RESEARCH REPOSITORY
This is the author’s final version of the work, as accepted for publication
following peer review but without the publisher’s layout or pagination.
The definitive version is available at:
https://doi.org/10.1016/j.chemosphere.2019.124921

Ahmed, O.H., Altarawneh, M., Al-Harahsheh, M., Jiang, Z-T and Dlugogorski, B.Z. (2019) Formation of Phenoxy-type
Environmental Persistent Free Radicals (EPFRs) from Dissociative Adsorption of Phenol on Cu/Fe and their Partial
Oxides. Chemosphere

https://researchrepository.murdoch.edu.au/id/eprint/51412

Copyright: © 2019 Elsevier Ltd.
It is posted here for your personal use. No further distribution is permitted.

Journal Pre-proof
Formation of Phenoxy-type Environmental Persistent Free Radicals (EPFRs) from
Dissociative Adsorption of Phenol on Cu/Fe and their Partial Oxides

Oday H. Ahmed, Mohammednoor Altarawneh, Mohammad Al-Harahsheh, ZhongTao Jiang, Bogdan Z. Dlugogorski
PII:

S0045-6535(19)32160-5

DOI:

https://doi.org/10.1016/j.chemosphere.2019.124921

Reference:

CHEM 124921

To appear in:

Chemosphere

Received Date:

08 June 2019

Accepted Date:

19 September 2019

Please cite this article as: Oday H. Ahmed, Mohammednoor Altarawneh, Mohammad AlHarahsheh, Zhong-Tao Jiang, Bogdan Z. Dlugogorski, Formation of Phenoxy-type Environmental
Persistent Free Radicals (EPFRs) from Dissociative Adsorption of Phenol on Cu/Fe and their
Partial Oxides, Chemosphere (2019), https://doi.org/10.1016/j.chemosphere.2019.124921

This is a PDF file of an article that has undergone enhancements after acceptance, such as the
addition of a cover page and metadata, and formatting for readability, but it is not yet the definitive
version of record. This version will undergo additional copyediting, typesetting and review before it
is published in its final form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.
© 2019 Published by Elsevier.

Journal Pre-proof

Formation of Phenoxy-type Environmental Persistent
Free Radicals (EPFRs) from Dissociative Adsorption of
Phenol on Cu/Fe and their Partial Oxides

Oday H. Ahmed1, 2, Mohammednoor Altarawneh1, 3*,
Mohammad Al-Harahsheh4, Zhong-Tao Jiang1, Bogdan Z. Dlugogorski5

1School

of Engineering and Information Technology, Murdoch University,
Murdoch, WA 6150, Australia

2Department

3Chemical

of Physics, College of Education, Al- Iraqia University, Baghdad,
Iraq

Engineering Department, UAE University, Al-Ain 15551, United
Arab Emirates

4Department

of Chemical Engineering, Jordan University of Science and
Technology, Irbid 22110, Jordan

5Office

of Deputy Vice Chancellor Research & Innovation, Charles Darwin
University, Darwin, NT 0909, Australia
*Corresponding author:
Email: M.Altarawneh@Murdoch.edu.au

1

Journal Pre-proof
1

Abstract

2

The interplay of phenolic molecules with 3d transition metals, such as Fe and Cu, and their

3

oxide surfaces, provide important fingerprints for environmental burdens associated with

4

thermal recycling of e-waste and subsequent generation of notorious dioxins compounds and

5

phenoxy-type Environmental Persistent Free Radicals (EPFRs).

6

measurements established a strong interaction of the phenol molecule with transition metal

7

oxides via synthesis of phenolic- and catecholic-type EPFRs intermediates.

8

contribution, we comparatively examined the dissociative adsorption of a phenol molecule, as

9

the simplest model for phenolic-type compounds, on Cu and Fe surfaces and their partially

DRIFTS and EPR

In this

10

oxidized configurations through accurate density functional theory (DFT) studies.

11

underlying aim is to elucidate the specific underpinning mechanism forming phenoxy- or

12

phenolate-type EFPRs. Simulated results show that, the phenol molecule undergoes fission of

13

its hydroxyl’s O-H bond via accessible activation energies. These values are lower by 46.5 -

14

74.1% when compared with the analogous gas phase value. Physisorbed molecules of phenol

15

incur very low binding energies in the range of -2.1 - -5.5 over clean Cu/Fe and their oxides

16

surfaces. Molecular attributes based on charge transfer and geometrical features are in accord

17

with the very weak interaction in physisorbed states. Thermo-kinetic parameters established

18

over the temperature region of 300 and 1000 K, exhibit a lower activation energy for scission

19

of phenolic’s O-H bonds over the oxide surfaces in reference to their pure surfaces (24.7 and

20

43.0 kcal mol-1 vs 38.4 and 47.0 kcal mol-1).

21
22
23
24
25

2
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1. Introduction

27

The essential role of the phenol molecule (and its halogenated isomers) in the synthesis of the

28

notorious “dioxins” compounds is well-established in the literature (Altarawneh et al., 2009a;

29

Altarawneh et al., 2019). Via a synergistic experimental-theoretical approach over the last

30

decade, we have demonstrated a wide array of chemical phenomena that dictate condensation

31

of phenolic molecules into halogenated dioxins. A central step in commonly discussed phenol

32

→ “dioxins” mechanisms is the conversion of phenol molecules into gas phase phenoxy

33

radicals or surface-bounded phenolate anions. With a strong hydroxyl’s O-H bond at ~ 85 kcal

34

mol-1 (Altarawneh et al., 2009a), a direct thermal bond fission assumes a negligible importance

35

when compared with H abstraction reactions operated by O/H radicals in the combustion media

36

(Altarawneh et al., 2006). Depending on the operational conditions in the gas phase medium

37

(most notable the temperature window and pyrolytic versus oxidative environments); self-

38

coupling of phenoxy radicals branches into either dibezno-p-dioxin or dibenzofuran molecules

39

(Altarawneh et al., 2008a). However, the homogenous route contributes by less than 30% of

40

the total yield of dioxins. Heterogeneous pathways characterised by the so-called “de novo

41

synthesis” and surface-assisted coupling of adsorbed phenoxy radicals (or phenolate anions)

42

constitute the prevailing synthesis corridors.

43

formation of dioxins from isomers of phenols are transition metals and their oxides.

The most effective species in catalyzing

44
45

With deploying more stringent emission criteria and abatement technologies, emission of

46

dioxins from thermal systems has systematically reduced. However, interaction of phenolic-

47

type molecules with metallic surfaces has continued to enjoy a profound interest derived by

48

serious health hazards (Peters et al., 2001; Nel, 2005; Kennedy, 2007). Dissociative adsorption

49

of phenol molecules over these metals facilitates rupture of their hydroxyls O-H bonds

50

affording phenolate-type Environmental Persistent Free Radicals (EPFRs) (Valavanidis et al.,
3
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2005; Yang et al., 2017). Phenolate-type EPFRs endure prolonged life spans and were shown

52

to cause chronic respiratory illnesses (Bondy et al., 1998; Rasmussen et al., 2007). Electron

53

paramagnetic Resonance (EPR) measurements consistently detected signals that correspond to

54

oxygen-centred surface-bounded phenoxy radicals from the interaction of phenol molecules

55

with transition metal oxides; most notably Fe2O3 (Vejerano et al., 2011) and CuO (Lomnicki

56

et al., 2008). A higher oxidation potential for Fe2O3 in reference to CuO produced higher

57

concentration of phenoxy-type EPFRs (Lomnicki et al., 2008; Vejerano et al., 2011).

58

Seemingly unreacted silica surfaces also facilitate rupture of the phenolic’s O-H bond

59

(Mosallanejad et al., 2016). In our recent theoretical studies (Assaf et al., 2016), we illustrated

60

thermo-kinetics parameters for the dissociative adsorption of phenol yielding adsorbed

61

phenolate species over surfaces of dehydroxylated alumina and OH-alumina clusters. The

62

metal (M) – oxygen (O) linkages in these surfaces serve as a Lewis-acid pair in facilitating

63

rupture of phenolic’s O-H bonds. In this regard, copper and iron species largely dominate the

64

metallic content in systems pertinent to surface-catalysed formation of phenolic-type EPFRs

65

such as particulates matters generated from combustion operations and (Nwosu et al., 2016)

66

and municipal waste incinerations (Ruan et al., 2019).

67
68

In a related work, (Lu et al., 1988) investigated the adsorption of phenol onto Pt(111) surface

69

with low-energy electron diffraction (LEED), high-resolution electron energy loss (HREELS),

70

and anger electron spectroscopy (AES).

71

molecularly at the Pt(111) surface, at a temperature below 200 K, before undergoing a fission

72

of its O-H bond affording surface-bounded phenolate and a hydrogen atom. Molecular

73

dissociative adsorption is sustained by a pairing of the odd electron with electron density of the

74

metal. Along the same line of enquiry, Richardson and his co-worker (Richardson and

75

Hofmann, 1983) examined the O-H bond scission over Cu(110) surface at room temperature.

It was reported that phenol initially adsorbs

4
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By using the HREELS and AES data, the authors attributed the absence of C-OH associated

77

vibrations in the phenol molecule to a potential rupture of the O-H bond.

78
79

Theoretically, Hensley et al. (Hensley et al., 2014) carried out density functional theory (DFT)

80

calculations to explore the adsorption mechanism of phenol over Fe(110) and Pd(111) surfaces

81

with the inclusion of van der Waals corrections. They examined this process via two reactions;

82

parallel and perpendicular configurations. They reported that phenol adsorption through the

83

aromatic ring (parallel) side is significantly more favourable than through the oxygen

84

functional group (perpendicular) side. The authors concluded that preference of the parallel

85

side can be ascribed to an enhancement in the amount of charge transfer between the surface

86

and adsorbate in the parallel orientation via the aromatic ring. Altarawneh et al. (Altarawneh

87

et al., 2008b, c) studied fragmentation of a 2-chlorophenol molecule over Cu(100) and Cu(111),

88

, but without attempting to calculate pertinent intrinsic reaction barriers.

89

thermodynamically most stable copper oxides, Altarawneh et al. (Altarawneh et al., 2009b)

90

attained a reaction barrier at 8.2 kcal mol-1 for fission of the phenolic’s O-H bonds over the

91

Cu2O(110) surface.

92

computational calculations, several mechanistic aspects dictating formation of phenoxy-type

93

EPFR remain poorly understood; most notably regarding the operating reaction barriers

94

prevailing over pure metallic surfaces and their partially oxides states.

For he

Notwithstanding these numerous experimental measurements and

95
96

To this end, this study investigates reaction mechanisms and energy barriers for the formation

97

of phenoxy-type EPFRs over surfaces of pure Cu(100) and Fe(100) and their oxygen-covered

98

configurations. The prime focus is to contrast the catalytic capacity of the aforementioned

99

reactions of the title reaction with analogues values reported in the literature for transition metal

100

oxides. Lastly, we provide kinetics parameters for all investigated reactions. It is hoped that

5
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results provided herein to be useful in the continuous pursuit to understand the transformation

102

chemistry of phenol → phenoxy-type EPFRs.

103
104

2. Computational details

105

Periodic DFT calculations have been widely utilized to accurately describe various aspects of

106

heterogenous catalysis; namely in establishing reaction mechanisms and in constructing

107

kinetics models.

108

considering active sites. Periodic surfaces eliminate the presence of edge effects that often

109

prevail in corresponding cluster models. Periodic density functional theory (DFT) calculations

110

were performed utilizing the Vienna ab Initio Simulation Package (VASP) code (Kresse and

111

Hafner, 1993; Kresse and Furthmüller, 1996). Projector augmented wave method (PAW) was

112

employed to represent the spin-polarised electronic computations and the core-valence

113

interactions (Kresse and Joubert, 1999). The generalized gradient approximation (GGA)

114

functional of Perdew and Wang (PW91) was used to describe the electron exchange and the

115

electronic-energy correlation effect (Perdew et al., 1992; Kresse and Furthmüller, 1996). The

116

energy cut-off of the plane wave basis set was fixed at 400 eV. Pure metallic surfaces and their

117

partially oxidized configurations [i.e., Cu(100), Fe(100), Cu(100)_O1 and Fe(100)_O1] were

118

modelled with six-layer thick surface and p (2 × 2) unit cell separated with a 20 Å of vacuum

119

gap to accommodate the monocyclic aromatic molecule of phenol along the z-direction. The

120

bottommost two-layer metal ions were fixed at their corresponding bulk positions whilst the

121

top four layers together with the adsorbate phenol molecule were allowed to fully relax. Figure

122

1 portrays side and top views of Cu(100), Fe(100) and Cu(100)_O1 and Fe(100)_O1 surfaces.

This approach simulates the surface-assisted chemical reactions by

123
124

A dipole correction was also imposed along the z direction due to potentially significant effect

125

of dipole interactions between the consecutive supercells. Integration of the irreducible part of
6

Journal Pre-proof
126

the Brillouinʼs zone was carried out based on a 12×12×12 and 6×6×1 Monkhorst-Pack mesh

127

k-points for bulk and surfaces calculations, correspondingly. The total energy was converged

128

to at least 10−5 eV on each ion in the system and the systems were deemed to be fully optimized

129

when the force constants on each ion were less than 0.05 eV/Å.

130
131

The adsorption energy, defined as the binding energy of the phenol molecule with the surface,

132

was calculated by using the following expression (Ye et al., 2013):

133
134

𝐵𝐸(𝐴𝑑𝑠) = 𝐸(𝐴𝑑𝑠/𝑆𝑙𝑎𝑏) ― 𝐸(𝑆𝑙𝑎𝑏) ― 𝐸(𝐴𝑑𝑠)

(1)

135
136

where 𝐵𝐸(𝐴𝑑𝑠) signifies the binding energy, 𝐸(𝐴𝑑𝑠/𝑆𝑙𝑎𝑏) is the total energy of the adsorbate on

137

the metal slab, 𝐸𝑆𝑙𝑎𝑏 denotes the energy of the clean slab, and 𝐸𝐴𝑑𝑠 is the energy of the gas

138

phase adsorbate. The negative values of the binding energy imply that the adsorption is

139

exothermic (practically, the more negative value of binding energy indicates a favourable

140

adsorption), whilst the positive values correspond to an endothermic adsorption.

141
142

The activation energies of the interaction characterize the energy difference between the

143

reactant (the initial physisorbed state) and the transition state. Climbing Image Nudged Elastic

144

Band (CINEB) technique was applied to obtain geometries and energies of transition states

145

(TS) (Sheppard et al., 2008; Singnurkar et al., 2008). In implementing the CINEB procedure,

146

we utilized 16 images between the initial and the final (the dissociative structures) states of

147

each recanting system. Each of these images were optimized separately based on the CINEB

148

formalism.

149

structures enable to calculate their thermodynamic parameters (entropy, ΔS#, and enthalpy,

Computing the vibrational frequencies of the reactants and transition state

7
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ΔH#, of activation) at high temperatures between 300 and 1000K. Reaction rate constants, k(T),

151

were obtained using the classical transition state theory (TST) (Laidler, 1987; Fogler, 2010):

152

153

𝑘𝐵𝑇
𝑘(𝑇) = 𝜎𝑒(
)𝑒
ℎ

( )𝑒 (
∆𝑆#
𝑅

)

―∆𝐻#
𝑅𝑇

(2)

154
155

where 𝜎𝑒 ,𝑘𝐵, 𝑇 and ℎ denote the reaction degeneracy number (set to 1 in all reactions), the

156

Boltzmann’s constant, the reaction temperature, and the Planck’s constant; respectively.

157
158

3. Results and discussion

159

3.1 Bulk and surface properties

160

It is of a prime importance to first demonstrate the anticipated accuracy level of the adapted

161

theoretical framework against experimentally measured values. In our recent studies, we have

162

thoroughly compared DFT-computed values with a wide array of structural and

163

thermochemical properties reporting a rather very good agreement (a difference in the range of

164

2-6% in reference to experimental measurements) (Rayson et al., 2010; Altarawneh et al., 2011;

165

Ahubelem et al., 2014; Altarawneh et al., 2015). Contrasted properties encompass bond

166

dissociation enthalpies, reaction rate constants, pkA values, solvation energies, lattice constants;

167

and electronic bang gaps. In order to establish an accuracy benchmark of our adapted

168

theoretical methodology herein, we first compute structural parameters of the bulk Cu/Fe and

169

for their clean (100) surfaces, namely, lattice parameter, and surface relaxations. Table1

170

contrast calculated lattice constants with other analogous literature computational and

171

experimental values. Our calculated lattice constants for bulk Cu and Fe depart from their

172

analogous experimental values by only 0.46% -0.28%, respectively (Zhong et al., 1993;

8
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Lubarda, 2003). As Table 1 shows, computed lattice constants are in accord with other

174

theoretical values (Wang et al., 2004; Hensley et al., 2014).

175
176

Likewise, our computed structural relaxation between the first and second layers (∆𝑑12) in

177

clean Cu(100) and Fe(100) surfaces are in accord with literature values at -2.8% (Jeon and Yu,

178

2011) and -1.4±3% (Legg et al., 1977); respectively. These values were sourced from low-

179

energy electron diffraction (LEED) measurements. Similarly, computed ∆𝑑12 values are very

180

comparable with other theoretically obtained values (Wang et al., 2004; Błoński and Kiejna,

181

2007; Hugosson et al., 2013). We conclude this section by comparing structural parameters of

182

gas-phase phenol molecule with literature values (Table 2) in which an excellent agreement is

183

obtained (Larsen, 1979; Assaf et al., 2016).

184
185

3.2 Surface-assisted fission of hydroxyl’s OH bonds over Cu(100) and Fe(100) surfaces

186

This section presents three stapes dictating the surface-mediated session of the phenolic O-H

187

bond over the clean Cu(100) and Fe(100) surfaces. Figure 2 and 3 illustrate the geometric

188

structures of physisorption, chemisorption and desorption states, denoted as MnA, MnC and

189

MnD; respectively, while the corresponding potential energy surfaces are displayed in Figure

190

4. A closer look at the optimized structures of physisorbed M1A and M2A states from Figures

191

2 and 3 reveals that the OH group slightly tilts toward the surfaces in which the distances

192

between the oxygen atom and the nearest Cu and Fe surface atoms are 3.002 Å and 3.171 Å,

193

respectively. As shown in Figure 2 and 3, intermediates and products in the dissociative

194

adsorption mechanisms over the two surfaces share very similar geometries. Albeit with

195

distinct energy profiles.

196

9
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The adsorption energy of molecular phenol over the clean Cu(100) substrate is calculated to be

198

-2.4 kcal mol-1, a value that is very close with the analogous estimate at 2.1 kcal mol-1 over the

199

Fe(100) surface. Bearing in mind uncertainty limits in the adapted methodology, we can

200

conclude that that the phenol molecule interacts rather weakly with the two surfaces. The

201

binding energy of phenol on the clean Cu(100) surface computed herein is in a good agreement

202

with a corresponding value of -2.76 kcal mol-1 (Jia and An, 2018) obtained for a Cu(111)

203

surface constructed by (4×4) unit cells. Likewise, our estimated weak binding energy of the

204

phenol molecule over the iron surface matches very well analogous literature value at -2.30

205

kcal mol-1 with the four-layer close-packed p(4 × 4) slabs (Jia and An, 2018).

206
207

In order to elucidate an insight into the weak interaction between the phenol molecules and the

208

clean Cu and Fe surfaces, we present in Table 1 the % O-H’s bond elongation and charge

209

transfer from the surface to the phenol molecule. The minimal elongation of O-H bonds in

210

adsorbed phenol (0.41% and 0.20% in reference to the equilibrium bond length in the gaseous

211

phenol molecule), concurs with the very weak binding energies for physisorbed states.

212

Similarly, the net amount of the charge transferred from Cu(100) and Fe(100) surfaces to the

213

phenol upon adsorption is found to be 0.16e and 0.10e, respectively. These minor values

214

largely reflect the weak interactions in the surface-adduct structures of M1A and M2A.

215
216

Figures 3 and 4 illustrate side and top perspectives for the optimized chemisorption structures

217

of phenolate adduct and hydrogen atom following fission of the hydroxyl’s O-H bond. In

218

comparison with the horizontally adsorbed molecular phenol in the physisorbed states, the

219

aromatic ring is vertically adsorbed in the chemisorbed states, forming phenolate-type EPFRs.

220

We found that the vertical orientation adapted by the adsorbed phenolate on top of a surface

221

Cu atom is unaltered when the phenolate occupies a four-fold hollow position. The formed

10
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Cu-O and Fe-O bonds with the adsorbed phenolate adduct amounts to 1.347 Å and 1.926 Å;

223

correspondingly. In reference to a gaseous phenoxy radical, the C-O bonds in structures M1C

224

and M2C, elongates by 18.2% and 7.7%, correspondingly. The C6H5O adduct is attached to

225

the clean metallic surfaces through bonding of the free oxygen radical centre to the nearest

226

surface atoms. Corresponding elongation for the C-O bonds in adsorbed phenolate on other

227

surfaces incur similar values in the range 4.4%- 12.4% (Altarawneh et al., 2009b; Hensley et

228

al., 2014; Li et al., 2015). Based on computed Bader’s charges, the O atoms in the adsorbed

229

phenolate accumulate charges of 1.43e (M1C) and 1.27e (M2C). These values are significantly

230

higher than the partial atomic charge localised at a gas phase phenoxy’s O (Altarawneh et al.,

231

2009a). The predicted value of electron transfer from Fe surface atoms calculated herein is in

232

accord with analogous value computed previously (i.e., 1.36e) in case of interaction of the

233

phenol molecule with the Fe(110) surface (Hensley et al., 2014). The significance C-O

234

elongation in M1C and M2C and higher negative charges on phenoxy’s O atom unequivocally

235

point out to the formation of adsorbed phenolate-EPFR structure rather than a phenoxy radical.

236
237

In the M1C and M2C configurations, both the hydrogen atom and the produced phenolate-type

238

EPFR are attached to a surface Cu or Fe atom. The obtained reaction energy of the surface-

239

assisted conversion of phenol into phenolate adducts are -20.9 kcal mol-1 on Cu(100) and 9.1

240

kcal mol-1 on Fe(100). The Cu-O distance (1.374 Å) is significantly shorter than that of Fe-O

241

(1.926 Å). Nonetheless, desorption of the surface-bound phenolate from the Fe(100) surfaces

242

into a gas phase phenoxy radical demands a significant larger desorption energy at 48.3 kcal

243

mol-1 in reference to the analogous value for the Cu(100) surface; 24.2 kcal mol-1. This finding

244

is in line with a higher concentration and lifetimes of phenolate-type EPFR over Fe surfaces in

245

comparison to Cu surfaces (Lomnicki et al., 2008; Vejerano et al., 2011).

246

11
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To further investigate prevailing electronic attributes of the adsorption mechanism, Figure 5

248

displays the projected density of states (PDOS) spectra onto the 3d-orbitals of the Fe(100)

249

surface. We first examined the PDOS of both the clean Fe surface’s atom and the free

250

phenolic’s O atom before contrasting them with analogous plots for the chemisorbed (M2C)

251

and physisrobed state (M2A). Figure 5 (a) illustrated the PDOS of the free phenolic’s O. In

252

Figure 5b, the PDOS of a surface Fe atom exhibits to a large extent bulk PDOS and is in

253

agreement with previous theoretical studies (Hensley et al., 2014; Wiśnios et al., 2015). The

254

Fermi level is set at 0 eV.

255
256

From the PDOS of both physisorption and chemisorption structures (panels c and d in Figure

257

5), it is obvious that the split bands of spin-up for the 3d-orbitals of Fe atom in the range of 0

258

to -5 eV are broader than those of the clean Fe surface’s atom (panel b) and shift toward the

259

Fermi level. However, the modest increase in the peak widths of the physisorption state in

260

panel (c) indicates less covalent effect between the surface Fe atom and molecularly adsorbed

261

phenol in comparison to the chemisorption state. The latter displays higher peak widths.

262

Furthermore, from the panels c and d, the bands shifting of the O phenolic’s atom downward

263

the fermi level suggests that O atom withdraws charges from the 3d-orbitals of Fe surface’s

264

atom. This trend satisfactorily correlate with our resent work for the interaction of HCl

265

molecular over Fe3O4 surface (Ahmed et al., 2019). Indeed, two concluding remarks can be

266

inferred from contrasting the adsorption mechanism in panel c and d:

267
268

1- The significant overlaps in the case of chemisorption state between the 3d-orbitals of

269

Fe surface’s atom and the 2P orbital of phenolic O atom in reference to the

270

physisorption state, indicates stronger bonding interaction between Fe and O atoms.

271

This trend concur very well with the calculated energy values of M2A and M2C

12
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configurations in Figure 4 (-2.1 kcal mol-1 versus -20.9 kcal mol-1) and with the

273

previous finding by Li et al. (Li et al., 2015) for the dissociation of the phenol molecule

274

over the Pd(111) surface.

275
276

2- The split of phenolic O atom band in the range of 0 to -3 eV into two peaks for both

277

cases implies that there is a change in the phenol molecular bonding and formation a

278

new Fe-O bond.

279
280

Assessing the catalytic capacity of Cu(100) and Fe(100) toward dissociative adsorption of

281

phenol to surface-bounded phenolate truly rests on underpinning kinetics parameters, most

282

notably the intrinsic reaction barriers. As shown in Figure 4, fission of the O-H bond in

283

physisrobed phenol ensues via an activation energy of 38.4 kcal mol-1 over the Cu(100) surface

284

and 47.9 kcal mol-1 on Fe(100). The catalytic capacity of these surfaces toward fission of the

285

hydroxyl’s OH bond in the phenol molecule becomes evident when contrasting these calculated

286

energy barriers with the highly endothermic direct cleavage of O-H bond in the in the gas phase

287

that scatter in the narrow range of 87.5 - 89.5 kcal mol-1 (Luo, 2002; Wang et al., 2010).

288

Clearly, catalytic transformation of phenol molecule into phenolate-type EPFRs on the clean

289

Cu(100) surface is thermodynamically and kinetically more favourable than on the Fe(100)

290

surface. To further elaborate on the kinetic feasibility for the surface-mediated formation of

291

phenolate-type EPFR over clean Cu(100) and Fe(100) surfaces, we carried out a simplified

292

batch reactor model along reaction pathways depicted in Figure 4 at a reaction time of 60 s.

293

This simplified model utilizes reaction rate expressions enlisted in Table 5. Reaction rate

294

constants for the final desorption step deployed a t typical A-factor of 1 × 1013 s-1 and the

295

desorption energy as the activation barrier. Computed conversion of M1A configuration

296

(adsorbed phenol molecule over the Cu(100) surface) into the M1D structure (a gas phase

13
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phenoxy radical) attains values of 0.74 and 1.00 at 600 and 700 K respectively. Corresponding

298

conversion over the Fe(100) surface entails similar values of 0.57 (600 K) and 1.00 (700 K).

299

The predicted high conversion of adsorbed phenol molecules into gaseous phenoxy-type EPFR

300

unequivocally points out to a kinetic feasibility at temperatures encountered in the post-

301

combustion zone; 650 – 700 K (Altarawneh et al., 2009a; Altarawneh et al., 2019).

302
303

The significant reduction in energetic requirements described herein pinpoints a kinetics

304

feasibility for the synthesis of surface-bounded phenolate-type EPFR in systems pertinent to

305

co-combustion of phenolic-containing polymers and Cu/Fe species. Typical thermal systems

306

encompass thermal recycling of e-waste (Altarawneh et al., 2019) and municipal waste

307

incineration (Altarawneh et al., 2009a).

308
309

3.3 The effect of the oxygen: Cu(100)_O1 and Fe (100)_O1 surfaces

310

Among notable transition meal oxides in PM2.5 are CuO and Fe2O3 (Vejerano et al., 2018).

311

These oxides host and serve as major carriers for phenoxy-type EPFR adsorbed on PM2.5. Cu

312

species in particular are the most abundant transition metals in particulate matters in the

313

atmosphere (Okeson et al., 2003). Likewise, Cu(II) and Fe(III) were reported to act as redox

314

centres in course of synthesis of EPFR on montmorillonite ; a key mineral component in PM2.5

315

(He et al., 2014; Fu et al., 2017). EPR and X-ray absorption near edge measurements confirmed

316

formation and stabilisation of phenoxy- and catecholic-type EPFR on CuO and Fe2O3.

317

Phenoxy-type EPFR endures a significantly longer lifetime over Fe2O3 surfaces when

318

contrasted with CuO surfaces (Vejerano et al., 2018). Formation of phenoxy-type EPFR over

319

these surfaces typically occur over hydroxylated surfaces of these oxides. Nonetheless, de-

320

hydroxylated surfaces persist at higher temperatures. Thus, it is of interest to examine

321

energetics requirements for production of phenoxy-type EPFR on these oxides. Herein, we
14
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322

simulate the structures of the CuO and Fe2O3 oxides by considering oxygen pre-covered

323

surfaces of Cu(100) and Fe(100) denote as Cu(100)_O1 and Fe(100)_O1 surfaces. In the latter,

324

all 4-fold hollow sites are occupied with oxygen atoms. In case of copper, it was shown that

325

the surface oxygen adsorption serves as a precursor for the formation of the two copper oxide

326

phases, Cu2O and CuO (Soon et al., 2006, 2007). It was found that oxygen atoms preferentially

327

adsorb on hollow sites of Cu(100) and Fe(100) surfaces, rather than bridge or atop site (Błoński

328

et al., 2005; Suleiman et al., 2010). From another perspective, surface Cu/Fe-O dimers function

329

as redox centres that triggers fission of the O-H bond in the phenol molecule. Inner Cu/Fe-O

330

bonds in oxides are expected to play a rather negligible role in a truly surface phenomenon.

331
332

Figure 1.b depicts optimized structures for the oxygen doped configurations Cu(100)_O1 and

333

Fe(100)_O1. The calculated dimer distance between Cu/Fe and O atoms (dCu/Fe–O) at the first

334

surface layers amount to 1.84 Å and 2.05 Å respectively. These estimates agree quite well with

335

the analogous theoretical and experimental data (i.e., dCu/Fe-O = 1.94 Å and 2.05Å,

336

correspondingly) (Slater et al., 1991; Yu and Zhang, 2017). O atoms in Cu(100)_O1 and

337

Fe(100)_O1 configurations reside 0.35Å and 0.27Å above the first layer; respectively.

338
339

Figure 6 and 7 present the optimized structures for reactants, transition states and products

340

along with prominent interatomic distances, whilst Figure 8 illustrate pertinent potential energy

341

surfaces. Molecular adsorption of the phenol molecule assumes a marginal binding energy of

342

only -5.5 and -3.1 kcal mol-1 for the two surface-molecule adducts M3A and M4A;

343

correspondingly as listed in Table 3. Despite of a minor O-H bond elongation at slightly of

344

0.61% and 0.30%, a noticeable charge transfer from the surface is reported with values at 0.33e

345

and 0.25e. In all, the phenol molecule interacts very weakly with oxygen pre-covered surfaces

346

of Cu(100) and Fe(100). While the very small differences in binding energies between clean

15

Journal Pre-proof
347

and pre-covered oxygen configurations are most likely to be within the accuracy margin of the

348

adapted methodology, hydrocarbon molecules were found to incur higher binding energies on

349

transition metal oxides in reference to clean metallic surfaces (Soon et al., 2006).

350
351

Following the weak adsorption of the phenol molecule, rupture of the O-H bond occurs

352

heterolytically in which the phenoxy adduct is attached to atop Cu/Fe site and the dissociated

353

hydrogen atom forms a link with an oxygen surface atom. The formed surface hydroxyl groups

354

entail O-H distances of 0.98 Å and 1.01 Å over the Cu(100)_O1 and Fe(100)_O1 configurations,

355

respectively. These calculated values concur very well with corresponding distances (0.98 Å

356

and 0.97 Å) reported from theoretical investigations for adsorbed hydroxyl groups over CuO

357

(011) and Fe3O4(111) surfaces, respectively (Grillo et al., 2008; Yu and Zhang, 2017). Further

358

interaction of a phenol molecule with surface Cu/Fe-OH islands may yield the experimentally

359

observed catecholic-type EPFR (Li et al., 2014).

360
361

In the M3C and M4C structures, the phenoxy’s O binds to surface Cu and Fe atoms at a

362

separation of 1.980 Å and 1.809 Å in that order. These two values depart by 44.1% and -5.5%

363

from their analogous bond distances in the dissociative structures M1C and M2C, respectively.

364

The bond length of phenoxy’s O-Cu/Fe surface atoms in M3C and M4C structures are quite

365

similar to the length of Cu-O and Fe-O bonds at 1.960 and 1.857 Å, reported from recent

366

invistigations for dissociation of phenole molecule over the same surfaces (Altarawneh et al.,

367

2009b; Pan et al., 2019). Fission of the phenolic’s O-H bond over the Cu(100)_O1 surafce is

368

noticably exothermic by 30.2 kcal/mol while the process ensues via a minor endothermecity of

369

only 5.8 kcal/mol above the Fe(100)_O1 configuration. In this regard, we find that phenol

370

chemisorption on oxygen doped Cu and Fe surfaces is significantly stronger when contrasted

371

with their clean surfaces. The surface-mediated fission of the O-H bond necessitates modest
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372

activation barriers of 24.7 and 43.0 kcal mol-1 over Cu(100)_O1 and Fe(100)_O1 surfaces,

373

correspondingly. In comparison with the clean Cu(100) surface, the presence of the oxygen

374

atom in the hollow site in the Cu(100)_O1 configuration, noticeably reduces the reaction barrier

375

by 13.7 kcal mol-1. The corresponding reduction in activation energy for Fe(100) versus

376

Fe(100)_O1 appears very minor at 3.9 kcal mol-1

377
378

In Table 4, we assemble literature reported activation barriers for the fission of phenolic O-H

379

bond over metallic and metal oxide surfaces (Altarawneh et al., 2009b; Honkela et al., 2012;

380

Li et al., 2015; Assaf et al., 2016; Mosallanejad et al., 2016; Pan et al., 2019). It is evident that

381

the clean Fe and Cu surfaces and their partially oxidized configuration require higher activation

382

energies to transform phenol into a surface-bound phenolate.

383

temperature in thermal processes pertinent to co-existence of PM2.5 with phenolic constituents

384

should suffice to overcome the relatively sizable activation barriers for the title reaction

385

reported herein.

Nonetheless, the high

386
387

Table 5 lists reaction rate constants for all these reactions. It is obvious that the cleavage of

388

the O-H bond in the phenol molecular incur lower reaction rates over the clean surfaces in

389

reference to their partially oxidized surfaces. These data shall be useful to predict the uptake

390

of phenol molecules by Cu- and Fe-PM2.5 constituents

391
392

It is important to mention herein that the final step of the dissociative adsorption of phenol

393

molecule over all the four selected surfaces in our study is desorption of phenoxy molecule

394

from these surfaces. As illustrated from Figures 2, 3, 6 and 7, surface-bound phenolate desorb

395

from M1C, M2C, M3C and M4C structures to yield gas-phase free phenoxy radicals in M1D,

396

M2D, M3D and M4D configurations through sizable endothermic process of 48.3, 24.2, 60.4
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397

and 25.7 kcal mol-1; respectively. It is obvious that the energy requirements for the final

398

desorption step appear significantly lower in reference to desorption energies of 2-

399

chlorophenoalte from a neat SiO2 surface (Mosallanejad et al., 2016) (91 kcal mol-1), and

400

phenol over hydroxylated α-Al2O3 clusters (Assaf et al., 2017) (89 kcal mol-1) and α-Al2O3

401

surface (Assaf et al., 2016). Higher stability of phenolate-EPFRs on Fe/Cu surfaces enable

402

their subsequent surface-assisted coupling into dioxins compounds via the so-called Langmuir–

403

Hinshelwood (LH)(Altarawneh et al., 2009a) and Eley–Rideal (ER)(Sun et al., 2007)

404

mechanisms.

405
406

We conclude this section by assessing the feasibility for the transformation of an adsorbed

407

phenolate adduct into that catecholic-type intermediates of o-semiquinone (o-SQ). Figure 9

408

describes a plausible pertinent mechanism. In the first step, a hydroxyl group transfer from

409

surface into an ortho carbon atom followed by a loss of an ipso hydrogen atom affords a

410

surface-attached a o-SQ adduct. However, the high energy barriers for the two involved

411

transition states (TS5 and TS6) suggest a plausible existence for alternative lower energy

412

barriers. Thee potential pathways may involve the formation of an ortho carbon centred radical

413

prior to migration of a surface OH group to the vacant radical site. Mechanisms operating in

414

the likely formation of catecholic-type intermediates warrant further investigations.

415
416

3.4 Catalyzed formation of phenolic-type EPFR from catechol and cresol

417

In addition to phenol, other hydroxylated derivatives of benzenes, namely catechol and cresol;

418

constitutes the major decomposition products from the various structural entities in biomass

419

(most notably cellulose and lignin)(Pelucchi et al., 2019). Thus, generation of phenolic-type

420

EPFR from combustion of biomass entails catalyzed interaction of hydroxylated benzenes with

421

the trace metallic content in biomass (Vejerano et al., 2012). For this reason, we report in
18
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422

Figures 10 and 11 energy profiles for the interaction of catechol and cresol with the

423

Cu(100)_O1 surface; in that order. Fission of the first O-H bond in the catechol molecule

424

demands a sizable energy barrier of 41.5 kcal/mol via the transition structure TS7 (Figure 10).

425

This barrier is in line with the corresponding value computed for the O-H bond fission in the

426

phenol molecule at 40.8 kcal/mol (Figure 4; TS1). Clearly, the tremendous activation barrier

427

embedded in TS8 (45.3 kcal/mol) largely hinders fission of the second O-H bond into an

428

adsorbed o-quinone adduct (the structure M6C2). In Figure 11, secession of the methyl’s C-H

429

bond in cresol prevails over the fission of the hydroxyl’s O-H bond (26.8 kcal/mol versus 36.9

430

kcal/mol). It follows, that dissociative adsorption of cresol preferentially produces a carbon-

431

bounded species rather than a phenolic-type EPFR moiety.

432

433

4. Conclusions

434

Utilizing accurate DFT calculations, we systematically exanimated the dissociative adsorption

435

mechanism of an aromatic oxygenate compound (phenol molecule) on 3d transition metal

436

surfaces and their partially oxidized configurations [Cu(100), Fe(100), Cu(100) _O1, and

437

Fe(100) _O1]. The main objective of the present contribution is to elucidate, on a precise

438

atomic scale, the specific underlying mechanism of the title reaction and the kinetics feasibility

439

to germane to generate phenolate-type EFPRs. It is found that dissociative adsorption of the

440

phenol molecule is kinetically and thermodynamically preferred over the partially oxidized

441

configuration in reference to neat Cu and Fe surfaces. Desorption of the surface-bound

442

phenolate adduct from surfaces demand desorption energies in the range of 24 – 48 kcal mol-

443

1. Computed charge transfer and DOS indicates accumulation of spin density on the phenolic’s

444

O following fission of the O-H bond. Calculated kinetics parameters herein shall be useful to

445

predict lifetimes of phenolate-EPFR in Cu/Fe-rich PM2.5.

446
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Table1. Computed and experimental values of the lattice constant for bulk Cu/Fe and structural
relaxations of the clean Cu(100) and Fe(100) surfaces. ∆𝑑12 = (𝑑12 ―𝑑)/𝑑, where 𝑑12 is the
surface atomic layer distance between the subsequent layers1 and 2 while 𝑑 represents the
corresponding distance in the bulk.
Parameters
Lattice

This work
Cu

𝑎(Å)

Theoretical

Experimental

3.646 (Wang et al.,

3.636 (Lubarda,

2004)

2003)

2.832 (Hugosson et

2.833 (Zhong et al.,

al., 2013)

1993)

-3.1% (Błoński and

-2.8% (Jeon and Yu,

Kiejna, 2007)

2011)

- 2.72% (Hensley et

-1.4± 3 % (Legg et

al., 2014)

al., 1977)

3.653

constant
Fe
Structural

Cu(100)

𝑎(Å)
∆𝑑12

2.825
-2.8%

relaxations
Fe(100)

∆𝑑12

-2.5%

Table2. The equilibrium bond distances in the gas-phase phenol molecule along with a
comparison with literature values.
Parameters

This work

Theoretical (Assaf et al.,

Experimental (Larsen,

2016)

1979)

d(C‒H)/Å

1.09

1.09

1.08

d(C‒C)/Å

1.39

1.39

1.39

d(C‒O)/Å

1.37

1.38

1.37

d(O‒H)/Å

0.97

0.97

0.96
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Table3. Elongation of O-H bond (in reference to a gas-phase molecule), charge transfer and
binding energy.
Structure

Elongation of O-

Charge transfer from

Binding energy

H bond (%)

the surface to the O

(kcal mol-1)

phenolic’s atom (e)
M1A [Cu(100) + phenol]

0.41

-0.16

-2.4

M2A [Fe(100) + phenol]

0.20

-0.08

-2.1

M3A [Cu(100)_O1 + phenol]

0.61

-0.33

-5.5

M4A [Fe(100)_O1 + phenol]

0.30

-0.25

-3.1

Table4: Activation energies for breaking the phenolic’s O-H bond over different metallic and
metallic oxides surfaces
Metallic surfaces

Activation energy

Metallic surface oxides

(kcal mol-1)
Pt(111) (Li et al., 2015)

Activation energy
(kcal mol-1)

11.1

α‑Al2O3 (Assaf et al.,

11.4

2016)
Pd(111) (Li et al., 2015)

4.6

SiO2 (Mosallanejad et al.,

7.6

2016)
Pt(111) (Honkela et al.,

15.9

Cu2O(110) (Altarawneh

2012)
Rh(111) (Honkela et

8.2

et al., 2009b)
15.2

Fe-MMT (Pan et al.,

al., 2012)

8.5

2019)
Ca-MMT (Pan et al.,

12.6

2019)
Na-MMT (Pan et al.,
2019)
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Table5: Kinetic parameters for the surface-assisted dissociation reactions at a temperature
range of 300-1000K.
Reaction

A (s-1)

M1A → M1C

1.58 × 1011

33.2

M2A → M2C

1.97 × 1013

41.6

M3A → M3C

2.71× 1012

22.2

M4A → M4C

7.48 × 1011

43.3
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(a)

(b)
0.35 Å
2.05 Å

0.27 Å

1.84 Å

Side view

Top view

Side view

Top view

Figure 1. Top and side views of the first two layers of (a) clean Cu(100) and Fe(100) surfaces,
and (b) Cu(100) _O1 and Fe(100) _O1 surfaces.

1.370 Å

Side view

1.374 Å

1.625 Å

1.374 Å

+
3.002Å

M1A

Top view

M1D

M1C

Figure 2. Structures of the physisorbed (M1A), chemisorbed (M1C) and desorption (M1D)
states over the Cu(100) surface. Only the first two layers are shown in side views. Red spheres
are oxygen atoms, grey spheres are carbon, and white spheres denote hydrogen atoms.
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1.370 Å

Side view

1.478 Å

1.926 Å

1.372 Å

+

3.171Å

M2A

Top view

M2D

M2C

Figure 3. Structures of the physisorbed (M2A), chemisorbed (M2C) and desorption (M1D)
states over the Fe(100) surface. Only the first two layers are shown in side views.
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Figure 4. Relative energy profile diagram for the interaction of the phenol molecule with the
Cu(100) and Fe(100) surfaces.
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Figure 5. PDOS of (a) free phenolic’s O, (b) clean Fe atom, (c) phenolic’s O and the nearest
Fe atom in the M2A state (physisorbed), and (d) phenolic’s O and the nearest Fe atom in the
M2C state (chemisorbed).
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Side view

1.370 Å

1.980Å

1.502Å

0.35 Å

1.376Å

+

M3A

Top view

M3D

M3C

Figure 6. Structures of the physisorbed (M3A), chemisorbed (M3C) and desorption (M1D)
states over the clean Cu(100)_O1 surface. Only the first two layers are shown in side views.
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+
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Top view
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Figure 7. Structures of the physisorbed (M4A), chemisorbed (M4C) and desorption (M1D)
states over the clean Fe(100) _O1 surface. Only the first two layers are shown in side views.
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Figure 8. Relative energy profile diagram for the dissociative adsorption of the phenol
molecule over the Cu(100) _O1 and Fe(100) _O1 surfaces.
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Side view

TS6
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52.0

M5A

-4.9

Top view
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-25.7

M5C2

-50.3

Figure 9. Structures for the physisorbed (M5A) and chemisorbed (M5C1 and M5C2) states
(phenolate and surfaces OH groups) over the Cu(100)_O1 surface. Only the first two layers
are shown in side views. All values are in kcal/mol.
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+
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Top view
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-20.0
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Figure 10. Structures for the physisorbed (M6A) and chemisorbed (M6C1 and M6C2) states of
catechol molecule over the Cu(100)_O1 surface. Only the first two layers are shown in side
views. All values are in kcal/mol.
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Figure 11. Structures for the physisorbed (M7A) and chemisorbed (M7CA and M7CB) states of
cresol molecule over the Cu(100)_O1 surface. Only the first two layers are shown in side
views. All values are in kcal/mol.
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Highlights






Transition metals and their oxides mediate formation of EPFRs from phenolic
compounds.
The study presents mechanisms and kinetics parameters over Cu and Fe surfaces.
Activation energies indicate a facile formation of EPFR over PM2.5.
Phenolate-type EPFR are strongly adsorbed on the surfaces.

