups in low pH conditions leads to positively-charged 
surfaces in biochar that are compensated by anions such as Cl¡. 

3.3. Molecular dynamics (MD) results 

Results of the MD simulations are shown in Fig. 8. The functional 
group is seen to be less effective at low fractions. However, doping algal 
biochar with 10 wt% nonadecanamide increased its chloride uptake 
capacity by nearly 9.6%. No signs of an increase in chloride diffusion are 
observed in the individual functionalized cases, as evidenced by their 
linear trend. Computational power permitting, considerably longer 
simulations will shed light on how the accumulation of ions in the 
nanochannel or saturation of functional groups would influence the 
long-term efficacy of algal biochar in retaining chloride. Also, functional 
groups of varying types in contents well above 10% are expected in 
biochar (Dandamudi et al., 2021). Simulation of biochars heavily 
functionalized with various groups, which is reserved for future work, 

Fig. 7. Adsorption of chloride (Cl− ) on the algal biochar through a cation (Naþ)-bridging mechanism, and IGMH visualization of intermolecular interactions between 
Cl− and Naþ‒‒algal biochar complex. Carbon, hydrogen, nitrogen, oxygen atoms, chloride, and sodium ion are shown in gray, white, blue, red, yellow, and purple, 
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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will help identify the corresponding combinations of feedstocks and 
processing conditions that would optimize the adsorption capacity of 
biochar. 

4. Conclusion 

The potential of nitrogen-rich algal biochar as an amendment to 
attenuate the infiltration of chloride from deicing salts into soils and the 
mechanisms involved were computationally studied. DFT computations 
were performed to illuminate interactions and mechanisms governing 
the immobilization of chloride by algal biochar. MD simulations were 
also carried out to cast light on the influence of the density of nitroge
nous functional groups on chloride diffusion in pristine and function
alized biochar nanochannels. The DFT computations showed the 
contribution of some of the most common interactions like electrostatic, 
anion-/cation-π, and ionic as well as ionic hydrogen bonding to the 
adsorption of Cl− over functional groups in algal biochar. A comparison 
of binding energies revealed functional groups at the molecular edge, 
including those carrying nitrogen such as pyrrole, amide, or amine, as 
the most favorable sites for Cl− adsorption. Adsorption in these sites was 
found to be dominated by ionic hydrogen bonding. Depending on the 
electron density distribution, Cl− could stabilize over the polyaromatic 
core of algal biochar to form π-bonded complexes, though, with less 
adsorption energy. This result could be simply caused by the depletion of 
π electron density of the polyaromatic core owing to the influence of 
withdrawing substituents that induce less repulsion between anion and 
π-cloud. Electronic analyses indicated that the nature of functional 
groups in the molecular structure of biochar influences the electron 
distribution over the van der Waals surface of biochar and, conse
quently, impacts the adsorption of the negatively charged chloride ion. 
Functional groups with electron-withdrawing characteristics like amide, 
carboxylic, or pyridine attached to the polyaromatic core of biochar 
were found to increase electron depletion in some parts of the host 
molecule (biochar) including peripheral hydrogens, causing them more 
accessible to Cl− adsorption. However, electron accumulation over 
electron-withdrawing groups gave rise to Cl− adsorption through a 
cation-bridging mechanism where the groups paired with Na+ ions and 
turned them into hooks for Cl− ions. The cation-bridging mechanism 
was found to be associated with higher adsorption energies, significantly 
improving chloride stabilization on biochar compared with direct 
adsorption mechanisms. Energy-based data clarify the adsorption 
strength for Cl− and Na+ adsorbate ions and support this hypothesis that 
electrostatic interactions through direct and indirect adsorption mech
anisms increase the capacity of algae biochar to adsorb Cl− and high 

stability for the biochar-Cl–/Na+ complexes. The MD simulations 
showed the efficacy of nonadecanamide as a representative of N-func
tional groups in reducing the mobility of chloride. 

This study proved that soils amended with algal biochar restrain 
chloride (and potentially heavy metals), thus helping conserve vegeta
tion, groundwater, and surface water. Algal biochar will also serve as a 
carbon sequestration tool to decrease CO2 emissions. Our future 
research will focus on engineering the biochar chemistry and structure 
through changing parent feedstocks and the conversion process to pro
duce biochars with enhanced performance in environmental protection. 
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