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Abstract

We prepared a new class of anion-exchange-resiposiga Pd catalysts for efficient
hydrodechlorination of triclosan in water. The ¢tgdts were prepared through an initial ion-
exchange uptake of Pd€land subsequent reduction of Pd(ll) to Pd(0) nariimbes at ambient
temperature. Two standard strong-base anion exehagins (IRA-900 and IRA-958) with
different matrices (polystyrene and polyacrylic)revehosen as the supports. SEM and TEM
images showed that Pd(0) nanoparticles were ewstdghed on the resin surface with a mean
size of 3-5 nm. The resin supported Pd catalysi€(IRA-900 and Pd@IRA-958) were able to
facilitate rapid and complete hydrodechlorinatidrireclosan. At a Pd loading of 2.0 wt.%, the
observed pseudo first-order rate constgit)(was 1.2%0.06 and 1.60.1 L/g/min for PA@IRA-
900 and Pd@IRA-958, respectively. The catalystsewapre resistant to Cpoisoning and
natural organic matter fouling than other suppoRedcatalysts. The presence of 10 mM NaCl
suppressed thky,s value by 31% and 23% for PA@IRA-900 and Pd@IRA;9%8Bereas the
presence of humic acid at 30 mg/L as TOC lowereddtes by 28% and 27%, respectively. The
better performance of Pd@IRA-958 was attributedthi® polymeric matrix properties (i.e.,
hydrophobicity, pore size, and surface area) ad a®lPd particle size. GC/MS analyses
indicated that very low concentrations of chlorethintermediates were detected in the early
stage of the hydrodechlorination process, with @raixyphenol being the main byproducts. The
catalysts can be repeatedly used in multiple opeEmtwithout significant bleeding. The
catalysts eliminate the need for calcination irppreng conventional supported catalysts, and the
resin supports conveniently facilitate control dflBading and material properties.
Keywords: Pharmaceutical and personal care product; Cagalysmerging contaminant;

Hydrodechlorination; Reductive dechlorination; Sogipd catalysts
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1. Introduction

Triclosan, or 5-chloro-2-(2,4-dichlorophenoxy)phknis a broad-spectrum antimicrobial
agent. It has been used worldwide as a preservatia@ antiseptic agent in many personal care
and household products (e.g., toothpaste, soapslotents, shampoos, cosmetics, and plastic
additives). Due to the massive consumption, lang@umts of triclosan are discharged into
wastewater treatment systems and water bodies.UBe Geological Survey reported that
triclosan was among the seven most frequently tketegrganic contaminants in 139 streams
sampled across 30 states in the U.S. with a mezmbanentration of 0.14 pg/L (Kolpin et al.,
2002).

There have been growing concerns about the enventahpersistence of triclosan and its
health risks to human and aquatic lives. Triclosaan endocrine disrupting chemical that can
cause adverse effects on the thyroid hormone haamegVeldhoen et al., 2006). Moreover,
triclosan can accumulate in various aquatic orgasjsand has been found highly toxic to certain
types of algae and fish (Orvos et al., 2002). d8ah may induce development of bacterial
resistance to drugs (McMurry et al., 1998). Of jgattar concern is the sewage sludge, where an
abundance of pathogens and multiple antibioticsnofioexist (Heidler and Halden, 2007). The
continued use and accumulation of triclosan ineiti@ronment have led to regulatory actions by
the U.S. FDA (2013).

Various oxidation processes have been investigatetegrade triclosan in drinking water
and wastewater plants, including chlorine oxidatioszonation, and sunlight or UV
photodegradation (Inaba et al., 2006; Latch e2805; Rule et al., 2005). However, in addition

to the limited effectiveness, these technologiesroproduce toxic byproducts or intermediates
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(e.g., 2,4-dichlorophenol, 2,8-dichlorodibenzo-pxdlin). Consequently, more cost-effective
technigues are needed to mitigate the toxic effafctisclosan.

Catalytic hydrodechlorination is a common reductiegradation process where chlorinated
organic compounds are reduced by hydrogen gasimatiganic chloride ions released. To speed
up the reaction rate and minimize production ofiddxyproducts, various catalysts are often
employed. Palladium (Pd) has been one of the mmesfuéntly used catalysts in catalytic
hydrodechlorination for its high catalytic effic@nunder ambient pressure and temperature. It is
well known that Pd can facilitate formation of highieactive atomic hydrogen and the-@
bond cleavage (Chen et al., 2002; Lowry and Reth2001).

To enhance the catalyst activity and facilitateewateatment uses of the catalyst, elemental
Pd particles are often loaded on macro-scale stipgomaterials. For instances, activated
carbon (AC) and alumina (4Ds) have been most commonly employed as the sup{iniaplin
et al., 2012; Diaz et al., 2011; Zhang et al., 2013

Conventionally, Pd particles are prepared by reduenic Pd species in solution, and then
loaded on a support via the incipient wetness ignpagon method (Bacik et al., 2012). However,
the particles in aqueous solution tend to aggregaie the aggregates can hardly be uniformly
loaded on porous supports. Moreover, due to lacgpetific interactions between Pd and the
supports, the loaded Pd particles are prone tdilegcFor instance, Yuan and Keane (2004)
tested AC and alumina supported Pd, and obsena®#4% of Pd leached out from AC-Pd and
10% from alumina-Pd. To enhance Pd activity andimize Pd leaching, high temperature
calcination is often practiced. However, calcinatimt only costs a large amount of energy, but

also is less applicable to AC and polymeric makeria
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Compared to AC and alumina, functional polymerisine may offer some unique
advantages when used for preparing supported sgdalyrirst, functional polymers carry
uniformly distributed functional groups that canosgly adsorb the precursor ionic Pd species,
which is an essential step for subsequent unifavadihg of Pd nanoparticles. Second, the
adsorbed Pd species can be easily reduced to dkdrReh) which allows the nanoparticles to be
generated evenly and in situ. Third, the polymeemplate may serve as a solid stabilizer
preventing the nanoparticles from aggregation aagimizing the catalytic activity. Fourth, the
polymer matrix and functional groups can interattorggly with Pd, resulting in firm
immobilization of the nanoparticles and minimal IBdching. This also eliminates the need for
high temperature calcination. Fifth, the Pd loadiag be easily manipulated by controlling the
ion-exchange uptake of the precursor Pd speciest, tlzere have been diverse types of ion
exchange resins available on the market with a watge of physical-chemical characteristics
(functionality, porosity, matrix hydrophobicity, dnsurface area), allowing for selecting the
optimal resins for the target contaminants. Gaspeova et al. (2006) prepared a -l
bimetallic catalyst supported on strong acid catiesins to reduce nitrates, and observed
improved selectivity toward Noroduction and undetectable Pd leaching.

In this study, a new class of resin-supported Rdlygsts were prepared using two widely
used strong base anion (SBA) exchange resins, Anmeb#RA-900 and Amberlite IRA-958,
through a two-step process (i.e., ion-exchange kep@nd subsequent reduction), and the
catalysts were then characterized and tested taiytia hydrodechlorination of triclosan. The
specific objectives were to: 1) Prepare and charaet the resin-supported Pd catalysts; 2)
Determine the effects of Pd loading and type oinresatrices on the effectiveness of catalytic

hydrodechlorination; 3) Test the life-time and gty of the catalysts, and resistibility to
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chloride poisoning, organic fouling and pH flucioat and 4) Identify the reaction pathway of
catalytic hydrodechlorination of triclosan. To thest of our knowledge, there has been very
limited information reported on reductive degradatof triclosan.
2. Materialsand methods
2.1 Materials

Section S1 in Supporting Information (SI) givesommhation on chemicals used in this study.
Two widely used macroporous SBA resins, AmberlR&1900 and IRA-958 (both in Cform)
(Dow Chemical Company, Philadelphia, PA, USA) wptechased from Sigma-Aldrich. Both
resins contain quaternary amine functional groups r@early the same ion exchange capacity,
but differ in the polymer matrices (polystyrene BBA-900 and polyacrylic for IRA-958) able
1 lists the salient properties of the two resinsfoBz use, the resins were conditioned following
the procedure of cyclic exhaustion with 1 M sodibgdroxide, 1 M hydrochloric acid, 1 M
NaCl, and DI water rinsing successively, and thewliged (Xiong et al., 2007).
2.2 Preparation of resin-supported catalysts

The resin-supported Pd catalysts were preparediwg-gtep process. First, an anionic form
of Pd precursor (Pd¢l) was absorbed on the resins through the followimgexchange
reactions:

R-(N'CI), + PAC}* « R-N,-PdCL? + 2CI (1)

where R- represents the polymer matrix. Typicaibyachieve 2.0 wt.% Pd loading, a 100 mL
solution containing 21.5 mg/L of Pd€tPd and 1 g/L NaCl was mixed with a resin at a
solution-to-resin ratio of 1 (L):1 (g) and equildded on a shaker (150 rpm) for 72 h (to reach

equilibrium). Then the supernatant was decanted 5amL of a borohydride solution (0.86 g/L)
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was added to the Pd-laden resins dropwise. Pd@$ reduced to Pd(0) through the following
reaction under shaking (150 rpm) for 20 min:

PdCL* + 2BH; + 6H,0 — P+ 2B(OH)+ 4Cl + 7H; (q) (2)

The resulting resin-supported Pd catalysts conalh@ wt.% Pd, and are designated as
Pd(2.0)@IRA-900 or Pd(2.0)@IRA-958, respectivelpeTcatalysts were rinsed with DI water
and then air-dried before use. For comparisonc#talysts were also prepared with Pd loadings
ranging from 0.2 to 11.2 wt.% following the sameqedure and according to the [Pg€l

adsorption (ion-exchange) isotherrisgure S1 in Sl).

2.3 Catalysts characterization

The topography and morphology of the resin-suppoRd catalysts were investigated by
scanning electron microscopy (SEM, JSM-7000F, JB@®A), coupled with energy-dispersive
X-ray spectroscopy (EDS, INCA X-Sight, Oxford Ingtments) for elemental composition
analysis. To determine the distribution of Pd l@hdeside a resin bead and the internal
morphology, selected resin beads were first biseeted then the cross-sections subjected to the
SEM and EDS analyses. Transmission electron mioms¢TEM) (Tecnai30 FEG microscopy,
FEI, USA) analysis was performed to determine tlogpinology and approximate particle size of
the supported Pd particles following the methods(Bacik et al., 2012). Powder X-ray
diffraction (XRD) patterns of the catalysts wergabed with a Bruker D2 PHASER powder
diffractometer (Bruker AXS, Germany) using Gu radiation { = 1.5418 A) at a scan rateg}2
of 4°/min.
2.4 Catalytic hydrodechlorination of triclosan

Batch kinetic experiments were conducted in dufdic® test the effectiveness of the

supported Pd catalysts for hydrodechlorinationricfdsan in aqueous solution. First, 0.1 g of a
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resin-supported Pd catalyst was mixed with 100 mRIlovater in a 127 mL amber serum bottle.
Then the mixture was purged with hydrogen gas fomih to obtain a Hsaturated solution (H
solubility =1.6 mg/L at 20C) with the headspace (~27 mL) filled with.HUpon saturation, the
bottle was quickly capped with an open-top screwp cwith PTFE-lined septa.
Hydrodechlorination of triclosan was then initiateg injecting 100 pL of the triclosan stock
solution into the bottle using a gas-tight glassngje to yield an initial triclosan concentratioh o
10 uM (2.9 mg/L). The reactor was then flat-mourdgaca shaker and kept mixing at 150 rpm at
room temperature (20 °C). At selected times, 1 mL of the solution was g and filtered
through a 0.221m Teflon syringe filter. The filtrates were thera&yzed for triclosan remaining.
Two types of control tests were conducted to givatiie mass loss of triclosan, one was with
the solution only, and the other was with hydrogas added but without the catalysts. To test
pH effects, the kinetic tests were conducted at3pH8.8, which was pre-adjusted using dilute
HCI or NaOH. The variation of solution pH was <@iing the experiments in all cases.

Because of the hydrophobic nature of the resiniogsty triclosan in the aqueous phase can
be removed due to both adsorption and chemicatfvtamation. To gauge triclosan adsorption
on the resins, the catalytic hydrodechlorinationswrminated at various times. Upon
withdrawal of the solution (~99 mL), the resins wextracted using 30 mL of methanol to
extract adsorbed triclosan in the resin phase.eXaction was performed under shaking (250
rpm) for 24 h at room temperature (20+1°C). Contesits indicated that the extraction method
can recover 22 % and 9%2 % triclosan from IRA-900 and IRA-958, respectjvel

Experimental methods on testing and analyzing themit acid (HA) effect,
hydrodechlorination byproducts, chloride productemd chlorine balance, and catalysts reuse

and lifetime are provided in Sections S2-S5 in SI.
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2.5 Chemical analysis

Triclosan was analyzed with an HP Agilent 1260 dit§i High Performance Liquid
Chromatography (HPLC) system following the methgdZbang and Huang (2003). Section S6
in Sl presents details of the method and methodsafwlyzing total dissolved Pd, the
hydrodechlorination byproducts and chloride.

3. Results and discussion
3.1 Crystallography, mor phology, and chemical compositions of catalysts

Figure 1 showsthe XRD patterns of Pd(2.0)@IRA-900 and Pd(2.0)@{#58 before and
after eight reaction cycles of hydrodechlorinatibio. peaks were detected in the diffractograms
for both resins, which is consistent with the anhoys nature of the polymeric matrices. In
contrast, three peaksf{2 39.4, 46.1°, and 67.7) were observed upon Pd loading. These peaks
are assigned to the 111, 200 and 220 crystal plarfethe face centered cubic (fcc)
crystallographic structure of Pd, respectively (GRNo. 05-0681), confirming Pd nanoparticles
were successfully loaded onto resins. Comparingfrigghly prepared Pd catalysts with those
after eight consecutive hydrodechlorination cyctasre is no significant change of the Pd peaks,
indicating good stability of the catalysts aftepeated uses.

Figure 2 shows the SEM images of the cross-section of Rddod resins at 100x and
30,000x magnifications. The high magnification ShiMages show a macroreticular internal
structure of the resins, and the macropores (nese larger than 50 nm) result from “glueing” of
polymer nodules (D’Archivio et al., 2000). It isidegnt that IRA-900 contains much more
macropores between the nodules than IRA-958. Cemsigvith the SEM images, IRA-900 was
reported to have an average pore diameter of 3mn,2which is ~6 times larger than that for

IRA-958 (6.46 nm)Kotodynska, 2010; Schouten et al., 2007). Moreover, the BET surface area
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of IRA-900 (22 ni/g) is ten times higher than IRA-958 (2.03/g) (Delgado et al.2007;
Kotodynska, 2010). Compared with other inorganic suppdines BET surface area of the resins
is relative low. For instance, the BET surface doealumina (AbOs) supported Pd was 92°fg
(Zhang et al., 2013), and that for AC supportedrfay reach 1011 ffy (Diaz et al., 2011).

Radial distribution of Pd nanoparticles at the acef and cross-section of the resins was
analyzed by EDS scanning of 11 points, which wésg&itduted along the radius in the upper and
right direction Figures 2a-2b). Figure 3 shows the EDS results, where the Pd distributias w
plotted as Pd percentage relative to Cl (notew@k considered evenly adsorbed on the resins).
The results indicate that Pd distribution was rhdigymmetrical, and Pd was quite uniformly
distributed inside the resins with an average Pd/8l0% and 9.2% for IRA-900 and IRA-958,
respectively. However, at the peripheral surfaceesins, higher Pd loadings were observed,
with an average Pd/Cl = 13.6 and 19.6 % for IRA-866 IRA-958, respectively.

Gross et al. (2010) prepared palladium catalysppated on weak anion exchange resins
using hydrazine as the reducing agent, and theydfdliat the Pd particles were concentrated in
the 10% outer shell. Corain and Kralik (2000) claghthat well swelling media (e.g., ethanol)
and high concentrations of reducing agents tendistibute the particles more evenly. In our
case, the macroreticular structure and the eveisiltlted functional groups of the resins
resulted in an initial uniform loading of Pd presoir ions. The use of the strong reducing agent
(NaBH,) resulted in nearly mono-dispersed nanopartidies are evenly immobilized on the
pore walls of the resins. The higher Pd loadingtlom peripheral surface is attributed to the
higher precursor concentration at the outer spb&tbe resin beads as well as the residual Pd

precursor anions in the outer-sphere liquid film.
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Based on the Clconcentration {able 1) and the average Pd/Cl percentages (8.0% and
9.2%), the Pd loadings are estimated to be 26 &@h@/g-resin for IRA-900 and IRA-958,
respectively. These values are reasonable compatiethe targeted 2.0 wt.% Pd loading.

Figure 4 shows TEM images of the Pd particles and theitriigion on the resins.
Individual nanospheres or irregular clusters wdrgeoved for both cases, and the mean diameter
of the primary nanoparticles were 8172 nm (meanzstandard deviation) and+4.8 nm for
Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958, respectivEigure S2a in SI shows the patrticle size
distribution. Based on t-test, the Pd particle sioe the two resins were significantly differept (
= 0.0005). However, some larger aggregates (20mMQdiameter) were observed on IRA-958
(Figures 4c-4d). The crystal lattice distance wasasared to be 0.22 nm, which is consistent
with the crystalline of Pd(111) (Mazumder and SR009). EDS analyses confirmed the dark
dots in the TEM images were Pd nanoparticlegure S2b in Sl).

3.2 Effect of Pd loading on hydrodechlorination of triclosan

Batch kinetic tests of hydrodechlorination of tosan were carried out under different Pd
loadings. The control tests indicated thatgds alone removed only 7% of triclosan in 120 min.
The heterogeneous catalytic reaction is interprdtgd_Langmuir-Hinshelwood (L-H) model

(Rizzo et al., 2009) :

ac KadsC )
o, (L 3
dt TXN \14+K 445C (3)

wherer is the reaction rate (mg/L/ming,..,, is the rate constant (mg/L/min), akg,s (L/mg) is
the equilibrium constant of adsorptiagh{mg/L) is the aqueous phase concentration ofosarh.

For dilute aqueous solutions,;,C <<1, Eqn (3) is simplified to the pseudo first-erdate law:

dc _

C
= = KranKaasC = kaC - or lnc—0 = —k,t (4)

ks = kobsCpa (5)
11
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whereC, (mg/L) is the initial concentration of triclosal, (min) is the apparent rate constant,
kops (L/g/min) is the observed rate constant, whicloldained by normalizing thie, to the
dosage of Pddpq4 in g/L). Figure 5 plots the kinetic data according to the linearipsgudo
first-order equationT able 2 liststhe best-fitted rate constants at various Pd lagdin

It is evident fromFigure 5 that without Pd loading, IRA-900 offers much gexadsorption
rate and capacity for triclosan than IRA-958, anek, value (0.021 mit) for IRA-900 is 10
times greater than that (0.002 Mjnfor IRA-958. This is consistent with the matrix
hydrophobicity of the resins. Given the rather loydhobic nature of triclosan (I8gc = 3.8-4.0)
(Lindstrém et al., 2002), the more hydrophobic gofyene matrix of IRA-900 adsorbs triclosan
more favorably than the polyacrylic matrix of IRA& The loading of 0.2 wt.% of the Pd
nanoparticles increased the rate constant by 2d%.026 mift) for Pd@IRA-900 and 11 times
(to 0.024 mif) for Pd@IRA-958. This observation suggests thatlavRd@IRA-900 may
remove triclosan through both adsorption and cttalhydrodechlorination, PA@IRA-958 works
almost completely by catalytic hydrodechlorinatiMore details on the effect of the supporting
resins are discussed in Section 3.3.

For Pd@IRA-900, increasing the Pd loading from ®110.8 wt.% had statistically
insignificant p = 0.11) effect on the apparent rate constant, vihemained at approximate
0.025:0.003 mint* (Table 2). In contrast, for IRA-958, increasing the Pd linadfrom 0.1 to 7.8
wt.% kept increasing the rate constant from 0.a18.037 mift (~3 times). This observation
indicates that the strong adsorption by IRA-900msting the intraparticle mass transfer rate of
triclosan, i.e., the surface diffusion is likelymiting the hydrodechlorination process for
Pd@IRA-900, while the Pd-facilitated reaction playsimportant role for PA@IRA-958 in the

tested Pd-loading range. Further increasing Pd frdnto 11.2 wt.% on IRA-958 showed no

12
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more effect on the reaction rate, indicating thte femiting step is shifted to other mechanisms
(e.g., diffusion). Nutt et al. (2005) studied effeaf Pd loading on trichloroethylene (TCE)
hydrodechlorination using a Pd-on-Au bimetallicatgst, and found that multiple layers of Pd
particles were formed at the support surface atagdel Pd loadings. Our SEM imagé&sgure
S3) appear to support the assertion that layereda®thes may form on the supports at high Pd
loadings (~11 wt.%). The Pd accumulation may blitek accessibility of the interior Pd sites of
the porous support, resulting in a decrease irspieeific surface area and the overall catalytic
efficiency.

On the other hand, when the Pd-normalized ratetaotssk,;,s) are compared, the lower Pd
loading (0.1 wt.% and 0.2 wt.%) gives the highgy, value T able 2) for both types of resins.
3.3 Effect of supportson hydrodechlorination of triclosan

As stated earlier, the resin matrices can adsaclogan. In particular, adsorption by the
polystyrene matrix of IRA-900 may affect the hydectlorination rate. To acquire further
insight into the role of adsorption, triclosan rerab due to adsorption and reaction was
guantified by measuring triclosan in the solid ghasd in the aqueous phabké&ure 6 shows
concentration histories of triclosan in the resmd @he aqueous phases during the 120 min
hydrodechlorination. It is evident frofigure 6a that at the 0.2 wt.% Pd loading, up to 20% of
initial triclosan was detected in the Pd(0.2) @IR@3%hase, which was then rapidly and nearly
completely degraded. In contrast, for Pd(0.2) @I1R8;9n0 adsorbed triclosan was detected at
0.2 wt.% Pd loading, indicating triclosan removahsasolely due to reaction. When the Pd
loading was increased to 2.0 wt.%, no solid-phasmls$an was detected for both resiksg(re

6C).

13



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

For adsorption of contaminants onto polymeric resintraparticle diffusion is often the rate
limiting step (Zhao and Pignatello, 2004). For boBd@IRA-900 and Pd@IRA-958,
intraparticle diffusion can include both pore dfffon and surface diffusion. As most of the
adsorption sites are not covered by the Pd nariolesrta good fraction of triclosan molecules
will be first adsorbed on the resins’ surface ahdnt be degraded by the reactive atomic
hydrogen produced by the Pd nanopatrticles (He dra,22008). As the pore size of IRA-900 is
4.8 times larger than that of IRA-9584dble 1), the pore diffusion rate for the former is faster
than for the latter. On the other hand, as the gtglgne matrix adsorbs triclosan much more
favorably than the polyacrylic matrix, triclosan kecules are more strongly adsorbed on the
IRA-900 before they are hydrodechlorinated, andailt&orption retards the surface diffusion to a
greater extent than for IRA-958. Consequently, aeefdiffusion is likely the rate-limiting step
for PA@IRA-900. In contrast, for PA@IRA-958, adsiomp is much weaker, and thus plays
much less a role, i.e., the production of atomidrbgens and degradation reaction control the
removal rate. At elevated Pd loadings (e.g., 2.00Ntthe surface diffusion limitation is relaxed
as more Pd nanoparticles become available and natoenic hydrogen is produced.
Consequently, no triclosan residual was detectethénresin phaseF{gure 6c). However,
detailed mechanisms on the mass transfer and pioduaf atomic hydrogen are yet to be
investigated in the future.

Figure 6d shows that despite the different adsorption andsnteansfer mechanisms, the
overall removal rates of triclosan for both Pd(@2RA-900 and Pd(0.2) @IRA-958 were quite
comparable, though Pd@IRA-958 outperformed Pd@IRA-& elevated Pd loadingBable 2).

It is noteworthy that the specific surface arealRA-958 (2.03 rf/g) is 10 times smaller than
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that of IRA-900 (22 ifig) (Table 1). As a result, when loaded with the same massdotte
surface density of the Pd nanoparticles is higihdR#A-958, which is in favor of the reaction.
3.4 Effects of pH and chloride

To study the pH effect, the hydrodechlorinationexkpents were conducted at pH 3.0-8.8.
Figure $4 shows that the fastest reaction was observed & .@Hncreasing pH from 5.0 to 8.8
lowered thek,;,s value from 1.25+0.06 to 0.88+0.03 L/g/min for P@Z0IRA-900, and from
1.6+0.1 to 0.93£0.02 L/g/min for Pd(2.0)@IRA-958rversely, lowering solution pH from 5.0
to 4.0 only slightly reduced the reaction rate. tdger, further decreasing pH from 4.0 to 3.0
diminished thek,,s from 1.11+0.05 to 0.85+0.05 L/g/min for Pd(2.0)@HR00 and 1.39+0.02
to 0.82+0.01 L/g/min for Pd(2.0)@IRA-958. The higheactivity of Pd catalysts at mildly
acidic pH is attributed to the increased formatibatomic H due to elevated ldoncentration at
lower pH (Liu and Wang, 2014; Zhao et al., 2014).addition, solution pH also influence
catalyst surface properties and speciation of asmh. The point zero charge of the
Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958 was determit@cbe 4.5 and 5.4 following the
titration method, respectivelyrigure S5). The K, value of triclosan was reported to be 7.9
(Latch et al., 2005). As such, the surface of gatalbecomes increasingly negatively charged at
pH above 5, and the adsorption of triclosan becdesssfavorable at rising pH due to the charge
exclusion effect. At pH >8, the phenolic groups totlosan become largely deprotonated,
invoking a stronger electrostatic repulsion withe thegatively charged catalysts. At the
extremely acidic pH 3.0, ~0.5 wt.% of Pd loaded @&solved, resulting in some reactivity loss.
Earlier, Liu and Wang (2014) studied hydrodechlation of 4-chlorophenol using a PdCoB

catalyst and observed similar deactivation phenamet pH 2.5. Extremely high concentrations
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of H" may also affect the reaction through product-iitlib since hydrogen ions are also
hydrodechlorination products (Section 3.6).

Researchers have reported poisoning effects aénans (e.g., Cland Br) on Pd catalysts
(Orddniez et al., 2010; Urbano and Marinas, 200d)gauge the Cleffect, 10 mM NaCl was
added in eight consecutive batch kinetic telstgure S6 shows that in the presence of the high
salt concentrationk,,swas decreased from 1.25 to 0.94 L/g/min for Pd@MR)A-900, and
from 1.6 to 1.28 L/g/min for Pd(2.0)@IRA-900 in thest run, respectively, and to 0.86 L/g/min
and 1.24 L/g/min after 8 consecutive runs. Highcemtrations of halide ions are able to form
stable complexes with P which will promote oxidation of Pdto Pd* and diminish its
catalytic activity (Ordofiez et al., 2010; Urbana &darinas, 2001). This phenomenon gives rise
to an undesired self-inhibition mechanism when tio ions are present as a reduction
byproduct.

Nonetheless, both Pd(2.0)@IRA-900 and Pd(2.0)@IB8-&ere able to perform well in
the presence of high concentrations of NaCl, wijh being decreased by only 31% and 23%,
respectively, after 8 consecutive runs (most dropuged in the first run). Between the two
catalysts, Pd(2.0)@IRA-958 appeared more residg@antl, which can be attributed to its
relatively larger Pd particle size. Larger particlare less reactive, but less vulnerable the
chloride effect. Aramendia et al. (1999) claimed &ility of Pd to adsorb hydrogen and to form
ap-hydride phase may have an important role in thiwiggselectivity of alumina-supported Pd.
They also reported that larger palladium partidaew a better resistance to passivation, and
they claimed that the byproduct halide ions carfudd into the micropores of larger Pd
aggregates, thereby vacating the outer surfactftver reaction. Gigola et al. (1986) reported

that larger Pd particles are more likely to forre fRhydride species, which is often associated
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364 with a larger H uptake at room temperature. Likewise, Estellél.e(18®96) hypothesized that
365 small metal particles cause hydrogen to dissotésteeffectively than large particles.

366 3.5 Effect of humic acid

367 Dissolved organic matter (DOM) inhibition has beeported to be a major issue for
368 organics degradation by Pd-based catalysts (Chaplal., 2006; Zhang et al., 2018igures
369 7a-7b show linearized hydrodechlorination kinetics oiclbsan by Pd(2.0)@IRA-900 and
370 Pd(2.0)@IRA-958 in the presence of various conegiotms of Fluka HA measured as total
371 organic carbon (TOC). Evidently, the presence of &#A0 mg/L as TOC only slightly reduced
372 thek,,s value from 1.2%0.06 to 1.180.04 L/g/min for Pd(2.0)@IRA-900, and from @1 to
373  1.50.2 L/g/min for Pd(2.0)@IRA-958, which is statigtiky insignificant for Pd(2.0)@IRA-958
374 (p value = 0.09). When the HA concentration washdied to 20 mg/L as TOC, the value
375 was decreased to 08504 and 1.240.01 L/g/min for Pd(2.0)@IRA-900 and Pd(2.0)@IRA-
376 958, respectively; and when HA was tripled to 30/lmgs TOC, thék,,s value was further
377 decreased to 0t9.2 and 1.1¥0.06 L/g/min, i.e., a drop of 28% for Pd(2.0)@IRBA&and 27%
378 for Pd(2.0)@IRA-958 compared to those without HAaniely, both IRA-900 and IRA-958
379 supported Pd catalysts showed excellent resistemagrganic fouling/poisoning at TOC<10
380 mg/L, and both catalysts showed similarly goodstasice at extremely high TOC concentrations.
381 Figure S7 compares the effects of Fluka HA (FHA) and LeoitartiA (LHA) at 30 mg/L
382 as TOC on the triclosan removal rates. For botl2 BY@IRA-900 and Pd(2.0)@IRA-958, the
383 two HAs showed nearly identical effects on the reatkinetics p > 0.2).Figure S8 shows the
384 effects of FHA at 30 mg/L as TOC on the removakraft triclosan at a 10 times lower
385 concentration (0.29 mg/L). The presence of 30 mBHA lowered thek,,s value from
386 1.32t0.02 to 0.960.04 L/g/min (by 27%) for Pd(2.0)@IRA-900 and froin47+0.02 to
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1.18+0.01 L/g/min (by 20%) for Pd(2.0)@IRA-958. The rat®p values are either comparable
(for Pd(2.0)@IRA-900) or much lower (for Pd(2.0)@IR58). The results indicate that the
supported catalysts can perform well at trace ewélriclosan and in the presence of unusually
high concentrations of DOM. In fact, as the conedign of triclosan is lowered, the Pd-to-
triclosan ratio is increased, resulting in lessbhiilve effect of DOM.

HA can compete with triclosan for atomic hydrogehl’)( thus inhibiting the
hydrodechlorination rate (Zhu et al., 2008). In iadd, HA may adsorb onto the active Pd
surface sites, causing catalyst fouling (Chapliralet 2006). Zhang et al. (2013) investigated
hydrodechlorination of trichloroethylene with aluraisupported Pd catalysts, and reported a
~88% loss of reaction rate in the presence of 3(Lm§HA. Likewise, Chaplin et al. (2006)
reported the reduction rate of N@ecreased by 84% in the presence of 3.3 mg/L olkiAg a
Pd-Cu/ALO; catalyst. Evidently, the resin supports in thigkwender much greater tolerance to
HA fouling, which can be attributed to: 1) much EwHA uptake by the resins then other
supports such as AC and activated alumina, anch@)pbre size exclusion effect, i.e., the
macroreticular pore structure for both IRA-900 #iRA-958 prevents HA macromolecules from
reaching the Pd nanoparticles inside the resin ebd the presence of 30 mg/L of HA,
Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958 removed 37%24% of HA, respectively, after 2 h.

To further investigate the DOM effect, consecutieghausting runs of catalytic
hydrodechlorination were conducted in the preseic) mg/L TOC.Figures 7c-7d show the
linearized kinetic profiles in Runs 2, 4 and 6. Kyg, values for Runs 2, 4, 6 were 0002,
0.60:0.1, and 0.5¥0.07 L/g/min for Pd(2.0)@IRA-900, and 04807, 0.930.01, 0.960.03
L/g/min for Pd(2.0)@IRA-958. After 6 runs, the,s values decreased by 39% and 27%

compared with the first runs for Pd(2.0)@IRA-90@ &d(2.0) @IRA-958. In fact, IRA-958 was
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manufactured to resist organic fouling for its hyghiilic and macroporous/macroreticular matrix.
In addition, the smaller pore size of IRA-958 vékclude more HA molecules and result in less
fouling. The results indicate that over prolongegasure to very high concentrations (e.g., 30
mg/L) of DOM, the catalytic activity may graduallgssen due to slow diffusion and adsorption
of DOM molecules.
3.6 Triclosan hydrodechlorination pathway

Unlike conventional oxidative degradation of trigém, which often produces highly toxic
byproducts, such as chlorodioxins and chlorophébaich et al., 2005; Rule et al., 2005), the
catalytic hydrodechlorination was expected to giweocuous reaction productEigure S9
shows the GC/MS chromatograms obtained during étedytic hydrodechlorination of triclosan
at various reaction times (10 min to 24 Rjgure S1l0a shows the relative GC/MS peak area
throughout the reaction time, afagure S10b gives the MS spectra with the m/z values. The
differences between the measured and theoreticsdanavere <0.5%. It is evident that triclosan
was rapidly dechlorinated. At 10 min, ~30% of ialtitriclosan was degraded. The major
intermediate product (P1 Figure S9 in Sl) was identified as 2-phenoxyphenol with a wdlue
of 186.00, which was also reported by others (Belatral., 2010; Nakayama et al., 2008). In
addition, three other byproducts were detectedludticg two of the 2-chlorinated isomers
(C12HsCI0y), and one 1-chlorinated compoundi4dy,CIO,) (Figures S9 and S10 in SI). At 30
min, the chlorinated byproducts were further dedhlded, and complete dechlorination of
triclosan was achieved within 2 h, where P1 wasntlagor product with a small amount of P2.
At 4 hour, P1 was further converted to P2, and tww peaks P3 and P4 appeared. P2 has an
m/z value of 190.00, but its molecular has not besported. Based on the mass spectrum

analysis Figure S10b) and the peak area trendrigure S10a), P2 is suggested as a
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hydrogenation product of P1. To confirm the mostsgle structure of P2, the condensed Fukui
function (CFF) was employed to study the regiodelig of the H radical addition to P1
(Section S7 of SI). The results indicate that tlebOns-1, 2, 5, and 6 were the most reactive
sites for further H radical additions (Figure S1i1g,, P2 is most likely 6-phenoxycyclohex-3-
enol (M.W.= 190.2). The structures for P3 and P4ewaot identified in this work. Further
conversions of P1 and P2 to P3 and P4 were obsatv&th. Sun et al. (2007) observed catechol
and resorcinatlecomposed ring-opened products in hydrodechldoimatf o-chlorophenol.

Based on the intermediation products analysisc#ttalytic hydrodechlorination pathway of
triclosan by resin-supported Pd catalysts is scllenre Figure 8, and the triclosan

hydrodechlorination can be described by the folfmyieactions:

Pd
C1oH/Cl30,+H, — C12H8C|202+C|_+H+ (6)
Pd .
C1,HsCl,0,+H, = CioHoCIO+Cl+H (7)
Pd .
C12HoClOs+H; — CioH1gO+Cl+H (8)
Pd
C12H1002+2H; = C12H1402 )(©

It is noteworthy that the hydrogen supply in theteyn (H solubility =1.6 mg/L at 20C)
was more than 10 times the stoichiometric demarmi;iwassures abundant hydrogen supply for
the catalytic hydrodechlorination.

To confirm the dechlorination completeness, chinmass balance was vetted in the system.
Figure 9 shows the coupled catalytic hydrodechlorinatiote raf triclosan and the production
rate of Cl by Pd(2.0)@IRA-958. Evidently, the dechlorinatiari triclosan was nearly
stoichiometrically coupled with the production dflaride. It is noted that the sum of chloride

and chlorine in triclosan was slightly lower thaitial total chlorine mass in the first hour or so,
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which is attributed to the presence of minor cmated byproducts during initial reaction stage
(Figure $9). After 1 h, ~100% chlorine mass balance was ofeskrthus confirming complete
dechlorination of chlorinated byproducts. Similat” @roduction profile was observed for
Pd(2.0)@IRA-900 (data not shown). At equilibrium 2, nearly all triclosan-chlorine was
converted to Cl

3.7 Catalystslifetime

The lifetime and reusability of the resin-supported catalysts were tested through eight
consecutive runs, where the same catalyst wastegppaised for triclosan hydrodechlorination
without any treatmentFigures 10a-10b shows linearized hydrodechlorination kinetics of
triclosan in Runs 1, 4, and 8 fitted with the psefidst-order kinetic model. The kinetic data for
Runs 2, 3, 5, 6, and 7 fall between those for Ruasd 8 and are not shown for visual clarity.
After 8 repeated uses, thg,s values decreased modestly from @%6 to 1.020.01 L/g/min
for Pd(2.0)@IRA-900, and from #6.1 to 1.4%0.02 L/g/min for Pd(2.0)@IRA-958. Pd
leaching for both resins was undetectable (i.e.03@ng/L in the aqueous phase or <0.2 wt.% of
Pd loaded). This observation indicates that thesms are able to facilitate firm immobilization
of the Pd nanoparticles. This is a major advantaggr other supporting materials such as
activated carbon and alumina, which often requicalaination process.

When the two catalysts are compared, the activity dor Pd(2.0)@IRA-900 was slightly
higher than that for Pd(2.0)@IRA-958(13% versusi®ed on lt9. Typically, deactivation of
Pd catalysts is attributed to Pd leaching, Cl/S@uing, sintering, and accumulation of reaction
products on the catalyst surface (Concibido e2807; Janiak and Okal, 2009; Yuan and Keane,
2004, 2003). In our case, the effect of Pd leachitag excluded since no Pd leaching was
detected for both catalysts. To determine the tffet.chloride and H the solution pH and ClI
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concentration in the agueous phase were recordexdgdihe reuse experimen{gigures 10c-
10d). For Pd(2.0)@IRA-900, pH dropped progressively raiach run cycle (from 5.1 to 3.8
after 8 cycles). However, for Pd(2.0) @IRA-958, mhained nearly the same after 8 runs (from
5.1 to 5.2). This phenomenon can be attributedh® different matrix effects. While the
hydrophobic polystyrene matrix of IRA-900 barelyaracts with protons, the polyacrylic matrix
in IRA-958 contains amine and carbonyl groups, lodtivhich undergo protonation reactions at
acidic pH. As a result, the IRA-958 effectively sets a buffer holding the pH constant by taking
up the H produced in the hydrogenation reactions (Eqgs.. 3¢ production of Cifor the two
catalysts was comparable, as after 8 recycles thm the aqueous phase was increased to ~12
mg/L in both cases. Another reason for the catalgsictivation was due to hydrophobic organic
products fouling (Concibido et al., 2007; Yuan afelane, 2003). Such fouling can be more
significant for hydrophobic supports. As IRA-900 macdfavorably adsorbs the hydrophobic
reaction products than IRA-958, Pd@IRA-900 was marleerable to organic fouling. In terms
of effects of oxidants, Pd catalysts are knowndadsistant to oxidants. In fact, strong oxidants,
such as HOCI/OCI H,0,, and KMnQ, are often employed used to regenerate sulfuetb&ld
catalysts (Angeles-Wedler et al., 2009; Chapliralet 2012, 2006). However, strong oxidants
should be avoided during the hydrodechlorinati@ctien to minimize competitive reactions. A
field demonstration test by Davie et al. (2008)vg&0 that alumina-supported Pd was able to
effectively hydrodechlorinate TCE in a groundwatéthout removing dissolved oxygen (0.5
mg/L) and nitrate (3.2 mg/L).
4. Conclusions

For the first time, we prepared two types of supabrPd catalysts using two standard

strong-base anion exchange resins (IRA-900 and9B&)-and through an initial adsorption and
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subsequent in-situ reduction of Pd. Compared toreational supports, the resins offer some
unique advantages, including: 1) controlled andaumi Pd loading/dispersion by manipulating
the Pd adsorption isotherm, 2) very high catalgtitivities, 3) negligible Pd bleeding, 4) high
resistance to organic fouling and chloride poisgniand 5) great reusability with low activity
loss. At a Pd loading of 0.2 wt.%, both IRA-900 dR#-958 supported Pd catalysts facilitated
rapid and complete hydrodechlorination of triclogéth an observed pseudo-first-order reaction
rate constantk,,s) =12 L/g/min. With an increase in Pd loading from @28 wt.%, the
apparent rate constakj was increased for IRA-958 supported catalysts evhid significant
change for IRA-900 supported counterparts. Thiseolaion indicates the strong adsorption is
limiting the surface diffusion and thus limitingetinydrodechlorination process for PA@IRA-900,
while the Pd loading played an important role fd@IRA-958. Both resin-supported catalysts
were highly resistant to organic fouling, with ngaro effect in the presence of 10 mg/L of HA
and thek,,, value being decreased by only 28% and 25% at 3Q mg for Pd(2.0)@IRA-900
and Pd(2.0)@IRA-958, respectively. Low concentragicof chlorinated intermediates were
detected in the early stage (<1 h) of the hydroldeictation process, which were then rapidly
and completely degraded within 1 h. A non-carcimigeand non-mutagenic antibiotic 2-
phenoxyphenol and its hydrogenated products were tmain byproducts from
hydrodechlorination of triclosan, and most of whiglre further degraded in ~24 h. The resin-
supported Pd catalysts displayed a long lifetimd ean be reused in multiple runs without
inhibitive activity loss (the dgsdrop in 8 consecutive runs was less than 13%)eiGilie diverse
characteristics of ion exchange resins, the ragiparted Pd catalysts may offer some
unprecedented advantages over conventional suppad&alysts in environmental cleanup

applications.
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Table 1. Salient properties of ion exchange resins uselisnstudy.

Sorbent IRA 900 IRA 958
Description SBA resin SBA resin
Functional Group | R lR’
+ +
CHri\l— CH CHrl|\l— CH
CHl CHl
Matrix
-CH,-CH-CH,- -CH-CH:-ClH-CHz-
C=0

|
HN-CH,-CH,

Polystyrene, Polyacrylic,

macroporous macroporous
Bead size (mm) 0.65-0.82 0.63-0.85
CI" Capacity (meg/qg) 3% 2.2°
Water Content (%) 58-64 66-72
BET Surface Area (fig) 27 2.03
Average pore diameter (nm) 37.2 6.46
Operating temperature (°C) <60 <80

* Data obtained from Rohm and Haas Technical Binketinless specified otherwisgErom this
work, determined by ion-exchange of ®lith SQ?. ® From Delgado et al. (2007§From

Kolodynska (2010)° From Schouten et al. (2007).



Table 2. Apparent and observed rate constants of triclosaroval with resin-supported Pd

nanoparticles.

Resin Pd Loading (Wt.%)  k, (min™)’ kops (L/g/min)” R

IRA-900 0 0.0210.001 0.995
0.1 0.020:0.003 2@3 0.999
0.2 0.026:0.002 131 >0.999
2.0 0.025:0.001 1.2%0.06 0.999
4.9 0.026:0.002 0.520.04 0.998
7.6 0.027%0.002 0.3&0.03 0.999
10.8 0.028:0.002 0.260.02 0.999

IRA-958 0 0.002:0.000 0.702
0.1 0.012:0.004 124 0.994
0.2 0.024:0.003 122 0.998
2.0 0.03:0.002 1.60.1 >0.999
4.9 0.033:0.001 0.6%0.02 0.999
7.8 0.03%0.001 0.460.01 >0.999
11.2 0.03%0.004 0.330.03 0.999

* Errors are given as standard deviation.
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Figure 1. XRD patterns of freshly prepared resin-supportéatd&alysts and spent catalysts after

8 consecutive runs of triclosan hydrodechlorination



Figure 2. SEM images of cross-sections(aj Pd(2.0)@IRA-900 an¢b) Pd(2.0)@IRA-958 at
low magnifications %100), (¢) Pd(2.0)@IRA-900 and(d) Pd(2.0)@IRA-958 at high

magnifications ¥30,000). The points i(a) and(b) indicate the EDS scanning spots.
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Figure 3. Radial distribution of Pd at the cross-sectionghaf(a) Pd(2.0)@IRA-900 andb)
Pd(2.0)@IRA-958 analyzed by EDS. The /R and R/B<0 (R: distance from the center, and
Ro: radius of the resin bead) indicate scan positiaiosig the radial coordinate as shown in

Figure 2.
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Figure 4. TEM andHRTEM images of Pd(2.0)@IRA-90@ and b) and Pd(2.0)@IRA-95&

and d).



IRA-900 Control, no resin, no H2
0 {ka R ;i —%

Control, no resin, with Hy

=)
o
O 21
£ TR &
——e—— Resin without Pd TR
.34 — - —  Resinwith 0.1% Pd “--.:f%\
— —%+— —  Resin with 0.2% Pd e
——-0-—— Resin with 2.0% Pd
44 — —v—— Resinwith 4.9% Pd
— —A-—---  Resin with 7.6% Pd
ses[k++2s+  Resin with 10.8% Pd
'5 T L) T L} T L}
0 20 40 60 80 100 120 140
Time, min
b)
1
IRA-958
0 {WW
%?.-j\ T — o
14 ":.':j{\ T~ T —C ‘_1
SN ~ ~ T — 2
= BT
[&) RN ~— -
- . =S
O 29 T \\%
= N
c LT ~
= e, Tl ~
——8—— ResinwithoutPd s, ™ -~
31 — <> — Resinwith0.1%Pd SO S
— —%——  Resin with 0.2% Pd ‘i T
——-0-——  Resin with 2.0% Pd ""-g_\"\
44 ——v—— Resin with 49% Pd R
— A Resin with 7.8% Pd
------ [r+++++ Resin with 11.2% Pd
'5 L) L T ¥ L} L)
0 20 40 60 80 100 120 140
Time, min

Figureb. Linearized pseudo first-order kinetic profilescatalytic hydrodechlorination of
triclosan at different Pd loadings on resiasIRA-900 and(b) IRA-958. Initial [triclosan] = 2.9
mg/L, resin = 1 g/L, pH=480.2. Symbols: experimental data; Lines, pseudb-dirder model
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Figure 6. Degradation of adsorbed and dissolved triclosahercourse of catalytic

hydrodechlorination witlfa) Pd(0.2) @IRA-900(b) Pd(0.2) @IRA-958, ant) Pd(2.0) @IRA-

900; andd) comparison of solely hydrodechlorination of tridasover two resin-supported

catalysts. Initial [triclosan] = 2.9 mg/L, resinl=g/L, pH=4.20.2. Error bars are given as

standard deviation.
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Figure7. Linearized kinetic profiles of catalytic hydrodémtination of triclosan bya)
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g/L. Error bars are given as standard deviation.
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Highlights

* A new class of anion exchange resin supported palladium catal ysts were prepared
» Initial uptake of Pd precursor anions facilitates controlled and uniform Pd loading
» Properties of resin matrices affect performance of the supported Pd catal ysts

» The catalysts show high catal ytic activity, great reusability and low Pd bleeding

* Thecatalysts areresistant to Cl” poisoning and natural organic matter fouling



