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1 | INTRODUCTION

Noble metal nanoparticles (NPs) exhibit physical and
chemical properties that are of value in applied catalysis,
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Abstract

Devising new catalytic systems for the efficient removal of organic chlorides
from contaminated sites has important benefits for the human health. Effi-
ciency requires the use of performing catalysts and the extraction of the con-
taminant from the environment. Here we describe a novel strategy that
combines both aspects. A one-pot surfactant-directed approach allows the
preparation of ultrafine palladium nanoparticles (PANPs) finely dispersed
inside well-ordered geometric structures, ranging from loose vesicles to nan-
ocubes, from cylindrical to spherical assemblies. These assemblies work as
nanoreactors where hydrophobic organic chlorides can be concentrated in the
surfactant-tail environment and efficiently reduced by the PANP catalysts. As a
proof-of-concept, we studied the dechlorination of the notorious pollutant
4-chlorophenol. The nanoreactors display rapid dechlorination ability, excel-
lent catalytic activity, and good stability and recyclability. This study provides
a new methodology for effective water remediation that combines the
advantages of both extraction and supported heterogeneous catalysis.
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such as in chemical industrial processes, environment pro-
tection, and energy production.” The catalytic properties
of nanomaterials strongly depend on their size, shape,
structure, and morphology.* NPs with high surface-to-
volume ratios are especially interesting because they are
rich of surface features (edge and corner atoms) that are
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beneficial to catalysis. In particular, palladium NPs
(PdNPs) exhibit useful catalytic properties in several pro-
cesses, such as the oxidation of fuels, carbon-carbon cou-
pling  reactions, alkynes  hydrogenation, and
dehalogenation of organic chlorides."®® Their perfor-
mance and stability, however, are often compromised by
aggregation phenomena, and therefore, devising new
strategies suitable to avoid these problems is a priority
research area.*>%1°

High-molecular-weight organic compounds like sur-
factants, polymers, and metal-organic frameworks can be
used as soft templates to obtain size- and shape-controlled
nanomaterials.*>'** Self-assembly of surfactants provides
a particularly useful way to prepare well-ordered and
ultrafine nanomaterials.>>'>'> Because of their functional
groups and ionic properties, surfactants provide useful
sorption sites for metal precursors, may induce particles
assembly, and generally lead to the formation of highly
dispersed and stable metal NPs.'®*® In addition to stabiliz-
ing the metal NPs, the surfactant ligands may induce spe-
cific physicochemical properties to the NPs,®'® thereby
influencing the nanomaterials’ solubility and catalytic
properties.>*>?! For instance, Albuquerque et al used
water-soluble polymer-surfactant PANPs for the hydroge-
nation of alkenes and o,p-unsaturated ketones.?! The cata-
lytic efficiency was attributed to a dynamic effect of the
protective layer in facilitating the access of substrates onto
Pd surface. On the other hand, strongly and heavily
adsorbed surfactants may also block the active sites of the
metal NP surface with the result of decreasing the catalytic
activity.>** The challenge is, therefore, to devise synthetic
strategies suitable to optimize benefits and minimize draw-
backs of the use surfactants for making and assembling
PANPs.

Here, we describe a facile one-pot method that allows
preparing well-ordered PANPs assemblies and their success-
ful use for the dechlorination of 4-chlorophenol (4-CP). The
choice of 4-CP4-CP as the proof-of-concept dechlorination
target is because chlorophenols (CPs) are listed as priority
environmental pollutants by both China and the US Envi-
ronmental Protection Agency owing to their strong toxicity
and even carcinogenic activity.*>** Once released into the
ground and surface waters, CPs transfer and accumulate
into the surrounding ecosystems, and this constitutes a
severe threat for the environment and human health partic-
ularly because of their persistence and strong resistance to
biodegradation.”® Developing effective technologies for the
removal of organic chlorides is indeed one of the most
active topics in the environment field.>>' Because it is the
halogenated group that makes organic chlorides more toxic
and recalcitrant to degradation,”*' the goal is to devise
effective dehalogenation methods. In this context, nanoscale
zero-valent-iron (nZVI) materials, including iron-based

bimetallic NPs, have been of particular value due to their
low redox potentials and large surface area.”>*'>* Catalysts
based on Ni, Cu, Al, and Pd loaded nZVI have been also
shown to perform nicely.>>'>* Conceivably, ultrafine
nanocatalysts may significantly enhance dechlorination
processes, although specific investigations are limited.*>°
Organic chlorides, such as CPs, are generally hydrophobic
and this makes them stably sorbed in the aquifers and soils,
or exist as nonaqueous liquid phases.’” Their degradation
requires extraction into the aqueous phase, which can be
accomplished by using surfactants or cosolvents.’” These
procedures, however, leave the organic contaminants
unaltered, and therefore, further chemical or biological
treatments are required. A winning remediation strategy
should combine the advantages of surfactants as both sup-
ports for the metal NPs and, owing to their hydrophobic
tails, solubilizers for the hydrophobic CPs. So far, however,
successful preparation and performance test of these mate-
rials have not been achieved. In particular, there are few
reports regarding the possible synergistic effect between
PANPs and their support.

In this work, we describe a novel approach, based on
assembling surfactant/metal NP nanoreactors, with the
goal of contributing an alternative strategy for the effec-
tive removal of halogenated pollutants from contami-
nated sites. The preparation of stable nanoreactors, their
possible formation mechanisms, properties, and environ-
ment implications are described. The strength of this
approach lies in a methodology that takes advantage of
surfactant assembly to make ultrafine PANP-decorated
nanoreactors, solvent washing, and dehalogenation het-
erogeneous nanocatalysis. As a proof-of-concept, the so-
devised nanoreactor strategy is successfully tested by
studying the dechlorination of 4-CP. The mechanism and
driving force for the surfactant-directed assembly of
PdNPs are also investigated.

2 | RESULTS AND DISCUSSION
2.1 | Synthesis and characterization of
PdANPs assemblies

2.1.1 | Preparation of PANPs assemblies
The electrostatic interaction between anionic inorganic
species and cationic surfactants allows achieving a good
dispersity and high stability of organometallic complexes.
We used cetyltrimethylammonium bromide (CTAB) as the
surfactant. The interaction of CTAB with the Pd precursor
(PACL>") was studied with ultraviolet-visible (UV-vis)
absorption spectroscopy. Figure 1A shows that PdCl,*~
exhibits two absorption peaks at 207 and 237 nm. Upon
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addition of CTAB to form a 0.125 mM solution, these
peaks shift to 237 and 277 nm, respectively, and the
absorption intensity decreases. The red shift undergone by
both peaks is attributed to the interaction between CTA*
and PdCL,>". We noted that upon addition of CTAB,
suspended light-red flocks appear in solution, which can
explain the decrease in intensity of the absorption peaks as
well as confirm the formation of organometallic com-
plexes. Similar phenomena were previously observed by
mixing PdCl,>~ and cetylmethylammonium chloride, with
newly formed absorption bands at 226 and 285 nm.” The
main difference between the two reactions is thus the
extent of red shift undergone by the two peaks. Increasing
the concentration of CTAB to 1.0 mM (Figure 1A) causes a
further red shift of both absorption peaks, to 245 and
327 nm, and an increase in absorption intensity. As the
stability constant of PdBr,>~ is about 10* times larger than
that of PdCL,>~,*® these observations are attributed to a
halide-exchange transformation of the Pd precursor from a
tetrachloro- to a tetrabromo-complex (see below). This
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FIGURE 1 A, Ultraviolet-visible (UV-vis) absorption spectra
of solutions of cetyltrimethylammonium bromide (CTAB), PdCL,*",
CTAB + PdCl,*", and CTAB + KBr, as indicated in the legends. B,
Sedimentation of palladium nanoparticles (PANPs) prepared
starting from CTAB concentrations of (bottom to top) 0, 0.05, 0.125,
0.25, 0.50, 1.0, 2.0, and 10.0 mM

hypothesis was confirmed by mixing PdCl,>~ directly with
KBr and following the progressive replacement of chloride
with bromide via UV-vis absorption spectroscopy. Addi-
tion of enough KBr indeed causes a significant red shift of
both absorption peaks to 250 and 330 nm (Figure 1A), that
is, values corresponding to those of PdBr,*~.** Beside pro-
moting halide exchange, when the concentration of CTAB
exceeds or is near the CMC value (critical micelle concen-
tration, 0.9 mM),? surfactant self-assembly leads to the for-
mation of spherical or cylindrical micelles,>*® which
would cause embedding of the Pd precursors. Incorpora-
tion of the Pd precursor into the CTAB micelle decreases
repulsion among the positively charged heads of CTA*
with the consequence of causing reconstruction of the sur-
factant assembly (see below).

Upon addition of NaBH, to the so-formed Pd precur-
sor, the solution turns immediately black, which indi-
cates formation of PdNPs. Thereafter, the growth of
PdNPs is mainly directed by the surfactant assembly.
Eventually, the aforementioned absorption peaks totally
disappear (Figure 1A), pointing to completion of the
PdNP synthesis. To gain insights into the stability of the
resulting PANPs assemblies, we followed the progressive
sedimentation of PANPs via UV-vis spectroscopy by set-
ting the wavelength at 237 nm. The sedimentation curves
(Figure 1B) indicate that the PANPs prepared in the pres-
ence of CTAB are indeed very stable, especially for con-
centrations of 0.125mM or larger, with no obvious
change in the absorption intensity even after 24 hours.
The results also show a general increase in the adsorption
intensity with the CTAB concentration, suggesting an
enhanced dispersity and stability of the PANPs. By con-
trast, in the absence of CTAB, the PANPs undergo fast
aggregation and sedimentation, which indicates poor sta-
bility. The electrostatic interaction between CTA™ and Pd
species is indeed important in both stabilizing the formed
PdNPs and inducing surfactant assembly (details are pro-
vided in Supporting Information).

2.1.2 | Characterization of the PANPs
assemblies

The PANPs were characterized by high-resolution trans-
mission electron microscopy-energy-dispersive X-ray
spectroscopy (TEM-EDS), scanning electron microscope
(SEM), X-ray photoelectron spectroscopy (XPS), and Fou-
rier transform infrared spectra (FTIR). For reference,
Figure S1A-C shows the CTAB assemblies obtained at
various concentrations in the absence of the Pd precur-
sor. With the exception of 0.125 mM CTAB, which is sol-
uble at this concentration, for larger CTAB
concentrations evident spherical micelles with diameters
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FIGURE 2 Characterizations of the palladium nanoparticles
(PdANPs) assemblies. Transmission electron microscopy (TEM)
images of Pd particles prepared, A, in the absence of
cetyltrimethylammonium bromide (CTAB) or in the presence of, B,
0.125, C, 1.0, D, 2.0, E, 10.0 mM CTAB,; the insets to the images of
panels (B-E) show images at a smaller magnification. F, HRTEM
image of PANPs (further images are provided in the Supporting
Information) prepared in the presence of 1.0 mM CTAB; the inset
highlights the crystallinity of the PANPs, with resolvable atomic
lattice. G, Energy-dispersive X-ray spectroscopy (EDS) spectrum
corresponding to the zone highlighted by the red circle in (C)

of about 2 nm are observed; no larger assemblies are
observed. Figure 2 shows some TEM images of the PANPs
obtained under different conditions. The PANPs prepared
in the absence of CTAB aggregate to form large blocks
(Figure 2A), which is attributed to attractions between
individual PANPs.* In the presence of CTAB at concen-
trations lower than the CMC, such as 0.125 mM, a loose
vesicle may form primarily due to the van der Waals
interactions between the CTAB tails.'® Figure 2B shows
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FIGURE 3 Schematic representation of the
cetyltrimethylammonium bromide (CTAB)-concentration-
dependent production of different palladium nanoparticles (PdNPs)

assemblies

the vesicle structure of the CTA™-Pd complexes (typical
diameter of ca. 85 nm). Upon addition of NaBH,, the
PANPs form at both the inner and outer vesicle surfaces,
with concomitant disappearance of absorption peaks of
the Pd precursor and formation of dark particles in the
solution, as monitored by UV-vis absorption spectroscopy
(Figure 1A). The effect of the CTAB concentration on the
type of aggregate is noteworthy. At 1.0 mM concentra-
tion, which already exceeds the CMC value of 0.9 mM,
the formation of spherical or cylindrical micelles should
be observed.? Instead, we observe the formation of
nanocube assemblies with a size of ~100 nm (Figure 2C).
Increasing the surfactant concentration to 2.0 mM yields
an approximately cylindrical structure, with a base's
diameter of ~170 nm (Figure 2D). When the CTAB con-
centration reaches 10.0 mM, the PANPs assemblies tend
to form spherical structures (Figure 2E). The SEM images
shown in Figure S1D-G validate the quite uniform fea-
tures of the PANPs assemblies obtained at different CTAB
concentrations. We attribute the formation of these dif-
ferent structures to the reassembly of the spherical
micelle based on the CTA™-Pd complexes.

Figure 3 provides a pictorial illustration of the above
findings. Briefly, there are three structure levels for the
formation of well-ordered PANPs assemblies. Initially,
spherical micelles form by van der Waals interactions
between surfactant molecules. The second structure level
is attributed to the electrostatic interaction between the
cationic surfactant and the anionic Pd precursor. The third
structure is built on the second structure to form the
Pd-nanocube assemblies or some other geometric mor-
phology. Indeed, similar observations of self-assembly of
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amphiphilic hyperbranched polymers from unimolecular
micelles into big micelles have been previously described,
and attributed to intermicellar interactions causing the
formation of multimolecular micelles from small
micelles.*>** The TEM images in Figure 2 reveal the pres-
ence of small spheres inside the well-ordered PdNPs
assemblies, and this provides some evidence that the for-
mer may indeed provide the basic building blocks for for-
mation of the latter. In this process, the driving force
mainly comes from the effect brought about by the PANP
assembly in minimizing the electrostatic repulsion
between the head groups of the surfactants.'> The well-
ordered architectures directed by the surfactant assembly
are presumed to be preserved during the reduction of Pd
precursors, as already shown.? The presence of the
PdANPs in the assemblies are clearly observed in the
HRTEM image shown in Figure 2F, in which the inset
evidences a distance of 0.231 nm between the two
nearest atom rows, as expected for the (111) lattice spac-
ing of face-centered cubic Pd crystals.>'***** The PANPs
have an average size of about 5 nm (details are provided
in the Supporting Information). The EDS composition
analysis further confirms the presence of Pd in the as-
obtained assemblies (Figure 2E); Cu originates from the
Cu grids used in TEM.

The formation of different PANPs assemblies is attrib-
uted to the surfactant-directed synthesis. Analysis of the
nanocube assembly, taken as an example, provides
insights into this aspect. Evidence for the presence of
CTAB and its interaction with PANPs were obtained by
XPS and FTIR measurements. Figure 4 shows the XPS
spectra of both the survey and high-resolution scans for
key elements of the PANPs assemblies. The binding
energy (BE) values were calibrated with respect to the
Cls peak at 285.0 eV. The XPS survey (Figure 4A) shows
peaks corresponding to the BEs of Cls, Br3d, Pd3d, and
N1s, which confirm the presence of CTAB-PANPs com-
plexes in the particles. The atomic percentages are
92.86%, 1.82%, 0.51%, and 4.81%, respectively. The low
percentage of Pd (given the experimental conditions, the
theoretical atomic percentage of Pd should be 3.52%) sug-
gests that the PANPs as mainly embedded inside the
assemblies, as XPS probes atoms near surface region
(within about 5 nm). In Figure 4B, the Pd3d spectrum of
the PANPs assemblies exhibits two individual peaks at
337.08 and 342.25 eV, which are assigned to the BEs of
3d3/2 and 3d5/2 of Pd(0), respectively, suggesting the
successful formation of PANPs from its precursors, in
keeping with the TEM results. The BE for N1s in pure
CTAB is 398.4 eV, whereas in the PANPs assemblies the
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FIGURE 5 Fourier transform infrared spectra (FTIR) spectra
of, A, pristine cetyltrimethylammonium bromide (CTAB) and, B,
palladium nanoparticles (PANPs) assemblies prepared in the
presence of 1.0 mM CTAB

BE is slightly shifted toward the higher value of 402.4 eV,
which points to a strong interaction of Pd with the
ammonium cation in the formed assemblies.” The Br3d
peaks at 63.6 and 68.0 eV are attributed to PdX,*” and
CTAB. The C1s spectrum of the PANPs assemblies has a
main band at 285.0 eV, which is due to the C-H bonds in
CTAB.*

Figure 5 shows the FTIR spectra of pristine CTAB and
the PANPs assemblies. The C-H symmetric and asymmetric
vibration frequency modes are found at 2850 and
2920 cm ™!, which are the typical vibrational frequencies of
pure CTAB.***” The features at about 1482 and 1385 cm™
mainly arise due to the C—H scissoring vibrations of
CH;—N and the C—N stretch vibrations of the CTAB mole-
cule, respectively.*** In the PANPs assemblies, both peaks
are slightly blue shifted to 1432 and 1289 cm™, respec-
tively, in keeping with the XPS results that point to a strong
interaction between Pd and CTAB. The FTIR spectrum also
shows two wide vibration bands at about 3380 and
3224 cm™}, which are attributed to the stretch of the hydro-
gen bonded O—H groups, which points to interactions
between surfactant ligands and water in the PANPs assem-
blies.**”° Compared to pristine CTAB, the absence of the
bands at 960 and 911 cm™" and the presence of new peaks
at 1107, 1033, 926, and 783 cm™! in the PANPs assemblies,
which are attributed to the stretching modes of C—N*
effected by the Pd surface,*®**" suggest that the binding of
CTAB with PANPs occurs via the linkage of CTA*(N*)-Pd
(see Supporting Information).*>>" Similar changes of the
vibration-frequency bands upon surfactant modification
were also observed in the production of CTAB-decorated
AuNPs, supporting the presence of CTAB capping in the
nanomaterials.*”** Overall, these results further support
the notion that CTAB plays a vital role in determining the
formation of well-ordered PANPs assemblies.
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FIGURE 6 Catalytic activity of the palladium nanoparticles

(PdNPs) assemblies. Effects of the cetyltrimethylammonium
bromide (CTAB) dosage concentration on, A, the dechlorination of
4-chlorophenol (4-CP), in which C/C, indicates the ration between
the concentrations of 4-CP at the given time and at t = 0, and B, the
dechlorination rate constants. Reaction conditions: pH 2.0, 25°C,
800 rpm, 1.0 mM 4-CP, 15 mM NaBH,, 12.5 mol% Pd (with respect
to 4-CP)

2.2 | Catalytic dechlorination of 4-CP

To investigate their catalytic activity, the PANPs assemblies
were tested in the dechlorination of 4-CP to phenol. The
reaction was performed with a molar ratio of 4-CP to Pd to
NaBH, of 1:0.125:15. The results (Figure 6) show that
excellent dechlorination performances can be achieved
with all assemblies prepared. Of the various structures, the
loose vesicle assembly, prepared in the presence of
0.125 mM CTAB, exhibits the best outcomes, as 4-CP was
quantitatively dechlorinated to phenol within 45 minutes.
Instead, the PANPs prepared in the absence of surfactant
only allow very limited conversion (ca. 4% of dechlorina-
tion efficiency in 3 hours), which is in keeping with the
obvious aggregation phenomena occurring immediately
after NP preparation. These results thus demonstrate that
the presence of CTAB during the preparation of PANPs
enhances very significantly the dechlorination perfor-
mance. They also show that the surfactant concentration
used to prepare the various assemblies play an important
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role in determining the catalysis kinetics, though the
efficiency remains virtually unaltered. It should be stressed
that phenol was the only hydrohalogenation product, and
the selectivity was always 100%.

As aforementioned, CTAB stabilizes the Pd
nanocatalyst by electrostatic interactions; thereby,
preventing aggregation of the ultrafine PANPs embedded
inside the surfactant assemblies. The organic part of the
surfactant is also expected to favor solubilization of hydro-
phobic substances in water environments, thereby facilitat-
ing their access onto the Pd surface. These assemblies can
thus be seen as efficient nanoreactors consisting of Pd cata-
lysts and a hydrophobic nanoenvironment concentrating
4-CP. As the CTAB concentration increases, the architec-
ture of the PANPs assemblies changes progressively from
loose vesicle, to the packed nanocube, to the spherical
structure (cf. Figure 3). During this transformation, the sur-
factants get more densely packed and the PANPs become
more embedded inside the now more crowded assemblies.
Thus, whereas a high concentration of CTAB enhances sta-
bility, it also diminishes the number of active sites on the
catalyst surface,” which may impair the catalytic activity of
PdNPs toward the dechlorination reaction. It thus appears
that there is an optimum CTAB concentration providing a
compromise between PANPs' stability and catalytic activity:
below 0.125 mM, the PdNPs are less stable and tend to
aggregate with each other, whereas at higher concentra-
tions 4-CP is dechlorinated less efficiently because of the
reduced number of available/accessible Pd sites.

Figure 6 also shows that there is a clear reaction
delay, which is especially evident at higher surfactant
concentrations (ca. 30 minutes). This can be attributed to
a limited mass transport rate: at the initial reaction stage,
hydrogen evolution resulting from rapid hydrolysis of
NaBH, is quite vigorous® and this may hinder the diffu-
sion of 4-CP. The presence of more tightly packed surfac-
tant chains on the PdNPs is also expected to slow the
diffusion of 4-CP. Eventually, the relative mass-transport
processes and surface concentrations allow for optimum
reduction of 4-CP, though the rate is still lower
(cf. Figure 6B) for the nanoreactors prepared at higher
surfactant concentrations. Overall, the PANPs assemblies
exhibit excellent dechlorination activity toward 4-CP
reduction, with the PdNPs prepared from 0.125 mM
CTAB exhibiting the best catalytic performance. In the
following, we will thus focus on this specific nanoreactor.

2.3 | Influence of experimental
parameters

The effects of the solution pH and the dosages of NaBH,
and Pd on the dechlorination efficiency are useful to shed
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FIGURE 7 Catalytic activity of palladium nanoparticles

(PdNPs) assemblies. Effects of solution pH on, A, the
dechlorination of 4-chlorophenol (4-CP) with NaBH, as the
hydrogen donor (C/C, indicates the ration between the
concentrations of 4-CP at the given time and at t = 0) and, B, the
final solution pH after NaBH, introduction. C, Effects of solution
pH on the dechlorination of 4-CP, with H, as the hydrogen donor,
and the solution pH. Reaction conditions: 25°C, 800 rpm, 1.0 mM
4-CP, 0.125 mM cetyltrimethylammonium bromide (CTAB),

15 mM NaBH, (or 2.23 mmol H,), 12.5 mol% Pd (with respect

to 4-CP)

some light onto the catalytic process and explain the rea-
sons why we ended up in choosing the specific concen-
trations and conditions of Figure 6.

2.3.1 | Effects of solution pH

The pH was varied from 1.0 to 9.0 by addition of a 1.0 M
H,SO, or NaOH solution. Figure 7 shows that upon
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raising the pH the dechlorination performance first
increases and then decreases. For example, after 3 hours
the dechlorination efficiency is only about 4% at pH = 1.0,
is quantitative at pH = 2.0, and then significantly
decreases from about 78% (pH = 3.0) to 38% (pH = 9.0).
This is attributed to the specific reaction conditions.
Hydrolysis of NaBH, was used as the hydrogen source for
the dechlorination of 4-CP. On the other hand, this hydro-
lysis depends on the pH: whereas acid-catalyzed hydroly-
sis takes place at low pH values, the hydrogen production
rate is largely inhibited under alkaline conditions due to
the coupled reaction BH,~ + 8OH™ — BO,  + 6H,0
+ 8e.”% Although the formation of H, by NaBH, hydroly-
sis is of great practical importance, it may result in the for-
mation of the strongly basic metaborate ion (B(OH);"),
which gives rise to a sharp increase of the solution pH. As
a matter of fact, Figure 7B illustrates that upon addition of
15mM NaBH,, the solution pH changes considerably
from 1.0, 2.0, 3.0, 5.0, 7.0, and 9.0 to 1.10, 8.45, 9.35, 9.65,
9.85, and 10.10, respectively. It should be noted that the
best dechlorination outcome for the reduction of organic
chlorides on noble metal catalysts is achieved under weak
acidic conditions.**** As such, the significant increase
in the solution pH is detrimental to the dechlorination
performance. Because of the interplay between the solu-
tion pH and the NaBH, hydrolysis, distinct dechlorination
outcomes in 4-CP reduction are thus observed at different
initial pH conditions.

NaBH, plays the two important roles of providing the
hydrogen source and affecting the pH. To gain more
insights into the effect of pH on the dechlorination rate
and, more importantly, test an alternative method to per-
form the dechlorination itself, we used H, instead of
NaBH,. Pure H, gas (50 mL, 2.23 mmol) was introduced
into the 100 mL flask reactor, while keeping the pH and
all other conditions constants. As expected, the catalytic
activity of the PANPs exhibits a strong pH dependence,
with the dechlorination peaking at pH = 5.0 and a conver-
sion of about 65% in 3 hours (Figure 7C). Larger or lower
pH values are detrimental for the dechlorination process.

Interestingly, whereas the amounts of H, used
directly or produced from NaBH, are almost the same,
the maximum dechlorination outcomes are very differ-
ent, that is, 65% in 3 hours vs 100% in 45 minutes, respec-
tively. When NaBH, is used as the hydrogen donor,
hydrogen  originates from NaBH, or H,0
(NaBH, + 2H,0 — 4H, + NaBO,).> Pd can catalyze
NaBH, hydrolysis and, hence, facilitate the hydrogen
evolution reaction, a process in which palladium hydride
is generated as an important intermediate.> Atomic
hydrogen species are known to play a key role in dechlo-
rination processes,”’ and consequently, the so-formed
Pd-H could effectively contribute to convert 4-CP to

phenol. Similarly, when hydrogen gas is used directly, a
key step for the dechlorination is the dissociation of H,
on the Pd surface. An important factor is thus the
amount or pressure of H, in the system. Indeed, an
increase of the amount of H, from 1.34 to 3.57 mmol
increases the dechlorination efficiency from about 56% to
84% (in 3 hours), which indicates that, relative to the
NaBH, promoted reaction, the poor dechlorination out-
come is primarily due to the low dissolution of H, in the
system. A better dechlorination performance of 4-CP
might be attained under higher H, pressure conditions,
which could provide an alternative for the versatile cata-
lytic systems developed in this work to remove organic
chloride pollutants.

2.3.2 | Effects of NaBH, dosage

The effect of the NaBH, concentration is illustrated in
Figure 8A. As opposed to the direct use of H,, the dechlo-
rination efficiency does not increase constantly with an
increase of the NaBH, dosage. The best dechlorination
outcome (100% in 45 minutes) is observed at 15 mM con-
centration. Raising the dosage from 20 to 40 mM, the
dechlorination performance undergoes a net decline from
76.1% to 36.2% in 60 minutes, suggesting that the role of
NaBH, is not simply that of a hydrogen donor. Figure 8B
shows the noticeable increase of the solution pH with the
increase of the NaBH, concentration. As aforementioned,
the solution pH plays a critical role for the dechlorination
reaction. While addition of NaBH, affects the solution
pH, the latter controls the hydrolysis of NaBH,.>> The
NaBH, concentration is thus an important parameter in
determining the reaction conditions, and consequently,
the 4-CP dechlorination performance. The solution pH
also determines the electrostatic/charged state of the spe-
cies involved. For instance, under basic conditions, 4-CP
forms 4-chlorophenolate anion.>*>* This is beneficial for
the migration of the latter to the cationic surfactant sur-
face. On the other hand, hydroxide ions and the hydroly-
sis byproduct B(OH),”~ become competitive toward the
sorption sites on the surfactant assemblies. Overall, it is
this dual effect of NaBH, as a hydrogen source and on
the solution pH that determines the final catalytic activity
of PANPs. The optimum concentration of 15 mM for
NaBH, was thus chosen for the following experiments.

2.3.3 | Effects of Pd dosage

Regarding Pd, we investigated the catalytic activity of dif-
ferent PANPs assemblies. The results were obtained for
Pd dosages in the range of 1.0 to 20.0 mol% (with respect
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(PANPs) assemblies. A, Effects of NaBH, dosage concentration on
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dosage amount on the dechlorination of 4-CP. Reaction conditions:
pH 2.0, 25°C, 800 rpm, 1.0 mM 4-CP, 0.125 mM
cetyltrimethylammonium bromide (CTAB), 15 mM NaBH,,

12.5 mol% Pd (with respect to 4-CP)

to 4-CP). Figure 8C shows that there is a significant
enhancement in dechlorination as the Pd dosage
increases, whereas no dechlorination occurs in the
absence of Pd. The dechlorination efficiency smoothly
increases with the Pd dosage. In 60 minutes, for example,
the efficiency is only 5.0% for the 1.0 mol% PdNPs assem-
blies, whereas it increases from 33.5% to 100% by increas-
ing the amount of Pd from 5.0 to 12.5 mol%. At 20.0 mol
% Pd dosage, complete dechlorination occurs in

30 minutes. As aforementioned, when the CTAB concen-
tration is 0.125 mM (ie, lower than the CMC), a loose ves-
icle forms. On the other hand, retention of the ordered
architecture formed by the CTAB-Pd precursors is critical
for designing the specified PANPs. During the making of
the aggregate, addition of NaBH, causes the formation of
the zero-valent PANPs primarily at the hydrophilic region
of the vesicle, where they aggregate and coalesce with
each other to form layers on the outer and inner spheres
of the vesicle. In this sense, the surfactant assembly could
be seen as providing a template that imparts enough
mechanical stability and dispersity to the so-formed
PdNPs structure. As the Pd dosage increases, more cata-
lytic activate sites are generated, thereby yielding a better
dechlorination performance. However, due to the limited
number of possible interactions between the cationic sur-
factant (at 0.125 mM) and Pd precursor, further increase
in Pd dosage would result in the growth of the initially
formed Pd crystals. Eventually, their size exceeds that of
the volume of the vesicle with the effect of destroying the
ordering of the surfactant assembly” and, consequently,
impairing their catalytic activity. On these grounds, a
moderate Pd dosage is deemed as essential to maintain
the vesicle structure and keep the catalytic activity of
PdNPs as high as possible. By considering the catalytic
performance and the costly materials used, 12.5 mol% of
Pd dosage was identified as the optimum dosage value.

2.4 | PdNPs-decorated nanoreactor for
effective water remediation

2.4.1 | Simultaneous removal and in situ
catalytic dechlorination of 4-CP for water
remediation

A schematic illustration summarizing the process is
shown in Figure 9. The CTAB molecules can form
micelles spontaneously in aqueous solutions (Figure 9A).
When the Pd precursor is added, formation the complex
between the CTA™ cations and PdCl,*” takes place
(Figure 9B). In this process exchange of C1™ by Br™ occurs.
The variation of the counterion may affect the shape,
structure, and morphology of the formed micelles, and
even cause the micelles to swell because of the now larger
head group. Interaction with the Pd precursor has the
effect of screening the repulsive forces between the CTA™
head groups, thereby causing the CTAB micelles to
reassemble into well-ordered architectures. Depending on
the relative concentrations, vesicles, nanocubes, cylinders,
spheres may form. Addition of NaBH, causes in situ for-
mation of the PdANPs, which are generated and
immobilized directly inside the ordered surfactant
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Schematic representation of palladium nanoparticles (PANPs) assemblies formation. A, Cetyltrimethylammonium bromide
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stability of PANPs assemblies for the dechlorination of 4-chlorophenol (4-CP). C, PANPs assemblies as nanoreactors for water remediation

architecture. On these grounds, the making of tailor-made
PdANPs assemblies can be successfully achieved. Overall,
the surfactant plays a critical role in forming the well-
ordered PdNPs-decorated assemblies, as it can effectively
prevent aggregation of the PANPs, and thereby, ensure
good NPs dispersibility in the assemblies®>>’; importantly,
it also directs the formation of specific structures.

We now focus on the physiochemical property of the
PdNPs assemblies and their environment implications as
nanoreactors for effective water remediation. The PdNPs
assemblies exhibit amphiphilic properties. The hydropho-
bic 4-CP can be solubilized by the hydrophobic tails of sur-
factant, also due to the p-r interaction between CTAB and
4-CP, as illustrated in Figure 9B. 4-CP thus behaves as a
swelling agent for the assemblies, an effect that has been
previously observed.”®> As a matter of fact, we observed
that by increasing the dosage concentration of 4-CP from
0 to 8.0 mM, the particle size increases from 85.1 to
115.3 nm (dynamic light scattering experiments: see
Supporting Information). In addition, the cationic head
group of CTA™ imparts the PANPs assemblies some hydro-
philic behavior. A high positive zeta potential (as high as
45 mV) was observed in the systems prepared (Supporting
Information). Because of electrostatic interaction, the
PANPs assemblies thus display affinity also toward anionic
species (eg, 4-chlorophenolate anion) and are very stable
in water as a result of plenty of cationic head groups in
the structures. The combination of these factors provides
both hydrophilic and hydrophobic environments around
the catalyst, which is beneficial for the removal of organic
pollutants from aqueous solutions.

The proof-of-concept PdNPs-decorated nanoreactor
indeed shows very promising features for water remedia-
tion. The Pd catalyst is indispensable for triggering
hydrodechlorination due to its capability of forming
atomic hydrogen species (H*).°° In particular, the H, pro-
duced via hydrolysis of NaBH, can dissociate to form
atomic hydrogen on the Pd catalyst surface; this species
is adsorbed on the particles surface or even dermasorbed
inside the Pd lattice. H* exhibits strong reduction capabil-
ities and is highly efficient in the reductive cleavage of
C—Cl bonds.>**'*® The ultrafine PANPs here prepared
with high stability and dispersity can concentrate and
provide atomic hydrogen in large amount on the catalyst
surface. As Figure 9B,C illustrates, these nanoreactors
provide an environment that blends reductant (atomic
hydrogen), pollutant target (4-CP), and Pd nanocatalyst
surface, all in high concentration. The capability of con-
centrating hydrophobic substances and the rapid catalytic
dechlorination promoted by the PANPs are thus seen as
key ingredients of the water remediation strategy pro-
posed here. This is made possible by taking advantage of
the amphiphilic and self-assembly properties of the sur-
factant, as well as the role of the latter in directing the
preparation of effective heterogeneous catalysts.

2.4.2 | Catalysis stability and
recyclability

The stability of a catalyst is an important parameter to
consider. The recycle tests (Figure 10A) show that the
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PdNPs assemblies exhibit an excellent dechlorination
capacity and recyclability, as about 87% dechlorination
efficiency (measured after 60 minutes) can still be
achieved after eight-repeated treatments. We believe that
this remarkable performance is due to the synergistic
effect between surfactant assembly matrix and ultrafine
PdNPs. In this context, it is worth mentioning that the
TGA revealed that in the PdNPs assembly the total
organics (surfactants) accounted for 33.1% of the total
weight. The PANPs recovered after the recycle tests were
further characterized by TEM. The image in Figure S5
shows that PANPs remained high dispersed, thereby indi-
cating that no obvious aggregation phenomena occurred
throughout the recycle experiments. This is keeping with
the dechlorination results and further confirms the gen-
eral stability of the Pd nanocatalysts (further details are
provided in the Supporting Information). It should be
noted that a small decline in dechlorination efficiency
takes place, while a corresponding increase of the hydro-
dynamic radius of the PANPs assemblies is observed, as
shown in Figure 10B. It thus appears that the PANPs
assemblies gradually became larger after each treatment.
Rather than in water, the reduction product, phenol, is
better solubilized in the surfactant nanoenvironment;
furthermore, the phenolate anions formed under alkaline
conditions can be stabilized by the cationic surfactants
via electrostatic attraction. These factors are seen as the
main causes for the volume increase in the PANPs assem-
blies. As to solubilities, in the hydrophobic surfactant
environment and considering the dielectric-constant
increase caused by the contribution of the charged heads,
the pK, values for 4-CP and the product phenol can be
estimated from their DMF values, 17.3 and 18.8,
respectively,®” which indicates that the propensity of
4-CP to undergo dissociation is slightly more pronounced
than for phenol. In addition, given the differences in their
Kow (octanol-water partition coefficient) values (2.45 vs

1.46, respectively),’> 4-CP exhibits a higher enrichment
capacity than that of phenol in the PANPs assemblies.
These results further support the proof-of-concept
nanoreactor where a substrates-rich microenvironment is
created because of the surfactant property. Despite the
slightly smaller solubility of phenol with respect to 4-CP,
continuous accumulation of the product may progres-
sively limit the dechlorination process, which to some
extent could explain the decrease in dechlorination effi-
ciency with the recycle times.

3 | CONCLUSION

We have described a dechlorination nanoreactor strategy
based on the amphiphilic and self-assembling properties
of the CTAB surfactant and the nanocatalytic properties
of ultrafine PANPs. The preparation of the nanoreactor,
the effects of relevant parameters, the catalytic mecha-
nism, and the test of the optimized catalyst in the dechlo-
rination of a typical pollutant are presented and
discussed. The surfactant-directed assembly of the PANP-
containing nanosystems could be controlled to yield loose
vesicles, nanocubes, cylinders, and spherical assemblies.
Formation of different structures is seen as determined
by concentration-dependent electrostatic interaction
between cationic surfactants and anionic Pd precursors.
The resulting surfactant-stabilized systems contain highly
concentrated ~5 nm PdNPs. These nanoreactors take
advantage of the catalytic properties of the so-prepared
PdNPs and provide hydrophobic regions that allow con-
centrating the target pollutant molecule and atomic
hydrogen species. The results show that the so-devised
catalytic approach exhibits a remarkable potential for the
removal of organic chlorides, especially because of the
rapid dechlorination ability, excellent catalytic activity,
stability, and recyclability. This is the first example of
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surfactant-directed assembly of metal NPs for the dechlo-
rination of organic chlorides, and the first proposal of a
nanoreactor strategy applied to water remediation.

4 | EXPERIMENTAL SECTION

41 | Chemicals

Palladium chloride was purchased from Kelong Chemical
Reagent, Co., Ltd., China. 4-CP (>99.9%) was obtained
from Sigma-Aldrich. The HPLC grade of methanol was
purchased from Tedia Company Inc. Concentrated of
4-CP (10.0 mM) dissolved in water was prepared and
used as a stock solution in the bath experiments. Analyti-
cal grade chemicals (CTAB, sodium borohydride
(NaBH,) and phenol) were purchased from Sinopharm
Group Chemical Reagent, Co., Ltd., China. All these
chemicals were directly used as received unless stated
otherwise. Milli-Q water was used throughout the study
with a resistivity of 18.2 MQ.

4.2 | Synthesis of PANPs assemblies

The PdANPs assemblies were prepared by a reduction
method with NaBH, as a reductant. The whole experi-
mental procedures were performed in a temperature-
controlled water bath (25°C) under magnetic stirring
(800 rpm). Briefly, 5.0 mL of aqueous solution containing
1.0 mM PdCL*" (pH = 1.0, adjusted by HCI solution)
was mixed with 5.0 mL of a determined concentration of
CTAB solution for half an hour. After that, 10 mL of
NaBH, (5.0 mM) was added into the mixed solution
dropwisely, and then the solution turned immediately to
black as a consequence of the formation of zero-valent Pd
particles (Equation (1)):

2PdCI;™ +BH; + 3H,0 — 2Pd’ + H,BO;

+8Cl™ +4H™* +2H, (1)

The so-formed catalysts were directly used for the fol-
lowing dechlorination of 4-CP or characterization
experiments.

4.3 | Catalysis tests

All the bath experiments for the dechlorination of 4-CP
were carried out in a 100 mL three-necked flask reactor.
A typical catalysis reaction was conducted as follows.
After preparation of the PANPs assemblies, a determined

amount of 4-CP (0.04 mmol) was injected into the system
together with around 14 mL of H,O addition. Prior to
each experiment, the solution pH was adjusted to the
expected value by using 1.0 M H,SO, or NaOH. The flask
was then sealed with a butylene rubber stopper that was
coated with Teflon. The catalysis reaction was initiated
by spiking a certain amount of NaBH, into the flask now
containing 40 mL of PdNPs suspension and 1.0 mM of
4-CP, which was performed under magnetic stirring and
temperature-controlled (25°C, unless stated otherwise)
conditions throughout the experiment. Aliquot of sam-
ples, filtrated by 0.22 pm membrane filter, were periodi-
cally withdrawn at determined time intervals during the
catalysis test, which were immediately analyzed by
HPLC. Triplicate experiments were carried out for each
catalysis condition in order to ensure the accuracy of
results, and the standard deviations were calculated
correspondingly.

4.4 | Analytical methods

To obtain the surface morphologies and elemental com-
positions of the PANPs assemblies, the latter were charac-
terized with a TEM (JEM-3010, Japan, operated at
200 kV) coupled with EDS. The evolution of the
surfactant-directed assembly synthesis of PANPs was
recorded in a full-wavelength scanning mode by UV-vis
spectroscopy (Analytik Jena Specord 50 Plus, Germany),
and the stability of the PANPs assemblies was measured
by spectrophotometric method in a drive-time mode with
the wavelength fixing at 237 nm. The surface chemical
compositions of the PANPs assemblies were analyzed by
XPS (Thermo ESCALAB 250XI) using a mono-
chromatized Al Ka exciting radiation (hv = 1486.6 eV)
with a constant analyzer-pass energy of 40.0 eV. FTIR of
the samples were recorded via KBr squash method using
an ATR-FTIR spectrophotometer (Nicolet iz10, Thermo
Fisher Scientific). The as-obtained PdNPs assemblies
were subjected to TGA in nitrogen atmosphere (Thermal
Gravimetric Analyzer, DTG-60AH, Shimadzu) with a gas
flow rate of 50 mLmin~* and a heating rate of
10°C min™'. The hydrodynamic radius and zeta poten-
tials of the PANPs assemblies were analyzed by Zetasizer
Nano ZS90 (Malvern, UK). The concentrations of 4-CP
and its dechlorination product phenol were determined
by HPLC (Agilent 1100) equipped with a
4.6 mm X 150 mm, 5 pm Agilent ZORBAX Eclipse SB-
C18. The mobile phase consisted of methanol and water
with a ratio of 60:40 (vol:vol) at a flow rate of
1.0 mL min~". For all aqueous samples, the injection vol-
ume was 10 pL and quantification was carried out using
a UV-vis detector set at 254 nm. Certified standards were
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used for the identification and quantification of the sub-
stances based on the calibration curves.
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