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Abstract—Fe is a common substituent in palygorskites (Plg), but its effect on the microscopic properties is unclear. In the current study,
molecular dynamics (MD) simulations were carried out to investigate the effect of Fe on the properties of the nano-pores in Plg. The
structures and dynamics of water and Na+ ions in the pores were computed by analyzing theMD trajectories. The results revealed that for
both Fe-containing and ordinary Plg, zeolitic water molecules can diffuse into the pores with very low mobility whereas Mg-coordinated
water fails to escape. Na+ ions show no obvious diffusivity because they are fixed above the Si–Osix-membered rings. Detailed
comparison indicates that Fe-substitution has no significant influence on the pore properties of Plg.
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INTRODUCTION

Palygorskite (Plg) is a fibrous clay mineral (Galán, 1996).
Due to its significant porosity and specific surface area, Plg has
been used widely in industry and engineering and, therefore, is
a very important non-metallic mineral (Singer & Galán, 2000).
In practical applications, Plg is used as an adsorbent to treat
toxic metal ions, organic contaminants, etc., and also as a
molecular sieve to separate oil and water (Shariatmadari
et al., 1999; Frost et al., 2010; Chen et al., 2011;
Sheikhhosseini et al., 2014; Rusmin et al., 2016; Liu et al.,
2018; Zhu et al., 2018). These applications are all based on the
unique nano-sized pore structures and interfacial properties of
Plg. The physical and chemical properties of the pores are of
the utmost importance, therefore.

Palygorskite is an aluminosilicate with Fe as the most
common isomorphic substitution (Singer et al., 2011). The
Plg reserve in the Jiangsu-Anhui region is the largest in China
(Gao et al., 2009) and several studies have reported that Fe is a
common feature of the Plg from this area (Yi et al., 1995; Long
et al., 1997; Yang & Chen, 2004). Fe substitution usually
happens in the octahedral sheets according to Liu et al.
(2013). The influence of Fe substitution on the properties of
Plg pores has not been investigated previously, however.

The pores of Plg are typically nanosized. Current experimental
techniques to quantify directly the pore properties are still difficult
and very few studies have been reported. Extended X-ray absorp-
tion fine structure (EXAFS) has been applied to study the location
of zeolitic water in the crystal tunnels and the dehydration of Plg
(Post & Heaney, 2008). To the current authors’ knowledge,
systematic research on the microstructure and mobility of cations
and water molecules in the tunnels of Plg is lacking.

With the development of computational simulations, attempts
have been made to develop a reliable forcefield for various clay
minerals (Teppen et al., 1997; Titiloye & Skipper, 2001; Cygan
et al., 2004).ClayFF (Cygan et al., 2004) is the most widely used
clay force field. The molecular dynamics (MD) method has been
applied widely in the fields of mineral science and geochemistry
for decades (Mulla et al., 1984; Skipper et al., 1991; Chang et al.,
1995; Liu & Lu, 2006; Wang et al., 2006; Zhang & Choi, 2006;
Kumar et al., 2007; Anderson et al., 2010; Greathouse et al., 2016;
Giri et al., 2018). The interface properties of smectites have been
investigated extensively by using MD simulations (Ferrage et al.,
2007, 2010; Liu et al., 2008; Greathouse et al., 2015). In contrast,
only a fewMDstudieswere concernedwith fibrous clayminerals.
Fois et al. (2003) tried to introduce molecular dynamics simula-
tions to explain the stability of a palygorskite-indigo complex
(Maya blue paint). The structure of water molecules in the pores
of sepiolite and palygorskite was studied by Ockwig et al. (2009)
but those authors did not study the spatial distribution and
mobility of water molecules. By using MD simulation, Zhou
et al. (2016) investigated the distributions and dynamics of zeolitic
water in sepiolite pores and found that their mobility is very low
due to the nano-confinement effects.

In order to reveal the effect of Fe substitution on the
distribution and mobility of water and cations, which is
difficult to do experimentally, systematic MD simula-
tions were performed to investigate the microscopic
properties of the pores of Fe-containing and Fe-free
Plg. Through detailed comparisons between Fe-
containing and Fe-free Plg, the influence of Fe substitu-
tion could be determined.

METHODS

Models
The initial structures of Fe-containing and Fe-free

palygorskites (denoted as Fe-Plg and Al-Plg, respectively) are
shown in Fig . 1 . Thei r chemica l formulae are
Na0.5(Si7.5Al0.5)(Mg2Al2)O20(OH)2(OH2)4·n(H2O) and
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Na0.5(Si7.5Al0.5)(Mg2FeAl)O20(OH)2(OH2)4·n(H2O). Here OH
meant hydroxyl, OH2 was the coordinated water of Mg, H2O
stood for zeolitic water, and n was taken as 3.5 in this study. The
lattice parameters were: a = 13.286 Å, b = 17.848 Å, c = 5.242 Å,
α = 90°,β = 107.56°,γ = 90°. These parameters were taken from
the results for Plg samples from Anhui, China (YF Cai). The
atomic coordinates of the Plg unit cell were modified from Post
and Heaney (2008). The simulation supercells consisted of 8 unit
cells (2a×1b×4c) with 3D periodic boundary conditions.

Computation Details
The force field used for the MD simulation was

ClayFF(Cygan et al., 2004) (details in Table 1). This force
field has been applied successfully in simulating clay minerals
including smectites, kaolinite, sepiolite, and palygorskite
(Cygan et al., 2009; Ockwig et al., 2009; Anderson et al.,
2010; Underwood et al., 2016).

ClayFF is a non-bonded forcefield for clay framework. The
bond stretch term is required only by the hydroxyl groups.

Fig. 1 Snapshots of Plg models. Red = O, Yellow = Si, Green = Mg, White = H, Purple = Na, Cyan = Al, Dark gray = Fe

Table 1 Non-bonded parameters of Clayff

Species Symbol Charge (e) ε (kcal/mol) σ (Å)

Water hydrogen h* 0.4100 – –

Hydroxyl hydrogen ho 0.4250 – –

Water oxygen o* –0.8200 0.1554 3.1655

Hydroxyl oxygen oh –0.9500 0.1554 3.1655

Bridging oxygen ob –1.0500 0.1554 3.1655

Bridging oxygen with tetrahedral substitution obts –1.1688 0.1554 3.1655

Tetrahedral silicon st 2.1000 1.8405 × 10–6 3.3020

Tetrahedral aluminum at 1.5750 1.8405 × 10–6 3.3020

Octahedral magnesium mgo 1.3600 9.0298 × 10–7 5.2643

Octahedral iron feo 1.575 9.039× 10–7 4.9058

Aqueous sodium ion Na 1.0 0.1301 2.3500
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Etotal

¼ Ecoul

þ EVDW

ð1Þ

Non-bonded van der Waals interactions are calculated
through the Lennard-Jones 12-6 potential term:

EVDW ¼ 4εij
σij

r

� �12
−

σij

r

� �6
� �

where ε and σ represent the van der Waals depth and length,
respectively. εij ¼ ffiffiffiffiffiffiffiffi

εiε j
p

and σij = 0.5(σi + σj). The elec-

Fig. 2 Density distributions of water O in Plg along the y direction

Fig. 3 Structures in the Al-Plg tunnel. Upper: top view; lower: side
view parallel to the tunnel. The water–waterH-bonds are shown with
blue dashed lines and water–surface oxygen H-bonds are shown with a
green dashed line. For clarity, the remainder of the models were
removed

Fig. 4 Radial distribution functions (RDFs) and coordination numbers
(CNs) for water O around Mg in the tunnels of Al-Plg and Fe-Plg

Fig. 5 The coordinated water of edge-Mg derived from the simulation
of Al-Plg. Red =O, Yellow = Si, Green =Mg,White = H, Purple = Na,
Cyan = Al, Dark gray = Fe

(2)
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trostatic interactions are calculated through coulombic poten-
tial terms and treated using the Ewald summation.

Ecoul ¼
qiq j

4πε0r
ð3Þ

where qi and qj are the partial charge of atom i and j. e is the
charge of the electron,

NVTMD simulations were carried out using the LAMMPS
package (Plimpton, 1995). Each simulation was run for 5 ns
with a time step of 1 fs, and the last 3 ns was taken as the
production run.

RESULTS AND DISCUSSIONS

Distributions of Water in Pores
The two profiles of the density distributions of water O in

Plg pores along the y direction (i.e. parallel to the tunnels) are
very similar (Fig. 2). The snapshot for Al-Plg (Fig. 3) was used
as an example because the structures in Fe-Plg andAl-Plgwere
almost the same. By integrating the density distributions and
the snapshots it was clear that the sharp peaks on the density
distributions denoted the coordinated water of Mg and the
shoulders in the middle were zeolitic water.

In the simulation periods of the two Plg models, all coor-
dinated water molecules of Mg atoms vibrated only near the
equilibrium positions but could not escape. The radial distri-
bution function (RDF) (Fig. 4) for water molecules aroundMg
presented a very sharp peak at ~2.18 Å, and its corresponding
coordination number (CN) was 2. This peak denoted the
coordinated water.

TakingAl-Plg as an example, Fig. 5 showed a snapshot ofMg
coordinated water in the pores. Two coordinated water molecules
for each Mg and the 4 O atoms in the crystal structure together
formed the six-fold coordination of Mg. The agreement between
the simulation results of Fe-Plg and Al-Plg indicated that the
presence of Fe in the crystal lattice did not affect the local
coordination structure of the edge Mg atoms.

On the density distributions (Fig. 2), zeolitic water mole-
cules did not show obvious peaks, indicating that they did not

Fig. 6 Snapshot of Na+ ions on the inner surface of Al-Plg

Fig. 7 Snapshot of the coordination structure of Na+ ions in the pores
of Al-Plg

Fig. 8 Radial distribution functions (RDFs) and coordination numbers (CNs) for water O around Na (left panel) and surface O around Na (right
panel) in the pores of Al-Plg and Fe-Plg
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have specific distributions, but could diffuse freely. H-bonds
(Fig. 3) between zeolitic water and six-membered ring oxygen
and between the upper zeolitic water and lower zeolitic water
could be found clearly. From the comparison of two density
distribution curves of Fe-Plg and Al-Plg (Fig. 2), Fe in the
structure did not influence the spatial distribution of zeolitic
water. The parameters feo and mgo (Table 1) were similar and
the interactions between zeolitic water and octahedral Fe/Al
were also similar, therefore. On the other hand, the distribu-
tions of zeolitic water were affected mainly by interaction with
closer Na+.

Distribution of Na+

The distribution of Na+ ions derived from Al-Plg channels
is shown as an example (Fig. 6), and the situation in Fe-Plg
was very similar. Na+ was located above the six-memberedSi–
O ring on the surface and close to the substituting ion. Na+

ions, therefore, interacted directlywith surface O atoms and the
water molecule O (Fig. 7). According to the RDF-CN curve
(Fig. 8), each Na+ ion was coordinated with three zeolitic water
molecules, on average, and with two surface O atoms, but did
not interact directly with the coordinated water of Mg (Fig. 9).
The distance between Na and bound water is >3 Å. The
coordinated water of Mg, therefore, vibrated around Mg only.
The two RDF-CN curves almost overlapped. The comparisons

revealed that the influence of Fe on the distribution and struc-
ture of Na+ was negligible.

Mobility of Pore Species
The MSD (mean squared displacement) curves of the spe-

cies in Plg tunnels are noted to be very similar (Fig. 10). The
curves of Mg-coordinated water were close to 0 Å2, corre-
sponding to the rather rigid coordination as discussed above.
The curves of Na+ ions were almost horizontal, indicating very
limited mobility. Using the two models, the MSDs of zeolitic
water were notably greater and showed obvious diffusion
within the tunnels. The self-diffusion coefficients (D) of zeo-
litic water was calculated from the MSD curves (Eq. 4). The
sampling frequency of MSD was every 100 fs and the sample
time was 2 ns. These comparisons showed that the self-
diffusion coefficient of zeolitic water in Fe-Plg was a little
greater than that in Al-Plg. The magnitudes of self-diffusion
coefficients were both ~10–11 m2/s, however. The Fe-
substitution in the structure, therefore, did not affect the mo-
bility of the species significantly.

D ¼ 1

2n
lim
t→∞

d l2
� �
dt

ð4Þ

TheMSD pattern of Na+ showed a plateau which indicated
that the movement of Na+ was very restricted by the Plg
tunnels. Previous studies showed that in the interlayer space
of smectites, Na+ ions favor being hydrated and, thus, have
notably greater mobility. Their self-diffusion coefficients ob-
tained by fitting MSD curves were of the order of ~10–10 m2/s.
New Na+ forcefield parameters were used by Ho et al. (2019)
in ClayFF and those authors found that the mobility of Na+

increased, but the Na+ MSDs still showed a plateau with new
Na+ parameters in Plg. On the contrary, K+ ions had relatively
low mobility because they preferred staying above the surface
Si–Osix-membered rings and bonded simultaneously with sur-
face oxygen atoms and interlayer water molecules. As shown

Fig. 9 The trajectory of one Mg-coordinated water in Al-Plg

Fig. 10 Mean squared displacement (MSD) curves of species in tunnels of Al-Plg and Fe-Plg
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above, Na+ ions were always fixed above the six-membered
rings and, therefore, scarcely showed obvious diffusive behav-
ior. This feature was very similar to that of K+ ions in smec-
tites. The special distribution of Na+ was caused by the unique
nano-sized tunnels of Plg.

The self-diffusion coefficients of zeolitic water calculated
for the two Plg systems were very close, i.e. ~10–11 m2/s. This
value was much smaller than that of bulk water (~10–9 m2/s)
and also than that of the interlayer water of montmorillonites
(~10–10–10–9 m2/s) (Holmboe & Bourg, 2013; Zhang et al.,
2014). These values were close to the diffusion coefficient of
zeolitic water in sepiolite pores calculated by Zhou et al.
(2016). The poor mobility of zeolitic water molecules indicat-
ed that the Plg pores had a very strong spatial confining effect
on them, which was similar to that of sepiolite.

The mobility results of Na+ ions and water molecules
showed that the one-dimensional nano-sized tunnels of Plg
imposed very strong spatial limits on the species. These obser-
vations infer that other molecules such as pollutants could also
be fixed firmly in the pores.

CONCLUSIONS

In the present study, molecular dynamics simulations were
carried out to simulate Fe-containing and Fe-free Plg systems,
with the focus on the influence of Fe substitution on the
physical and chemical properties of the Plg pores. Through
detailed analyses of the MD trajectories, the distribution and
mobility of water and cations in the pores were derived. The
following conclusions were drawn: (1) Mg-coordinated water
vibrated near the equilibrium position and could not diffuse;
(2) zeolitic water had much poorer mobility than the bulk and
interlayer water in montmorillonites due to the very strong
nano-confining effect of the pores; and (3) Na+ ions were
distributed above the Si–Osix-membered rings, and they
showed almost no diffusivity. Systematic comparison indicat-
ed that the difference between Fe and non-Fe systems was
negligible, inferring that the environmentally important prop-
erties of Fe-containing Plg, such as adsorption and fixation of
toxic substances, were similar to those of ordinary Plg,
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