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Abstract
This contribution provides a systematic theoretical thermo-kinetic study of the initial
reactions between Fe3O4(111) surface, as a representative model for metal oxides in electric
arc furnace dust (EAFD) with HCl and selected chlorinated hydrocarbons, as major products
from thermal degradation of PVC. Formation of the experimentally observed iron chloride

We provided Arrhenius parameters for reactions dictating the

RI

surface hydroxyl group.

PT

occurs by subsequent dissociative addition of HCl molecules followed by H migration into a

SC

conversion of iron oxide into its chloride. In the course of the interaction of chlorinated
alkanes and alkenes with the Fe3O4 surface, the opening channel in the dissociative addition

NU

route requires lower activation barriers in reference to the direct HCl elimination pathways.
However, sizable activation barriers are encountered in the subsequent β C-H bond

MA

elimination step. Estimated electronic charges confirm the nature of surface Fe-Cl bonds as
Lewis acid−base pair. The obtained accessible reaction barriers for reactions of chlorinated

D

alkanes and alkenes with the title iron oxide demonstrate that the latter serve as active

PT
E

catalysts in producing clean olefins streams from chlorinated alkanes. Results from this study
should be instrumental to understand, on a precise atomic scale, mechanisms operating in

CE

fixation of halogens on transitional metal oxides; a viable thermal recycling approach for

AC

polymeric materials laden with halogenated constituents.

Keywords: Electric arc furnace dust; PVC; de-chlorination; quantum chemistry; Mechanisms.
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1. Introduction
Polyvinyl chloride (PVC) is the main component in thermoplastics, piping systems and a
wide array of household and industrial applications [1-3]. PVC is widely employed in
various long- and short- service life products such as electrical and electronic equipment’s,
and construction materials [1, 4, 5]. Global consumption of PVC has steadily grown over the

PT

last decades to reach 35.3 Mt in 2007 with a projected increase of about 3% per year [6].

RI

However, the profusion of PVC-based generate gigantic undesirable amounts of halogenated

SC

wastes are accumulated all over the world, engender a safe and effective disposal of these
chlorinated items a truly daunting task [7]. Landfilled and thermal methods are the most

NU

common as well as the widely utilized processes [8-10]. A number of factors including
decrease of landfills capacity, high equipment costs and release of hazardous chlorinated

MA

compounds have altered the scientific community to design a more sustainable method for

D

the disposal of PVC-containing objects [9, 11, 12].

PT
E

In recent years, catalytic co-pyrolysis of halogenated polymers with metallic oxides, sourced
from electric arc furnace dust (EAFD) was pioneered as a lower temperature operation to

CE

transform halogen-bearing plastics into potentially useful liquids and gases products [13-19].
Thermal stability of the pyrolysate mixture, fixation of light halogen gases and low operation

AC

signify major merits of the catalytic co-pyrolysis scheme [20-22]. Notwithstanding, to our
knowledge, there is insufficient understanding at the molecular level for reactions operating
in the course of simultaneous pyrolysis mechanism of PVC with metal oxides.

EAFD accounts for ~15 to 20 kg per ton of produced steel and its constitutes the main
environmental burden for steel manufacturing operations [23, 24]. EAFD is classified as a
toxic waste because of the presence of significant amounts of heavy metals such as zinc,
3
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cadmium, and lead [25, 26]. In addition to these metals, EAFD contains a considerable
amount of Cl, which triggers the formation of hazardous chlorinated compounds (most
notably polychlorinated dibenzo-p-dioxins, and polychlorinated dibenzofurans, PCDD/Fs)
[27-32]. These metals, in turn, can be used as secondary raw materials in the production of

PT

iron, lead and zinc [15, 33-36].

Consensus of opinions in the literature has indicated that, the presence metal oxides during

RI

thermal degradation of PVC-containing plastic materials works as dechlorinating agent and

SC

can inhibit the formation of chlorinated hydrocarbons and convert the metal oxides to their

NU

respective chlorides. The latter are readily soluble in water or are volatile at low temperature
[17, 37-39]. It has been shown, in our recent theoretical investigations, that zincite surfaces

MA

and hematite clusters capture the released hydrogen halides and organohalogens from thermal
degradation of PVC and brominated flame retardants (BRFs) plastic materials leading to

D

metal chloride /bromine formation accompanied with water elimination [40-43], as was

PT
E

predicted by experimental studies. Chemical analysis in GC/MS by Blazso and Jakab [44]
found that among various metal oxides, iron oxides would be able to dehydrochlorinate PVC

CE

(i.e. they initially worked as a catalyst and then acted as a sorbent).

AC

Among of iron phases, magnetite represents a potentially effective dechlorination catalyst
because of its recycling capability and its high surface area [45, 46]. Pervious experimental
investigations demonstrated a robust catalyst behavior of Fe3O4 toward degradation and
dechlorination of PVC based plastic material [47, 48]. For example, Uddin et al. [47]
investigated degradation and dechlorination of PVC using a variety of metals. They found
that the average concentration of chlorine-containing in PVC is nearly 53 wt % using gas
chromatography with an atomic emission detector (GC-AED). ~91 to 96 wt % of these
amounts were released as gaseous hydrogen chloride, while the rest condensed as a liquid.
4
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Among the various considered metals, it has been shown that FeOOH and Fe3O4 is very
effective species in fixing released HCl.

To the best of our knowledge, literature presents no mechanistic or kinetics information at the
molecular level interaction mechanisms of HCl and other chlorinated C1-C6 cuts over

PT

magnetite surface. To this end, this work reports a comprehensive computational study of the

RI

initial reactions between (Fe3O4)(111) surface and selected chlorinated hydrocarbons. We

(Fe3O4) (111) surface.

SC

first discuss the geometric, structure and electronic properties of the bulk and the clean
We then compared the catalytic effect of both Feoct2 and Fetet1

NU

terminated magnetite (111) surface toward dissociative adsorption of HCl molecule. Finally,
we provide a significant insight into the possible interaction pathways of the selected

MA

chlorinated hydrocarbons over magnetite (111) surface. Results reported herein manuscript
shall be instrumental in efforts aiming to optimize a unit operation for the concurrent

PT
E

D

treatment of the title two categories of waste materials; i.e., EAFD and PVC.

CE

2. Computational Method

All energy calculations and geometry optimizations were carried out using the plane-wave

AC

periodic DFT code Vienna ab initio Simulation Package (VASP) [49, 50]. Spin polarized
Perdew-Wang91 (PW91) functional of the generalized gradient approximations (GGA) was
deployed as the electronic-energy correlational functional correlation energies and electron
exchange [51, 52]. The calculations have taken into account the ferromagnetism character of
iron atoms.

VASP uses scalar relativistic projected augmented wave (PAW)

pseudopotentials to describe A plane-wave kinetic energy cut-off was set to 400 eV to treat
the valence electron [53]. For the structural optimization of bulk Fe3O4, a κ-mesh sampling
of 12× 12× 12 and a cutoff energy of 500 eV were utilized.
5
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For the clean Fe3O4 (111) surface, a (2×2) unit cell comprising four atomic layers of iron and
four layers of oxygen atoms were utilized. A 20 Å vacuum gap was used to separate the
slabs along the z-direction. Integration of the irreducible part of the Brillouin’s zone was
carried out based on a 3×3×1 Monkhorst−Pack mesh κ-points. Relaxation of the gas-phase
molecules was computed through placing them in a 20 Å × 20 Å × 20 Å unit cell. Charge

RI

PT

transfer from the surface to the adsorbate was estimated within the Bader’s formalism [54].

SC

A van der Waals (vdW) correction through using the Grimmeʼs [55] semi-empirical DFT-D2
force-field method, was applied in all calculations to account for contributions of dispersion
This approach accurately

NU

interactions on adsorption energies and activation barriers.

characterizes the interaction between the solid surfaces and organic molecules. In the DFT-

MA

D2 formalisms, the total energy of the system can be defined as a sum of the semi-empirical

PT
E

D

dispersion correction (Edsip) and the self-consistent Kohn− Sham energies.

CE

In order to precisely account for the strong electronic correlation of the Fe 3d states and their
over-delocalisation in the standard DFT methods, a Hubbard correction parameter was

57].

AC

applied in all calculations based on the DFT+U formalism by Liechtenstein and Dudarev [56,

Moreover, to determine the transition states (TS) and the minimum energy reaction paths for
all structures presented in our study, climbing image nudged elastic band (CI-NEB) technique
was performed [58-60]. Generally, five images were generated between the states of initial
reactants and final products based on nudged elastic band (NEB) method.

6
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interaction had an intermediate minimum present, the closest energy point was allowed for
full relaxation to define if the minimum was a true minimum. Activation energies for all

,

, and

denote the energies of substrate, gas phase

RI

where

PT

interaction mechanisms were calculated by applying the following equation:

SC

molecule and the transition state, respectively.

NU

Calculated their vibrational frequencies enable to estimate thermodynamic parameters at high
temperatures (300-1000K), from which Arrhenius parameters (Ea and A) can be computed.

and entropy

of activation [61, 62]:

PT
E

D

enthalpy

MA

based on the transition state theory (TST), reaction rate constants k (T) are computed from

CE

In this formula, h and kB are Planck’s and Boltzmann’s constants, respectively; T is the
signifies the reaction

AC

temperature in Kelvin (K), R denotes the universal gas constant, and
deration number (i.e., = 1.0).

Finally, Phonopy software [63, 64] was employed to estimate phonon spectra (i.e., vibrational
free energies).

Phonopy code computes the real-space force constants by introducing

displacements to supercells based on atomic limited displacement method. Hence, calculated
force constants enable to obtain both phonon frequencies and thermodynamic properties [65,

7
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66]. The latter was used to calculate reaction rate constants based on the TST as explained
above.

3. Results and Discussion
3.1. Bulk, surface and gas phase molecules

PT

Nanoparticles of Fe3O4 with inverse spinel structure have been widely applied in a variety of

RI

fields such as tincture colour and heterogeneous catalysts due to their non-toxicity, chemical

SC

stability and profound redox performance [19, 67-70]. The crystal structure of magnetite is
an inverse spinel pattern with equally mixture of Fe2+ and Fe3+ ions in the octahedral sites and

NU

with Fe3+ ions in the tetrahedral sites [71, 72]. Figure S2 (supporting information) depicts the
optimized structure of Fe3O4. The calculated lattice parameter amounts to 8.150 Å. This

MA

value reasonably agrees well with other previous theoretical and experimental results of

D

8.140 Å and 8.396 Å, correspondingly [73, 74].

PT
E

Perpendicular cleavage of magnetite unit cell affords three low-Miller distinct surface
terminations indicated as (100), (110) and (111) configurations. Among these surfaces,

CE

Fe3O4 (111) configuration is found to follow the experimentally observed natural growth and
to be the more thermodynamically stable configuration [75-78]. In this work, we have

AC

adapted the Feoct2 and Fetet1 terminated surfaces as the most thermal stable faces of Fe3O4
(111) validated by numerous experimental and theoretical investigations. Based on lowenergy electron diffraction (LEED) and scanning tunnelling microscopy (STM) techniques, it
was confirmed that these terminated surfaces are the most energetically favored faces among
other possible terminations. For example, Lennie et al.[75] carried out an experimental
investigation on a natural single-crystal of Fe3O4 (111), cleaned and annealed using cycles of
500-eV Ar+ bombardment and electron-beam heating (UHV) at 1070 K , respectively. Using

8
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the STM images, they found that several surface terminations of Fe3O4 have been observed
under oxidation and reducible annealing conditions; i.e. T= 1173 K and 1073 K but the two
outmost layers (Feoct2 and Fetet1) are the most thermodynamically stable ones. A similar
observation was made by Grillo et al. [79] via performed a theoretical investigation to study

PT

Fe3O4 (111) structure in a temperature range of 298 to1200 K.

RI

In order to examine the exactitude of the Fe3O4 surface structure adopted in our study, it is of

SC

interest to calculate the dimer distance between iron and oxygen atoms and to contrast these
distances with other previous works. As shown in Table S1 (supporting information), our

NU

computed Feoct-tet -O bond lengths responsibly match analogous theoretical and experimental
values sourced from GGA+U functional method and LEED analysis [79-81]. Moreover, we

MA

calculate surface relaxation of the topmost layers of Fe atoms to gain a benchmark of
accuracy of our adapted methodology. We find Feoct2 and Fetet1 relaxation to correspond to

D

67% and 41%, respectively inward to the underneath O layer. Our calculations reflect very

PT
E

well with previous computational and experimental results [78, 80, 82].

CE

Furthermore, A Bader charge analysis was calculated to evaluate the surface electrostatic
potential. As shown in Figure S2, the exposed Feoct2 cations containing the first layer possess

AC

strong positive potentials and thereby act as highly electron acceptors whilst, Fetet1 atoms in
the second topmost layer are highly charged deficient because of their surrounded oxygen
atoms. Hence, it can be expected from these electrostatic characteristics that FeOct2 site is the
main target for any molecular adsorption.

Finally, we have computed bond dissociation energies (BDEs) for the selected molecules in
order to contrast them with their well-documented gas-phase thermochemistry values in the

9
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literature. As illustrated in Figure S3 (supporting information) the calculated BDEs for
fission H/C-Cl bonds of the gaseous molecules selected in this study show excellent
consistency with the BDEs values reported in the literature [83, 84].

3.2. Dissociation adsorption of HCl over Fe3O4 (111) surface

PT

As an outset point of this section, we investigated the three subsequence stages of

RI

dissociation adsorption of HCl on both Feoct2 and Fetet1 sites of Fe3O4 (111) surface: (i)
physisorption state leading to surface-molecule adducts M1 (over Feoct2) and M1* (over Fetet1)

SC

formation; (ii) decomposition step producing oxychloride structures of M2 and M2*; and (iii)

NU

transition state of the HCl dissociation step.

MA

As illustrated in Figure 1, HCl molecule can be adsorbed either on the top of Feoct2 or Fetet1
surface atoms. The adsorption energy of HCl at the Feoct2 site is calculated as -13.5 kcal mol, which is higher than that (-8.8 kcal mol-1) on Fetet1 of Fe3O4 (111) surface, indicating a

D

1

PT
E

strong molecular physisorption state of the Feoct2 site. In order to further reveal this strong
nature of Feoct2 reactivity, we analysed both the geometric and electronic structural properties

CE

on both sites. As an initial state of HCl interaction over Feoct2 and Fetet1sites, the Cl fragment
is attached to surface Fe atoms with the distances of 2.195Å and 2.440Å, respectively. This

AC

is accompanied with a sizable H-Cl bond extension by 130% and 51% on the Feoct2 and Fetet1
sites, respectively, in comparison to the equilibrium distances in the gaseous HCl molecule
(1.298Å) at the Fetet1 side. Therefore, the considerable H-Cl bond elongation indicates a
strong chemical activation of the HCl molecule over the Feoct2 site.

Likewise, as depicted in Figure 1, higher electron transferred from Fe atom to chlorine atom
at the Oct2 site in reference to the Tet1 site (-0.08e versus -0.02e) represents another

10
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signature for the stronger adsorption state over the FeOct2 site in comparison with that over
Fetet1 site.

Interestingly, our obtained findings herein are consistent with the previous

computational results [85, 86], which reported that, molecular adsorption on a surface FeOct2
atoms has the most energetic preference in reference to Tet1 atoms.

PT

Additional insight into understanding the interaction between molecularly adsorbed HCl over

RI

both the FeOct2 and FeTet1-terminated can be obtained by analyzing the electronic properties of

SC

the system. Figure 7 illustrates the spin-polarized density of state DOS and partial density of
states (PDOS) spectra onto the d-orbitals of Fe3O4 (111) surface and for those two different
DFT-U presents a better

NU

terminations calculated at the DFT-U level rather than DFT.

description of the half-metallic electron structure above the Verwey transition and it

MA

considers to be most relevant for electron transport spin polarization measurements. For the
clean Fe3O4 (111) surface, it is obvious that the total DOS is very similar to the bulk DOS

D

[87] and the low laying states of this clean surface (Figure7.a) is dominated by d-orbitals of

PT
E

iron, which is in a good agreements with previous results [85]. It is also found from panels b
and c, for both clean FeOct2 and FeTet1 terminations, that the iron contributions to surface

CE

PDOS of FeOct2 termination are more dominant than those of the FeTet1 termination, in
specific around the Fermi level, and this agrees well with previous theoretical results based

AC

on PBE factional [88]. This high domination, in turn, indicates that the FeOct2 termination is
very sensitive to the adsorption of gas species.

For investigation the bonding mechanisms for the adsorption of HCl molecular over FeOct2
and FeTet1 sites, we first analyse the DOS of free HCl molecule. Figure 7 (d) displays the
DOS of the gaseous HCl. In this panel, the electronic states A, B and C originates from Cl-H
bonds and chlorine lone pair [89]. However, in the state of HCl dissociation over the FeOct2

11

ACCEPTED MANUSCRIPT
and FeTet1 terminations, it is clear that these bands shift downward the fermi level, which
implies the charge transfer from the FeOct2 atoms to HCl molecule. Moreover, from panels e
and f, the appearance of a new peak near -10 eV and the split of the B band into two peaks
over the both sites indicates a generation of new Cl-Fe bond accompanied with a change in
the H-Cl molecular bonding. By comparing the PDOS schemes for dissociative adsorption of

PT

HCl molecular over these terminations, as shown in panels e and f, we can conclude the

SC

RI

following focal points:

1- The level of the split in the case of FeOct2 is higher than that of the case Tet side. This

NU

indicates that the adsorption of HCl molecular over Oct2 site incurs higher stability
than that of the Tet site. This responsibly corresponds with the general observations

MA

from the previous work [90] and with our findings for the formation of M2 and M2*
configurations in Figure1 that bonding of Cl with FeOct2 atom is considerably stronger

D

than the Tet site ( -54.8 kcal mol-1 versus -36.1 kcal mol-1) and ( 2.149 Å versus 2.380

PT
E

Å).

CE

2- The high peaks shifting of the HCl dissociative adsorption over FeOct2 termination
below the fermi level in reference to the FeTet1 termination, as shown in panels e and f,

AC

implies a higher electron transfer from FeOct2 atoms to adsorbed Cl atom (-0.18 versus
-0.13).

As mentioned earlier, the second step is the decomposition reaction. The FeOct2 site also
delivers superior activity than Fetet1 from thermodynamic and kinetics aspects.

HCl

molecular dissociation upon FeOct2 is exothermic by 54.8 kcal mol-1 with a modest activation
barrier of 26.3 kcal mol-1. On the other hand, dissociation energy of HCl on Fetet1 site of

12
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Fe3O4 (111) is exothermic by 36.1 kcal mol-1, with a higher barrier energy of 43.2 kcal mol-1.
This larger value of chemisorption energy over FeOct2 site is in line with Zhou et al. result
[85], who observed that water molecule dissociativelly adsorb over FeOct2 site with a high
energy value in reference to Fetet1 site.

Moreover, this exothermic trend for the first

decomposition stage reflects very well with our recent investigations for reaction of HCl/HBr
In this step, HCl molecule dissociates

PT

over α-Fe2O3 clusters and ZnO surface.[40-42]

RI

heterolytically on a surface oxygen atom as well as both Feoct2 and Fetet1 sites leading to the
migration of both hydrogen and chloride atoms, forming hydroxyl specie and oxychloride

SC

configurations of M2 (Feoct2-Cl) and M2* (Fetet1-Cl), with interatomic distances by 2.149 Å

NU

and 2.380 Å, correspondingly. Compared to the Fetet1-Cl, FeOct2-Cl bond length reflects very
well with the analogous theoretical value of the bulk FeCl2 and that can be attributed to a

MA

strong FeOct2 chemisorption energy (-54.8 kcal mol-1) [91]. By comparing these activation
barriers for the two considered sites of Fe3O4 (111) surface with the energy requirement for

D

H-Cl bond scission in gas phase (i.e., 103.2 kcal mol-1) [83], it becomes evident that FeOct2

PT
E

site requires significantly lower energy requirement and hence should be catalytically very
effective in fixing Cl atom. In support of this finding, the existing literature points out that

CE

more than 90% of chlorine compounds, released from thermal degradation of PVC mixed

AC

plastic, has been fixed in the presence of Fe3O4 and form ferrous chlorides [47].

Bader’s charge analysis for dissociative adsorption of HCl over Feoct2 and Fetet1 sites in Fe3O4
(111) can also provide an effective theoretical prediction for the ability of the Cl atom
(formed by dissociative adsorption) to function as a Lewis acid−base pair. This could be
achieved by determining electron transfer between HCl molecule and the magnetite surface.
As illustrated in Figure 1, the net electronic charge transfer from FeOct2 and FeTet1 sites to

13
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adsorbed Cl atoms are -0.18 and -0.13, respectively. This clearly Cl serves as a charge
acceptor and hence the Fe-Cl acts as a Lewis acid−base pair.

The extent of the transferred charge from Feoct2 (M2) is relatively sizable (in reference to
Fetet1 site, M2*). This demonstrates a stronger interaction with the strong reaction with Feoct2

PT

site in comparison with the Fetet1 site of Fe3O4 (111) surface. Such similar behaviours have

RI

also been found when HCl dissociates on CeO2 and ZnO surface [42, 92]. Therefore, based

SC

on the analysis above for the dissociative adsorption of HCl on both Feoct2 and Fetet1 sites, we
will limit our further analysis and discussions for further HCl decomposition and the

NU

dissociative adsorption of the selected chlorinated hydrocarbons only on the Feoct2 site.

MA

3.3. Subsequent addition of HCl over Fe3O4 (111) surface
The second interaction mechanism examined here is a further dissociative adsorption of a

D

hydrogen chloride molecule. In this interaction, we began with another HCl molecule's

PT
E

addition to the oxychloride configuration of M2 to form a ferric chloride. Energies and
structures for this mechanism are shown in Figure 1. First, a second HCl molecule is

CE

attracted to the Fe-O bond in M2 with a physisorption energy of -16.3 kcal mol-1 to yield the
intermediate M3 configuration. Next, the H-Cl bond is broken over a surface Fe-O bond and

AC

the M4 structure is formed via TS2. This step is largely irreversible with an activation energy
barrier of 20.9 kcal mol-1 accompanied with an exothermic reaction energy of 36.9 kcal mol-1.
In the course of M4 formation, the Cl atom combines with the same surface Fe atom whereas,
H atom forms a hydroxyl group via binding with a different surface oxygen atom, as pictured
in Figure1. The barrier of TS2 matches very well that of TS1 (20.9 versus 26.3 kcal mol-1).
This indicates that the existence of the pre-adsorbed chloride atoms displays a minimal
influence in facilitating further dissociative adsorption.

14
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In the next step, a hydrogen atom from a surface hydroxyl group migrates to an O atom from
a neighbouring hydroxyl group forming an adsorbed water molecule as shown in structure
M5. This intramolecular H transfer process is slightly endothermic by 6.4 kcal mol-1. The
latter values are very close to an analogous value at of 3.5 kcal mol-1 reported by Huang et al.
[86], who investigated H2 interaction with the Fe3O4 surface.

Moreover, our previous

PT

investigations have predicted the same endothermic trends over hematite cluster and zincite

RI

surface [40, 42]. This process entails an accessible activation energy of 16.9 kcal mol-1

hematite clusters and zincite surfaces [40, 42].

SC

through TS3. Similar low activation barriers were also calculated in our previous studies on
As hydrogen atoms recombination

NU

mechanism involves generation of water molecule, the calculated length of the Fe-OH2 bond
(i.e., 2.23 Å) from the M5 structure is in accord with the corresponding bond length (2.15Å)

MA

[93] obtained for H2O adsorption on the hematite surface and it’s also in a good agreement

D

with our analogous estimate (i.e., 2.20 Å) for hematite clusters [41].

PT
E

The final stage of HCl + Fe3O4 interaction is water desorption process from the M5
configuration leading to form M6 structure via a barrierless reaction. This process was found

CE

to be exothermic with the computed desorption energy of -4.4 kcal mol-1, as shown in Figure
1. This is in line with Al-Harahsheh et al. [17] findings, who observed an exothermic event

AC

during the thermal decomposition of PVC and EAFD mixture. Clearly, desorption of water
marks the final step in the conversion of iron oxide into iron chloride via interaction of HCl.
Chromatograph with a thermal conductivity detector was used by Uddin et al. [47] to
investigate the effect of iron oxides on the removal of Cl from thermal decomposition of
PVC. They observed that more than 90% of chlorine had been adsorbed using Fe3O4 and
FeOOH. This in turn indicates that Fe3O4 and FeOOH are very effective in fixing Cl in their
structural framework, presumably along the illustrated mechanism in Figure 1. Moreover, X-

15
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ray diffractometer has been utilized to determine the crystalline structure of the formed iron
chloride, in which no crystalline phase of FeCl2 can be observed, but it can be present only on
iron oxides as a monolayer.

Furthermore, findings by Al-Harahsheh et al.[94] have

demonstrated that combining treatment of metal oxides with PVC lead to the formation of a
new solid phase product (i.e., iron chloride) that can act as an HCl removal agent. Therefore,

PT

we concluded that the captured Cl from thermal degradation of PVC does not leave the

SC

RI

hematite surface as a volatile iron chloride.

Reaction rate constants for steps in Figure 1 were computed according to the TST as

NU

explained in section 2. The reaction rate parameters for these reactions (portrayed in Figure
1) are listed in Table S2, whilst the panels in Figure 2 depict Arrhenius plots between 300-

MA

1000 K for the rates of decomposition of hydrogen chloride molecules over the Fe3O4(111)

D

surface.

PT
E

3.4 Decomposition of organochlorinated compounds over Fe3O4 (111) surface
The interaction of alkyl halogens with metallic oxide catalysts (dehydrohalogenation process,

CE

in particular) represents one of the most promising methods for the industrial production of
olefins [95]. This process, in turn, has significant environmental and economic benefits

AC

pertinent to recovery of chlorine emitted from thermal decomposition of from halogenated
wastes as metallic chloride. The mechanism proposed for the reaction of halogenated alkanes
and alkenes with metal oxides consists of two essential competing channels: direct
elimination and dissociative addition.

In our earlier works, we indicated that α-Fe2O3 cluster act as an active catalyst in generating
clean olefins flows from both the brominated and chlorinated compounds [40, 41].
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Continuing these studies, we evaluate the catalytic activity of magnetite in the
dehydrochlorination of the selected compounds with the aim to device an approach for mild
conditions in the recycling of halogenated waste steam.

Molecular adsorption of the considered chlorinated compounds over the magnetite (111)

PT

surface in the first step can be viewed as a Lewis-acid / base reaction leading to generate the

RI

surface-molecular adducts M7, M10, M13 and M16 for the adsorption of chloroethane, 2Through this step,

SC

chloropropane, 1-chloro-1-propene and chloroethene, respectively.

magnetite surface activates the carbon-halogen bonds thereby elongating C-Cl bond by

NU

0.16%, 2.83%, 4.48% and 4.63%, respectively (in reference to equilibrium distances of their
parent gas phase molecules). In order to reveal this reaction nature, we utilize the Bader’s

MA

charges to determine whether the adsorbed species are Lewis acid or a Lewis base. Table 1
lists the Bader’s charges of the adsorbed Cl atoms. In the physisorbed structures, Cl atoms

D

are positioned over Feoct2 sites in the surface as shown in the top views of Figures 3-6. The

PT
E

negative values for the net charge transfer as presented in Table1, indicate that the Cl atoms
for all the surface-molecular adducts incur electronic charge. Previous computational

CE

investigations have illustrated that, the presence of a Lewis base over a metal oxide surface
enhances the adsorption energy of a Lewis acid.[92, 96] The net charge transferred from

bonds.

AC

magnetite surface, as shown in Table 1, positively correlate with the elongation of the C-Cl

Figures 3-6 portray the catalytic decomposition of the selected chlorinated compounds.
Calculations have shown that the direct elimination of HCl from the selected molecules
proceeds thought activation barriers of 6.9 kcal mol-1, 21.4 kcal mol-1, 35.0 kcal mol-1, and
48.5 kcal mol-1 for chloroethane, 2-chloropropane, 1-chloro-1-propene and chloroethene,
correspondingly. It should be pointed out that, these values seem to positively consistent
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with the BDE values of carbon-chlorine elimination in the gas phase [83, 84]. It is obvious
that the surface Fe-O bonds lower the activation energies for the dehydrochlorination corridor
when contrasted with the uncatalyzed analogous gas phase pathways. For instance, HCl
elimination from chloroethane molecule demands an activation barrier of 6.9 kcal mol-1. This
is significantly less than the value sourced from a DFT investigation Ahubelem et al [97] who

RI

PT

found that formation of ethene from chloroethane requires a sizable barrier of 57.5 kcal mol-1.

SC

As alternative mechanism to the direct elimination route is the dissociative addition pathway.
This pathway proceeds in two steps; the direct scission of carbon-chlorine bond in the

NU

adsorbed radicals, followed by β C-H bond elimination to afford the same products from
elimination route). The first is the fission of a C-Cl bond either through a low activation

MA

barrier of 18.2 kcal mol-1 and at 24.6 kcal mol-1 for 1-chloro-1-propene and chloroethene,
respectively or via a barrierless interaction for chloroethane and 2-chloropropane. This stage

D

leads to produce an alkoxy or alkoxide intermediate over the oxygen atoms of magnetite

PT
E

surface where the positively charged C atoms combine with the surface O atoms, while the Cl
atoms bind with Fe atoms as shown in structures M14 and M17 from Figures 5 and 6. The

CE

second step signifies the formation of chlorine-free olefins by activating the carbon-hydrogen
bond characterised by the transfer of a hydrogen atom to a surface oxygen via a β-hydride

AC

elimination step. The subsequent migration of hydrogen atoms occurs via very sizable
activation barriers that vary from 37.3 kcal mol-1 (TS6B in Figure 4) for the expulsion of
propene (one of the previously experimentally detected compiyunds from co-pyrolysis of
PVC with EAFD) as a gas phase radical to 83.3 kcal mol-1 (TS10B in Figure 6) for the
formation of an ethyne molecule. Overall, the expulsion of olefins as a gas phase supports
earlier experimental measurements of Al-Harahsheh et al. [15] who found that, the co-
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pyrolysis of both EAFD and PVC at temperatures higher 623 K lead to form alkyne
molecules such as propyne.

From the above analysis, we can indicate that, the direct elimination channel is likely to
satisfy the so-called E2 mechanism presented by a recent theoretical study for ethanol

PT

dehydration by Al2O3 clusters [98], while the dissociative addition channel follows the SN2

RI

type of mechanism.

SC

Next, we turn our attention to compare the overall activation barriers for the β-hydride

NU

elimination step (i.e., in reference to the initial physisorption states) with those values of the

MA

direct elimination routes. From Figure 3-6, we infer the following focal points:

1- Dissociative addition pathway is expected to predominate the direct elimination route

D

for the formation of propene and ethyne. This responsibly corresponds with our

PT
E

finding for the dehydrochlorination of organochlorinated compounds over α-Fe2O3
clusters as well as with an analogous previous theoretical account for the

CE

dehydrohalogenation of halogenated alkanes by Al2O3 cluster [41, 99].
2- Direct elimination route represents the only feasible pathway for formation of ethene.

AC

A similar trend has been observed from our recent investigations on the interaction of
a wide range of brominated/chlorinated compounds with hematite cluster [40, 41].
3- Reaction barrier for the direct HCl elimination route (35.0 kcal mol-1 for 1-chloro-1propene) matches analogous overall barrier for its dissociative adsorption pathway
i.e., 38.1 kcal mol-1.
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This trend supports the general consensus pertinent to the significance of the dissociative
addition pathway for producing pure steam of olefins [95]. The above conveyed analysis
demonstrates that, iron oxides act as effective catalysts and sorbent for the chlorine content

PT

emitted from the decomposition of PVC.

RI

4. Conclusions and Future Directions

dechlorination

and

dehydrochlorination

SC

Throughout this manuscript, we have performed accurate DFT calculations to study
mechanism

of

hydrogen

chloride

and

NU

organochlorinated compounds over magnetite Fe3O4 (111) surface. We started the study by a
comprehensive accuracy benchmarking of the adapted methodology against literature

MA

reported electronic and structural properties for bulk and surface of Fe3O4 as well as for the
BDE in the investigated molecules. Results show that dechlorination mechanism involved

PT
E

D

the formation of ferrous ferric chloride proceed via two subsequent stages, further
dissociative adsorption of hydrogen chloride molecules on strong Lewis acid metal oxide site
and followed by liberation of H2O molecules. We find that the dissociative adsorption of

CE

HCl over Feoct2 sites requires remarkably lower activation energy than that over the Fetet1 sites

AC

of Fe3O4 (111) surface. Herein, we investigated two competing channels for the reaction of
halogenated alkanes and alkenes with the Fe3O4 surface; the direct HCl elimination route and
the dissociative addition pathway. Products from the latter channel are significantly lower in
energy, which supports the general consensus related to the significance of the dissociative
addition pathway in producing pure steam of olefins.
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Table1. Elongation of the C-Cl bonds and electronic charge transfer pertinent to
organohalogens adsorption over (Fe3O4) (111) surface
Elongation of Cl -C
bonds (%)

Chloroethane

0.16

Charge transfer from the surface to
adsorbed Cl molecules (e)
(Physisorption)
-0.13

2-Chloropropane

2.83

-0.19

1-Chloro-1-propene

4.48

-0.21

Chloroethene

4.63

PT

Species
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-0.32
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AC

Figure 1. Reaction steps for the decomposition of hydrogen chloride molecules on both Feoct2
and Fetet1 sites of magnetite (111) surface. Only the first two layers are shown in side views.
The net charge transfers from the surface to adsorbed Cl molecule are illustrated.
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Figure 2. Arrhenius plots for reactions of Fe3O4(111) surface with HCl molecules.
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AC

CE

Figure 3. Reaction of Chloroethane molecule with the magnetite (111) surface. Values are in
kcal mol-1 in reference to the initial physisorbed structure, M7.
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Figure 4. Reaction of 2-Chloropropane molecule with the magnetite (111) surface. Values
are in kcal mol-1 in reference to the initial physisorbed structure, M10.
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Figure 5. Reaction of 1-Chloro-1-propene molecule with the magnetite (111) surface. Values
are in kcal mol-1 in reference to the initial physisorbed structure, M13.
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Figure 6. Reaction of Chloroethene molecule with the magnetite (111) surface. Values are in
kcal mol-1 in reference to the initial physisorbed structure, M16.

33

AC

CE

PT
E

D

MA

NU

SC

RI

PT

ACCEPTED MANUSCRIPT

Figure 7. DOS and PDOS of (a) clean Fe3O4(111) surface, (b) clean FeOct2 termination, (c)
clean FeTet1 termination (d) free HCl molecular (e) the adsorbed HCl on FeOct2 termination,
and (f) the adsorbed HCl on the FeTet1 termination.
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Highlights

De-chlorination mechanisms of organohalogens by magnetite have been investigated



Dissociative adsorption of HCl initiates formation of ferric chloride.



Dissociative addition pathway is expected to predominate the direct elimination route.
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