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Abstract
A  key  risk  factor  associated  with  pervasive  plastic  pollution  is  the  release  of  additives,

including organophosphate esters  (OPEs).  Metal-bearing nanoparticles,  such as iron oxides,

can  significantly  affect  the  transformation  of  these  plastic  additives.  However,  the

mechanisms  underlying  how  intrinsic  properties  of  iron  oxide  minerals  determine  their

capability  to  mediate  the  transformation of  OPEs  are  still  obscure.  Here,  it  is  demonstrated

that iron oxyhydroxide nanoparticles (goethite, akaganeite, and lepidocrocite) can effectively

catalyze the hydrolysis of 4-nitrophenyl phosphate (pNPP), a model OPE contaminant, under

environmentally  relevant  pH  conditions  (pH  6.0  to  8.0).  The  catalytic  efficiency  exhibits  a

pronounced  dependence  on  the  crystalline  phase  of  the  iron  oxyhydroxides,  with  surface

area-normalized  rate  constant  following  the  order:  lepidocrocite  >  akaganeite  >  goethite.

The  crystalline  phase-dependent  catalytic  performance  is  jointly  governed  by  two  key

factors, i.e., the adsorption affinity toward pNPP of the iron oxyhydroxide nanoparticles and

the  reactivity  of  adsorbed  pNPP  at  the  surface.  Specifically,  differences  in  surface  charge

distribution  among  the  crystalline  phases  lead  to  variations  in  electronic  interactions  with

the phosphate groups in pNPP, affecting their adsorption affinities (akaganeite > goethite >

lepidocrocite).  Concurrently,  the  intrinsic  catalytic  reactivity  (lepidocrocite  >  goethite  >

akaganeite)  is  governed  by  variations  in  Lewis  acid  sites  and  their  ability  to  induce  charge

redistribution at the central P atom in adsorbed pNPP. These findings underscore the critical

role of the mineral crystalline phase in controlling the environmental fate of OPEs and other

plastic-derived  additives,  and  can  guide  the  accurate  evaluation  of  the  ecological  risks  of

these emerging pollutants.
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Highlights
•  Crystalline phase dictates the efficiency of iron oxyhydroxides in catalyzing OPE hydrolysis.

•  Lepidocrocite exhibits superior catalytic performance to goethite and akageneite.

•  Crystalline phase-dependent Fe 3d-O 2p electronic interaction mediates adsorption affinity.

•  Crystalline phase-dependent Lewis acidity determines the surface reactivity of adsorbed OPEs.
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Graphical abstract

 
 Introduction

The  increasing  prevalence  of  plastic  pollution  has  garnered  world-
wide  attention[1−3],  and  one  key  risk  factor  associated  with  plastics
pollution is the release of additives[4],  such as phthalates and organo-
phosphate esters (OPEs)[5−7]. In addition to being a common plasticizer,
OPEs  are  also  extensively  utilized  as  pesticides  and  flame
retardants[8−10], and are commonly detected in the environment[11−14].
The majority of OPE pollutants are endocrine disruptors[15−18], and can
induce  a  wide  range  of  toxic  effects,  including  neurological[19],
respiratory[20],  developmental[21−23],  and  reproductive[24] toxicities,  as
well as potential carcinogenicity[25−27], thus causing concerns over their
health and ecological risks. The degradation and weathering of plastics
into  microscale  and  nanoscale  particles  is  expected  to  accelerate
the  leaching  of  OPE  additives[28−30],  which  exacerbates  the  environ-
mental  impacts  of  microplastics[28,31,32].  The  ecological  risks  of  OPE
pollutants  are  largely  dictated  by  their  environmental  behavior  and
transformation  processes,  including  biotic  and  abiotic  oxidation  and
hydrolysis[33−35].

Metal-bearing nanoparticles,  which are abundant in the environ-
ment, play significant roles in various biogeochemical processes and
substantially  impact the fate and transport  of  environmental  pollu-
tants[36−38].  Iron  oxides,  among  the  most  plentiful  metal  oxide
nanoparticles in the environment[36],  can significantly influence the
transformation  of  pollutants[39,40],  due  to  their  compositional  and
structural  diversity  and  redox  activity[39,41].  For  instance,  nanosized
iron oxides can adsorb pollutants[42,43],  or form co-precipitates with
them[44].  Moreover,  iron  oxides  can  catalyze  the  oxidation-
reduction[45−47] and hydrolysis[34,48−50] reactions of  pollutants  in  the
environment. Hydrolysis is one of the most important reaction types
that  affect  the  environmental  fate  of  organic  pollutants  such  as
esters[48,51],  chlorinated  hydrocarbons[52],  and  antibiotics[50,53,54].
Recent studies have demonstrated that physicochemical properties
of nanosized iron oxides, particularly exposed facets, can affect their
efficiency  in  mediating  the  hydrolytic  transformation  of  organic
pollutants (including phthalates and OPEs) in the environment[48,51].
However,  the impacts  of  crystalline phase,  a  critical  parameter  that
fundamentally  determines  the  bulk  and  surface  atomic  arrange-
ment and coordination state, on the ability of iron oxide nanoparti-
cles  to  mediate  the  hydrolysis  of  organic  pollutants  remain  to  be
elucidated.

Herein, we investigated the mechanisms by which the crystalline
phase of iron oxyhydroxide nanoparticles affects their efficiencies in

mediating  the  hydrolysis  of  OPE  pollutants.  Three  common  poly-
morphs  of  iron  oxyhydroxide,  including  goethite  (α-FeOOH),
akageneite (β-FeOOH), and lepidocrocite (γ-FeOOH), were chosen as
model materials, and p-nitrophenyl phosphate (pNPP) was selected
as  a  model  OPE  compound,  as  it  represents  the  core  structure  of
common  OPE  pollutants[55,56].  The  performance  of  the  oxyhydrox-
ide  nanoparticles  in  catalyzing  pNPP  hydrolysis  at  environmentally
relevant  pH  (6.0  to  8.0)  was  examined,  and  the  Langmuir–Hinshel-
wood kinetics model was used to compare the differences in pNPP
adsorption  affinity  and  surface  catalytic  activity  among  the  iron
oxyhydroxide  nanoparticles.  Moreover,  the  adsorption  configura-
tion  of  pNPP  and  its  adsorption  affinity  on  iron  oxyhydroxide  with
different  crystalline  phases  were  investigated  using in  situ attenu-
ated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR)  analysis,  and  density  functional  theory  (DFT)  calculations.  A
correlation  between  surface  reactivity,  and  Lewis  acidity  of  the
materials  was  discerned  using  Fourier  transform  infrared  spec-
troscopy after pyridine adsorption (Py-IR), and DFT calculations. This
study provides valuable insights to enhance predictive understand-
ing of  the environmental  behavior  of  OPE plastic  additives and the
related ecological risks.

 Methods

 Synthesis and characterization of materials
Information on the chemicals used is provided in Supplementary File 1
(Text  S1).  The  specific  synthesis  procedures  for  the  three  iron
oxyhydroxide materials are detailed in Supplementary File 1 (Text S2).

The  morphological  features  of  the  materials  were  characterized
using  scanning  electron  microscopy  (SEM)  and  transmission  elec-
tron  microscopy  (TEM).  The  crystalline  phases  were  determined
using  X-ray  diffraction  (XRD).  The  specific  surface  area  (SABET)  was
determined  from  the  nitrogen  adsorption/desorption  isotherms.
The ζ-potential  was  measured  at  pH  3  to  11.  The  surface  acidity  of
the  materials  was  analyzed by  Py-IR[57].  More  detailed  characteriza-
tion methods are provided in Supplementary File 1 (Text S3).

 Hydrolysis experiments
The pNPP hydrolysis experiments were performed at environmentally
relevant conditions (pH 6.0 to 8.0,  25 ± 0.1 °C).  The concentrations of
pNPP  and  4-nitrophenol  (4-NP)  over  time  were  determined  from  the
UV-vis  absorbance  at  310  and  400  nm,  respectively,  with  their  UV-vis
spectra shown in Supplementary Fig. S1. Experiments were carried out
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in  triplicate.  More  detailed  methods  are  provided  in Supplementary
File 1 (Text S4).

 Phosphate adsorption experiments
Since  pNPP  constantly  hydrolyzes,  which  makes  it  inaccurate  to
directly  determine  the  adsorption  capacity  of  the  iron  oxyhydroxide
nanoparticles  for  pNPP,  the  adsorption  of  orthophosphate  ions  as  a
surrogate  was  measured[58].  The  adsorption  isotherms  were  deter-
mined at pH 6.0, 7.0, and 8.0 (with detailed methods in Supplementary
File 1, Text S5).

 Data analysis
The pNPP hydrolysis data were fitted to the pseudo-first-order kinetic
model to calculate the apparent rate constant, kobs (h

−1).
The Langmuir−Hinshelwood (L−H) model, a widely used model to

describe  the  kinetics  of  heterogeneous  catalytic  reactions[59],  was
employed to obtain the adsorption coefficient of pNPP on the mate-
rials, KL (L mg−1) and the reaction rate constant of adsorbed pNPP, kr

(mg L−1 h−1). More details are provided in Supplementary File 1 (Text
S6).

 In situ ATR-FTIR measurements of pNPP
adsorption
In  situ ATR-FTIR  spectroscopy  was  employed  to  investigate  the
adsorption configuration of pNPP on the surface of iron oxyhydroxides.
Detailed  methodologies  are  provided  in Supplementary  File  1 (Text
S7).

 Theoretical calculations
DFT calculations were carried out using the VASP 5.4.4 package[60],  to
obtain  information  on  the  electron  localization  function  (ELF),  pNPP
adsorption energy, charge density differences, partial density of states
(PDOS),  and  crystal  orbital  Hamilton  population  (COHP).  Details  are
provided in Supplementary File 1 (Text S8).

 Statistical analysis
Statistical  differences  were  tested  by  one-way  analysis  of  variance
(ANOVA), using Statistical Product and Service Solutions (version 19.0,
IBM, USA), with significant differences (p < 0.05) indicated by different
letters.  For  pNPP  hydrolysis  and  phosphate  ion  adsorption  experi-
ments,  arithmetic  means,  and  standard  deviations  of  triplicate  tests
were reported.

 Results and discussion

 Physicochemical properties of iron oxyhydroxide
nanoparticles
The  as-synthesized  iron  oxyhydroxide  materials  have  different
crystalline phases, as demonstrated by XRD results. The XRD pattern of
goethite  (JCPDS  No.  29−0713)[61] has  diffraction  peaks  at  2θ =  17.8°,
21.2°,  33.2°,  34.7°,  36.6°,  and  53.2°,  corresponding  to  the  (020),  (110),
(130),  (021),  (111),  and  (221)  crystal  planes,  respectively.  The  XRD
pattern  of  akaganeite  (JCPDS No.  34-1266)[61] has  diffraction peaks  at
2θ =  11.8°,  16.7°,  26.6°,  33.9°,  35.1°,  39.2°,  46.4°,  and  55.8°,
corresponding  to  the  (110),  (200),  (310),  (400),  (211),  (301),  (411),  and
(521)  crystal  planes,  respectively.  The  XRD  pattern  of  lepidocrocite
(JCPDS No. 08-0098)[62] has diffraction peaks at 2θ = 14.2°, 27.1°, 36.4°,
and  46.8°,  corresponding  to  the  (020),  (120),  (031),  and  (200)  crystal
planes, respectively (Fig. 1a).

Nitrogen  adsorption-desorption  isotherm  analyses  (Fig.  1b)
revealed  that  lepidocrocite  possesses  a  higher SABET (169.2  m2 g−1)

than  goethite  (71.9  m2 g−1),  and  akaganeite  (45.8  m2 g−1)[63].  The
larger specific surface area, which is conducive to exposure of more
catalytic  sites,  likely  can  improve  the  catalytic  efficiency.  The
isotherms  are  type  IV  with  type  H3  hysteresis  loops,  indicating  the
presence  of  mesopores  and  macropores  in  the  aggregates[63,64],
which  is  consistent  with  pore  size  distribution  analysis  results  (Fig.
1c).  Among  the  three  materials,  lepidocrocite  also  exhibits  the
narrowest  pore  size  distribution,  which  may  hinder  the  diffusion,
and mass transfer of target molecules.

The  SEM  and  TEM  images  of  three  types  of  iron  oxyhydroxide
nanoparticles  (Fig.  1d–f)  show that  goethite  exhibits  nanorod mor-
phology  with  lengths  of  200–600  nm  and  diameters  of  40–50  nm,
with  most  nanorods  forming  bundled  aggregates  (Fig.  1d).  In
contrast,  akaganeite  presents  more  uniform  spindle-like  structures
ranging  from  200–600  nm  in  length,  and  50–150  nm  in  diameter
(Fig.  1e),  and  lepidocrocite  is  composed  of  nanofibers  with  diame-
ters  of  10–30 nm (Fig.  1f).  Furthermore,  in  the  high-resolution TEM
(HRTEM)  images,  the  goethite  revealed  lattice  spacing  of  0.26  nm,
indexed to the (021) plane[65], and the akaganeite and lepidocrocite
displayed lattice spacing of 0.27 and 0.33 nm, corresponding to the
(400)  plane and (200)  plane[66],  respectively.  Additionally,  structural
modeling  and  surface  ELF  analysis  (Fig.  1g–i)  reveal  distinct  densi-
ties of unsaturated Fe sites per unit surface area across the different
FeOOH  phases.  This  crystalline  phase  dependency  originates  not
only from active site density differences but also from coordination
environments  and  electronic  structures  of  surface  Fe  atoms,  which
collectively modulate Lewis acidity and catalytic reactivity[48,67].

 The crystalline phase influences the catalytic
pNPP hydrolysis performance of iron
oxyhydroxide nanoparticles
The crystalline phase plays a key role in determining the activity of the
iron  oxyhydroxide  nanoparticles  in  catalyzing  the  hydrolysis  of  pNPP
under  environmentally  relevant  pH  conditions  (6.0,  7.0,  and  8.0).  All
three  iron  oxyhydroxide  nanoparticles  (100  mg  L−1)  significantly
accelerated pNPP hydrolysis  (Fig.  2),  with lepidocrocite  exhibiting the
highest activity across all pH levels. For instance, at pH 6.0, the removal
efficiency  of  pNPP  reached  85%  (lepidocrocite),  45%  (goethite),  and
25%  (akaganeite)  after  48  h.  It  is  important  to  note  that  the  mass
balance  of  pNPP  and  its  hydrolysis  reaction  product  4-NP  in  the
aqueous  phase  remained  >  95%  (Supplementary  Figs  S2–S4).  Con-
sidering that pNPP hydrolysis was negligible (< 3%) in the absence of
iron  oxyhydroxide  nanoparticles  (Fig.  2a),  we  believe  that  hetero-
geneous  catalytic  hydrolysis  was  the  dominant  removal  mechanism
rather  than  adsorption.  The  hydrolysis  kinetics  fitted  to  the  pseudo-
first-order  model  well,  and  surface  area-normalized  rate  constant
(kobs/SABET) followed the order of lepidocrocite > akageneite > goethite
(Fig.  2d–f  and  Supplementary  Table  S1).  Additionally,  hydrolysis
efficiency  decreased  with  increasing  pH,  which  can  be  attributed  to
electrostatic  repulsion  between  the  negatively  charged  iron
oxyhydroxides surfaces at  higher pH (Supplementary Fig.  S5)  and the
deprotonated  forms  of  pNPP  (pNPP− and/or  pNPP2−)  predominant  at
pH  6.0  to  8.0  (Supplementary  Fig.  S6),  thereby  hindering  substrate
adsorption and diminishing catalytic performance[68].

The hydrolysis of pNPP catalyzed by iron oxyhydroxide nanoparti-
cles  proceeds  via  a  surface-mediated  reaction,  in  which  pNPP  first
adsorbs to the surface active sites, followed by cleavage of the phos-
phate ester bond. To decouple the effects of adsorption and surface
reactivity,  initial  reaction  rates  (r0)  were  fitted  using  the  L–H
model[59] across variable initial pNPP concentrations (C0 = 3.2–16 mg
L−1)  and pH values (Supplementary Tables S2–S4, Fig.  3a–f, Supple-
mentary Figs. S7−S9). For all the iron oxyhydroxides, r0 as a function
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Fig. 1  (a) X-ray diffraction (XRD) patterns, (b) nitrogen adsorption–desorption isotherms, and (c) pore size distribution curves of goethite, akaganeite, and
lepidocrocite. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high-resolution TEM (HRTEM) images of (d) goethite, (e)
akaganeite, and (f) lepidocrocite. Electron localization function (ELF) analysis of (g) goethite, (h) akaganeite, and (i) lepidocrocite. Red regions in the ELF
isosurface represent strong electron localization, while blue regions indicate delocalized electron states.
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of C0 fits well with the L–H model (Fig. 3a–f), revealing distinct differ-
ences  in  both  adsorption  affinity  and  surface  reactivity  (Fig.  3g–l).
At pH 6 (Fig. 3g), the KL values followed the trend: akaganeite (0.685
L  mg−1)  >  goethite  (0.591  L  mg−1)  >  lepidocrocite  (0.521  L  mg−1),
indicating  the  strongest  pNPP  affinity  of  akageneite.  Interestingly,
this trend does not align with the apparent catalytic activity normal-
ized  to  surface  area  (kobs/SABET),  and  notably,  lepidocrocite,  which
exhibited  the  highest kobs/SABET,  had  the  lowest  affinity  toward
pNPP.  This  suggests  that,  apart  from  adsorption  affinity,  other
factors  also  influence  the  overall  hydrolysis  efficiency.  Indeed,  the
surface  reaction  rate  constants  show  a  different  pattern,  and  lepi-
docrocite  exhibited  much  higher kr than  the  other  two  materials
(Fig.  3j−l);  for  example,  at  pH  6,  lepidocrocite  exhibited  a  5.1-fold
higher kr value than akaganeite and 3.0 times greater than goethite
(Fig.  3j).  The  highest  surface  reactivity  of  lepidocrocite  compen-
sated for its lowest pNPP adsorption affinity, thus contributing to its
superior overall catalytic efficiency.

 Crystalline phase regulates pNPP adsorption
affinity by modulating electronic interaction of
Fe 3d and O 2p
The  effective  adsorption  of  reactant  molecules  onto  a  material  sur-
face is a prerequisite for heterogeneous catalytic hydrolysis of organic
contaminants  mediated  by  metal  oxide  nanoparticles[48,53].

Accordingly,  differences  in  the  adsorption  affinity  of  pNPP  on  iron
oxyhydroxides with different crystalline phases have a crucial influence
on  their  overall  catalytic  performance. In  situ ATR-FTIR  analysis
suggests that pNPP molecules were primarily adsorbed through inner-
sphere complexation, which involves the −PO4 group of pNPP binding
directly  to  surface  Fe  atoms.  The  characteristic  absorption  bands  of
pNPP on the material  surfaces  progressively  increased over  time (Fig.
4a),  reflecting  the  continuous  adsorption  process[69].  Although  the
ATR-FTIR  spectral  features  differed  among  goethite,  akaganeite,  and
lepidocrocite,  likely  due  to  variations  in  surface  charge  distribution
caused  by  different  crystalline  phases  (Fig.  1g–i),  several  common
trends  were  observed,  providing  insights  into  their  adsorption
mechanisms. Specifically, the ATR-FTIR spectrum of pNPP dissolved in
water  (Supplementary  Fig.  S10)  showed  bands  of  the −PO4 group  at
1,089,  1,167,  and  1,260  cm−1[43,48,69],  and  that  of  the −NO2 group  at
1,347  cm−1 (corresponding  to  the νs(−NO2)  mode)[48,70].  When  pNPP
was  adsorbed  onto  iron  oxyhydroxides  (Fig.  4a),  the  characteristic
ν(P−O), νs(PO2

−),  and ν(P=O)  bands  of  the −PO4 group  increased  in
intensity over time and shifted to higher wavenumbers,  whereas that
of  the −NO2 group  remained  stable  at  1,345–1,371  cm−1[43,48].
Moreover,  a  band  at  950–990  cm−1 was  observed  (Fig.  4a),  which
corresponds to the P−O−Fe bond[48,71,72], arising from the inner-sphere
complexation  between  pNPP  and  the  surface  Fe  atoms  of  the  iron
oxyhydroxide nanoparticles.

 

Fig. 2  Efficiencies of iron oxyhydroxide nanoparticles in catalyzing pNPP hydrolysis. Catalytic pNPP hydrolysis kinetic curves in the absence (denoted as
'Control'),  or  presence  of  the  iron  oxyhydroxide  nanoparticles  at  pH  (a)  6.0,  (b)  7.0,  (c)  8.0,  and  (d)–(f)  the  corresponding  surface  area-normalized kobs.
Initial pNPP concentration: 6.0 mg L−1. The italic letters denote significant differences (p < 0.05).
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DFT  calculations  confirmed  that  the  adsorption  energy  (Eads)  of
pNPP via the −PO4 group on iron oxyhydroxide surfaces was consid-
erably  larger  in  absolute  value  than  that  through  the −NO2 group
(Fig.  4b, Supplementary  Figs  S11–S16),  indicating  that  adsorption
via the −PO4 group is thermodynamically more favorable. This result
corroborates  the  proposed  mechanism  that  pNPP  preferentially
binds  to  surface  Fe  atoms  on  iron  oxyhydroxides  through  inner-
sphere  complexation  involving  the −PO4 group.  Additionally,  noti-
ceable  differences  in Eads values  were  observed  among  three

crystalline  phases  of  iron  oxyhydroxides.  Specifically,  akaganeite
exhibited the lowest Eads (–5.44 eV), followed by goethite (–4.86 eV),
and lepidocrocite (–4.20 eV), suggesting that akaganeite possesses a
stronger  adsorption  affinity  for  pNPP,  consistent  with  the  experi-
mental observations (Fig. 3g–i). Moreover, the PDOS and COHP ana-
lyses  revealed  a  more  pronounced  overlap  between  Fe  3d  orbitals
and O 2p orbitals of the −PO4 group compared with the −NO2 group
(Fig.  4c–h).  The  bonding  orbitals  were  more  extensively  populated
with covalent electrons (−COHP > 0, E < Ef, −iCOHP = 0.027–0.041),

 

Fig. 3  (a)–(c) Initial hydrolysis reaction rate (r0) vs initial pNPP concentration (C0), with lines representing least-squares fit to the L–H model, (d)–(f) linear
plot of r0

−1 vs C0
−1, (g)–(i) L–H model parameters KL (representing surface adsorption affinity), and (j)–(l) kr (representing surface reactivity) determined for

each material at pH 6.0, 7.0, and 8.0.
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indicating  a  stronger  electronic  interaction  between  Fe  atoms  and
the −PO4 group[73].  Among  the  crystalline  phases,  akaganeite
displayed the highest  bonding strength,  as  reflected by its −iCOHP
value  of  0.061,  exceeding  those  of  goethite  (0.041),  and  lepi-
docrocite (0.027).  This suggests a higher degree of electron density
in  the  bonding  orbitals  and  stronger  interaction  between
akaganeite and pNPP. Interestingly, surface area-normalized adsorp-
tion coefficients Kd of orthophosphate ions by the materials (Supple-
mentary  Fig.  S17)  showed  similar  trends  to  the  adsorption  affinity
predicted  by  theoretical  calculations,  which  is  also  consistent  with
the experimentally determined KL of pNPP.

 Crystalline phase enhances catalytic hydrolysis
performance by inducing electron redistribution
in pNPP via surface Lewis acid sites
The coordination saturation of metal sites on metal oxide surfaces is a
key factor governing their Lewis acidity, which directly influences their
catalytic  activity  toward  the  hydrolysis  of  organophosphorus
pollutants[34,48,74].  According  to  Py-IR  analysis  (Fig.  5a and
Supplementary Fig. S18), all three types of iron oxyhydroxides are rich
in  Lewis  acid  sites  (the  bands  at  1,448,  1,597,  and  1,608  cm−1 are
typically attributed to Lewis acid sites[47,75]; that at 1,492 cm−1 is usually
assigned to both Lewis and Brønsted acid sites[75], though with weaker

 

Fig. 4  (a) In situ ATR-FTIR spectra of goethite, akaganeite, and lepidocrocite (along the direction indicated by the arrow; the time is: 5, 30, 60, 90, 130, and
180  min).  (b)  The  adsorption  energy  (Eads)  of  pNPP  on  goethite,  akaganeite,  and  lepidocrocite  via  different  functional  groups  (−PO4 or −NO2)  and  the
corresponding  stable  adsorption  configurations  (insets).  The  PDOS  and  COHP  of  Fe  3d  and  O  2p  orbitals  during  adsorption  in  various  configurations:
adsorption of pNPP via the −PO4 or −NO2 group on (c), (d) goethite, (e), (f) akaganeite, and (g), (h) lepidocrocite.
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intensity;  and  no  band  corresponding  to  Brønsted  acid  sites  at  1,545
cm−1 was  observed[47]).  Among  them,  lepidocrocite  exhibited  the
highest  density  of  Lewis  acid  sites  (214 μmol  m−2),  significantly
surpassing  those  of  akaganeite  (177 μmol  m−2),  and  goethite  (192
μmol m−2),  consistent with its  superior  catalytic  performance in pNPP
hydrolysis (Figs 2 and 3, Supplementary Table S1). These acid sites play
a crucial role in facilitating pNPP conversion by stabilizing electron-rich
intermediates and reducing the activation energy barrier[76].

In  the  catalytic  system  of  iron  oxyhydroxides,  coordinatively
unsaturated  Fe  atoms  act  as  Lewis  acid  sites,  engaging  in  electron
pair  sharing  with  the –PO4 group  of  pNPP,  which  functions  as  a
Lewis  base,  thereby  driving  the  hydrolysis  reaction[34,48,74].  Charge
density  differences (Fig.  5b, d,  and f)  confirm this  process,  showing
an  increase  in  electron  density  on  the  oxygen  atoms  of  the –PO4

group  and  a  corresponding  partial  positive  charge  (δ+)  on  the
central P atom. This polarization effect enhances the susceptibility of
the  P  atom  to  nucleophilic  attack  by  H2O  molecules.  Bader  charge
analysis  (Fig.  5b, d,  and f)  further  elucidates  the  crystalline  phase-

dependent  promotion  of  hydrolysis:  the  charge  transfer  on  the  P
atom of pNPP adsorbed on lepidocrocite (–3.54 e) is notably greater
than that observed for akaganeite (–3.49 e),  and goethite (–3.44 e),
indicating that lepidocrocite more effectively facilitates nucleophilic
hydrolysis.  Furthermore,  bonding stability  analysis  provides  deeper
insight into the underlying mechanism. PDOS and COHP results (Fig.
5c, e, and g) reveal that pNPP adsorbed on lepidocrocite exhibits the
weakest  orbital  overlap  between  the  P  3p  orbitals  and  the  O3  2p
orbitals of the ester bond. A larger proportion of covalent electrons
occupies the antibonding orbitals (E < Ef, –COHP < 0, –iCOHP = 0.12),
significantly weakening the P–O bond. This electronic configuration
is  identified  as  the  intrinsic  origin  of  the  enhanced  hydrolytic  effi-
ciency observed for lepidocrocite.

 Conclusions

Iron  oxyhydroxide  nanoparticles  (including  goethite,  akaganeite,  and
lepidocrocite) can effectively promote the hydrolysis of OPE pollutants

 

Fig. 5  (a)  Py-IR spectra of goethite, akaganeite, and lepidocrocite. Charge density differences and Bader charge analyses for pNPP molecules adsorbed
onto  the  surfaces  of  (b)  goethite,  (d)  akaganeite,  and  (f)  lepidocrocite.  Yellow  and  cyan  regions  represent  electron  accumulation  and  depletion,
respectively. PDOS and COHP analyses of the P 3p and O3 2p orbitals in pNPP adsorbed on (c) goethite, (e) akaganeite, and (g) lepidocrocite, respectively.
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under  environmentally  relevant  pH  conditions,  and  their  catalytic
capacity  is  significantly  affected by the crystalline phase,  with surface
area-normalized  rate  constant  following  the  order:  lepidocrocite  >
akaganeite  >  goethite.  The  mechanisms  underlying  the  crystalline
phase-dependent  catalytic  activity  were  elucidated  by  experimental
and  theoretical  investigations.  Specifically,  the  crystalline  phase
influenced  both  the  adsorption  affinity  of  the  iron  oxyhydroxide
nanoparticles  toward  pNPP  and  the  reactivity  of  the  surface-bound
pNPP molecules. Differences in surface charge distribution of different
crystalline  phases  and  their  electronic  interactions  with  the –PO4

groups in pNPP led to variations in their adsorption affinities for pNPP
(akaganeite  >  goethite  >  lepidocrocite).  Moreover,  crystalline  phase-
dependent variation in surface Lewis acidity of the iron oxyhydroxides
(in the order of lepidocrocite > goethite > akaganeite) and the induced
charge  rearrangement  of  the  central  P  atom  in  pNPP  largely
determined their overall apparent catalytic activity.

These  findings  deepen  our  understanding  of  the  critical  role  of
the  crystalline  phase  in  regulating  the  capability  of  metal  oxide
nanominerals  to  mediate  hydrolytic  transformation  of  OPEs,  and
potentially other plastic additives, which are valuable for accurately
assessing the environmental behavior and potential ecological risks
of these emerging pollutants. Notably, in real aquatic environments,
metal  oxides  may  interact  with  ions  and  natural  organic  matter,
altering the surface charge, density of surface active sites, and even
the  crystalline  phase[61,77,78],  which  may  dampen  the  crystalline
phase-dependent  catalytic  activity  observed  in  the  simplified
systems.  Meanwhile,  the  adsorption  of  ions  such  as  Zn2+ may
promote  hydrolysis  reactions  by  metal  oxides[54].  Therefore,  future
research needs to elucidate how metal oxide nanominerals mediate
the  hydrolysis  reactions  under  complex  environmental  conditions,
so as to more accurately predict the environmental fate and risks of
plastic additives.
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