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ABSTRACT: The efficient transfer of H2 plays a critical role in catalytic
hydrogenation, particularly for the removal of recalcitrant contaminants from
water. One of the most persistent contaminants, perfluorooctanoic acid (PFOA),
was used to investigate how the method of H2 transfer affected the catalytic
hydrodefluorination ability of elemental palladium nanoparticles (Pd0NPs).
Pd0NPs were synthesized through an in situ autocatalytic reduction of Pd2+ driven
by H2 from the membrane. The Pd0 nanoparticles were directly deposited onto
the membrane fibers to form the catalyst film. Direct delivery of H2 to Pd0NPs
through the walls of nonporous gas transfer membranes enhanced the
hydrodefluorination of PFOA, compared to delivering H2 through the headspace.
A higher H2 lumen pressure (20 vs 5 psig) also significantly increased the
defluorination rate, although 5 psig H2 flux was sufficient for full reductive
defluorination of PFOA. Calculations made using density functional theory
(DFT) suggest that subsurface hydrogen delivered directly from the membrane increases and accelerates hydrodefluorination by
creating a higher coverage of reactive hydrogen species on the Pd0NP catalyst compared to H2 delivery through the headspace. This
study documents the crucial role of the H2 transfer method in the catalytic hydrogenation of PFOA and provides mechanistic
insights into how membrane delivery accelerates hydrodefluorination.
KEYWORDS: hydrodefluorination, H2 supply, Pd0NPs, perfluorooctanoic acid (PFOA), activated hydrogen atoms (H*)

■ INTRODUCTION
Catalytic hydrogenation, one of the most important processes
in synthetic chemistry, involves the addition of molecular
hydrogen (H2) to unsaturated substrates, resulting in the
formation of saturated products.1 This versatile methodology
has been extensively employed in the synthesis of pharma-
ceuticals, agrochemicals, and specialty chemicals.2 Moreover,
catalytic hydrogenation plays a pivotal role in environmental
applications, such as the removal of recalcitrant contaminants,
including halogenated (e.g., chlorophenols,3 trichloroacetic
acid,4 and trichloroethane5) and nitrated (e.g., explosives such
as TNT, PETN, and hexogen/RDX6) organic compounds.
H2 plays a crucial role in catalytic hydrogenation by serving

as a carrier of hydrogen atoms and their reducing equivalents.7

H2-induced hydrogenation involving metal catalysts occurs
when both reactants (the oxidized contaminant and H2) first
adsorb on the catalyst surface.8 For classical gas-phase
hydrogenation, H2 dissociates rapidly to become activated-H
atoms on the catalyst’s exterior surface, creating an equilibrium
between gaseous molecular H2 and surface-bound hydrogen
atoms (H*ads).9 H*ads atoms can migrate into the subsurface
region within the catalyst’s lattice, forming subsurface hydro-
gen species (H*sub)10 that often exhibit enhanced hydro-
genation rates during heterogenous catalysis.11−14

In the gas phase, the initial formation of H*ads from H2 and
its subsequent subsurface intercalation in the Pd lattice occur
rapidly.15 The situation differs when the hydrogenation
reactions occur in an aqueous solution, such as when treating
halogenated water pollutants. The low water solubility of H2
(0.016 g of H2/kg of water at 20 °C) and the consequent slow
rates of H2 transfer from the gas phase to the bulk liquid and
then to the catalyst surface (indirect H2 transfer) significantly
slow catalytic hydrogenation.16 Conventional methods of
delivering H2 through bubbling and/or with a high-pressure
headspace waste H2 and can create a combustible atmosphere
due to off-gassing. Depositing catalysts on nonporous hollow-
fiber membranes provides precise bubble-free delivery of H2 to
the catalyst, which overcomes inefficient H2 transfer due to low
H2 solubility and H2 off-gassing that could create a combustion
hazard.17 The counterdirectional diffusion of H2 and the
oxidized contaminant makes the rate of H2 delivery self-
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controlled. Furthermore, the delivery of H2 to the base of the
catalyst layer should promote the formation of reactive
subsurface H*sub species while also eliminating the mass
transfer limitation from the need to dissolve H2 in the bulk
liquid.20

Our previous research reported that catalytic activities in
hydrogenation of recalcitrant oxidized contaminants, including
trichloroethene and trichlorofluoromethane,18 were signifi-
cantly enhanced (102−104 times higher) when H2 was
delivered bubble-free to the catalysts (mostly zerovalent
palladium nanoparticles (Pd0NP)) deposited directly on the
nonporous gas-transfer membranes. Herein, we study the
underlying mechanisms by focusing on one of the most
recalcitrant halogenated contaminants, perfluorooctanoic acid
(PFOA, C7F15COOH).

19 We compare the performances of
different H2-transfer approaches for complete or partial PFOA
hydrodefluorination catalyzed by Pd0NP20

+ + ++n n n

n

C F COOH H C H F COOH H F

(1 15)
n n7 15 2 7 15

(1)

In particular, we study the catalytic activity for hydro-
defluorination of 10-μM PFOA, which is a level relevant to
certain wastewaters and contaminated groundwaters.21 The
observation of much faster kinetics with direct membrane
delivery supports the hypothesis that direct H2 transfer from
the membrane to the catalyst increases the population of
surface H*ads and subsurface H*sub, which is the more active
form of hydrogen11,14,22 and which accelerates PFOA hydro-
defluorination. To support this explanation, we used DFT
calculations to examine how H* coverage affects PFOA
adsorption and the differences in reactivity of H* atoms
originating from the subsurface versus the surface during
PFOA hydrodefluorination.

■ MATERIALS AND METHODS
Bench-Scale MCfR Setup. The configuration of the

bench-scale membrane catalyst film reactor (MCfR), shown
in Figure S1, was similar to that in our previous work.20 The
MCfR consisted of a 30 cm glass tube connected to a
recirculation pump (Masterflex) giving a recirculation rate of
150 mL/min to mix the liquid contents thoroughly. The MCfR
contained 120 hollow-fiber membranes (monolayer polypro-
pylene; Teijin, Ltd., Japan) with an outer diameter of 200 μm,
an inner diameter of 100 μm, and a wall thickness of 50 μm.
Hydrogen gas (H2) was provided to both ends of the bundle
via a pressure regulator that controlled the H2 pressure and H2
delivery capacity.

Synthesis of Pd0NP Catalysts. We prepared a Pd2+
precursor solution by dissolving 5 mM sodium tetrachlor-
opalladate (Na2PdCl4) in deionized (DI) water, which gave a
Pd loading of 0.9 g/m2, which was the best loading in our
previous PFOA study.20 After filling the MCfR with the
solution, the MCfR was kept in batch mode for 24 h until the
liquid phase contained no more than 1% of the original Pd2+.
Pd2+ was autocatalytically reduced by H2 to Pd0 and deposited
on the membrane, which was the source of H2. By measuring
the concentration of remaining Pd2+ in the liquid phase after
24 h, we calculated a total surface loading of 0.016 ± 0.002 g of
Pd0 deposited onto the membrane surface, giving a surface
density of 0.9 ± 0.1 g/m2. After the precursor liquid was
drained from the MCfR, the MCfR was rinsed three times with
DI water.

Batch Tests. Four freshly prepared MCfR reactors were
operated under the following conditions: N2 in the fiber lumen
and headspace (no-H2 control); H2 in the headspace and N2 in
the fiber lumen; 5 psig (1.3 atm absolute) H2 in the lumen;
and 20 psig (2.3 atm absolute) H2 in the lumen. The MCfRs
were first purged with pure N2 gas at 20 psig (2.3 atm
absolute) for 15 min to eliminate O2, and then, the PFOA
stock solution (initial concentration = 10 μM, pH buffered at
4) was rapidly introduced (∼10 s) using a feeding pump to
begin each batch test. We collected liquid samples from the
MCfR using 3 mL syringes and immediately filtered the sample
through 0.22 μm PES membrane filters (NEST Scientific) to
eliminate any solids for the subsequent analyses. Figure S2
shows that filtering did not result in any loss of PFOA.23 The
initial pH was buffered by adding 1.5 mM phosphate buffer,
which maintained the pH and did not affect reactivity.
After a reaction was completed, we immersed the whole

fibers into 40 mL of methanol for 7 days to extract PFOA from
the Pd0NP surface in order to quantify the total PFOA amount
on the Pd0NPs’ surface. In the no-H2 control (no hydro-
defluorination), we achieved an average recovery of 97% of
PFOA using methanol extraction. PFOA was measured after
the methanol extraction.

Nanoparticle Collection and Solid-State Character-
ization. After the batch tests, we cut several pieces of the
membrane from the MCfRs and prepared these samples
according to our established procedure for solid-state
analyses.24 We examined the fibers using JEM-ARM200F
scanning transmission electron microscopy (STEM), Krator
Axis Supra X-ray photoelectron spectroscopy for valent
analysis (XPS), and Malvern PANalytical Aeris X-ray powder
diffraction (XRD).

Analyses of Liquid Samples and PFOA Adsorption
Calculations. We utilized an ion chromatograph (IC-930,
Metrohm) to analyze F− and an Agilent 1290 UPLC coupled
to a 6490 triple quadrupole mass spectrometer system (QQQ-
MS) to measure PFOA based on the EPA Method 537.1.20

Detailed analysis methods are summarized in Section 1 of the
SI.
PFOA removed through defluorination was computed as the

difference between the initial mass of PFOA and the sum of
the masses in the liquid and on the surface. This computation
is based on our understanding that PFOA retained on the
Pd0NP surface was present on sites of nondefluorinative
adsorption, while the PFOA initially adsorbed to defluorinative
sites had been defluorinated and removed. The proportions of
nondefluorinative adsorption and defluorinative adsorption
were calculated from

=

nondefluorinative adsorption proportion

PFOA on thePd NPs surface
initial PFOA

0

(2)

=

defluorinative adsorption proportion
PFOA defluorinated

initial PFOA (3)

Detailed calculations of the H2-delivery capacity from the
lumen and the PFOA flux are summarized in Section 2 in the
SI.
The odds ratios for the peak area of the intermediate

products were computed from
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=ln OR ln
fiber 20 psig H

fiber 5 psig H

2

2 (4)

■ COMPUTATIONAL METHODS
The Vienna Ab initio Simulation Package25 (VASP 5.4.4), in
conjunction with the VASPsol implicit solvation model,26 was
applied to perform the DFT calculations. We used the same
computational settings as reported in our previous work.8

To investigate how adsorption modes can be controlled by
surface H* coverage, we computed the adsorption energy of
the PFOA molecule (ΔEPd/PFOAads ) using eq 4

=E E E EPd/PFOA
ads

Pd/PFOA Pd PFOA (5)

where EPd/PFOA is the energy of PFOA adsorbed on the Pd
surface, EPd is the energy of the Pd (111) slab at different H*
coverages (i.e., 0 ML surface H*, 0.5 ML surface H*, 0.75 ML
surface H*, 1 ML surface H*, as well as 1 ML surface H* and
subsurface H*), and EPFOA is the energy of the isolated PFOA
molecule. The carboxylate headgroup forms Pd−O bonds with

the Pd surface in perpendicular adsorption mode and only the
tail chain group of PFOA interacts with the surface via van der
Waals interactions in parallel adsorption mode.
We also calculated the reaction energy of the first PFOA

hydrodefluorination step (ΔEH/F) at the α-position −CF2−
(i.e., adjacent to −COO−)27 on the Pd0 system in eq 6 (Figure
4A)

+ + * * + +C F COO
1
2

H H C F HCOO HF7 15 2 7 14

(6)

using eq 7

= * + + *E E E E E E

E

1
2H/F HF C F HCOO Pd Rh H H

C F COO

7 14 2

7 15 (7)

where EHF, EPd−Hd2
, and ECd7Fd15

COO− represent the energy of the
isolated HF, H2, C7F14HCOO−, and C7F15COO− molecules,
respectively, EPd−H* represents the energy of the Pd surface
with 1 ML surface H* covering with or without the presence of

Figure 1. (A) XPS spectra of a Pd0 fiber. (B) XRD spectra of a Pd0 fiber. (C, E) TEM images of the cross-section of a Pd0 fiber. (D) Size
distribution of the nanoparticles of (C). (F) Diffraction patterns of Pd0NPs from (E).
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subsurface H*, and E* represents the corresponding surface
with one surface H* removed.

■ RESULTS AND DISCUSSION
Characterization of Palladium on Membranes. Figure

1 presents the XPS, XRD, and STEM properties of a Pd film in
the MCfR. The XPS analysis (Figure 1A) of the Pd film on the
MCfR surface reveals the presence of fully reduced Pd0, as
evidenced by a single asymmetric peak in the Pd 3d5/2 energy
at 335.3 eV and the Pd 3d3/2 energy at 340.5 eV.

28 The XRD
analysis (Figure 1B) indicates the presence of Pd0, with the
characteristic (111) peak at 40.4 2θ degree. According to the
STEM images of the Pd film (Figure 1C,E), Pd0NPs were
dispersed evenly and attached onto the membrane fibers as a

continuous Pd0NP film. The average size of the Pd0NPs was
4.7 ± 0.7 nm based on 108 counts in Figure 1D, which is
similar to those in the previously reported MCfR systems.18

The diffraction patterns shown in Figure 1F indicate two
planes of Pd0, (111) and (200), which correspond to the XRD
planes.

Batch Tests with Different H2-Supply Methods. Figure
2 shows the results of catalytic hydrodefluorination of PFOA
with Pd0NPs using the same initial conditions: ∼10 μM initial
concentration of PFOA, 0.9 g/m2 Pd0NP loaded on the
membranes, 22 °C, and pH 4. The figure presents the PFOA
removal rate and degree of F− release for the four H2-supply
methods, all with the Pd0NPs deposited on the membranes:
no-H2 control, 20 psig H2 in the headspace, and 5 psig H2 or

Figure 2. (A) PFOA removal rates, defluorination rate constants, and defluorination ratios for catalytic reductive defluorination of ∼10 μM PFOA
in the MCfR with Pd0NPs at pH ∼ 4 with 20 psig N2, headspace H2, 5 psig H2, or 20 psig H2. (B) Mass balances of PFOA concentration in
different phases in the MCfR with Pd0NPs at pH ∼ 4 with 20 psig N2, headspace H2, 5 psig H2, or 20 psig H2. Controls have no Pd0NPs and 20
psig H2.

Figure 3. Odds ratios for the peak area of partially fluorinated products in Fiber 5 psig H2 and Fiber 20 psig H2 compared to Headspace 20 psig H2.
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20 psig H2 supply through the membrane. Also shown is a no-
Pd control. Figure 3 shows odds ratios for the peak area of
partially fluorinated products in Fiber 5 psig H2 and Fiber 20
psig H2 compared to Headspace 20 psig H2. The pH slightly
decreased to 3.8 after the reaction.

Trade-Offs between Nondestructive and Hydrode-
fluorination Adsorptions on Pd0NPs. In the absence of
Pd0NPs (the no-Pd control), 100% of the added PFOA
remained in the liquid at the end of the batch test, indicating
that neither adsorption nor defluorination occurred on the
fibers. In the absence of H2 and in the presence of N2 (the no-
H2 control with Pd0NPs), PFOA was depleted at a pseudo-
first-order rate of 0.11 h−1, but no F− release was observed over
24 h. 160 μg of PFOA was extracted from the Pd0NP surface,
which means that 97% of the initial PFOA was retained via
nondestructive adsorption on the Pd0NP surface. In the
presence of Pd0NPs and H2, PFOA removal occurred and F−

release was observed. Extraction of PFOA at the end of the
experiment was significantly reduced, further confirming that
the depletion of PFOA was substantially attributed to the
destructive adsorption of PFOA on the Pd0NP surface in the
presence of H*ads. These phenomena verify that Pd0NPs
catalyzed PFOA defluorination only when H2 was present.

Hydrodefluorination Kinetics and Degree Depending
on the Gas-Transfer Approach. When 20 psig H2 was
supplied from the headspace, the rates of PFOA removal and
F− release were 0.1 h−1 and 0.2 μM/h, respectively (Figure
2A), and 77% of the initial PFOA was extracted with methanol.
When the same 20 psig H2 was supplied through the
nonporous membrane, the rate of PFOA removal was 50%
slower, but the rate of defluorination was 10-fold faster.
Accordingly, only 37% of the initial PFOA was extracted from
the Pd0NP surface. When H2 was supplied to the base of the

Pd0NP film (from the lumen of the hollow fibers via diffusion
through the membrane wall), the bubble-free form of H2
delivered through the membrane could be directly adsorbed by
the Pd0NPs deposited on the membrane surface, which
eliminated the need for interphase mass transfer, enhanced
the coverage of H* formation on the Pd0NP surface,15 and in
turn increased the defluorination rate. Additional tests with a
more facile nitrite reduction reaction (Section 4 and Table S2
of the SI) also indicate that H* was more abundant when H2
was supplied from the nonporous membrane compared to
delivery from the headspace. With H*ads blocking PFOA
chemisorption (vide infra), increased coverage of H*ads also
explains why the PFOA removal rate via adsorption was lower
when 20 psig H2 was delivered from the membrane compared
to the headspace.

Hydrodefluorination Kinetics and Degree Varying
with Different H2 Fluxes. When 5 psig H2 was supplied
through the nonporous membrane, the rate constants for
PFOA removal and F− release were 0.09 h−1 and 0.4 μM/h,
respectively, and 69% of the initial PFOA was extracted with
methanol from the Pd0NP surface. Compared to membrane
delivery with a H2 pressure of 20 psig, the rate of PFOA
removal was 36% faster, but the rate of defluorination was
fivefold slower. Accordingly, while 51% PFOA was removed
through hydrodefluorination for 20 psig, it was only 27.5% for
5 psig. Thus, the lower H2 pressure (5 vs 20 psig) dramatically
decreased the defluorination rate, even though a lumen
pressure of 5 psig H2 had a H2-supply capacity (57.5 e−

meq/m2-day) much greater than the H2 demand for full
reductive defluorination of PFOA (0.86 e− meq/m2-day). This
demonstrates that direct H2 delivery via the membrane has
another effect besides simply delivering enough of the reactive
electron donor. This observation suggests that H2 delivery

Figure 4. Adsorption configuration of PFOA− on the Pd0 (111) surface in parallel and perpendicular adsorption modes at different H* surface
coverage (bare, partially covered, and fully covered H*) along with the respective calculated adsorption energy.
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affects the H* coverage, which, in turn, impacts PFOA
adsorption and defluorination rates.
As shown in Figure 3, the abundance of hydrodefluorination

products, including partially and nonfluorinated products,
increased after the reaction in water using 5 and 20 psig H2
supplied through the membrane compared to 20 psig H2
supplied indirectly from the headspace. Specifically, the
concentration of the nonfluorinated product octanoic acid
was less than 0.1 μM, and it was twofold higher with fiber
delivery at 5 psig H2 and fivefold higher with fiber delivery at
20 psig H2. Moreover, the abundance of hydrodefluorination
products with fiber delivery at 20 psig H2 was greater than that
with fiber delivery at 5 psig H2, which is also consistent with
the defluorination results.
In summary, H2 delivered directly to the Pd0NPs from

nonporous membranes significantly increased the rate of
defluorination over that of H2 delivered through the headspace.
As the H2-delivery rate increased, the proportion of
defluorinative adsorption increased: 0% (no-H2 control),
21% (20 psig H2 through the headspace), 28% (5 psig H2
through the membrane), and 51% (20 psig H2 through the
membrane).

Mechanistic Insights into PFOA Adsorption and
Defluorination with Varying H* Coverage. The exper-
imental trends in the previous section demonstrate that the
hydrogen coverage affected the PFOA adsorption and
defluorination rates. We hypothesize that a high density of
surface hydrogen atoms blocked the formation of direct
chemical bonds between the PFOA carboxylate headgroup and
the surface (i.e., chemisorption), which would explain the
observed decrease in PFOA adsorption rates at higher H2
pressures. At the same time, the more effective H2 delivery

through the membrane promoted defluorination because more
H* species were available for the reaction. Figures 4 and 5
summarize our DFT calculations investigating how PFOA
adsorption modes correlate with the H* surface/subsurface
coverage and the related hydrodefluorination reaction energy.
As summarized in Figures 4 and S3, on a bare Pd(111)

surface, deprotonated PFOA prefers to adsorb perpendicular to
the surface through the formation of Pd−O bonds (i.e.,
chemisorption), where ΔEPd/PFOAads = −1.19 eV. In contrast,
PFOA adsorbs parallel to the surface on a fully H*-covered
Pd(111) surface, where ΔEPd/PFOAads = −0.66 eV. Adsorbed H*
atoms block the formation of strong Pd−O bonds and prevent
the carboxylate headgroup of PFOA from directly bonding to
the surface, corroborating the experimental observation that
PFOA adsorption is slower at higher H2 pressure. We found
that a Pd0NP surface with partial H* coverage at 0.5 or 0.75 of
a hydrogen monolayer (ML), where 1 ML corresponds to a
surface with all sites occupied by H*, also leads to
perpendicular PFOA adsorption through the carboxylate
group: ΔEPd/PFOAads = −1.15 eV at 0.5 ML and ΔEPd/PFOAads =
−1.14 eV at 0.75 ML. Thus, partial H* coverage only had a
small effect on the PFOA-binding mode and strength because
bare Pd sites still were available for PFOA chemisorption.
These DFT computations demonstrate that when Pd sites do
not have adsorbed H*, deprotonated PFOA tends to bind to
those sites in a perpendicular orientation by forming strong
Pd−O bonds. The defluorination rate is affected by the
adsorption orientation of the PFOA molecule. We posit that
parallelly bound PFOA more readily undergoes catalytic
reduction by surface H* because of the proximity of the F
atoms to the active H* sites on the surface. In contrast, a
perpendicularly bound PFOA has a much greater separation

Figure 5. (A) Adsorption configuration of PFOA on the Pd0(111) surface in parallel mode with the subsurface H*. A schematic of the
hydrodefluorination reaction of PFOA over a H*-covered Pd0(111) surface (B) without and (C) with subsurface H*:

+ + * * + +C F COO H H C F HCOO HF7 15
1
2 2 7 14 . The red circle highlights the reacting surface H* on the Pd0 surface. (D) Resurfacing

energy is −0.38 eV when subsurface H* migrates to surface H* in the Pd0 system. The energy is computed on a per-H atom basis. Atom colors:
green: F, gray: C, red: O, white: H, and dark green: Pd0.
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between H* on the surface and the C−F bonds in the
molecule. This difference could explain the observed trade-off
between adsorption rates and defluorination rates.
We also examined the hydrodefluorination reaction of

PFOA over a H*-covered Pd0(111) surface with and without
subsurface H*; the results are summarized in Figure 5. To
understand how the presence of subsurface H* affected the
hydrodefluorination of PFOA, we first computed the parallel
adsorption energy of PFOA on the Pd surface with 1 ML
(monolayer) surface H* and 1 ML subsurface H*. We found
that subsurface H* did not substantially alter the PFOA
adsorption strength (Figure 5A, ΔEPd/PFOAads = −0.76 eV)
compared to parallel adsorption on the surface with only 1 ML
coverage of surface H* (Figure 4, ΔEPd/PFOAads = −0.66 eV).
Furthermore, we computed the hydrodefluorination reaction
energy on the Pd0 surface occurring via surface H* attack
without (ΔEH/F = −0.70 eV) (Figure 5B) and with the
presence of the subsurface H* (ΔEH/F = −1.14 eV) (Figure
5C) using eqs 6 and 7. The hydrodefluorination step was more
thermodynamically favorable, by 0.44 eV, with subsurface H*
present because subsurface H* destabilized the reacting surface
H*.
H2 that diffuses through the walls of the nonporous gas-

transfer membrane creates subsurface H* species that emerge
at the surface prior to attacking the C−F bond of the PFOA.
As illustrated in Figure 5D, H* was more stable on the Pd
surface compared to the subsurface by ΔE = −0.38 eV. Thus,
H* had a higher potential energy in the subsurface and
naturally migrated toward the surface if vacant sites were
available. When H* emerged at the surface, this potential
energy was converted to kinetic energy that was either
dissipated thermally or assisted in overcoming the C−F
hydrodefluorination barrier. Since kinetic energy is quickly
dissipated into surface vibrational modes on a picosecond time
scale under equilibrium conditions, the kinetic energy can only
be utilized if the system operates away from equilibrium.13,29

For example, Ceyer et al. demonstrated the importance of
subsurface H* in Ni(111) in methyl hydrogenation using a
nonequilibrium experimental setup, in which the system was
under high pressure to produce subsurface hydrogen and the
surface hydrogen was removed with an atomic Xe beam.14 We
propose that the delivery of H2 from the lumen in our
experiments similarly created a large differential in the
chemical potential of H2, and the differential drove non-
equilibrium H* from the subsurface to the surface, providing
additional activity to overcome the C−F hydrodefluorination
barrier.

Environmental Implications. This study revealed a
critical factor that affects the hydrogenation of recalcitrant
contaminants from water: Direct delivery of H2 to Pd0NPs
through nonporous gas-transfer membrane walls enhanced the
hydrodefluorination rate of PFOA compared to delivering H2
through the headspace. Furthermore, a higher (20 psig) H2
lumen pressure significantly increased defluorination rates,
despite the fact that 5 psig H2 had a delivery capacity sufficient
to completely reductively defluorinate PFOA. DFT computa-
tions demonstrated that PFOA adsorption was highly sensitive
to H* coverage and that PFOA defluorination was more
energetically favorable when H* was migrated from the
subsurface layers of the Pd0 particles. These findings suggest
that H2 delivered to the reaction site by the gas-transfer
membrane leads to higher H* coverage, affecting the PFOA
adsorption and H* reactivity. Subsurface H* destabilizes

surface H* atoms, thus increasing their reactivity toward
PFOA. Furthermore, subsurface H* emerging at the surface
may be more reactive than thermally equilibrated surface H*
atoms, which also may contribute to the faster PFOA
defluorination rates observed when H2 was delivered through
the membrane instead of through the headspace alone. The
mechanisms are complicated, and we know that we are not yet
able to interpret all aspects. Thus, we posit mechanisms that
are directly based on our tests involving Pd loading and H2
transfer as two key factors affecting the defluorination of
PFOA. We will continue to search for deeper mechanistic
insights in our future plan.
For recalcitrant contaminants such as PFOA, the direct

transfer of H2 to the Pd0 catalyst enables hydrodefluorination
by overcoming the challenges posed by the high C−F
dissociation energy. The MCfR also is a promising approach
for addressing other recalcitrant contaminants, e.g., trichlor-
oethene and trichlorofluoromethane.18 Furthermore, its
potential for long-term operation makes it an especially
promising solution for addressing real-world contamination.
This study provides experimental and mechanistic insights into
how membrane delivery accelerates hydrogenation, presenting
an effective method for enhancing the catalytic destruction of
recalcitrant contaminants.
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