
Pyro-Catalytic Degradation of Pyrene by Bentonite-Supported
Transition Metals: Mechanistic Insights and Trade-Offs with Low
Pyrolysis Temperature
Sara B. Denison, Peixuan Jin, Priscilla Dias Da Silva, Chun Chu, Bhagavatula Moorthy,
Thomas P. Senftle, Kyriacos Zygourakis,* and Pedro J. J. Alvarez*

Cite This: Environ. Sci. Technol. 2023, 57, 14373−14383 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Transition metal catalysts can significantly enhance the pyrolytic remediation of
soils contaminated with polycyclic aromatic hydrocarbons (PAHs). Significantly higher pyrene
removal efficiency was observed after the pyrolytic treatment of Fe-enriched bentonite (1.8%
wt ion-exchanged content) relative to natural bentonite or soil (i.e., 93% vs 48% and 4%) at
the unprecedentedly low temperature of 150 °C with only 15 min treatment time. DFT
calculations showed that bentonite surfaces with Fe3+ or Cu2+ adsorb pyrene stronger than
surfaces with Zn2+ or Na+. Enhanced pyrene adsorption results from increased charge transfer
from its aromatic π-bonds to the cation site, which destabilizes pyrene allowing for faster
degradation at lower temperatures. UV−Vis and GC−MS analyses revealed pyrene
decomposition products in extracts of samples treated at 150 °C, including small aromatic
compounds. As the pyrolysis temperature increased above 200 °C, product distribution shifted
from extractable compounds to char coating the residue particles. No extractable byproducts
were detected after treatment at 400 °C, indicating that char was the final product of pyrene
decomposition. Tests with human lung cells showed that extracts of samples pyrolyzed at 150 °C were toxic; thus, high removal
efficiency by pyrolytic treatment does not guarantee detoxification. No cytotoxicity was observed for extracts from Fe-bentonite
samples treated at 300 °C, inferring that char is an appropriate treatment end point. Overall, we demonstrate that transition metals in
clay can catalyze pyrolytic reactions at relatively low temperatures to decrease the energy and contact times required to meet cleanup
standards. However, mitigating residual toxicity may require higher pyrolysis temperatures.
KEYWORDS: pyrolysis, catalysis, PAHs, clays, soil remediation, residual toxicity

■ INTRODUCTION
Environmental contamination by polycyclic aromatic hydro-
carbons (PAHs) poses a major threat to public health due to
their classification as possible and probable carcinogens by the
US EPA and their link to preterm births.1−3 These compounds
tend to persist in the environment due to their hydrophobic
and semi-volatile properties and their resistance to biode-
gradation.1,4

Pyrolysis is an effective thermal treatment method that can
rapidly and reliably remove PAHs and other toxic hydrophobic
organic pollutants to meet soil cleanup standards without
destroying soil fertility to facilitate re-greening efforts.5−7

Working with soils contaminated with weathered petroleum
crudes, we demonstrated that pyrolytic treatment could
remove total petroleum hydrocarbons (TPH) (13,000 to
19,000 mg/kg) by more than 99.9% at temperatures between
420 and 470 °C.6,7 Pyrolytic treatment at 420 °C also removed
more than 98% of the 16 EPA-regulated PAHs present in the
hydrocarbon contaminants and effectively detoxified the soil as
determined by cell viability tests.7 Other investigators showed
that amending petroleum and PAH-contaminated soils with

materials like hematite, K2CO3, CaO, red mud, or redox-active
minerals can enhance TPH removal via pyrolytic treat-
ment.8−12 Although the pyrolytic treatment temperatures
commonly used in previous studies (400−500 °C)13 are
lower than those required for incineration and other thermal
treatment methods (600−1200 °C),14 the relatively high
energy requirements remain a major cost-driver for the
pyrolytic treatment method and a sustainability challenge.15−17

Recently, we showed that natural clays and clays
impregnated with earth-abundant transition metals (e.g., Fe
or Cu) can catalyze pyrolysis reactions and decrease the
treatment temperature required for high hydrocarbon removal
from petroleum-contaminated soils.18 Although clays with
their natural exchangeable cations were effective catalysts, we
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achieved significantly higher hydrocarbon removal at lower
pyrolysis temperatures using clays with ion-exchanged Fe or
Cu.18 By amending the contaminated soil with 10% wt
bentonite (a natural clay) impregnated with Fe, for example,
we achieved 93% TPH removal efficiency at the relatively low
pyrolysis temperature of 300 °C.18 We postulated that the
catalytic mechanism involved π−cation interactions between
the large aromatic compounds of petroleum crudes and
transition metals present in the amendments. These inter-
actions start a cascade of reactions that convert large aromatics
into inert char, which is an acceptable, safe treatment endpoint.
However, this work studied the pyrolysis of a complex mixture
of petroleum hydrocarbons and did not directly show that
transition metals catalyze the decomposition of PAH
molecules, which are a major toxicity driver in petroleum-
contaminated sites.

Pyrene has been used in previous studies as a model
compound to study the thermal decomposition of PAHs.
Homogeneous (gas phase) pyrolysis of pyrene requires very
high temperatures (900−1200 °C) to trigger cyclo-dehydro-
genation and polymerization reactions that form bi-pyrenes,
larger condensation products, and eventually soot or char.19

Working with pyrene-contaminated soil, several studies
reported that complete pyrene degradation required heating
the soil to 530 °C at heating rates faster than 100 °C/s under
helium flow.20,21 Excess soil weight loss and increased CO and
CO2 yields were observed above 500 °C, suggesting that
chemical reactions of soil components with pyrene decom-
position products took place under these conditions. However,
potential catalytic reactions mediated by transition metals in
clays to facilitate the thermal treatment of pyrene or other
PAHs in contaminated soils remain largely unexplored.

This present study demonstrates that bentonite impregnated
with selected ion-exchanged transition metals (Fe, Cu, and Zn)
catalyzes the decomposition of pyrene and achieves high
conversions at temperatures as low as 150 °C with Fe or Cu.
Catalysis by earth-abundant transition metals deposited on clay
allows pyrolytic treatment of PAH-contaminated soils to
proceed at lower temperatures than those reported in the
current literature. This would decrease the energy require-
ments and, thus, the operating costs and carbon footprint of
our thermal remediation process. However, it is important to
consider the unintended consequences of pyrolytic treatment
at the unprecedentedly low pyrolysis temperatures made
possible by these catalysts. To inform the cost-effective and
safe application of the pyro-catalytic treatment, this study also
provides insights into the mechanisms mediated by different
transition metals and assesses the toxicity of the pyrolysis
products obtained at different temperatures.

■ MATERIALS AND METHODS
Materials. Pure bentonite (Sigma-Aldrich) was used as a

reference clay to prepare metal-impregnated clays. Anhydrous
iron (III) nitrate (nonahydrate, >98%), copper (II) nitrate
(hemi(pentahydrate), >98%), and zinc (II) nitrate (hexahy-
drate, >98%) were obtained from Sigma-Aldrich. Pyrene
(98%) was purchased from Sigma-Aldrich. All chemicals
were used as received. Uncontaminated soil (composed of
37% sand, 20% silt, and 43% clay) was collected from Rice
University in Houston, TX. The collected soil was dried at 60
°C for 72 h to prevent oxidation and changes in the amount of
organic matter in the sample,22,23 homogenized, and sieved
(<1 mm) to remove large particles.

Preparation and Characterization of Ion-Exchanged
Bentonites. The preparation of the ion-exchanged clays was
modified slightly from our past work.18 Briefly, bentonite was
modified by liquid-phase ion-exchange to obtain Fe-bentonite,
Cu-bentonite, or Zn-bentonite. Fe, Cu, and Zn were chosen
because they are metals commonly found in soils and represent
a range of redox potentials (Table S1). To create the modified
ion-exchanged clays, 20 g of bentonite was added to 400 mL of
0.6 N Fe(III), Cu(II), or Zn(II) solutions. The mixture was
covered with parafilm and stirred at 300 rpm for 24 h at room
temperature. After stirring, the mixture was filtered and dried
at 105 °C for 24 h. The modified-bentonite clays were then
ground using a mortar and pestle and sieved (mesh N° 60,
<250 μm). Samples were stored at room temperature in
capped glass vials. The metal content of the pure bentonite and
modified bentonite with Fe, Cu, or Zn (Table 1) was
determined by an inductively coupled plasma (ICP) method
using a Perkin Elmer Optima DRC II ICP−MS (Mississippi
State Chemical Laboratory, Starkville, MS). As we also
observed in our previous work using ion-exchanged clays,18

the ion-exchange process replaced alkali and alkali-earth
cations of the pure bentonite with iron, copper, and zinc
cations.

Surface area measurements were determined using the BET
method (Quantachrome Autosorb-iQ-MP/Kr BET Surface
Analyzer). The specific surface areas for bentonite, Fe-
bentonite, Cu-bentonite, and Zn-bentonite were 34.69,
46.60, 46.10, and 42.03 m2/g, respectively.

Bentonite and ion-exchanged bentonite clays were spiked
with pyrene at 0.1% wt. The samples were prepared by mixing
1 g of bentonite or cation-modified bentonite (Fe, Cu, or Zn)
with 2 mL of a solution containing 0.5 mg/mL of pyrene in
HPLC-grade acetone solvent. The clay and pyrene mixture was
stirred and stored at room temperature until acetone was
completely evaporated. The final pyrene concentration was
1000 mg/kg or 0.1% wt. The soil used for our benchmarking
experiments was also spiked with pyrene at 0.1% wt using the
same procedure.

Table 1. Total Metal Content in Bentonite and Metal Ion-Exchanged Bentonite Samples

Sample (% wt) Natural Bentonite Fe-Bentonite Cu-Bentonite Zn-Bentonite

Al 1.01 ± 0.328 1.05 ± 0.005 0.900 ± 0.016 0.914 ± 0.017
Cu N.D.a N.D. 3.48 ± 0.043 N.D.
K 0.637 ± 0.057 0.158 ± 0.029 0.343 ± 0.055 N.D.
Fe 2.93 ± 0.791 4.76 ± 0.0810 2.03 ± 0.057 2.18 ± 0.095
Mg 1.022 ± 0.324 0.818 ± 0.002 0.783 ± 0.022 0.818 ± 0.02
Na 0.796 ± 0.585 N.D. 0.478 ± 0.013 N.D.
Zn N.D. N.D. N.D. 2.13 ± 0.025

aN.D.: not detected (LOD ∼ 1−100 ppt).
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The treated and untreated clays were characterized by X-ray
photoelectron spectroscopy (XPS) using a Quantera X-ray
photoelectron spectrometer (Physical Electronics, Inc., Chan-
hassen, MN) to determine the elemental state of the clay
surface (1−10 nm). Samples were calibrated and shifted using
284.5 eV as the standard carbon binding energy. The X-ray
source was an aluminum anode with a pass energy of 26 eV.
Iron was examined from 704 to 720 eV with 60 sweeps and
copper from 930 to 940 eV with 60 sweeps. MultiPak (Physical
Electronics) software was used for data analysis and curve
fitting.

Pyrolytic Treatment of Contaminated Clays. Pyrolysis
experiments were performed using a thermogravimetric
analyzer (TGA) (Q500, TA Instruments, New Castle, DE).
For all pyrolysis experiments, 200 mg of each pyrene-
contaminated clay sample was placed in an alumina pan and
treated in the TGA under high-purity nitrogen flowing at 100
mL/min. After equilibrating the sample at 27 °C for 30 min,
the temperature was ramped at 50 °C/min to the desired
pyrolysis temperature (150, 200, 300, or 400 °C) and held
there for 15 min before cooling down to room temperature.
While the 15 min treatment time is how long the sample was
held at the highest temperature, pyrolysis reactions will also
take place during the heating and cooling phases. Benchmark-
ing experiments were also conducted with pyrene-contami-
nated soil (43% clay; 7 ppm iron content) to illustrate the
beneficial catalytic effect of ion-exchanged clays. These
experiments were carried out only at 150 °C with 15 min
treatment time.

Analysis of Solvent-Extractable Compounds and
Pyrene Measurement. We analyzed the acetone-extractable
hydrocarbons and residual pyrene concentrations of pyrolyzed
samples via gas chromatography and mass spectrometry (GC−
MS) and UV−visible spectrophotometry (UV−Vis). Using an
extraction method modified from a previous study,24 100 mg
of pyrolyzed sample was placed in a centrifuge tube with 2 mL
of acetone. The mixture was extracted in an ultrasonic bath for
30 min and centrifuged at 10,000 rpm for 10 min. The
supernatants were then filtered through a 0.2 μm membrane
filter, placed in 2 mL GCMS vials, and stored in a 4 °C
refrigerator until analysis.

Pyrene was quantified, and the intermediate products were
identified using a gas chromatograph (Agilent 7820A)
equipped with a mass spectrum detector (Agilent 5977E)
using EPA Method 8275A (LOD ∼5 mg/kg). A HP-5ms Ultra
Inert capillary column (30 m × 0.25 mm × 0.25 μm film
thickness) (Agilent Technologies) was used. The flow rate of
helium carrier gas was kept at 1 mL/min with splitless injection
at an inlet temperature of 275 °C. The initial column
temperature was 80 °C and held for 1 min before ramping
at 25 °C/min to 200 °C and then increased to 256 °C at the
rate of 8 °C/min and held for 5 min. Pyrene was quantified
using the selected ion monitoring (SIM) mode with target ions
(m/z) of 202 and 101. The decomposition products were
acquired in full scan mode from m/z 29 to 350 with an
acquisition frequency of 4.4 scans per second. Pyrene
decomposition products were also analyzed with a UV−Vis
spectrophotometer (NanoDrop One Microvolume) by obtain-
ing spectra from 190 to 900 nm, which is the characteristic
absorbance range of aromatic compounds.25

MTT Assay of Cell Viability. A colorimetric cell viability
assay with human bronchial epithelial cells was used to
determine the toxicity of samples treated at different pyrolysis

temperatures.7 For these tests, we used BEAS-2B normal
human bronchial epithelial cells infected with a replication-
defective SV40/adenovirus 12 (ATCC # CRL-9609), an MTT
Cell Proliferation Assay Kit (ATCC # 30-1010K), and RPMI
1640 medium (Sigma-Aldrich). After extracting the pyrolysis
products from the treated solids with acetone, 0.5 mL from
each extract was evaporated at room temperature in a fume
hood and reconstituted in 100 μL of DMSO (Sigma-Aldrich).
The MTT assay was performed in 96-well plates. First, 2000
cells in 100 μL of culture medium were placed in each well and
kept overnight. Next, 1 μL of 1:2.5 diluted extract sample (or 1
μL of DMSO control) was added into each well and incubated
for 24 h. After incubation, 10 μL of MTT reagent was added to
each well and incubated again for 2 h until a purple precipitate
was visible. Finally, 100 μL of detergent reagent was added and
left at room temperature in the dark for 2 h. A fluorescence
plate reader (SpectraMax GeminiXS) was used to determine
cell viability by measuring the absorbance at 570 nm.

DFT Method. All density functional theory (DFT)
calculations were carried out using the Vienna ab initio
simulation package (VASP 5.4.4).26 The exchange correlation
functional was the Perdew−Burke−Ernzerhof (PBE)27 im-
plementation of the generalized gradient approximation
(GGA). The projector-augmented wave (PAW) method28

was employed with VASP default potentials29 to treat frozen-
core electrons. The self-consistent-field (SCF) optimization of
the electronic structure treated the following valence electrons
explicitly: Fe(3d64s2), Mg(3s2), Al(3s23p1), Si(3s23p2), C-
(2s22p2), H(1s1), O(2S22P4), Cu(3d104s1), Na(2p63s1), and
Zn(3d104s2). The plane-wave basis set cutoff energy was 500
eV. The Gaussian smearing method was applied with a
smearing width of 0.05 eV. Brillouin zone integration was
conducted with the Monkhorst−Pack scheme with a 3 × 3×1
k-point grid.30 The DFT-D3 method of Grimme31 was
employed in all calculations to treat van der Waals interactions.
The total energy during SCF cycles was converged to <10−5

eV, and geometries were optimized by minimizing the forces to
<0.02 eV Å−1. All calculations were spin-polarized.

Modeling the amorphous phase of soil is a very challenging
task, given the presence of numerous unknown elements and
the high complexity of the system. However, we can use DFT
to determine the relative reactivity of individual sites by
modeling them one at a time. Thus, we applied DFT to
investigate the reducibility of well-defined catalytic sites that
are likely present on the bentonite surfaces. As such, we
constructed slab models with the stoichiometry adjusted to
create model sites with known formal oxidation states (i.e.,
Fe3+, Fe2+, Cu2+, Cu+, Zn2+, and Na+). We find that the
oxidation state of the transition metal cation site plays a key
role because it determines the reducibility of the site and thus
its catalytic activity toward hydrocarbons.

We modeled the bentonite surface by cleaving a (001) facet
from a geometry-optimized Montmorillonite (the main
component of bentonite) bulk structure (Figure S1).32 The
simulation cell had dimensions of 10.36 Å × 8.98 Å × 30 Å,
which created a separation of approximately 20 Å between slab
layers. The stoichiometry of the “pure” bentonite surface
model was Si2AlO6H, yielding formal oxidation states of Si4+,
Al3+, O2−, and H+. Ion-exchanged adsorption site models with
surface Fe, Cu, Zn, or Na cations were generated by placing
one cation on a surface hollow site (Figure S2).

XPS analysis of untreated and uncontaminated Fe-bentonite
and Cu-bentonite after ion-exchange was conducted to
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determine the surface oxidation state of the metal (Figure S3).
Fe-bentonite shows a predominant oxidation state of Fe3+ at
711.5 eV,33 and Cu-bentonite exhibits a primary oxidation
state of Cu2+.34,35 Models with surface and sub-surface
transition metals yield similar conclusions (see Supporting
Information Text S2). The impregnation method is unlikely to
induce the creation of Al/Si vacancies that could be filled with
the transition metal cations to form anti-site defects, since the
measured compositions (Table 1) show that the amount of Si
and Al did not change after the ion-exchange.

The impregnation method is unlikely to induce the creation
of Al/Si vacancies that could be filled with the transition metal
cations to form anti-site defects since the measured
compositions (Table 1) show that the amount of Si and Al
did not change after the ion-exchange. Thus, we chose to
model the transition metal cation adsorbed on the surface as
shown in Figure S2.

We adjusted the stoichiometry of the slab model to achieve
the desired oxidation states for the cations. Substituting a
neutral atom with a neutral atom of a different identity with
one fewer valence electron creates an electron deficiency on
the surface. The formal oxidation state of the adsorbed
transition metal can be controlled by introducing these
substitutions as the adsorbed metal supplies electrons to
remove the electron deficiency. A model with two Mg-for-Al
(MgAl) substitutions and one Al-for-Si (AlSi) substitution was
used for Fe3+, a model with two MgAl substitutions was used
for Cu2+ and Zn2+, and a model with one MgAl substitution was
used for Na+.

The adsorption energy (Eads) of the pyrene molecule on the
various cation sites was calculated according to eq 1

=E E E Eads surf molecule molecule surf (1)

where Esurf‑molecule represents the total energy of the bentonite
surface with the adsorbed pyrene molecule, Emolecule represents
the energy of an isolated pyrene molecule placed in a 20 × 20
× 20 Å3 simulation cell, and Esurf represents the energy of the
bentonite surface. A more negative energy value indicates a
stronger binding interaction between pyrene and the surface.

The adsorption energy of a hydrogen atom ( _EH ads) on
different sites with various cations (Figure S4) was calculated
according to eq 2

=_E E E E1
2H ads surf H H surf

2 (2)

where Esurf‑H represents the total energy of the surface with an
adsorbed hydrogen atom, EH2

represents the energy of an
isolated hydrogen molecule placed in a 15 × 15 × 15 Å3
simulation cell, and Esurf represents the energy of the surface
without the adsorbed hydrogen atom. A more negative energy
value indicates a stronger binding interaction between the
hydrogen atom and the surface, which indicates greater site
reducibility. All possible hydrogen binding sites on the surface
were tested to determine the most favorable hydrogen binding
site (see Figure S4 for site definitions).

Data Analysis. All TGA pyrolysis experiments were run in
triplicates. Residual pyrene concentrations were determined
from at least three pyrolyzed samples at 150, 200, or 300 °C,
and averages with standard errors were calculated. Statistical
significance of differences was assessed using Student’s t-test at
the 95% confidence level.

■ RESULTS AND DISCUSSION
Pyrene Removal Efficiency Depends on the Type of

Ion-Exchanged Transition Metal Used. PAHs adsorb
strongly on metal sites of clays via cation−π interactions.36−38

These interactions could promote the formation of environ-
mental-persistent free radicals (EPFRs)39 or trigger oligome-
rization reactions that form higher molecular weight aromatic
species.40 To further explore the catalytic role of clay transition
metals on PAH degradation, we studied the pyrolytic
degradation of pyrene deposited on pure or metal-impregnated
bentonite.

For the first set of experiments, pyrene-spiked samples were
pyrolyzed for 15 min at 300 °C, the lowest temperature used in
our previous study.18 For natural bentonite, the pyrene
concentration decreased from 1000 to 371 mg/kg for a
removal efficiency of 63% (Table 2). The removal efficiency

was significantly higher for ion-exchanged Fe-bentonite
(∼100%), Cu-bentonite (97%), and Zn-bentonite (81%)
with residual pyrene concentrations of less than 5, 31, and
189 mg/kg, respectively. Thus, ion-exchanged transition metals
significantly enhance pyrene degradation.

At 200 °C and 15 min treatment time, the pyrene
concentration in natural bentonite decreased from 1000 to
529 mg/kg (47% removal efficiency). For the same conditions,
both Fe-bentonite and Cu-bentonite again exhibited higher
removal efficiencies (99% and 91%, respectively), with
respective residual pyrene concentrations of 9 and 88 mg/kg
(Table 2). Zn-bentonite, on the other hand, exhibited lower
pyrene removal efficiency (55%) with a residual pyrene
concentration of 456 mg/kg (Table 2). However, all three
ion-exchanged clays achieved higher conversion of pyrene than
the natural bentonite at temperatures from 200 to 300 °C.

The high pyrene removal levels achieved by Fe- and Cu-
bentonite at 200 °C prompted us to carry out additional
experiments at the unprecedentedly low pyrolysis temperature
of 150 °C with 15 min treatment time (Figure 1). Natural
bentonite contains iron and other cations (Table 1) and
exhibited a significantly higher pyrene removal efficiency
(48%) than that of the control soil (4%), with 43% clay
content (Figure 1). Zn enrichment did not significantly
enhance pyrene removal (Figure 1). On the other hand, Fe-
bentonite and Cu-bentonite again exhibited high pyrene
removal efficiencies of 93% and 72%, respectively. These
results suggest that PAH sorption to transition metals in clays
is important to promote PAH degradation, and sorption
affinity varies widely with the amount and type of the cations
they contain. The importance of pyrene sorption for pyro-
catalytic degradation was illustrated in control experiments
using pyrene deposited on pure quartz samples, which did not

Table 2. Residual Pyrene Concentrations (mg/kg) and
Removal Efficiency (in Parentheses) for Pyrolysis
Experiments at 150, 200, and 300 °C with a 15 min
Treatment Time of Pyrene-Contaminated Bentonite, Fe-
Bentonite, Cu-Bentonite, and Zn-Bentonite

300 °C for
15 min

200 °C for
15 min

150 °C for
15 min

Pure Bentonite 371 ± 66 (63%) 529 ± 47 (47%) 519 ± 99 (48%)
Fe-Bentonite <5 (∼100%) 9 ± 2 (99%) 67 ± 48 (93%)
Cu-Bentonite 31 ± 23 (97%) 88 ± 29 (91%) 285 ± 57 (72%)
Zn-Bentonite 189 ± 108 (81%) 456 ± 34 (55%) 570 ± 109 (43%)
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yield degradation products or char. Instead, the deposited
pyrene devolatilized and/or sublimated at temperatures
between 100 and 200 °C (Figure S5).

In general, the beneficial effect of Fe and Cu in bentonite
was significantly higher than that of Zn at all tested
temperatures. The high removal efficiency of pyrene with Fe
and Cu at 150 °C highlights the potential of these earth-
abundant metals for enhancing pyrolytic treatment. Pyrolysis at
such low temperatures would allow us to meet regulatory
requirements with significantly lower energy requirements and
operating costs.

While our results demonstrate that pyrene degradation is
catalyzed by transition metals, the catalytic activity and, thus,
the overall conversion efficiency of a metal depend on several
factors such as its ionization potential,24,39,41 polarizability,37

and where the metal is located in the clay structure.24,37,39,42,43

Surface area can also affect the adsorption of PAHs and
subsequent catalytic reactions.44 The bentonite BET surface
area increased from about 35 to 42−46 m2/g after transition
metal amendment via ion exchange. Liquid-phase ion-exchange
with transition metals can modify bentonite interlayer spacing
and pore distribution, leading to increased surface area.45,46

However, the BET method does not measure the active surface

Figure 1. Enhanced pyrene removal by bentonite and bentonite enriched with ion-exchanged transition metals at unprecedentedly low pyrolysis
temperature of 150 °C with a 15 min treatment time. Initial pyrene concentration was 1000 mg/kg. Data show the mean ± the standard deviation.
Asterisks (*) denote significantly higher removal than for baseline bentonite at the 95% confidence level.

Figure 2. DFT-calculated charge density difference plots for pyrene absorption on the (a) Na+ site, (b) Zn2+ site, (c) Cu2+ site, and (d) Fe3+ site.
Yellow and cyan isosurfaces (0.0017 e− Å−3) represent electron accumulation and depletion, respectively. (e) Pyrene adsorption energies on the
different cation sites. (f) Hydrogen atom adsorption energies on the most favorable site (see Figure S4 and Table S3 for all site definitions and
adsorption energies) for different cations. Charge density difference plots for hydrogen adsorption are shown in Figure S6.
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area where the catalytic reaction is taking place. Moreover, the
relatively small differences in the BET surface areas of the three
bentonites amended with Fe, Cu, or Zn cannot account for
their widely different reactivities. As discussed below, several
additional factors may determine the strength of the π-cation
bond between a PAH molecule and a cationic metal site, as
well as the mechanism and extent to which they catalyze PAH
transformations during thermal treatment.

Pyrene Absorption on Bentonite Surfaces. We applied
DFT to compute the binding energy of pyrene on different
cation sites (defined by eq 1). These calculations allow us to
assess the strength of the pyrene adhesion on different surface
sites, as well as the extent of charge transfer between pyrene
and the surface cation (Figure 2). The computed adsorption
energies of pyrene on bentonite surfaces are −84 kJ/mol on
the stoichiometric surface with no adsorbed cation, −112 kJ/
mol on the Na+ site, −126 kJ/mol on the Zn2+ site, −147 kJ/
mol on the Cu2+ site, −98 kJ/mol on the Cu+ site, −160 kJ/
mol on the Fe3+ site, and −114 kJ/mol on the Fe2+ site. We
also applied DFT to compute the hydrogen atom adsorption
energies on different cation sites (defined by eq 2) to
quantitatively assess the reducibility of the different transition
metal cation sites. Previous literature47−49 has established
hydrogen adsorption energy as a direct descriptor of site
reducibility, as well as showed that it is a good predictor of
hydrocarbon activation rates over oxide-based catalysts. The
hydrogen adsorption energies on different cation sites are
reported in Table S2, where a lower energy value indicates
stronger binding, signifying that hydrogen tends to adsorb on
the surface, thereby indicating greater surface site reducibility.
The associated charge density difference plots for hydrogen

binding clearly show that the metal cation acts as the reduction
center (Figure S6).

The nature of charge transfer from the pyrene molecule as
well as from the hydrogen atom to the adsorption site is
visualized in Figures 2a−d and S6 by subtracting the optimized
electron density of the entire adsorbate + surface system from
that of the isolated surface and adsorbate (ρdiff = ρsurf+adsorbate −
ρadsorbate − ρsurf). The resulting isostructural charge density
difference represents the redistribution of charge as the pyrene
molecule or a hydrogen atom adsorbs on the surface. Note that
the appearance of the isosurfaces is significantly influenced by
the shape and size of the molecular orbitals involved in the
charge transfer process. As such, the visual size of the charge
density difference isosurfaces in Figure 2a−d as well as in
Figure S6 does not quantitatively indicate the amount of
charge transferred or the associated change in energy.
Visualization of the isosurfaces is useful to reveal the regions
where the electron density redistributes during the interaction
between adsorbate and cations. Therefore, the isosurfaces in
Figures 2a−d and S6 should only be interpreted qualitatively
to understand the nature of the charge transfer, such as the
origin (the HOMO of pyrene) and destination (the cation) of
the charge (Figure S7). The isosurfaces shown in Figures 2 and
S6 demonstrate that the cation site serves as the reduction
center.

Based on the computed pyrene binding (Figure 2e) and
hydrogen adsorption strength on various cation sites (Figure
2f), we observe stronger binding with pyrene and hydrogen on
Fe3+ and Cu2+ sites compared to the Na+ and Zn2+ sites, which
is intuitive based on the available oxidation states of the
cations. The reduction of Fe3+ to Fe2+ or Cu2+ to Cu+ is
energetically favorable, whereas reduction of Zn2+ to Zn+ or

Figure 3. UV−Vis spectra of extracts from ion-exchanged Fe, Cu, and Zn bentonites pyrolyzed at (a) 150, (b) 200, (c) 300, and (d) 400 °C with a
15 min contact time. Residual pyrene (see peaks located at 204, 230, 319, and 335 nm) and decomposition products were detected in the extracts
for pyrolysis temperatures below 400 °C. Panels (e−h) show images of Fe-bentonite extracts and solid samples treated at the indicated
temperatures. The color of the extracts indicates that they contain varying concentrations of pyrene decomposition products absorbing in the
visible range (380−550 nm), while the progressively darker color of the solid residues indicates the formation of char as the pyrolysis temperature
increases.
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Na+ to Na0 is unfavorable. We also tested the pyrene and
hydrogen binding on Fe2+ and Cu+ sites, which were
unfavorable because Fe2+ to Fe+ and Cu+ to Cu0 reductions
are unfavorable (Figures S8 and S9 and Table S3). Hence, we
expect that the Fe3+ and Cu2+ sites exhibit stronger catalytic
effects compared to Na+, Zn2+, Cu+, and Fe2+ sites.

We posit that the Fe and Cu ion-exchanged bentonites
contain more reducible sites that can oxidize pyrene, which in
turn promotes pyrolysis at lower temperatures. The ion-
exchanged samples shown in Figure 1 have many different
types of sites, as is evident from the compositions in Table 1.
For example, Zn-bentonite and Cu-bentonite both still have
significant Fe content. As such, we cannot draw a one-to-one
comparison between the measured extent of pyrene removal
shown in Figure 1 and the binding strengths computed in
Figure 2. Such a comparison would require us to know exactly
how many active sites of each cation type are in each sample,
which is complicated by the fact that not all cations can be
assumed to reside in the same type of site. For example, some
Fe sites might be more active on how the cation is bound to
the surface. However, the DFT results do indicate that pyrene
adsorption is enhanced on cation sites that can accommodate
an electron transfer from the HOMO of pyrene (such as Fe3+

→ Fe2+ or Cu2+ → Cu+). Upon examining the computed
hydrogen adsorption energies on various cation sites, a clear
trend is that Fe3+ and Cu2+ sites are more active than Zn2+ and
Na+ sites (Figure 2f), indicating that these former sites are
highly reducible and can receive an electron during pyrene
activation as the metal cations clearly serve as the reduction
center (Figure S6).

Pyrene Decomposition Products Depend Both on the
Dominant Transition Metal and the Pyrolysis Temper-
ature. To further investigate the effect of temperature and
enriched transition metal on pyrene degradation, we used
UV−Vis spectroscopy to measure the absorbance of the
extracts from pyrene-spiked samples pyrolyzed at different
temperatures (Table 2 and Figure 3). The extracts from Fe-
bentonite samples pyrolyzed at 150 and 200 °C had a dark
yellow color but progressively became colorless as the
temperature increased to 400 °C (Figure 3e−h). Similar
color changes with pyrolysis temperatures were observed for
the extracts from the other samples (Figure S10). In a previous
study, we also observed that heavy diesel fuels changed from
colorless to yellow due to the formation of polymerization
products catalyzed by Cu−Y zeolites.50,51

GC−MS spectroscopy was also used to analyze the acetone
extracts from all pyrolyzed solids. Extracts from pyrene-spiked
Fe-bentonite samples pyrolyzed at temperatures between 150
and 300 °C contained several single-ring aromatics (arenes),
methylated acetophenones, and naphthalene (Table S4).
Oxygenated compounds detected in the extracts may be due
to reactions between pyrene degradation products with the
water present in bentonite. This observation is consistent with
previous studies that observed the formation of oxygenated
compounds during the thermal decomposition of pyrene in air
and water with redox-active materials.12 In contrast, almost no
products were detected at 400 °C, except for 1,3-bis(1,1-
dimethylethyl)-benzene, which was also present in the original
bentonite extract and was not a product of pyrene
decomposition (Table S4). Extracts from the pyrene-spiked
bentonite, Cu-bentonite, and Zn-bentonite samples contained
significant amounts of unreacted pyrene and had to be diluted
for GC−MS analysis. As a result, pyrene degradation products

could not be easily detected on the GC−MS spectra for these
extracts.

The distribution of solvent-extracted degradation products
was affected by both the pyrolysis temperature and the
dominant transition metal (Figure 3a−d). To interpret this
figure, note that small aromatics (e.g., arenes and naphthalene)
absorb in the UV range (<380 nm) (Figure S11), while high-
molecular-weight hydrocarbons like PAHs or oxidized PAHs
absorb mostly in the visible range (>380 nm).52 Pyrene in
acetone exhibits two sharp double peaks at 204 and 230 nm
and again at 319 and 335 nm (Figure S12). The gap between
235 and 313 nm is due to acetone that absorbs very strongly in
this range (Figure S13) and wipes out the absorbance of
pyrene degradation products that are present in very small
concentrations.

At 150 °C, the UV−Vis spectrum of Fe-bentonite extract
exhibits a strong absorbance peak between 200 and 235 nm
due to small aromatics (Table S4). The Cu-bentonite extract
has a much smaller peak in the 200−235 range, indicating that
Cu formed fewer small aromatics than Fe at this temperature
because its pyrene conversion is lower (Table 2). However,
Cu-bentonite has a broad peak in the visible range between
350 and 450 nm, which can be attributed to larger aromatic
byproducts.53 High-molecular-weight degradation products
absorb in the 310−550 range and give the yellow color to
the extracts (Figure 3e). The Zn-bentonite data show that
significant amounts of unreacted pyrene remain at 150 °C, as
indicated by the double peaks at 319 and 335 nm. Unreacted
pyrene also contributes to the absorbance in the 200−235 nm
range (Figure 3a).

At 200 °C, Fe-bentonite produces fewer small aromatics and
more large aromatics than at 150 °C. On the other hand, Cu-
bentonite produces more small aromatics and fewer large
aromatics than at 150 °C. When the temperature increases to
300 °C, however, the amounts of both the small and the large
aromatic products for Fe and Cu become about equal and
decrease even more until they almost completely disappear for
400 °C, where the final degradation product is primarily char.
Similar trends were observed for Zn-bentonite whose spectra
indicate unreacted pyrene at 300 °C, but a near-complete
conversion of pyrene to char at 400 °C.

In summary, pyrene pyrolysis at 150 and 200 °C yielded
acetone-extractable products, with the ratio of small to large
aromatics depending on the dominant transition metal and
associated pyrene conversion efficiency. When the pyrolysis
temperature increased to 300 °C, the product distribution
shifted from extractable degradation products to char. Very
small amounts of extractable products were detected at 400 °C,
and char was the main pyrolysis product at this temperature.

High Temperatures Favor Char Formation over
Extractable Decomposition Products. Pyrolytic treatment
converts aromatic hydrocarbons to char, a stable and nontoxic
end product, via radical polymerization reactions.5,54−61 We
previously showed that the pyrolysis of crude-oil contaminated
soils generates a thin film of coke on the soil particles.6 This
was confirmed by elemental analysis and X-ray photoelectron
spectroscopy experiments detecting higher amounts of carbon
on the surface of the soil.5,6 Partial combustion experiments
also confirmed the presence of char by detecting higher
amounts of CO2 in the outlet gas stream when the treated
sample was exposed to oxygen.5

Figure 3 shows that increasing pyrolysis temperatures result
in a progressively darker color indicative of char formation.
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These visual observations and the fact that the 400 °C extracts
contain almost no pyrene degradation products (Figure 3d)
infer that pyrene is converted to char at this temperature,
which is consistent with the observed detoxification (Figure 4).
XPS analysis corroborated the presence of char on the surface
of pyrolyzed Fe-bentonite at 400 °C (Text S1), which was
removed when this pyrolyzed Fe-bentonite was reacted in the
TGA with a 60/40 oxygen/nitrogen mixture at 550 °C. These
results agree with previous work5 showing that char formation
increases with increasing pyrolysis temperatures. Similar color
changes with increasing pyrolysis temperature are observed for
all pyrolyzed samples (Figure S14). Thus, all tested transition
metal catalysts favor the formation of char at higher
temperatures.

Trade-Offs between Pyrolysis Temperature and
Residual Toxicity. The positive control for our toxicity
study was pyrene-spiked but untreated Fe-bentonite whose
extract, as expected, exhibited significant toxicity (Figure 4).
Although high pyrene removal efficiency (>93%) was observed
for Fe-bentonite at only 150 °C with 15 min contact time
(Figure 1), the treated solid residue had significantly higher
residual toxicity to lung cells (i.e., lower cell viability) than
either the uncontaminated Fe-bentonite (negative control) or
the DMSO method control (Figure 4). This is probably
because pyrolysis at this low temperature produced toxic
degradation products (Figure 3, Table S4). Moreover, the
extract from pyrene-spiked Fe-bentonite treated at 150 °C
exerted oxidative stress in cells (Figure S15).62 These
observations demonstrate that low pyrolysis temperatures
may achieve regulatory cleanup standards but do not guarantee
detoxification.

However, pyrolytic treatment of pyrene-contaminated Fe-
bentonite at 300 °C for 15 min eliminated the toxicity of the
solid residue, which had similar lung cell metabolic activity to
that of the negative control. Treatment at 300 °C seems to
completely detoxify the contaminated bentonite even though
some (apparently less toxic) PAH byproducts (e.g., ethanone
fragments and straight chain hydrocarbons) were detected in
the extracts (Table S4).

■ ENVIRONMENTAL IMPLICATIONS
Overall, this work shows that high pyrene removal efficiency
can be achieved at unprecedentedly low pyrolytic treatment
temperatures (e.g., 150 °C) with clays impregnated with earth-
abundant transition metals. The high removal efficiency can be
explained by DFT calculations, which showed that pyrene
adsorbs strongly on clays containing Fe3+ or Cu2+ sites that can
accommodate an electron transfer from the HOMO of pyrene.
Fe3+ and Cu2+ are effective at capturing pyrene and facilitating
an electron transfer that leads to the formation of unstable
radicals. We also observed the formation of char, a stable and
acceptable end-product, from the pyrolysis of pyrene, which
has not been previously demonstrated.

Lower pyrolytic treatment temperatures decrease both
energy requirements and contact times needed to meet
regulatory cleanup standards, resulting in lower operating
costs, higher throughput capacity, and a smaller carbon
footprint. Thus, the presence of clay-embedded transition
metals (or their amendment) would enhance the feasibility and
applicability of large-scale pyrolytic soil remediation. However,
the energy-savings, higher treatment capacity, and other
potential benefits associated with such amendments (e.g.,
improved fertility of treated soils) would need to be evaluated
against potential costs (including additional disposal burden),
as part of techno-economic analyses that are generally
conducted at later stages of technology development.

Our results infer that high PAH removal efficiency does not
guarantee full detoxification of contaminated soil, and
mitigating the formation of byproducts that contribute to
residual toxicity may require higher pyrolysis temperatures.
Thus, managing such trade-offs between pyrolysis temperature
and residual toxicity requires careful consideration of how soil
components and contaminant characteristics influence the
kinetics and pyrolysis reaction pathways. Improved predictive
understanding of such interactions should guide safe
application and inform process optimization models.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.3c04487.

Figure 4. MTT viability assays show that pyrolytic treatment at low temperatures (150 °C) does not remove residual toxicity for Fe-bentonite
despite high pyrene removal efficiency. The background or negative control was Fe-bentonite without pyrene, and the contaminated or positive
control was untreated Fe-bentonite that contained 1000 mg/kg of pyrene. The method control was DMSO without any acetone extract. Error bars
represent plus or minus one standard deviation from the mean. Asterisks (*) denote significantly higher residual toxicity compared to the DMSO
experimental control at the 95% confidence level.
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DFT surface models; XPS elemental scans; additional
XPS methods; DFT top-down view of hydrogen
adsorption sites; weight loss of sand contaminated
with pyrene during pyrolysis; DFT-calculated hydrogen
adsorption energies on Na+, Zn2+, Cu2+, and Fe3+; DFT
charge density difference plots; HOMO of pyrene and
charge differences on transition metal sites; DFT-
calculated charge density difference plots for pyrene
adsorption on Cu+ and Fe2+ sites; DFT-calculated
charge density difference plots for hydrogen atom
adsorption on Cu+ and Fe2+ sites; DFT-calculated
hydrogen adsorption energies on Cu2+, Cu+, Fe3+, and
Fe2+; extract images after pyrolysis treatment; com-
pounds detected on the GCMS after treatment; UV−Vis
spectrum of a hydrocarbon mixture, pyrene, and
acetone; char images after pyrolysis treatment; and
H2O2 ROS generation of pyrene-spiked Fe-bentonite
after treatment at 150 and 300 °C (PDF)
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