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A B S T R A C T   

Chlorinated organic compounds are ubiquitous chemical intermediates, final products, and waste streams found in 
multiple industries. These compounds must often be dechlorinated prior to disposal to avoid negative consequences 
for environmental and human health. In this work, we employ kinetic experiments and density functional theory 
(DFT) to examine Pd-catalyzed chlorobenzene hydrogenolysis, which is highly selective for the formation of ben-
zene (>95 %). Kinetic data (353 K, 10–101 kPa H2, 0.2–1.1 kPa C6H2Cl, 0.5–1 kPa HCl) on 5 wt% Pd/C catalysts 
revealed rates that are first-order, half-order, and inverse first-order with respect to PhCl, H2, and HCl, respectively. 
These kinetic trends are consistent with PhCl dechlorination as the kinetically relevant step occurring at a single site 
on surfaces saturated by Cl adatoms (Cl*) in equilibrium with H2 and HCl, consistent with previous reports in the 
literature. However, the nature of this C− Cl bond activation has not been well-described in the prior literature, 
because forming adsorbed Ph* and Cl* typically requires two sites, yet the kinetic trends suggest that only a single 
site is needed. Here, we resolve this inconsistency using theory, which shows that Cl* saturates Pd surfaces at a Cl*: 
Pdsurf ratio of ca. 0.3–0.4. This low saturation coverage enables Ph* (and other species) to bind interstitially among 
the Cl* adatoms without requiring Cl* desorption. Theory furthermore confirms that the reaction occurs through a 
rate-determining PhCl dechlorination, without any C–H activation of the phenyl ring. This non-competitive binding 
of Ph* among Cl* adatoms can be described as a two-site mechanism that agrees with the kinetic, isotopic, and 
theoretical data from this and prior work.   

1. Introduction 

Chlorinated organic compounds (COCs) are important chemical 
solvents and precursors used to produce materials such as dyes, pesti-
cides, petrochemicals, and pharmaceuticals.[1–3] Processes involving 
these compounds also generate waste streams containing COCs. Both the 
use of chlorinated products and the generation of chlorinated industrial 
wastes introduce COCs into the environment, where they become 
persistent organic pollutants due to their toxicity, carcinogenicity, and 
thermal stability.[1,4,5] For decades, society has recognized the danger 
of COCs on both environmental and human health and has employed 
numerous methods for waste stream and water treatment to address this 
public health concern.[2,6,7] Incineration is often the most economical 
option owing to lower energy demands; however, it can lead to the net 
production of polychlorinated species, which are sometimes more toxic 

than the chlorinated starting materials.[5,8–10] Advanced oxidation 
technologies, such as photocatalysis and ozonation, have proven effec-
tive for polluted water treatment, but are less practical for other appli-
cations because of high energy consumption.[10,11] Adsorption 
processes also prove costly given the materials required,[2,12] while 
biological treatment generally occurs at relatively low conversions. 
[9,10] Every method developed to date has drawbacks, and treatment 
facilities still need a method that is efficient, effective, and can keep pace 
with increasingly stringent regulations enforced under the Clean Water 
and Clean Air Acts.[6,8] 

Catalytic hydrodechlorination, whereby Cl is removed from organic 
species via C− Cl hydrogenolysis, is a low-energy alternative. It trans-
forms pollutants to valuable raw materials while producing little to no 
CO2, NOx, or additional toxic emissions,[3,5,10,13,14] making it one of 
the preferred methods of dechlorination in comparison to other methods 
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of processing.[9] Given its abundant advantages, C− Cl hydrogenolysis is 
an important process option for environmental remediation of 
contaminated water and industrial waste. Unfortunately, catalyst 
deactivation, generally by strongly bound chlorine adatoms, is 
frequently encountered in C− Cl hydrogenolysis.[5,15,16] Catalyst 
deactivation during C− Cl hydrogenolysis can be reversible or irrevers-
ible depending on the identity of the catalyst used and the nature of the 
poison.[17] Consequently, it is worthwhile to continue studying this 
process because understanding C− Cl hydrogenolysis mechanisms of 
various organic wastes can help us learn to prevent catalyst deactiva-
tion, improve reaction selectivity, and improve the overall process. 

Hydrogenolysis reactions, more broadly, have been extensively 
studied, and classes of reactions share similar mechanistic attributes. 
Comprehensive studies of metal-catalyzed hydrogenolysis of saturated 
carbon–carbon bonds have established that C–C hydrogenolysis occurs 
by first cleaving C–H bonds to form a hydrogen-deficient adsorbed in-
termediate followed by C–C cleavage, which is the rate-determining 
step.[18–34] One study examining gas-phase C− Cl hydrogenolysis of 
saturated chlorofluoroethanes (CF3CFCl2, CF3CF2Cl, CF3CCl3, and 
CF3CFClH) on Pd catalysts concluded the reaction is first-order, half- 
order, and inverse first-order with respect to the chlorinated reactant, 
H2, and HCl, respectively.[35] The authors proposed a mechanism in 
which C− Cl bond cleavage is the rate-determining step and the chlor-
ofluoroethane reactants adsorb to a single site before transition state 
formation.[35] However, the proposed hydrogenolysis mechanism was 
an approximation; the single-site adsorption complex was proposed 
solely because it sufficiently described the kinetics data, as possible 
unsaturated intermediates on the surface were unknown.[35] Addi-
tionally, the apparent activation energies for each reaction varied over 
the range from 80 to 145 kJ mol− 1, where relative activation energy 
differences among reactants did not match relative differences in bond 
energies, indicating the actual mechanisms by which C− Cl hydro-
genolysis occurred were possibly different for each reactant.[35] A later 
periodic density functional theory (DFT) study including C− Cl bond 
cleavage in methyl chloride predicted that C− Cl cleavage follows the 
removal of two hydrogens from the carbon atom to form a *HCCl* in-
termediate on groups 9–10 transition metals,[27] but compounds with 
more halogens or other functional groups have not been similarly 
examined. It is widely accepted that Pd-containing catalysts are 
preferred for dechlorination [2,9,13,16,36–39] as they exhibit superior 
efficiency and stability in comparison to other catalysts tested, which 
has been demonstrated for a variety of chlorinated species, including 
chlorophenol[4] and 4-chloro-2-methylphenoxyacetic acid.[36] 

As chlorinated organic wastes are often aromatic species, chloro-
benzene (PhCl) is a preferred model compound for conducting funda-
mental studies of C− Cl hydrogenolysis for remediation purposes.[40] 
Hydrogenolysis reactions involving aromatic species have also been 
extensively studied, often to selectively cleave carbon-heteroatom bonds 
and preserve the arene through the course of the reaction. These prior 
studies have indicated a competition between hydrogenolysis and hy-
drogenation of the aromatic ring.[4,41–45] Palladium catalysts are 
preferred for PhCl hydrogenolysis, as they are highly reactive and 
known to produce mostly benzene with negligible excess hydrogenation 
to cyclohexane[46] but are still subject to inhibition by HCl.[47] A study 
on gas-phase PhCl hydrogenolysis at 353 K found Cl* inhibited reaction 
rates of PhCl hydrogenolysis by the same order of magnitude on Pd/ 
Al2O3 and Rh/Al2O3 catalysts, despite the 100 times greater reactivity of 
Pd/Al2O3.[47] Measured reaction orders for PhCl, H2, and HCl were 1, 
0.5, and − 1, respectively (353 K, 0.06–8.5 kPa PhCl, 0.02–0.4 Torr HCl, 
1.7–101 kPa H2).[47] The reaction order with respect to PhCl decreased 
to zero as PhCl pressure increased, including at pressures of PhCl that 
cause its condensation.[47] The reaction scheme proposed in that study 
to describe the observed kinetic behavior of PhCl hydrogenolysis is the 
currently prevailing reaction scheme accepted and referenced (Eq. (1)– 
(3)).[47] 

C6H5Cl(g) + H*→
k1

Cl* + C6H6(g) (1)  

HCl(g) + H*→
k2

H2(g) + Cl* (2)  

H2(g) + Cl*→
kH

HCl(g) + H* (3) 

This mechanism, however, implies an Eley-Rideal style dechlorina-
tion in which an unbound PhCl reacts with a bound H* in a single 
elementary step to form Cl* and an unbound benzene—a pathway that 
challenges our intuitions of surface chemistry. Assuming equal rates of 
surface reduction and chlorination and that the surface is entirely 
covered with adsorbed H* and Cl*, the corresponding rate equation 
describes a reaction where chlorobenzene and HCl interact with the 
surface to form Cl*, PhCl and HCl compete for adsorption, and hydrogen 
cleans the surface (Eq. (4)).[47] 

r =
k1kHPC6H5ClP0.5

H2

k1PC6H5Cl + k2PHCl + kHP0.5
H2

(4) 

Batch-style liquid-phase experiments on the reactivity of PhCl and 
para-substituted PhCls (amino-, methoxy-, methyl-, chloro-, acetyl- and 
cyano-PhCl) over Pd/C catalysts in hexadecane found that the reaction is 
accelerated by both electron-donating and electron-withdrawing sub-
stituents.[48] Measured reaction orders for all reactants examined 
ranged from 0.91 to 0.99 [573 K, (1.2–3.6) × 10-3 mol chlorinated 
reactant, 1 MPa H2].[48] The same study found reaction orders with 
respect to non-substituted PhCl and H2 to be approximately 0.9 and 
0.52, respectively.[48] The kinetic behavior of HCl was not examined. 

Most previous studies interpreted solely experimental data or 
focused on catalyst synthesis and characterization, so despite the 
extensive knowledge gained from previous studies of PhCl hydro-
genolysis on Pd, the mechanism behind measured kinetic behavior is 
poorly understood. This work aims to couple gas-phase kinetics exper-
iments and contemporary DFT methods to elucidate the state of the 
catalyst surface and understand the mechanism of PhCl hydrogenolysis 
without added complications, such as the presence of a liquid. PhCl 
hydrogenolysis is performed on 14 nm 5 % Pd/C catalyst particles at 
353 K, to allow direct comparison with prior work,[47] as well as 
temperatures of 313 K, 323 K, and 343 K to evaluate temperature effects 
on reaction kinetics. Catalyst stability was examined and compared to 
that observed in previous literature. Kinetics experiments were con-
ducted at partial pressures ranging from 10− 101 kPa H2, 0.2–1.1 kPa 
PhCl, and 0.5–1.0 kPa HCl, at 50 % PhCl conversion. Kinetic isotope 
experiments were also performed with 99.6 kPa D2, and mass transfer 
limitations were evaluated before data analysis and development of a 
proposed mechanism. DFT-derived electronic, enthalpic, entropic, and 
free energy activation barriers were used to supplement mechanism 
development and concurrently explain observed experimental behavior. 

2. Methods 

2.1. Experimental methods 

2.1.1. Catalyst Preparation 
A 5 wt% palladium catalyst was prepared by incipient wetness 

impregnation with an aqueous solution of Pd2(NO3)⋅xH2O (Strem 
Chemicals, 99.9 %) onto a carbon black support (Cabot Corporation, 
Vulcan XC-72). The Vulcan XC-72 support used here was chosen for its 
inertness and lack of S and N impurities that may influence the reaction 
kinetics. The catalyst was dried overnight at 383 K, after which it was 
reduced directly in a 50 sccm stream of flowing dihydrogen (Matheson, 
99.999 %) for 4 h at 533 K (10 K min− 1). The catalyst was passivated for 
12 h at room temperature in a dilute mixture of air and argon. 
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2.1.2. Catalyst Characterization 
CO chemisorption measurements were performed using a Micro-

meritics ASAP 2020 instrument. The passivated catalysts were placed in 
a quartz sample tube between two layers of quartz wool, after which the 
sample was evacuated and re-reduced at 673 K in flowing dihydrogen 
for 2 hr. Adsorbed hydrogen atoms were removed by desorption under 
vacuum (10-5 torr dynamic vacuum) at 673 K for 1 hr. CO chemisorption 
was performed at 308 K using CO equilibrium pressures ranging be-
tween 0.5 and 313 torr. Pd dispersion and the average Pd nanoparticle 
size were obtained from the CO saturation coverage assuming a CO/ 
Pdsurf stoichiometry of 2:3[49] and a relationship between dispersion, D, 
and particle size, d, of d = 1.1

D . [50] Mean particle diameter was esti-
mated to be 14 nm from the irreversible uptake of CO at 308 K (Fig. S1). 
If a 1:1 stoichiometry was used instead, the particle size would be 21 nm, 
so the mean particle diameter can be stated as in the range of 14–21 nm 
with reasonable confidence. 

2.1.3. Reaction Kinetics Measurements 
Reactions were carried out at ambient pressure in a glass stirred-tank 

reactor (Chemglass Model CG-1949-X-303) configured to operate in 
continuous mode, with the feed stream being preheated to reaction 
temperature. The reactor vessel was originally designed for liquid-phase 
reactions. To modify it for gas-phase reactions, the impellor blades were 
replaced with four homemade polyether ether ketone (PEEK) mesh 
baskets (mesh size = 50) affixed to the glass impellor shaft using a 
custom-machined Teflon bracket. These baskets are designed to receive 
the powder catalyst and spin it through the bulk vapor phase in a Car-
berry reactor configuration.[51] The Teflon anchor stirrer at the bottom 
of the impellor shaft was retained to facilitate additional mixing. All 
standard taper joints were greased with H-grease (Apiezon). A pressure 
relief valve (Chemglass Part No. CG-999–02) was set to 3 psig and used 
to prevent over-pressurization of the glass vessel. A pressure gauge 
(Ashcroft Part No.94575XLL) was affixed to a Teflon stopper and used to 
monitor the pressure in the reactor vessel. Heating was provided in the 
jacketed portion of the vessel using a circulating heating bath (Fisher 
Scientific, Isotemp Model 6200 H7) containing propylene glycol anti-
freeze purchased from a local hardware store. Heating was provided to 
the vessel head by a resistive heating tape (HTS/Amptek), and the whole 
vessel was wrapped in ceramic insulation. The reactor temperature was 
measured by a Hastelloy-sheathed K-type thermocouple (Omega, Inc.). 
Temperature control was provided by a combination of the circulating 
heating bath, which was set at the reaction temperature, and by the 
heating tape on the reactor head, via a PID temperature controller 
(SOLO 4848, Automation Direct) using input from the main reactor 
thermocouple. Measurement of the temperature at several points in the 
reactor vessel (achieved by moving the main reactor thermocouple) 
showed there to be no temperature gradients in the bulk vapor phase of 
the reactor. 

For a typical reaction, 0.05 g of catalyst was diluted in 0.75 g of 
carbon black using an agate mortar and pestle. This diluted catalyst was 
loaded into the four PEEK mesh baskets on the reactor impellor shaft. 
The catalyst was reduced in flowing dihydrogen (60 sccm, 99.999 %, 
Matheson) at 353 K for 1 h, after which the reactor was set to the desired 
temperature. Liquid PhCl (>99 %, Acros Organics) was fed from a sy-
ringe pump (NE-1000, New Era Pump Systems) through a 1/8 in. outer 
diameter Teflon tube into a stream of flowing dihydrogen (99.999 %, 
Matheson) or dideuterium (99.99 %, 99.99 atom% D, Airgas) mixed 
with helium (99.999 %, Matheson). The dihydrogen and helium flow 
rates were controlled by calibrated metering valves (SS-SS2-VH, Swa-
gelok). The liquid and gas flow rates were chosen to keep the partial 
pressure of PhCl in this gas stream below its vapor pressure at 298 K. The 
vapor feed was introduced to the reactor through a glass spiral tube 
condenser (Chemglass Part No. CG-1215-C-01) used to pre-heat the feed. 
Periodically, the reactor was checked for inertness by feeding a mixture 
of PhCl and dihydrogen at the reaction temperature to the reactor vessel 

in the absence of a catalyst; no conversion of PhCl was observed during 
these runs. The effect of HCl on the reaction rate was probed by co- 
feeding HCl gas (1000 ppm in He, Research Grade, Airgas), delivered 
through a 1/8 in. outer diameter Teflon line to the reactor vessel. 

The reaction products were quantified using a gas chromatograph 
equipped with a flame ionization detector (GC-FID, MG-5, SRI In-
struments) and a capillary column (MXT-1, Restek). Reaction rates were 
measured at four different temperatures (313 K, 323 K, 343 K, and 353 
K) and a variety of partial pressures of PhCl, dihydrogen, and HCl, 
controlled by varying the flowrates of each species and the flowrate of 
the He diluent. Turnover frequencies (TOFs) were obtained by normal-
izing the reaction rates, r, to the CO uptake, nCO, as shown in Equation 
(5). Selectivities were calculated according to Equation (6), where Fi 
corresponds to the molar flow rate of species i leaving the reactor. 

TOF
(
s− 1) =

r(μmol g− 1 s− 1)

nCO(μmol g− 1)
(5)  

Selectivityi =
Fprod,i
∑

iFprod,i
× 100% (6)  

2.2. Computational methods 

Periodic density functional theory (DFT) calculations were per-
formed using the Vienna ab initio simulation package[52–56] in the 
computational catalysis interface (CCI).[57] Almost all calculations 
used the revised Perdew-Burke-Ernzerhof (RPBE) form of the general-
ized gradient approximation (GGA) to describe exchange–correlation 
energies; select calculations used the Perdew-Burke-Ernzerhof (PBE) 
functional, and such calculations are labeled accordingly.[58–60] 
Similarly, select calculations used the DFT-D3[61,62] method to 
calculate dispersive interaction energies, which are absent in the RPBE 
and PBE functionals. To describe core-valence interactions, plane waves 
were assembled using the projector augmented-wave (PAW) method 
with an energy cutoff of 396 eV.[63,64] 

Gas-phase molecules were modeled in a vacuum space of 18 Å × 18 Å 
× 18 Å. The catalyst was modeled as a flat 4 × 4 Pd(111) periodic lattice 
consisting of four layers in the z-direction with 10 Å of vacuum space 
above the slab. The top two metal layers were allowed to relax and the 
bottom two metal layers were fixed in position. Gas-phase and flat 
surface structures were optimized using a three-step process involving 
two geometric convergence steps followed by a single-point calculation 
to determine energy minima. This process is available in CCI and in-
creases CPU efficiency over traditional single-step calculations.[57] 
Forces on all atoms were calculated using a fast Fourier transform (FFT) 
grid and were constrained by a maximum threshold of 0.05 eV Å− 1. 
Wavefunctions were converged until electronic energies varied by less 
than 10− 4 eV using an FFT grid 1.5× the plane wave cutoff in the first 
and third steps, and by less than 10− 6 eV using an FFT grid 2× the plane 
wave cutoff in the second step calculation. Gas-phase calculations 
sampled the Brillouin zone at the Γ-point in all steps. Optimizations of 
the bare catalyst surface used a 4 × 4 × 1 Monkhorst-pack sampling of 
the first Brillouin zone (k-point mesh)[65,66] for the first two steps and 
an 8 × 8 × 1 k-point mesh in the third step. 

The nudged elastic band (NEB)[67,68] and dimer[69] methods were 
used in combination to isolate transition state structures. The NEB 
method was performed using 16 images and converged to a force of 
<0.3 eV Å− 1. Wavefunctions were converged to less than 10− 4 eV using 
a 3 × 3 × 1 k-point mesh and an FFT grid 1.5× the plane wave cutoff. 
The dimer method was used to optimize transition state structures with 
the three-step calculation process available in CCI as described above, 
excepting a 3 × 3 × 1 k-point mesh which was used for the first two steps 
and a 6 × 6 × 1 k-point mesh which was used in the third step. Reactant 
and product structures were optimized similarly. Vibrational frequency 
calculations were used to calculate zero-point energies and thermal 
corrections to estimate enthalpies (H), entropies (S), and free energies 
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(G) of reactants, products, and transition states at 353 K. Frequency 
calculations also confirm the presence of a single imaginary frequency 
and associated reaction mode for transition states. For gas species, 
translational and rotational partition functions were included in free 
energy calculations, as described in further details in the SI (Section S7). 

For our analysis, we assume that C− Cl bond cleavage is the rate- 
determining step and that adsorption, desorption, and dehydrogena-
tion steps are quasi-equilibrated. These assumptions are supported by 
numerous experimental[18,20,22,25,70–72] and computational 
[18–21,23,27,71] studies conducted prior to this work. The effective 
enthalpy barrier (ΔH҂; Eq. (7)) is consequently defined as the enthalpy 
difference between the transition state (C6H5− yCl҂) and the Cl*-covered 
surface with stoichiometric amounts of gas-phase HCl, H2, and PhCl: 

ΔH҂ = H
[
C6H5− yClℓ*,҂]+ℓH[HCl(g) ] −

ℓ − y
2

H[H2(g) ]

− H[C6H5Cl(g) ] − H[ℓCl*]
(7) 

with ℓ representing the number of Cl* that desorb from the Cl*- 
covered surface (in equilibrium with H2 and HCl) and y representing the 
number of hydrogens removed from the phenyl ring prior to transition 
state formation. The effective entropy barrier (ΔS҂; Eq. (8)) is similarly 
defined: 

ΔS҂=S
[
C6H5− yClℓ*,҂]+ℓS[HCl(g)]−

ℓ− y
2

S[H2(g)]− S[C6H5Cl(g)]− S[ℓCl*]

(8) 

These values can be used to calculate the effective free energy bar-
riers (ΔG҂; Eq. (9)): 

ΔG҂ = ΔH҂ − TΔS҂ (9) 

which can be used to calculate effective reaction rate constants. 

3. Results and discussion 

3.1. Kinetic measurements 

The impacts of external and internal mass transfer were evaluated to 
confirm reaction rates would be measured at reaction-limited condi-
tions. TOFs were measured while increasing stirring speed to decrease 
boundary layer thickness in gas-phase batch reactions (353 K, 101 kPa 
H2, 0.2 kPa PhCl). TOFs vary little at stirring speeds above 300 rpm 
(Fig. S2), identifying that operation with stirring speeds above 300 rpm 
minimizes external mass transfer limitations. The Weisz-Prater criterion, 
which rules out significant internal mass transfer limitations if it is much 
less than 1 (Eq. S1), was calculated to be 0.047 at these conditions [73]. 
This leads to a corresponding effectiveness factor (η; Eq. S2) of 0.98 
[74]. The absence of significant external and internal mass transfer 
limitations confirms that reaction rates are measured at reaction-limited 
conditions for stirring speeds greater than 300 rpm. 

The reaction consistently demonstrates >95 % product selectivity 
toward benzene over cyclohexane at 353 K, 97 kPa H2, 1.1 kPa PhCl 
(Fig. 1); therefore, only benzene production rates will be used in sub-
sequent kinetic analyses. High selectivity toward benzene is consistent 
with results in other PhCl HDC studies using Pd-containing catalysts. 
[9,15,16,37,39,46,48] Minimal variation was observed in TOFs of PhCl 
consumption, benzene production, and cyclohexane production over 50 
h, demonstrating stability of the catalyst for at least 50 h on stream. This 
indicates that deactivation or irreversible poisoning of the catalyst via 
chlorination or any other mechanism is not an observable issue at these 
conditions (H2:PhCl ratio > 1). 

Measured hydrogenolysis TOFs on 5 wt% Pd/C particles at varying 
pressures of PhCl, H2, and HCl are shown in Fig. 2 (313–353 K). Rates 
increase with increasing PhCl pressure at high temperature (353 K) and 
are nearly insensitive to PhCl pressure at low temperature (313 K), with 
predicted reaction orders shifting from +0.8 to − 0.3 (uncertainties 
shown in Table S1 of the SI). This suggests that as temperatures 

decrease, PhCl becomes an abundant surface-bound species, leading to 
an expected zero-order kinetic behavior. Rates always increase with H2 
pressure (313–353 K) and the H2 reaction order is nearly independent of 
temperature; it increases from 0.3 to 0.6 as temperature increases. HCl 
decreases rates as expected because it will increase the coverage of site- 
blocking Cl* species and the reaction order is close to − 1, despite a large 
scatter and a large uncertainty (Table S1). Although the effect of tem-
perature on HCl pressure dependence was not measured, we expect 
little-to-no variation in the reaction order with respect to HCl as tem-
perature changes; because Cl* only desorbs as HCl during this reaction, 
hydrogen pressure dependence is a proxy for HCl pressure dependence 
and varies only slightly across this temperature range. These reaction 
orders for PhCl, H2, and HCl are consistent with those reported in pre-
vious works.[35,47,48] In particular, prior studies[35,47,48] also saw 
HCl reaction orders near − 1, giving extra confidence to that interpre-
tation despite the large scatter in the present data. 

The reaction orders for PhCl, H2, and HCl measured at 353 K are 
consistent with the underlying assumptions of Sinfelt’s mechanism for 
C− Cl hydrogenolysis (shown in Scheme S1),[18] where adsorption, 
desorption, and hydrogenation/dehydrogenation steps are assumed to 
be quasi-equilibrated and C− Cl bond activation is assumed to be rate- 
determining. Quasi-equilibrium assumptions are supported here by ki-
netic isotope effect (KIE) experiments, which found no significant dif-
ference between TOFs for the reaction involving both H2 and D2 as 
reactants (rate ratio of D2/H2 = 1.03; Fig. S3). From this result, it is 
evident that hydrogen (molecular or dissociated) is not involved in the 
rate-determining step, signifying that any reaction steps involving H2 
dissociation, hydrogenation of Cl*, possible dehydrogenation of PhCl, or 
hydrogenation of Ph* to form benzene are kinetically insignificant. 

As discussed in Section S5 of the SI, no rate equation that assumes 
both that C− Cl bond activation is rate-determining and that all surface 
species (e.g., Ph*, Cl*) compete for equivalent sites can explain the 
experimental behavior of TOFs as a function of PhCl, H2, and HCl 
pressures shown in Fig. 2 (or comparable experiments reported in the 
literature[35,47,48]). However, if Cl* does not compete for adsorption 
sites with PhCl*, Ph*, or H* (i.e., adsorption of PhCl* does not require 
desorption of a Cl* from the Cl-covered surface), then the mechanism 
proposed by Sinfelt can be used to explain our kinetic trends. Such non- 
competition is shown in Scheme 1, which describes a mechanism that 
invokes two unique sites, denoted *a, which binds Cl*, and *b, which 
binds PhCl*, Ph*, and H*. Scheme 1 is consistent with our experimental 
observations and retains the key assumptions that underly Sinfelt’s 
proposed mechanism[18] for hydrodechlorination reactions, i.e., that 

Fig. 1. Hydrogenolysis TOFs of PhCl (▴), benzene (●), and cyclohexane (■) as 
a function of time on stream (TOS) measured on 14 nm 5 % Pd/C particles at 
353 K, 97 kPa H2, 1.1 kPa PhCl, and 50 % PhCl conversion. 

N. Kragt et al.                                                                                                                                                                                                                                   



Journal of Catalysis 432 (2024) 115435

5

adsorption, desorption, and dehydrogenation steps are quasi- 
equilibrated and C− Cl bond activation is rate-determining. We further 
justify the assumption that PhCl* and Cl* bind non-competitively using 
DFT calculations of PhCl dissociations, and Cl*, PhCl*, and H* adsorp-
tions at varying Cl* coverages (vide infra). 

Quasi-equilibrated hydrogen dissociation (Step 1.1) facilitates Cl* 
desorption from the catalyst surface in the form of HCl (Step 1.2). PhCl 
adsorption (Step 1.3) and benzene desorption (Step 1.6) are also 
assumed to be quasi-equilibrated. Adsorbed PhCl undergoes an irre-
versible C− Cl activation (Step 1.4) to produce C6H5* and Cl*. The C6H5* 
intermediate and H* combine to produce adsorbed benzene via a quasi- 
equilibrated C–H bond formation (Step 1.5). We chose to use a two-site 
mechanism not to indicate distinct sites present on the catalyst, but 
instead to emphasize that PhCl* and Cl* do not compete for sites (as 
discussed above) and that an adsorbed phenyl can be accommodated on 
the surface (at a site denoted *b) without concomitant desorption of Cl* 
(from sites denoted *a, discussed further in Section 3.2). This mechanism 
also assumes H* adsorbs without requiring desorption of Cl* due to its 
small size and that C6H6*, C6H5*, and H* are not abundant surface in-
termediates. These elementary steps and associated assumptions can be 
used to derive a rate equation: 

r
[L]

=
k4K3PPhCl(

K2PHCl

K0.5
1 P0.5

H2

)

(1 + K3PPhCl)

(11) 

that describes dechlorination rates and the effects of PhCl, HCl, and 
H2 pressures shown above. The denominator of Eq. (11) contains site- 
blocking terms that imply that Cl* is the sole MASI of the ‘a’-sites (i.e., 
Cl* competes with Cl* for surface sites) and PhCl* is a possible ‘b’-site 

MASI. At high PhCl* coverages, rates will become zero-order in PhCl 
pressure by Eq. (11), consistent with the decrease in PhCl reaction orders 
with decreasing temperature. However, at all conditions of interest the 
reaction order in HCl is − 1 and in H2 is +0.5, suggesting that the surface 
remains saturated in Cl*. 

Based on the site and reversibility assumptions described in Scheme 
1 and transition state theory, the reaction can be described as: 

C6H5Cl(g)+ℓCl* + 0.5ℓH2(g)→
ΔG҂

[C6H5 − Cl҂]ℓ*
+ℓHCl(g) (12)  

when occurring at low PhCl coverages, where ℓ represents the number 
of Cl* that must desorb (in the form of HCl, by reduction with 0.5ℓ H2) 
from the surface to allow for transition state formation; in other words, it 
represents the number of ‘a’ sites required for this reaction. Other 
hydrogenolysis reactions (e.g., of alkanes, oxygenates, etc.) occur after 
the dehydrogenation of involved C atoms to form C− M bonds that 
weaken the bond undergoing hydrogenolysis. Mechanisms involving 
partial or complete dehydrogenation of C atoms in C− X bond hydro-
genolysis have been demonstrated for alkane hydrogenolysis, alkanol 
hydrogenolysis, alkanethiol hydrogenolysis, and chloroalkane hydro-
genolysis.[18,20,22,23,28–30,35,75–77] Therefore, a generalized re-
action mechanism that includes the possibility of dehydrogenation of 
the phenyl ring was also considered and can be found in the SI (Scheme 
S2). The effective free energy barrier is still represented as the free en-
ergy change between the Cl* MASI and the PhCl transition state, but 
takes a slightly different form that incorporates the evolution of 
hydrogen from possible dehydrogenation of the phenyl ring: 

C6H5Cl(g)+ℓCl* + 0.5ℓH2(g)→
ΔG҂

C6H5− yCl҂ +ℓHCl(g)+ 0.5yH2(g) (13)  

where y reflects the degree of dehydrogenation of the aromatic ring, and 
ℓ reflects the site requirements of the reaction. The corresponding 
generalized rate equation takes the following form, for conditions of low 
PhCl coverage, and high Cl* coverage, where KDH represents the sum of 
equilibrium constants for any C–H activations that occur before kineti-
cally relevant C− Cl activation: 

r
[L]

=
k4KDHPPhCl

P0.5y
H2

(
K0.5

1 P0.5
H2

K2PHCl

)ℓ

(14) 

Notably, the rate equation in Eq. (11) is consistent with Eq. (14) 
given ℓ = 1 and y = 0. However, we also consider other possibilities, 
described below, to rule out by theoretical techniques. We also note that 
Eq. (14), and the analysis below, presumes the reaction occurs at tem-
peratures high enough to avoid saturation of ‘b’ sites with PhCl; such 
inhibition does not impact C− Cl activation and can be accommodated 
by including a (1 + K3PPhCl)

− 1 term in Eq. (14) for reactions at low 
temperatures. 

Fig. 2. Hydrogenolysis TOFs on 14 nm 5 wt% Pd/C particles and 50 % PhCl conversion at temperatures of 313 K (●), 323 K (■), 343 K (▴) and 353 K (◆). Plots 
show effects of (a) PhCl pressure at 97 kPa H2, (b) H2 pressure at 1 kPa PhCl, and (c) HCl pressure at 97 kPa H2 and 1 kPa PhCl. Lines are to guide the eye. Reaction 
temperatures are followed by corresponding calculated reaction orders. 

Scheme 1. Proposed two-site mechanism and intermediates in PhCl hydro-
genolysis on 5% Pd/C particles. (*a denotes surface sites occupied by species 
that require Cl* to desorb and *b denotes surface sites occupied by species that 
do not require Cl* to desorb). 
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3.2. Theoretical assessments of dechlorination mechanisms and Cl* 
coverage effects 

PhCl dechlorination was modeled on Pd(111) surfaces with a fully 
saturated phenyl ring and PhCl-derived adsorbates that had undergone 
all possible combinations of dehydrogenation events. The (111) surface 
facet was chosen to represent the catalyst surface, as this is the most 
stable facet and, thus, the most abundant surface facet by area present 
on larger catalyst particles, such as the 14 nm particles used in this work. 
The surface of the catalyst is known to be covered with Cl* at some 
amount, set by the equilibrium between the surface and H2 and HCl 
(Steps 1.1 and 1.2 in Scheme 1). However, the reactions were first 
modeled on a bare 4 × 4 Pd(111) surface, thus ignoring the effects of Cl* 
coverage, to identify reasonable hydrogenolysis pathways. 

Free energy activation barriers (ΔG҂; Eq. (9)) for C− Cl cleavage over 
bare Pd(111) increase as the ring is dehydrogenated (Fig. 3). The ΔG҂ 
values (353 K) for PhCl activation without dehydrogenation (146 kJ 
mol− 1) and with one dehydrogenated carbon vicinal to the chlorine 
leaving group (165 kJ mol− 1, hereafter denoted as ortho-C6H4Cl* to 
signify the position of the H-loss relative to the Cl substituent) are >100 
kJ mol− 1 lower than the ΔG҂ values for all other considered pathways. 
These results suggest that very little, if any, dehydrogenation of PhCl 
occurs before dechlorination, in contrast to prior work examining al-
kanes and substituted alkanes (e.g., CH3Cl). This is likely because PhCl, 
unlike substituted alkanes, starts unsaturated and thus the C atom in the 
C− Cl bond of interest can bind to the surface without preceding dehy-
drogenation reactions. Because of the large differences in ΔG҂, we only 
focused on PhCl* and ortho-C6H4Cl* activations when considering the 
added effect of Cl* coverage, which required estimating the operating 
coverage of Cl* atoms at these conditions. 

The likely Cl* saturation of the reference state (θsat) was estimated 
for 3 × 3, 3 × 4, 3 × 6, and 4 × 4 Pd(111) surface models. For each 
surface, multiple unique configurations of Cl* binding sites at each 
coverage were considered, and we assumed Cl* was in equilibrium with 
H2 and HCl for analysis purposes (Steps 1.1 and 1.2 in Scheme 1). The 
differential adsorption free energy of adding an additional Cl* to a 
surface containing n Cl* is defined as: 

ΔGdiff = G[(n + 1)Cl*a ] −

(

G[nCl*a ] +G[HCl] −
1
2

G[H2]

)

(15) 

Figure 4 shows ΔGdiff values to reach the most stable Cl* surface 
configurations at each coverage investigated. Calculated ΔGdiff become 
positive above coverages of 1/6 ML on the 3 × 6 and 3 × 4 surface 
models, 3/16 ML on the 4 × 4 surface model, and 1/9 ML on the 3 × 3 

surface model. Positive ΔGdiff values would be unlikely to result in 
adsorption at the given H2:HCl ratios studied in this work (≥10), thus 
these points at which ΔGdiff becomes positive give a strong indication of 
the predicted coverage. However, the harmonic oscillator approxima-
tion used by DFT likely underestimates the entropy of the adsorbed Cl* 
species[78–82] and, therefore, overestimates the magnitude of the en-
tropy loss upon adsorption (ΔSads). Furthermore, the exchan-
ge–correlation functional used here (RPBE) is likely to underpredict Cl* 
binding strength compared to others (e.g., PBE, PW91).[58,83] Taken 
together, we suspect that our ΔGdiff are overestimated by DFT—that 
adsorption is expected to be more favorable than predicted. Given those 
factors, we estimate (using RPBE) that the saturation coverage of Cl* is 
1/4 ML on 3 × 4 or 4 × 4 surfaces, or 1/3 ML on the Pd 3 × 3 or 3 × 6 
surface models as those coverages coincided with large increases in 
ΔGdiff. 

Indeed, ΔGdiff calculations done with PBE (for the 4 × 4 surface) led to 
values ~30 kJ mol− 1 lower at low coverage (1/16 ML) than those obtained 
with RPBE, and about 10 kJ mol− 1 lower at high coverage (7/16 ML). 
These PBE-derived ΔGdiff values also suggest a saturation coverage of 1/4 
ML at the conditions (353 K, H2:HCl > 10) of interest here. We also 
examined how dispersive interactions (estimated using the DFT-D3 
method) influenced RPBE-derived ΔGdiff values. RPBE-D3 predicts ΔGdiff 
values similar to those predicted by PBE. This large shift is somewhat 
surprising given that Cl* adatoms would not be expected to have signifi-
cant dipole–dipole interactions with a metal surface (in contrast to a spe-
cies like hexane, where dispersive interactions are expected to dominate). 
Still, significant shifts in adsorption energy using dispersion-enabled 
methods (D3 or by using exchange–correlation functionals with van der 
Waals interactions built-in) have been seen for other small adsorbates such 
as CO*[84] and H*[23] in prior studies. RPBE-D3, like PBE and RPBE, 
suggests that Cl* saturates 4 × 4 surfaces near 0.25 ML. 

These saturation coverages (0.25–0.33 ML, depending on the unit cell 

Fig. 3. Free energy barriers (ΔG҂; Eq. (9)) for C− Cl bond activation in PhCl- 
derived adsorbates on a bare 4 × 4 Pd(111) surface model (353 K, 1 bar 
H2), where isomers corresponding to the lowest activation barrier at each 
saturation level are shown. Enthalpy barriers (ΔH҂; Eq. (7)) and tabulated data 
are shown in (Fig. S4, Table S4; SI). 

Fig. 4. Differential binding free energies (ΔGdiff; Eq. 16) for incrementally 
adding Cl* to lowest energy configurations on 3 × 3 (blue ●), 3 × 4 (orange ■), 
3 × 6 (green ▴), and 4 × 4 (purple ◆) Pd(111) surface models (353 K). Cal-
culations on the 4 × 4 surface model were also performed using the PBE 
functional (hollow purple ◆, dashed line) and the RPBE functional with the 
DFT-D3 method (hollow purple◆, dotted line). Differential binding enthalpies 
(ΔHdiff) and tabulated data are shown in the Supporting Information (Fig. S5, 
Table S5; SI). 
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size) match the maximum coverage for which Cl* can bind to three-fold 
sites without sharing metal atoms, which is dependent on the period-
icity (and thus the unit cell size) of the surface model. At higher coverages, 
rather than share metal atoms, Cl* shifts to occupy bridge sites (Fig. 5e-f). 
Diffusion between the fcc and hcp binding modes (through the bridge 
site) has a barrier of only 9 kJ mol− 1 at low coverage (1/16 ML), indi-
cating the relative ease with which Cl* can reorganize to minimize 
repulsion between co-adsorbed species. The true coverage (i.e., that not 
influenced by the symmetry requirements of these periodic surface cal-
culations) is likely somewhere between 1/4 and 1/3 ML, but critically, all 
surface models investigated saturate with Cl* coverage well below a 
coverage of 1 ML. 

The inability to reach a 1:1 Cl*:Pdsurf stoichiometry is consistent with 
the measured Cl* saturation on Pd(111) at 300 K, θsat = 0.44 ML, 
determined from LEED studies of Cl* chemisorbed on single crystals. 
[85] That LEED study may have been able to reach 0.44 ML (above the 
1/3 ML limit we predict) because of the lower temperature (300 K vs. 
353 K here) or because Cl* is more willing to share surface metal atoms 
with coadsorbed Cl* or bind in bridge modes than our model predicts. If 
Cl* could bind in bridge sites without penalty, one would expect a 
maximum coverage of 0.5 ML without metal-atom-sharing among 
coadsorbed Cl*. These combined DFT and LEED data suggest that Cl* 
adsorbates are mobile on the Pd surface, repel one another, and prefer to 
bind in three-fold or bridge sites in a manner that results in adlayers with 
Pd atoms that are somewhat accessible to other adsorbates (e.g., H*), as 
discussed below. 

Dechlorination reactions of PhCl* (and ortho-C6H4Cl*) were modeled 
with a varying number of Cl* on the 4 × 4 Pd(111) surface; transition 
states are shown for PhCl* in Fig. 6. As Cl* coverage increases, the space 
occluded by the phenyl group decreases as it partially lifts off the surface 
(Fig. 6). This suggests that the phenyl group can alter its binding 
configuration to take up less space depending on the Cl* surface coverage. 
Since diffusion barriers for Cl* are relatively low and the Cl/Pdsurf ratio is 
well below 1, Cl* can rearrange on the surface to accommodate additional 
adsorbed species. Thus, C6H5* can bind to the surface without requiring 
Cl* to desorb. The single-site requirement (ℓ = 1) suggested by the 

kinetics data (Section 3.1) reflects the need to desorb one surface Cl* to 
accommodate the additional adsorbed Cl* generated from C− Cl activa-
tion (the rate-determining step) and that one does not have to desorb an 
additional Cl* to accommodate the C6H5* product. 

DFT calculations using RPBE or PBE, however, predict that 2Cl* are 
removed from the surface before PhCl dechlorination (Fig. 7). Effective 
free energy barrier (ΔG҂; Eq. (9)) values for PhCl* dechlorination 
decrease from 161 kJ mol− 1 to 148 kJ mol− 1 (using RPBE) as the number 
of Cl* removed from the surface increases (ℓ) from 0 to 2, and then 
increase with additional Cl* removals. Using PBE, which predicts 
stronger binding of adsorbates (both Cl* and PhCl*), also sees that ΔG҂ 
reaches a minimum value at an ℓ value of 2. Notably, PBE predicts lower 
ΔG҂ values than RPBE at low ℓ values (0–1) and similar ΔG҂ values at 
higher ℓ values (3–4). This behavior makes sense, as PBE predicts 
stronger binding than RPBE, and ΔG҂ reflects a replacement of ℓ Cl* 
adatoms with a Ph− Cl* transition state, leading to a compensation effect 
that cancels out differences between the two functionals because the 
shifts in binding strength for Cl* and the Ph− Cl*҂ transition state are 
similar. However, comparing RPBE and RPBE-D3, the shifts in binding 
strength are dissimilar between Cl* and the Ph− Cl*҂ transition state 
because their sizes are so different. This results in RPBE-D3 predicting a 
smaller number of required vacancies—somewhere between 0 and 
1—based on the very similar ΔG҂ values (68 and 69 kJ mol− 1). It is 
likely that RPBE-D3 overestimates the adsorption energies of the PhCl- 
derived transition state (further discussed below), and that RPBE un-
derestimates it, such that the true values are within the large ranges 
shown in Fig. 7. Barriers for C− Cl activation in ortho-C6H4Cl* continu-
ally decrease from 219 kJ mol− 1 to 179 kJ mol− 1 as the number of Cl* 
removed increases from 0 to 4 (using RPBE). These results, taken 
together, show that C− Cl activations in PhCl* are more likely than in 
partially dehydrogenated species (Figs. 3 and 7), and that, depending on 
the DFT methods used (RPBE, RPBE-D3, PBE), our model predicts that 
the reaction occurs after 0–2Cl* are removed (ℓ = 0–2) from the 0.25 ML 
Cl* resting state, capturing the measured value (of 1). This analysis of 
ΔG҂ values, however, assumes that the C− Cl bond activation is the sole 
rate-determining step, which we can assess by examining the subsequent 

Fig. 5. Differential binding free energies (bold) and enthalpies (italic) in units of kJ mol− 1 and corresponding Cl* surface configurations (a-f) for the 4 × 4 Pd(111) 
surface model at 353 K. The unit cell is denoted by the dashed lines. 
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hydrogenation of C6H5* to form benzene. 
Reaction coordinate diagrams (ΔG҂, 353 K) with (RPBE-D3) and 

without (RPBE) dispersion for Cl* reduction and desorption (as HCl), 
C–Cl activation, C–H formation, and desorption of produced benzene are 
shown in Fig. 8. Discussion centers around values without dispersion 

(RPBE) unless otherwise noted. In the mechanism consistent with the 
experimental kinetic trends, corresponding to ℓ = 1, desorption of a 
single Cl* (ΔG = − 1 kJ mol− 1; Steps 1.1 and 1.2 combined) produces 
one HCl molecule. The relative free energies of the resulting states are 
near zero, consistent with Fig. 4 showing weak (near-zero) Cl* adsorp-
tion free energies near 0.25 ML. Surface Cl* desorptions are followed by 
adsorption of PhCl to form PhCl* (Step 1.3), which occurs with a large 
positive ΔGads (104 kJ mol− 1) when using RPBE, and with a negative 
ΔGads (− 34 kJ mol− 1) when using RPBE-D3. This ~130 kJ mol− 1 shift in 
adsorption free energy with dispersive interactions is likely an over-
estimate, but the large and positive values of ΔGads in the absence of 
dispersive corrections highlights the significant dipole–dipole in-
teractions that are expected between large reactants and the catalyst 
surface.[86–93] Then C− Cl bond rupture occurs (ΔG҂ = 168 kJ mol− 1, 
ΔGact = 65 kJ mol− 1; Step 1.4), resulting in an adsorbed phenyl and Cl*. 
H2 dissociatively adsorbs to the surface to provide an adsorbed H* 
(ΔGads = − 1 kJ mol− 1; Step 1.1), followed by hydrogenation of C6H5* 
(ΔG҂ = 141 kJ mol− 1, ΔGact = 24 kJ mol− 1; Step 1.5). The resulting 
adsorbed benzene (ΔG = 25 kJ mol− 1; Step 1.6) then desorbs from the 
surface to regenerate the reference surface with 4Cl* (ΔG = − 65 kJ 
mol− 1; Step 1.6). In this sequence, the largest effective and intrinsic 
barriers occur for dechlorination (ΔG҂ = 148 kJ mol− 1, ΔGact = 71 kJ 
mol− 1; Step 1.4), regardless of whether RPBE or RPBE-D3 methods are 
used, suggesting it is indeed the sole rate-determining step, which is also 
consistent with our experimental kinetic isotope effect measurements. 

The inconsistency between the DFT-predicted ℓ values (RPBE and 
PBE) and those from kinetic measurements could be explained by the 
lack of dispersive interactions (as suggested by the RPBE-D3 results) or 
from the shortcomings of flat, periodic surface models.[21,84,94,95] 
When transition states are larger than the species they replace during a 
kinetic cycle (in this case, the Ph− Cl*҂ is larger than the single Cl* it 
replaces), it creates strain in the adlayer for reactions at high coverage. 
[21] This strain, in the case of a flat periodic catalyst model, creates 
repulsive interactions between transition states in neighboring unit cells 
which consequently overestimates co-adsorbate interactions and 

Fig. 6. Predicted transition state structures for C− Cl activation, the rate-determining step in PhCl hydrogenolysis. Image e) corresponds to ℓ = 0, since 4Cl* on the 
surface is the reference state in this work. Cl* coverage increases from image a) to image f). Free energy and enthalpy barriers are in kJ mol− 1. The unit cell is denoted 
by dashed lines. 

Fig. 7. Free energy barriers (ΔG҂; Eq. (9)) of C− Cl bond activation for PhCl* 
(blue) and ortho-C6H4Cl* (orange) as a function of Cl* removed from the sur-
face before bond activation on a 4 × 4 Pd(111) surface model with 4Cl* (353 K, 
1 bar H2). Solid points were calculated with the RPBE functional, whereas 
hollow points were calculated with PBE (dashed line) and RPBE-D3 (dotted 
line). Enthalpy barriers (ΔH҂; Eq. (7)) and tabulated data are shown in the 
Supporting Information (Fig. S6, Table S6; SI). 
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overpredicts the desorption requirements from the adlayer. For 
example, calculations of ethane hydrogenolysis on similar flat periodic 
models predict that 4H* must desorb from a H*-covered Ir surface, in 
contrast to the 2H* predicted by calculations on a H*-covered Ir nano-
particle model (the latter of which being consistent with measured ki-
netic data).[19–21] Either of these explanations (overpredicted Cl* 
coverage or overpredicted co-adsorbate repulsions) would explain the 
slight inconsistency here with kinetic measurements. Overall, these DFT 
calculations help to explain the ‘single-site’ dechlorination observed by 
showing that both H* and C6H5* co-adsorbates can bind to the Pd sur-
face within the Cl* adlayer without concomitant Cl* desorption, such 
that one Cl* is removed from the surface prior to dechlorination (which 
replaces that Cl*). 

All DFT methods employed here suggest that Cl* surfaces saturate at 
coverages far beneath 1 ML, leaving interstitial sites that can bind H*, 
PhCl*, and the Ph* product of Ph− Cl dissociation. DFT-calculated 
adsorption energies for these species on Cl*-covered surfaces (0.25 
ML) suggest that their adsorptions do not require concomitant Cl* 
desorption. In other words, our calculations suggest that the interstitial 
regions between Cl* can accommodate small amounts of these other 
reaction intermediates, consistent with Scheme 1. H* adsorption en-
ergies (referenced to ½ H2) decrease from − 38 kJ mol− 1 on a bare Pd 
surface to − 20 kJ mol− 1 (or − 29 kJ mol− 1 with RPBE-D3) at 0.25 ML Cl* 
(Table S2), an increase consistent with co-adsorbate repulsions that are 

present, but ultimately too weak to prevent H* adsorption to such sites. 
PhCl* adsorption, similarly, is weakened by co-adsorbed Cl*, but its 
adsorption energy to interstitial sites is still − 97 kJ mol− 1 using RPBE- 
D3 (Table S3), suggesting that PhCl* can adsorb without requiring 
concomitant desorption of Cl*. These adsorption energies (Tables S2- 
S3), the activation free energies (Fig. 7-8), and the Ph− Cl*҂ transition 
state structures (Fig. 6) all suggest that incomplete coverage of Cl* on 
these metal surfaces enables this reaction, which forms two surface 
species (Ph* and Cl*), to occur following a single Cl* desorption (rather 
than two), consistent with the observed rate equation (Eq. (11). This can 
be conceptualized using a model characterized by two unique types of 
adsorption sites, in which one site-type (site ‘a’ in Scheme 1) reflects the 
Cl*-adlayer (saturated near 0.25–0.33 ML at conditions of interest) and 
the other site-type (site ‘b’ in Scheme 1) reflects interstitial regions 
within the Cl* adlayer that can bind PhCl*, H*, and Ph* intermediates 
necessary for PhCl hydrogenolysis. 

4. Conclusions 

Gas-phase kinetics for PhCl hydrodechlorination in a reaction- 
limited regime exhibit high selectivity (>95 %) for benzene produc-
tion and HCl on 5 % Pd/C catalyst particles. Measured reaction orders 
are 1, 0.5, and − 1 for PhCl, H2, and HCl, respectively, consistent with 
previous work on PhCl hydrodechlorination.[47,48] Kinetic isotope 

Fig. 8. DFT-derived reaction free energy diagram for two possible PhCl hydrogenolysis mechanisms calculated with RPBE (ℓ = 1, ΔG҂ = 168 kJ mol− 1; ℓ = 2, ΔG҂ =
148 kJ mol− 1) and RPBE-D3 (ℓ = 1, ΔG҂ = 69 kJ mol− 1; ℓ = 2, ΔG҂ = 77 kJ mol− 1) relative to a Pd(111) surface with 4Cl* and gas phase reactants at 353 K. Intrinsic 
activation barriers (ΔGact) are provided in parentheses for each transition state and arrows indicate gaseous species adsorbing or desorbing from the catalyst surface. 
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experiments found that hydrogen was not involved in the rate- 
determining step. As temperature is decreased, PhCl pressure depen-
dence approaches zero, and H2 pressure dependence remains nonzero, 
indicating competition between PhCl and H2 adsorption. The MASI on 
the surface is most likely Cl* at conditions used in this study (99.6–101 
kPa H2, 0.2–1.1 kPa PhCl, 50 % PhCl conversion at 313 K, 323 K, 343 K, 
and 353 K). 

A reaction mechanism was proposed based on insights from both 
kinetic experiments and theory. The mechanism assumes quasi- 
equilibrated adsorption and desorption events and kinetically relevant 
dechlorination as the sole rate-determining step. Experimental and DFT 
data agreed that no dehydrogenation of the phenyl ring occurs prior to 
the dechlorination, which can be attributed to the stability of an aro-
matic and the already unsaturated nature of the carbon involved in bond 
cleavage. This contrasts with the reactive intermediates predicted for 
saturated species, as the carbon on methyl chloride is predicted to un-
dergo two dehydrogenation events.[27] DFT results suggest that H* and 
C6H5* species are not in site competition with Cl* (depicted here as a 
two-site mechanism) because those species bind interstitially within the 
Cl* adlayer without requiring Cl* desorption to occur. This is because 
Cl* coverages are far less than unity and Cl* species are mobile. Cl* 
coverages do not reach a 1:1 Cl*:Pdsurf saturation, and likely saturate 
closer to 1:3 or even 1:4 Cl*:Pdsurf at these conditions (313–353 K, H2/ 
HCl near 100). Cl* diffusion barriers on Pd(111) are <10 kJ mol− 1. 
These data can be described using a two-site mechanism that requires 
one Cl* desorption prior to dechlorination and leads to a rate equation in 
agreement with kinetic data measured here and in prior work[35,47,48] 
with a more-physical underpinning than the single-site Eley-Rideal style 
mechanism previously accepted.[47] 
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H. Knözinger, F. Schüth, J. Weitkamp (Eds.), Handbook of Heterogeneous 
Catalysis: Online, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 
2008, https://doi.org/10.1002/9783527610044.hetcat0038. 

[51] V.W. Weekman, Laboratory reactors and their limitations, AIChE J. 20 (1974) 
833–840, https://doi.org/10.1002/aic.690200502. 

[52] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set, Comp. Mater. Sci. 6 (1996) 
15–50, https://doi.org/10.1016/0927-0256(96)00008-0. 

[53] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set, Phys. Rev. b. 54 (1996) 11169–11186, 
https://doi.org/10.1103/PhysRevB.54.11169. 

[54] G. Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals, Phys. Rev. b. 
47 (1993) 558–561, https://doi.org/10.1103/PhysRevB.47.558. 

[55] G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation of the liquid-metal- 
amorphous-semiconductor transition in germanium, Phys. Rev. b. 49 (1994) 
14251–14269, https://doi.org/10.1103/PhysRevB.49.14251. 

[56] J. Hafner, Ab-initio simulations of materials using VASP: density-functional theory 
and beyond, J. Comput. Chem. 29 (2008) 2044–2078, https://doi.org/10.1002/ 
jcc.21057. 

[57] P. Kravchenko, C. Plaisance, D. Hibbitts, A new computational interface for 
catalysis, Published as pre-print on https://chemrxiv.org/articles/preprint/ 
8040737 (2019). https://doi.org/10.26434/chemrxiv.8040737.v3. 

[58] B. Hammer, L.B. Hansen, J.K. Nørskov, Improved adsorption energetics within 
density-functional theory using revised Perdew-Burke-Ernzerhof functionals, Phys. 
Rev. b. 59 (1999) 7413–7421, https://doi.org/10.1103/PhysRevB.59.7413. 

[59] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 
simple, Phys. Rev. Lett. 77 (1996) 3865–3868, https://doi.org/10.1103/ 
PhysRevLett.77.3865. 

[60] Y. Zhang, W. Yang, Comment on “Generalized Gradient Approximation Made 
Simple”, Phys. Rev. Lett. 80 (1998) 890, https://doi.org/10.1103/ 
PhysRevLett.80.890. 

[61] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio 
parametrization of density functional dispersion correction (DFT-D) for the 94 
elements H-Pu, J. Chem. Phys. 132 (2010) 154104, https://doi.org/10.1063/ 
1.3382344. 

[62] S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping function in dispersion 
corrected density functional theory, J. Comput. Chem. 32 (2011) 1456–1465, 
https://doi.org/10.1002/jcc.21759. 
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