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Abstract 26 

We prepared a new class of anion-exchange-resin supported Pd catalysts for efficient 27 

hydrodechlorination of triclosan in water. The catalysts were prepared through an initial ion-28 

exchange uptake of PdCl4
2- and subsequent reduction of Pd(II) to Pd(0) nanoparticles at ambient 29 

temperature. Two standard strong-base anion exchange resins (IRA-900 and IRA-958) with 30 

different matrices (polystyrene and polyacrylic) were chosen as the supports. SEM and TEM 31 

images showed that Pd(0) nanoparticles were evenly attached on the resin surface with a mean 32 

size of 3-5 nm. The resin supported Pd catalysts (Pd@IRA-900 and Pd@IRA-958) were able to 33 

facilitate rapid and complete hydrodechlorination of triclosan. At a Pd loading of 2.0 wt.%, the 34 

observed pseudo first-order rate constant (kobs) was 1.25±0.06 and 1.6±0.1 L/g/min for Pd@IRA-35 

900 and Pd@IRA-958, respectively. The catalysts were more resistant to Cl- poisoning and 36 

natural organic matter fouling than other supported-Pd catalysts. The presence of 10 mM NaCl 37 

suppressed the kobs value by 31% and 23% for Pd@IRA-900 and Pd@IRA-958, whereas the 38 

presence of humic acid at 30 mg/L as TOC lowered the rates by 28% and 27%, respectively. The 39 

better performance of Pd@IRA-958 was attributed to the polymeric matrix properties (i.e., 40 

hydrophobicity, pore size, and surface area) as well as Pd particle size. GC/MS analyses 41 

indicated that very low concentrations of chlorinated intermediates were detected in the early 42 

stage of the hydrodechlorination process, with 2-phenoxyphenol being the main byproducts. The 43 

catalysts can be repeatedly used in multiple operations without significant bleeding. The 44 

catalysts eliminate the need for calcination in preparing conventional supported catalysts, and the 45 

resin supports conveniently facilitate control of Pd loading and material properties. 46 

Keywords: Pharmaceutical and personal care product; Catalysis; Emerging contaminant; 47 

Hydrodechlorination; Reductive dechlorination; Supported catalysts 48 
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1. Introduction 49 

Triclosan, or 5-chloro-2-(2,4-dichlorophenoxy)phenol, is a broad-spectrum antimicrobial 50 

agent. It has been used worldwide as a preservative or an antiseptic agent in many personal care 51 

and household products (e.g., toothpaste, soaps, deodorants, shampoos, cosmetics, and plastic 52 

additives). Due to the massive consumption, large amounts of triclosan are discharged into 53 

wastewater treatment systems and water bodies. The U.S. Geological Survey reported that 54 

triclosan was among the seven most frequently detected organic contaminants in 139 streams 55 

sampled across 30 states in the U.S. with a median concentration of 0.14 µg/L (Kolpin et al., 56 

2002).  57 

There have been growing concerns about the environmental persistence of triclosan and its 58 

health risks to human and aquatic lives. Triclosan is an endocrine disrupting chemical that can 59 

cause adverse effects on the thyroid hormone homeostasis (Veldhoen et al., 2006). Moreover, 60 

triclosan can accumulate in various aquatic organisms, and has been found highly toxic to certain 61 

types of algae and fish (Orvos et al., 2002). Triclosan may induce development of bacterial 62 

resistance to drugs (McMurry et al., 1998). Of particular concern is the sewage sludge, where an 63 

abundance of pathogens and multiple antibiotics often coexist (Heidler and Halden, 2007). The 64 

continued use and accumulation of triclosan in the environment have led to regulatory actions by 65 

the U.S. FDA (2013). 66 

Various oxidation processes have been investigated to degrade triclosan in drinking water 67 

and wastewater plants, including chlorine oxidation, ozonation, and sunlight or UV 68 

photodegradation (Inaba et al., 2006; Latch et al., 2005; Rule et al., 2005). However, in addition 69 

to the limited effectiveness, these technologies often produce toxic byproducts or intermediates 70 
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(e.g., 2,4-dichlorophenol, 2,8-dichlorodibenzo-p-dioxin). Consequently, more cost-effective 71 

techniques are needed to mitigate the toxic effects of triclosan. 72 

Catalytic hydrodechlorination is a common reductive degradation process where chlorinated 73 

organic compounds are reduced by hydrogen gas with inorganic chloride ions released. To speed 74 

up the reaction rate and minimize production of toxic byproducts, various catalysts are often 75 

employed. Palladium (Pd) has been one of the most frequently used catalysts in catalytic 76 

hydrodechlorination for its high catalytic efficiency under ambient pressure and temperature. It is 77 

well known that Pd can facilitate formation of highly reactive atomic hydrogen and the C−Cl 78 

bond cleavage (Chen et al., 2002; Lowry and Reinhard, 2001).  79 

To enhance the catalyst activity and facilitate water treatment uses of the catalyst, elemental 80 

Pd particles are often loaded on macro-scale supporting materials. For instances, activated 81 

carbon (AC) and alumina (Al2O3) have been most commonly employed as the supports (Chaplin 82 

et al., 2012; Diaz et al., 2011; Zhang et al., 2013).  83 

Conventionally, Pd particles are prepared by reducing ionic Pd species in solution, and then 84 

loaded on a support via the incipient wetness impregnation method (Bacik et al., 2012). However, 85 

the particles in aqueous solution tend to aggregate, and the  aggregates can hardly be uniformly 86 

loaded on porous supports. Moreover, due to lack of specific interactions between Pd and the 87 

supports, the loaded Pd particles are prone to leaching. For instance, Yuan and Keane (2004) 88 

tested AC and alumina supported Pd, and observed that 34% of Pd leached out from AC-Pd and 89 

10% from alumina-Pd. To enhance Pd activity and minimize Pd leaching, high temperature 90 

calcination is often practiced. However, calcination not only costs a large amount of energy, but 91 

also is less applicable to AC and polymeric materials. 92 
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Compared to AC and alumina, functional polymeric resins may offer some unique 93 

advantages when used for preparing supported catalysts. First, functional polymers carry 94 

uniformly distributed functional groups that can strongly adsorb the precursor ionic Pd species, 95 

which is an essential step for subsequent uniform loading of Pd nanoparticles. Second, the 96 

adsorbed Pd species can be easily reduced to elemental Pd, which allows the nanoparticles to be 97 

generated evenly and in situ. Third, the polymeric template may serve as a solid stabilizer 98 

preventing the nanoparticles from aggregation and maximizing the catalytic activity. Fourth, the 99 

polymer matrix and functional groups can interact strongly with Pd, resulting in firm 100 

immobilization of the nanoparticles and minimal Pd leaching. This also eliminates the need for 101 

high temperature calcination. Fifth, the Pd loading can be easily manipulated by controlling the 102 

ion-exchange uptake of the precursor Pd species. Last, there have been diverse types of ion 103 

exchange resins available on the market with a wide range of physical-chemical characteristics 104 

(functionality, porosity, matrix hydrophobicity, and surface area), allowing for selecting the 105 

optimal resins for the target contaminants. Gasparovicova et al. (2006) prepared a Pd−Cu 106 

bimetallic catalyst supported on strong acid cation resins to reduce nitrates, and observed 107 

improved selectivity toward N2 production and undetectable Pd leaching. 108 

In this study, a new class of resin-supported Pd catalysts were prepared using two widely 109 

used strong base anion (SBA) exchange resins, Amberlite IRA-900 and Amberlite IRA-958, 110 

through a two-step process (i.e., ion-exchange uptake and subsequent reduction), and the 111 

catalysts were then characterized and tested for catalytic hydrodechlorination of triclosan. The 112 

specific objectives were to: 1) Prepare and characterize the resin-supported Pd catalysts; 2) 113 

Determine the effects of Pd loading and type of resin matrices on the effectiveness of catalytic 114 

hydrodechlorination; 3) Test the life-time and reusability of the catalysts, and resistibility to 115 
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chloride poisoning, organic fouling and pH fluctuation; and 4) Identify the reaction pathway of 116 

catalytic hydrodechlorination of triclosan. To the best of our knowledge, there has been very 117 

limited information reported on reductive degradation of triclosan.  118 

2. Materials and methods 119 

2.1 Materials 120 

Section S1 in Supporting Information (SI) gives information on chemicals used in this study. 121 

Two widely used macroporous SBA resins, Amberlite IRA-900 and IRA-958 (both in Cl- form) 122 

(Dow Chemical Company, Philadelphia, PA, USA) were purchased from Sigma-Aldrich. Both 123 

resins contain quaternary amine functional groups and nearly the same ion exchange capacity, 124 

but differ in the polymer matrices (polystyrene for IRA-900 and polyacrylic for IRA-958). Table 125 

1 lists the salient properties of the two resins. Before use, the resins were conditioned following 126 

the procedure of cyclic exhaustion with 1 M sodium hydroxide, 1 M hydrochloric acid, 1 M 127 

NaCl, and DI water rinsing successively, and then air-dried (Xiong et al., 2007). 128 

2.2 Preparation of resin-supported catalysts 129 

The resin-supported Pd catalysts were prepared by a two-step process. First, an anionic form 130 

of Pd precursor (PdCl4
2-) was absorbed on the resins through the following ion-exchange 131 

reactions: 132 

  R-(N+Cl-)2 + PdCl4
2- ↔ R-N2-PdCl4

2- + 2Cl-     (1) 133 

where R- represents the polymer matrix. Typically, to achieve 2.0 wt.% Pd loading, a 100 mL 134 

solution containing 21.5 mg/L of PdCl4
2--Pd and 1 g/L NaCl was mixed with a resin at a 135 

solution-to-resin ratio of 1 (L):1 (g) and equilibrated on a shaker (150 rpm) for 72 h (to reach 136 

equilibrium). Then the supernatant was decanted, and 5 mL of a borohydride solution (0.86 g/L) 137 
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was added to the Pd-laden resins dropwise. Pd(II) was reduced to Pd(0) through the following 138 

reaction under shaking (150 rpm) for 20 min: 139 

PdCl4
2- + 2BH4

- + 6H2O → Pd0 + 2B(OH)3 + 4Cl- + 7H2 (g)    (2) 140 

The resulting resin-supported Pd catalysts contained 2.0 wt.% Pd, and are designated as 141 

Pd(2.0)@IRA-900 or Pd(2.0)@IRA-958, respectively. The catalysts were rinsed with DI water 142 

and then air-dried before use. For comparison, the catalysts were also prepared with Pd loadings 143 

ranging from 0.2 to 11.2 wt.% following the same procedure and according to the [PdCl4]
2- 144 

adsorption (ion-exchange) isotherms (Figure S1 in SI). 145 

2.3 Catalysts characterization 146 

The topography and morphology of the resin-supported Pd catalysts were investigated by 147 

scanning electron microscopy (SEM, JSM-7000F, JEOL, USA), coupled with energy-dispersive 148 

X-ray spectroscopy (EDS, INCA X-Sight, Oxford Instruments) for elemental composition 149 

analysis. To determine the distribution of Pd loaded inside a resin bead and the internal 150 

morphology, selected resin beads were first bisected, and then the cross-sections subjected to the 151 

SEM and EDS analyses. Transmission electron microscopy (TEM) (Tecnai30 FEG microscopy, 152 

FEI, USA) analysis was performed to determine the morphology and approximate particle size of 153 

the supported Pd particles following the methods in (Bacik et al., 2012). Powder X-ray 154 

diffraction (XRD) patterns of the catalysts were obtained with a Bruker D2 PHASER powder 155 

diffractometer (Bruker AXS, Germany) using Cu Kα radiation (λ = 1.5418 Å) at a scan rate (2θ) 156 

of 4°/min.  157 

2.4 Catalytic hydrodechlorination of triclosan 158 

Batch kinetic experiments were conducted in duplicate to test the effectiveness of the 159 

supported Pd catalysts for hydrodechlorination of triclosan in aqueous solution. First, 0.1 g of a 160 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

 

resin-supported Pd catalyst was mixed with 100 mL of DI water in a 127 mL amber serum bottle. 161 

Then the mixture was purged with hydrogen gas for 25 min to obtain a H2-saturated solution (H2 162 

solubility ≈1.6 mg/L at 20°C) with the headspace (~27 mL) filled with H2. Upon saturation, the 163 

bottle was quickly capped with an open-top screw cap with PTFE-lined septa. 164 

Hydrodechlorination of triclosan was then initiated by injecting 100 µL of the triclosan stock 165 

solution into the bottle using a gas-tight glass syringe to yield an initial triclosan concentration of 166 

10 µM (2.9 mg/L). The reactor was then flat-mounted on a shaker and kept mixing at 150 rpm at 167 

room temperature (20±1 °C). At selected times, 1 mL of the solution was sampled and filtered 168 

through a 0.22 µm Teflon syringe filter. The filtrates were then analyzed for triclosan remaining. 169 

Two types of control tests were conducted to quantify the mass loss of triclosan, one was with 170 

the solution only, and the other was with hydrogen gas added but without the catalysts. To test 171 

pH effects, the kinetic tests were conducted at pH 3.0-8.8, which was pre-adjusted using dilute 172 

HCl or NaOH. The variation of solution pH was <0.3 during the experiments in all cases. 173 

Because of the hydrophobic nature of the resin matrices, triclosan in the aqueous phase can 174 

be removed due to both adsorption and chemical transformation. To gauge triclosan adsorption 175 

on the resins, the catalytic hydrodechlorination was terminated at various times. Upon 176 

withdrawal of the solution (~99 mL), the resins were extracted using 30 mL of methanol to 177 

extract adsorbed triclosan in the resin phase. The extraction was performed under shaking (250 178 

rpm) for 24 h at room temperature (20±1˚C). Control tests indicated that the extraction method 179 

can recover 96±2 % and 97±2 % triclosan from IRA-900 and IRA-958, respectively. 180 

Experimental methods on testing and analyzing the humic acid (HA) effect, 181 

hydrodechlorination byproducts, chloride production and chlorine balance, and catalysts reuse 182 

and lifetime are provided in Sections S2-S5 in SI. 183 
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2.5 Chemical analysis 184 

Triclosan was analyzed with an HP Agilent 1260 Infinity High Performance Liquid 185 

Chromatography (HPLC) system following the method by Zhang and Huang (2003). Section S6 186 

in SI presents details of the method and methods for analyzing total dissolved Pd, the 187 

hydrodechlorination byproducts and chloride. 188 

3. Results and discussion 189 

3.1 Crystallography, morphology, and chemical compositions of catalysts 190 

Figure 1 shows the XRD patterns of Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958 before and 191 

after eight reaction cycles of hydrodechlorination. No peaks were detected in the diffractograms 192 

for both resins, which is consistent with the amorphous nature of the polymeric matrices. In 193 

contrast, three peaks (2θ ≈ 39.4°, 46.1°, and 67.7°) were observed upon Pd loading. These peaks 194 

are assigned to the 111, 200 and 220 crystal planes of the face centered cubic (fcc) 195 

crystallographic structure of Pd, respectively (JCPDS No. 05-0681), confirming Pd nanoparticles 196 

were successfully loaded onto resins. Comparing the freshly prepared Pd catalysts with those 197 

after eight consecutive hydrodechlorination cycles, there is no significant change of the Pd peaks, 198 

indicating good stability of the catalysts after repeated uses. 199 

Figure 2 shows the SEM images of the cross-section of Pd loaded resins at 100x and 200 

30,000x magnifications. The high magnification SEM images show a macroreticular internal 201 

structure of the resins, and the macropores (i.e., those larger than 50 nm) result from “glueing” of 202 

polymer nodules (D’Archivio et al., 2000). It is evident that IRA-900 contains much more 203 

macropores between the nodules than IRA-958. Consistent with the SEM images, IRA-900 was 204 

reported to have an average pore diameter of 37.2 nm, which is ~6 times larger than that for 205 

IRA-958 (6.46 nm) (Kołodyńska, 2010; Schouten et al., 2007). Moreover, the BET surface area 206 
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of IRA-900 (22 m2/g) is ten times higher than IRA-958 (2.03 m2/g) (Delgado et al., 2007; 207 

Kołodyńska, 2010). Compared with other inorganic supports, the BET surface area of the resins 208 

is relative low. For instance, the BET surface area for alumina (Al2O3) supported Pd was 92 m2/g 209 

(Zhang et al., 2013), and that for AC supported Pd may reach 1011 m2/g (Diaz et al., 2011). 210 

Radial distribution of Pd nanoparticles at the surface and cross-section of the resins was 211 

analyzed by EDS scanning of 11 points, which were distributed along the radius in the upper and 212 

right direction (Figures 2a-2b). Figure 3 shows the EDS results, where the Pd distribution was 213 

plotted as Pd percentage relative to Cl (note: Cl- was considered evenly adsorbed on the resins). 214 

The results indicate that Pd distribution was radially symmetrical, and Pd was quite uniformly 215 

distributed inside the resins with an average Pd/Cl = 8.0% and 9.2% for IRA-900 and IRA-958, 216 

respectively. However, at the peripheral surface of resins, higher Pd loadings were observed, 217 

with an average Pd/Cl = 13.6 and 19.6 % for IRA-900 and IRA-958, respectively.  218 

Gross et al. (2010) prepared palladium catalysts supported on weak anion exchange resins 219 

using hydrazine as the reducing agent, and they found that the Pd particles were concentrated in 220 

the 10% outer shell. Corain and Kralik (2000) claimed that  well swelling media (e.g., ethanol) 221 

and high concentrations of reducing agents tend to distribute the particles more evenly. In our 222 

case, the macroreticular structure and the evenly distributed functional groups of the resins 223 

resulted in an initial uniform loading of Pd precursor ions. The use of the strong reducing agent 224 

(NaBH4) resulted in nearly mono-dispersed nanoparticles that are evenly immobilized on the 225 

pore walls of the resins. The higher Pd loading on the peripheral surface is attributed to the 226 

higher precursor concentration at the outer sphere of the resin beads as well as the residual Pd 227 

precursor anions in the outer-sphere liquid film. 228 
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Based on the Cl- concentration (Table 1) and the average Pd/Cl percentages (8.0% and 229 

9.2%), the Pd loadings are estimated to be 26 and 22 mg/g-resin for IRA-900 and IRA-958, 230 

respectively. These values are reasonable compared with the targeted 2.0 wt.% Pd loading. 231 

Figure 4 shows TEM images of the Pd particles and their distribution on the resins. 232 

Individual nanospheres or irregular clusters were observed for both cases, and the mean diameter 233 

of the primary nanoparticles were 3.7±1.2 nm (mean±standard deviation) and 4.6±1.8 nm for 234 

Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958, respectively. Figure S2a in SI shows the particle size 235 

distribution. Based on t-test, the Pd particle sizes for the two resins were significantly different (p 236 

= 0.0005). However, some larger aggregates (20-40 nm diameter) were observed on IRA-958 237 

(Figures 4c-4d). The crystal lattice distance was measured to be 0.22 nm, which is consistent 238 

with the crystalline of Pd(111) (Mazumder and Sun, 2009). EDS analyses confirmed the dark 239 

dots in the TEM images were Pd nanoparticles (Figure S2b in SI). 240 

3.2 Effect of Pd loading on hydrodechlorination of triclosan 241 

Batch kinetic tests of hydrodechlorination of triclosan were carried out under different Pd 242 

loadings. The control tests indicated that H2 gas alone removed only 7% of triclosan in 120 min. 243 

The heterogeneous catalytic reaction is interpreted by Langmuir-Hinshelwood (L-H) model 244 

(Rizzo et al., 2009) : 245 

� = − ��
�� = ��	
 � �
���

���
���
�      (3) 246 

where � is the reaction rate (mg/L/min), ��	
 is the rate constant (mg/L/min), and ���� (L/mg) is 247 

the equilibrium constant of adsorption, � (mg/L) is the aqueous phase concentration of triclosan. 248 

For dilute aqueous solutions, ����� <<1, Eqn (3) is simplified to the pseudo first-order rate law: 249 

− ��
�� = ��	
����� = ���    or    �� �

��
= −���                                          (4) 250 

�� = ������       (5) 251 
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where �! (mg/L) is the initial concentration of triclosan, �� (min-1) is the apparent rate constant, 252 

����  (L/g/min) is the observed rate constant, which is obtained by normalizing the �� to the 253 

dosage of Pd (��  in g/L). Figure 5 plots the kinetic data according to the linearized pseudo 254 

first-order equation. Table 2 lists the best-fitted rate constants at various Pd loadings.  255 

It is evident from Figure 5 that without Pd loading, IRA-900 offers much greater adsorption 256 

rate and capacity for triclosan than IRA-958, and the ka value (0.021 min-1) for IRA-900 is 10 257 

times greater than that (0.002 min-1) for IRA-958. This is consistent with the matrix 258 

hydrophobicity of the resins. Given the rather hydrophobic nature of triclosan (logKOC = 3.8−4.0) 259 

(Lindström et al., 2002), the more hydrophobic polystyrene matrix of IRA-900 adsorbs triclosan 260 

more favorably than the polyacrylic matrix of IRA-958. The loading of 0.2 wt.% of the Pd 261 

nanoparticles increased the rate constant by 24% (to 0.026 min-1) for Pd@IRA-900 and 11 times 262 

(to 0.024 min-1) for Pd@IRA-958. This observation suggests that while Pd@IRA-900 may 263 

remove triclosan through both adsorption and catalytic hydrodechlorination, Pd@IRA-958 works 264 

almost completely by catalytic hydrodechlorination. More details on the effect of the supporting 265 

resins are discussed in Section 3.3. 266 

For Pd@IRA-900, increasing the Pd loading from 0.1 to 10.8 wt.% had statistically 267 

insignificant (p = 0.11) effect on the apparent rate constant, which remained at approximate 268 

0.025±0.003 min-1 (Table 2). In contrast, for IRA-958, increasing the Pd loading from 0.1 to 7.8 269 

wt.% kept increasing the rate constant from 0.012 to 0.037 min-1 (~3 times). This observation 270 

indicates that the strong adsorption by IRA-900 is limiting the intraparticle mass transfer rate of 271 

triclosan, i.e., the surface diffusion is likely limiting the hydrodechlorination process for 272 

Pd@IRA-900, while the Pd-facilitated reaction plays an important role for Pd@IRA-958 in the 273 

tested Pd-loading range. Further increasing Pd from 7.8 to 11.2 wt.% on IRA-958 showed no 274 
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more effect on the reaction rate, indicating the rate limiting step is shifted to other mechanisms 275 

(e.g., diffusion). Nutt et al. (2005) studied effect of Pd loading on trichloroethylene (TCE) 276 

hydrodechlorination using a Pd-on-Au bimetallic catalyst, and found that multiple layers of Pd 277 

particles were formed at the support surface at elevated Pd loadings. Our SEM images (Figure 278 

S3) appear to support the assertion that layered Pd patches may form on the supports at high Pd 279 

loadings (~11 wt.%). The Pd accumulation may block the accessibility of the interior Pd sites of 280 

the porous support, resulting in a decrease in the specific surface area and the overall catalytic 281 

efficiency.  282 

On the other hand, when the Pd-normalized rate constants (����) are compared, the lower Pd 283 

loading (0.1 wt.% and 0.2 wt.%) gives the higher ���� value (Table 2) for both types of resins.  284 

3.3 Effect of supports on hydrodechlorination of triclosan 285 

As stated earlier, the resin matrices can adsorb triclosan. In particular, adsorption by the 286 

polystyrene matrix of IRA-900 may affect the hydrodechlorination rate. To acquire further 287 

insight into the role of adsorption, triclosan removal due to adsorption and reaction was 288 

quantified by measuring triclosan in the solid phase and in the aqueous phase. Figure 6 shows 289 

concentration histories of triclosan in the resin and the aqueous phases during the 120 min 290 

hydrodechlorination. It is evident from Figure 6a that at the 0.2 wt.% Pd loading, up to 20% of 291 

initial triclosan was detected in the Pd(0.2)@IRA-900 phase, which was then rapidly and nearly 292 

completely degraded. In contrast, for Pd(0.2)@IRA-958, no adsorbed triclosan was detected at 293 

0.2 wt.% Pd loading, indicating triclosan removal was solely due to reaction. When the Pd 294 

loading was increased to 2.0 wt.%, no solid-phase triclosan was detected for both resins (Figure 295 

6c). 296 
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For adsorption of contaminants onto polymeric resins, intraparticle diffusion is often the rate 297 

limiting step (Zhao and Pignatello, 2004). For both Pd@IRA-900 and Pd@IRA-958, 298 

intraparticle diffusion can include both pore diffusion and surface diffusion. As most of the 299 

adsorption sites are not covered by the Pd nanoparticles, a good fraction of triclosan molecules 300 

will be first adsorbed on the resins’ surface and then be degraded by the reactive atomic 301 

hydrogen produced by the Pd nanoparticles (He and Zhao, 2008). As the pore size of IRA-900 is 302 

4.8 times larger than that of IRA-958 (Table 1), the pore diffusion rate for the former is faster 303 

than for the latter. On the other hand, as the polystyrene matrix adsorbs triclosan much more 304 

favorably than the polyacrylic matrix, triclosan molecules are more strongly adsorbed on the 305 

IRA-900 before they are hydrodechlorinated, and the adsorption retards the surface diffusion to a 306 

greater extent than for IRA-958. Consequently, surface diffusion is likely the rate-limiting step 307 

for Pd@IRA-900. In contrast, for Pd@IRA-958, adsorption is much weaker, and thus plays 308 

much less a role, i.e., the production of atomic hydrogens and degradation reaction control the 309 

removal rate. At elevated Pd loadings (e.g., 2.0 wt.%), the surface diffusion limitation is relaxed 310 

as more Pd nanoparticles become available and more atomic hydrogen is produced. 311 

Consequently, no triclosan residual was detected in the resin phase (Figure 6c). However, 312 

detailed mechanisms on the mass transfer and production of atomic hydrogen are yet to be 313 

investigated in the future. 314 

Figure 6d shows that despite the different adsorption and mass transfer mechanisms, the 315 

overall removal rates of triclosan for both Pd(0.2)@IRA-900 and Pd(0.2)@IRA-958 were quite  316 

comparable, though Pd@IRA-958 outperformed Pd@IRA-900 at elevated Pd loadings (Table 2). 317 

It is noteworthy that the specific surface area for IRA-958 (2.03 m2/g) is 10 times smaller than 318 
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that of IRA-900 (22 m2/g) (Table 1). As a result, when loaded with the same mass of Pd, the 319 

surface density of the Pd nanoparticles is higher on IRA-958, which is in favor of the reaction. 320 

3.4 Effects of pH and chloride 321 

To study the pH effect, the hydrodechlorination experiments were conducted at pH 3.0-8.8. 322 

Figure S4 shows that the fastest reaction was observed at pH 5.0. Increasing pH from 5.0 to 8.8 323 

lowered the ���� value from 1.25±0.06 to 0.88±0.03 L/g/min for Pd(2.0)@IRA-900, and from 324 

1.6±0.1 to 0.93±0.02 L/g/min for Pd(2.0)@IRA-958. Conversely, lowering solution pH from 5.0 325 

to 4.0 only slightly reduced the reaction rate. However, further decreasing pH from 4.0 to 3.0 326 

diminished the ���� from 1.11±0.05 to 0.85±0.05 L/g/min for Pd(2.0)@IRA-900 and 1.39±0.02 327 

to 0.82±0.01 L/g/min for Pd(2.0)@IRA-958. The higher reactivity of Pd catalysts at mildly 328 

acidic pH is attributed to the increased formation of atomic H due to elevated H+ concentration at 329 

lower pH (Liu and Wang, 2014; Zhao et al., 2014). In addition, solution pH also influence 330 

catalyst surface properties and speciation of triclosan. The point zero charge of the 331 

Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958 was determined to be 4.5 and 5.4 following the 332 

titration method, respectively (Figure S5). The pKa value of triclosan was reported to be 7.9 333 

(Latch et al., 2005). As such, the surface of catalysts becomes increasingly negatively charged at 334 

pH above 5, and the adsorption of triclosan becomes less favorable at rising pH due to the charge 335 

exclusion effect. At pH >8, the phenolic groups of triclosan become largely deprotonated, 336 

invoking a stronger electrostatic repulsion with the negatively charged catalysts. At the 337 

extremely acidic pH 3.0, ~0.5 wt.% of Pd loaded was dissolved, resulting in some reactivity loss. 338 

Earlier, Liu and Wang (2014) studied hydrodechlorination of 4-chlorophenol using a PdCoB 339 

catalyst and observed similar deactivation phenomenon at pH 2.5. Extremely high concentrations 340 
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of H+ may also affect the reaction through product-inhibition since hydrogen ions are also 341 

hydrodechlorination products (Section 3.6). 342 

Researchers have reported poisoning effects of halide ions (e.g., Cl- and Br-) on Pd catalysts 343 

(Ordóñez et al., 2010; Urbano and Marinas, 2001). To gauge the Cl- effect, 10 mM NaCl was 344 

added in eight consecutive batch kinetic tests. Figure S6 shows that in the presence of the high 345 

salt concentration, ����was decreased from 1.25 to 0.94 L/g/min for Pd(2.0)@IRA-900, and 346 

from 1.6 to 1.28 L/g/min for Pd(2.0)@IRA-900 in the first run, respectively, and to 0.86 L/g/min 347 

and 1.24 L/g/min after 8 consecutive runs. High concentrations of halide ions are able to form 348 

stable complexes with Pd2+, which will promote oxidation of Pd0 to Pd2+ and diminish its 349 

catalytic activity (Ordóñez et al., 2010; Urbano and Marinas, 2001). This phenomenon gives rise 350 

to an undesired self-inhibition mechanism when chloride ions are present as a reduction 351 

byproduct. 352 

Nonetheless, both Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958 were able to perform well in 353 

the presence of high concentrations of NaCl, with ����	being decreased by only 31% and 23%, 354 

respectively, after 8 consecutive runs (most drop occurred in the first run). Between the two 355 

catalysts, Pd(2.0)@IRA-958 appeared more resistant to Cl-, which can be attributed to its 356 

relatively larger Pd particle size. Larger particles are less reactive, but less vulnerable the 357 

chloride effect. Aramendia et al. (1999) claimed the ability of Pd to adsorb hydrogen and to form 358 

a β-hydride phase may have an important role in the activity/selectivity of alumina-supported Pd. 359 

They also reported that larger palladium particles show a better resistance to passivation, and 360 

they claimed that the byproduct halide ions can diffuse into the micropores of larger Pd 361 

aggregates, thereby vacating the outer surface for further reaction. Gigola et al. (1986) reported 362 

that larger Pd particles are more likely to form the β-hydride species, which is often associated 363 
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with a larger H2 uptake at room temperature. Likewise, Estellé et al. (1996) hypothesized that 364 

small metal particles cause hydrogen to dissociate less effectively than large particles.  365 

3.5 Effect of humic acid 366 

Dissolved organic matter (DOM) inhibition has been reported to be a major issue for 367 

organics degradation by Pd-based catalysts (Chaplin et al., 2006; Zhang et al., 2013). Figures 368 

7a-7b show linearized hydrodechlorination kinetics of triclosan by Pd(2.0)@IRA-900 and 369 

Pd(2.0)@IRA-958 in the presence of various concentrations of Fluka HA measured as total 370 

organic carbon (TOC). Evidently, the presence of HA at 10 mg/L as TOC only slightly reduced 371 

the ���� value from 1.25±0.06 to 1.18±0.04 L/g/min for Pd(2.0)@IRA-900, and from 1.6±0.1 to 372 

1.5±0.2 L/g/min for Pd(2.0)@IRA-958, which is statistically insignificant for Pd(2.0)@IRA-958 373 

(p value = 0.09). When the HA concentration was doubled to 20 mg/L as TOC, the ���� value 374 

was decreased to 0.95±0.04 and 1.24±0.01 L/g/min for Pd(2.0)@IRA-900 and Pd(2.0)@IRA-375 

958, respectively; and when HA was tripled to 30 mg/L as TOC, the ���� value was further 376 

decreased to 0.9±0.2 and 1.17±0.06 L/g/min, i.e., a drop of 28% for Pd(2.0)@IRA-900 and 27% 377 

for Pd(2.0)@IRA-958 compared to those without HA. Namely, both IRA-900 and IRA-958 378 

supported Pd catalysts showed excellent resistance to organic fouling/poisoning at TOC<10 379 

mg/L, and both catalysts showed similarly good resistance at extremely high TOC concentrations.  380 

Figure S7 compares the effects of Fluka HA (FHA) and Leonardite HA (LHA) at 30 mg/L 381 

as TOC on the triclosan removal rates. For both Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958, the 382 

two HAs showed nearly identical effects on the removal kinetics (p > 0.2). Figure S8 shows the 383 

effects of FHA at 30 mg/L as TOC on the removal rate of triclosan at a 10 times lower 384 

concentration (0.29 mg/L). The presence of 30 mg/L FHA lowered the ����  value from 385 

1.32±0.02 to 0.96±0.04 L/g/min (by 27%) for Pd(2.0)@IRA-900 and from 1.47±0.02 to 386 
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1.18±0.01 L/g/min (by 20%) for Pd(2.0)@IRA-958. The rate drop values are either comparable 387 

(for Pd(2.0)@IRA-900) or much lower (for Pd(2.0)@IRA-958). The results indicate that the 388 

supported catalysts can perform well at trace levels of triclosan and in the presence of unusually 389 

high concentrations of DOM. In fact, as the concentration of triclosan is lowered, the Pd-to-390 

triclosan ratio is increased, resulting in less inhibitive effect of DOM. 391 

HA can compete with triclosan for atomic hydrogen (H•), thus inhibiting the 392 

hydrodechlorination rate (Zhu et al., 2008). In addition, HA may adsorb onto the active Pd 393 

surface sites, causing catalyst fouling (Chaplin et al., 2006). Zhang et al. (2013) investigated 394 

hydrodechlorination of trichloroethylene with alumina-supported Pd catalysts, and reported a 395 

~88% loss of reaction rate in the presence of 30 mg/L of HA. Likewise, Chaplin et al. (2006) 396 

reported the reduction rate of NO3
- decreased by 84% in the presence of 3.3 mg/L of HA using a 397 

Pd-Cu/Al2O3 catalyst. Evidently, the resin supports in this work render much greater tolerance to 398 

HA fouling, which can be attributed to: 1) much lower HA uptake by the resins then other 399 

supports such as AC and activated alumina, and 2) the pore size exclusion effect, i.e., the 400 

macroreticular pore structure for both IRA-900 and IRA-958 prevents HA macromolecules from 401 

reaching the Pd nanoparticles inside the resin beads. In the presence of 30 mg/L of HA, 402 

Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958 removed 37% and 24% of HA, respectively, after 2 h.  403 

To further investigate the DOM effect, consecutive exhausting runs of catalytic 404 

hydrodechlorination were conducted in the presence of 30 mg/L TOC. Figures 7c-7d show the 405 

linearized kinetic profiles in Runs 2, 4 and 6. The ���� values for Runs 2, 4, 6 were 0.70±0.2, 406 

0.60±0.1, and 0.57±0.07 L/g/min for Pd(2.0)@IRA-900, and 0.98±0.07, 0.93±0.01, 0.90±0.03 407 

L/g/min for Pd(2.0)@IRA-958. After 6 runs, the kobs values decreased by 39% and 27% 408 

compared with the first runs for Pd(2.0)@IRA-900 and Pd(2.0)@IRA-958. In fact, IRA-958 was 409 
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manufactured to resist organic fouling for its hydrophilic and macroporous/macroreticular matrix. 410 

In addition, the smaller pore size of IRA-958 will exclude more HA molecules and result in less 411 

fouling. The results indicate that over prolonged exposure to very high concentrations (e.g., 30 412 

mg/L) of DOM, the catalytic activity may gradually lessen due to slow diffusion and adsorption 413 

of DOM molecules. 414 

3.6 Triclosan hydrodechlorination pathway 415 

Unlike conventional oxidative degradation of triclosan, which often produces highly toxic 416 

byproducts, such as chlorodioxins and chlorophenol (Latch et al., 2005; Rule et al., 2005), the 417 

catalytic hydrodechlorination was expected to give innocuous reaction products. Figure S9 418 

shows the GC/MS chromatograms obtained during the catalytic hydrodechlorination of triclosan 419 

at various reaction times (10 min to 24 h). Figure S10a shows the relative GC/MS peak area 420 

throughout the reaction time, and Figure S10b gives the MS spectra with the m/z values. The 421 

differences between the measured and theoretical masses were <0.5%. It is evident that triclosan 422 

was rapidly dechlorinated. At 10 min, ~30% of initial triclosan was degraded. The major 423 

intermediate product (P1 in Figure S9 in SI) was identified as 2-phenoxyphenol with a m/z value 424 

of 186.00, which was also reported by others (Bokare et al., 2010; Nakayama et al., 2008). In 425 

addition, three other byproducts were detected, including two of the 2-chlorinated isomers 426 

(C12H8Cl2O2), and one 1-chlorinated compound (C12H9ClO2) (Figures S9 and S10 in SI). At 30 427 

min, the chlorinated byproducts were further dechlorinated, and complete dechlorination of 428 

triclosan was achieved within 2 h, where P1 was the major product with a small amount of P2. 429 

At 4 hour, P1 was further converted to P2, and two new peaks P3 and P4 appeared. P2 has an 430 

m/z value of 190.00, but its molecular has not been reported. Based on the mass spectrum 431 

analysis (Figure S10b) and the peak area trend (Figure S10a), P2 is suggested as a 432 
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hydrogenation product of P1. To confirm the most possible structure of P2, the condensed Fukui 433 

function (CFF) was employed to study the regioselectivity of the H radical addition to P1 434 

(Section S7 of SI). The results indicate that the Carbons-1, 2, 5, and 6 were the most reactive 435 

sites for further H radical additions (Figure S11), i.e., P2 is most likely 6-phenoxycyclohex-3-436 

enol (M.W.= 190.2). The structures for P3 and P4 were not identified in this work. Further 437 

conversions of P1 and P2 to P3 and P4 were observed at 9 h. Sun et al. (2007) observed catechol 438 

and resorcinol decomposed ring-opened products in hydrodechlorination of o-chlorophenol. 439 

Based on the intermediation products analysis, the catalytic hydrodechlorination pathway of 440 

triclosan by resin-supported Pd catalysts is schemed in Figure 8, and the triclosan 441 

hydrodechlorination can be described by the following reactions: 442 

C12H7Cl3O2+H2 
� #$ C12H8Cl2O2+Cl-+H+                                       (6) 443 

C12H8Cl2O2+H2 
� #$ C12H9ClO2+Cl-+H+                                        (7) 444 

C12H9ClO2+H2 
� #$ C12H10O2+Cl-+H+                                         (8) 445 

C12H10O2+2H2 
� #$ C12H14O2                                                 (9) 446 

It is noteworthy that the hydrogen supply in the system (H2 solubility ≈1.6 mg/L at 20°C) 447 

was more than 10 times the stoichiometric demand, which assures abundant hydrogen supply for 448 

the catalytic hydrodechlorination. 449 

To confirm the dechlorination completeness, chlorine mass balance was vetted in the system. 450 

Figure 9 shows the coupled catalytic hydrodechlorination rate of triclosan and the production 451 

rate of Cl- by Pd(2.0)@IRA-958. Evidently, the dechlorination of triclosan was nearly 452 

stoichiometrically coupled with the production of chloride. It is noted that the sum of chloride 453 

and chlorine in triclosan was slightly lower than initial total chlorine mass in the first hour or so, 454 
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which is attributed to the presence of minor chlorinated byproducts during initial reaction stage 455 

(Figure S9). After 1 h, ~100% chlorine mass balance was observed, thus confirming complete 456 

dechlorination of chlorinated byproducts. Similar Cl- production profile was observed for 457 

Pd(2.0)@IRA-900 (data not shown). At equilibrium (2 h), nearly all triclosan-chlorine was 458 

converted to Cl-. 459 

3.7 Catalysts lifetime  460 

The lifetime and reusability of the resin-supported Pd catalysts were tested through eight 461 

consecutive runs, where the same catalyst was repeatedly used for triclosan hydrodechlorination 462 

without any treatment. Figures 10a-10b shows linearized hydrodechlorination kinetics of 463 

triclosan in Runs 1, 4, and 8 fitted with the pseudo-first-order kinetic model. The kinetic data for 464 

Runs 2, 3, 5, 6, and 7 fall between those for Runs 1 and 8 and are not shown for visual clarity. 465 

After 8 repeated uses, the ���� values decreased modestly from 1.25±0.06 to 1.09±0.01 L/g/min 466 

for Pd(2.0)@IRA-900, and from 1.6±0.1 to 1.45±0.02 L/g/min for Pd(2.0)@IRA-958. Pd 467 

leaching for both resins was undetectable (i.e., <0.03 mg/L in the aqueous phase or <0.2 wt.% of 468 

Pd loaded). This observation indicates that these resins are able to facilitate firm immobilization 469 

of the Pd nanoparticles. This is a major advantage over other supporting materials such as 470 

activated carbon and alumina, which often require a calcination process.  471 

When the two catalysts are compared, the activity drop for Pd(2.0)@IRA-900 was slightly 472 

higher than that for Pd(2.0)@IRA-958(13% versus 9% based on kobs). Typically, deactivation of 473 

Pd catalysts is attributed to Pd leaching, Cl/S poisoning, sintering, and accumulation of reaction 474 

products on the catalyst surface (Concibido et al., 2007; Janiak and Okal, 2009; Yuan and Keane, 475 

2004, 2003). In our case, the effect of Pd leaching was excluded since no Pd leaching was 476 

detected for both catalysts. To determine the effects of chloride and H+, the solution pH and Cl- 477 
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concentration in the aqueous phase were recorded during the reuse experiments (Figures 10c-478 

10d). For Pd(2.0)@IRA-900, pH dropped progressively after each run cycle (from 5.1 to 3.8 479 

after 8 cycles). However, for Pd(2.0)@IRA-958, pH remained nearly the same after 8 runs (from 480 

5.1 to 5.2). This phenomenon can be attributed to the different matrix effects. While the 481 

hydrophobic polystyrene matrix of IRA-900 barely interacts with protons, the polyacrylic matrix 482 

in IRA-958 contains amine and carbonyl groups, both of which undergo protonation reactions at 483 

acidic pH. As a result, the IRA-958 effectively acts as a buffer holding the pH constant by taking 484 

up the H+ produced in the hydrogenation reactions (Eqs. 5-7). The production of Cl- for the two 485 

catalysts was comparable, as after 8 recycles the Cl- in the aqueous phase was increased to ~12 486 

mg/L in both cases. Another reason for the catalyst deactivation was due to hydrophobic organic 487 

products fouling (Concibido et al., 2007; Yuan and Keane, 2003). Such fouling can be more 488 

significant for hydrophobic supports. As IRA-900 more favorably adsorbs the hydrophobic 489 

reaction products than IRA-958, Pd@IRA-900 was more vulnerable to organic fouling. In terms 490 

of effects of oxidants, Pd catalysts are known to be resistant to oxidants. In fact, strong oxidants, 491 

such as HOCl/OCl-, H2O2, and KMnO4, are often employed used to regenerate sulfur-fouled Pd 492 

catalysts (Angeles-Wedler et al., 2009; Chaplin et al., 2012, 2006). However, strong oxidants 493 

should be avoided during the hydrodechlorination reaction to minimize competitive reactions. A 494 

field demonstration test by Davie et al. (2008) showed that alumina-supported Pd was able to 495 

effectively hydrodechlorinate TCE in a groundwater without removing dissolved oxygen (0.5 496 

mg/L) and nitrate (3.2 mg/L).  497 

4. Conclusions 498 

For the first time, we prepared two types of supported Pd catalysts using two standard 499 

strong-base anion exchange resins (IRA-900 and IRA-958) and through an initial adsorption and 500 
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subsequent in-situ reduction of Pd. Compared to conventional supports, the resins offer some 501 

unique advantages, including: 1) controlled and uniform Pd loading/dispersion by manipulating 502 

the Pd adsorption isotherm, 2) very high catalytic activities,  3) negligible Pd bleeding, 4) high 503 

resistance to organic fouling and chloride poisoning, and 5) great reusability with low activity 504 

loss. At a Pd loading of 0.2 wt.%, both IRA-900 and IRA-958 supported Pd catalysts facilitated 505 

rapid and complete hydrodechlorination of triclosan with an observed pseudo-first-order reaction 506 

rate constant (���� ) ≥12 L/g/min. With an increase in Pd loading from 0.2 to 8 wt.%, the 507 

apparent rate constant �� was increased for IRA-958 supported catalysts while no significant 508 

change for IRA-900 supported counterparts. This observation indicates the strong adsorption is 509 

limiting the surface diffusion and thus limiting the hydrodechlorination process for Pd@IRA-900, 510 

while the Pd loading played an important role for Pd@IRA-958. Both resin-supported catalysts 511 

were highly resistant to organic fouling, with nearly no effect in the presence of 10 mg/L of HA 512 

and the ���� value being decreased by only 28% and 25% at 30 mg/L HA for Pd(2.0)@IRA-900 513 

and Pd(2.0)@IRA-958, respectively. Low concentrations of chlorinated intermediates were 514 

detected in the early stage (<1 h) of the hydrodechlorination process, which were then rapidly 515 

and completely degraded within 1 h. A non-carcinogenic and non-mutagenic antibiotic 2-516 

phenoxyphenol and its hydrogenated products were the main byproducts from 517 

hydrodechlorination of triclosan, and most of which were further degraded in ~24 h. The resin-518 

supported Pd catalysts displayed a long lifetime and can be reused in multiple runs without 519 

inhibitive activity loss (the kobs drop in 8 consecutive runs was less than 13%). Given the diverse 520 

characteristics of ion exchange resins, the resin-supported Pd catalysts may offer some 521 

unprecedented advantages over conventional supported catalysts in environmental cleanup 522 

applications. 523 
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Table 1. Salient properties of ion exchange resins used in this study. 

Sorbent IRA 900 IRA 958 

Description SBA resin 
 

SBA resin 

Functional Group                      R 
 

CH3     N        CH3 
 
                    CH3 

                    R’ 
 

CH3     N        CH3 
 
                    CH3 

   
Matrix      

         
Polystyrene, 
macroporous 

 

 
Polyacrylic, 
macroporous 

Bead size (mm) 0.65-0.82 0.63-0.85 

Cl- Capacity (meq/g) 3.1a 2.2 a 

Water Content (%) 58-64 66-72 

BET Surface Area (m2/g) 22b 2.03c 

Average pore diameter (nm) 37.2d 6.46c 

Operating temperature (°C) < 60 < 80 

* Data obtained from Rohm and Haas Technical Bulletins unless specified otherwise; a From this 

work, determined by ion-exchange of Cl- with SO4
2-. b From Delgado et al. (2007). cFrom 

Kolodynska (2010). d From Schouten et al. (2007).  
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Table 2. Apparent and observed rate constants of triclosan removal with resin-supported Pd 

nanoparticles. 

Resin Pd Loading (wt.%) �� (min-1)* ���� (L/g/min)* R2 

IRA-900 0 0.021±0.001  0.995 

 0.1 0.020±0.003 20±3 0.999 

 0.2 0.026±0.002 13±1 >0.999 

 2.0 0.025±0.001 1.25±0.06 0.999 

 4.9 0.026±0.002 0.53±0.04 0.998 

 7.6 0.027±0.002 0.36±0.03 0.999 

 10.8 0.028±0.002 0.26±0.02 0.999 

IRA-958 0 0.002±0.000  0.702 

 0.1 0.012±0.004 12±4 0.994 

 0.2 0.024±0.003 12±2 0.998 

 2.0 0.031±0.002 1.6±0.1 >0.999 

 4.9 0.033±0.001 0.67±0.02 0.999 

 7.8 0.037±0.001 0.46±0.01 >0.999 

 11.2 0.037±0.004 0.31±0.03 0.999 

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

8 consecutive runs of triclosan hydrodechlorination.  

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

   

   

Figure 2. SEM images of cross-sections of (a) Pd(2.0)@IRA-900  and (b) Pd(2.0)@IRA-958 at 

low magnifications (×100), (c) Pd(2.0)@IRA-900 and (d) Pd(2.0)@IRA-958 at high 

magnifications (×30,000). The points in (a) and (b) indicate the EDS scanning spots. 

  

(a) (b) 

c) (c) (d) 
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Figure 3. Radial distribution of Pd at the cross-sections of the (a) Pd(2.0)@IRA-900 and (b) 

Pd(2.0)@IRA-958 analyzed by EDS. The R/R0>0 and R/R0<0 (R: distance from the center, and 

R0: radius of the resin bead) indicate scan positions along the radial coordinate as shown in 

Figure 2.  
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Figure 4. TEM and HRTEM images of Pd(2.0)@IRA-900 (a and b) and Pd(2.0)@IRA-958 (c 

and d). 
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Figure 5. Linearized pseudo first-order kinetic profiles of catalytic hydrodechlorination of 

triclosan at different Pd loadings on resins (a) IRA-900 and (b) IRA-958. Initial [triclosan] = 2.9 

mg/L, resin = 1 g/L, pH=4.9±0.2. Symbols: experimental data; Lines, pseudo first-order model 

fittings. Error bars are given as standard deviation.
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Figure 6. Degradation of adsorbed and dissolved triclosan in the course of catalytic 

hydrodechlorination with (a) Pd(0.2)@IRA-900, (b) Pd(0.2)@IRA-958, and (c) Pd(2.0)@IRA-

900; and (d) comparison of solely hydrodechlorination of triclosan over two resin-supported 

catalysts. Initial [triclosan] = 2.9 mg/L, resin = 1 g/L, pH=4.9±0.2. Error bars are given as 

standard deviation.
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Figure 7. Linearized kinetic profiles of catalytic hydrodechlorination of triclosan by (a) 

Pd(2.0)@IRA-900 and (b) Pd(2.0)@IRA-958 in the presence of various concentrations of humic 

acid, and  during Runs 2, 4 and 6 in six consecutive runs using (c) Pd(2.0)@IRA-900  and (d) 

Pd(2.0)@IRA-958 in presence of 30 mg/L HA as TOC. Initial [triclosan] = 2.9 mg/L, resin = 1 

g/L. Error bars are given as standard deviation. 
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Figure 8. Reductive degradation pathway for catalytic hydrodechlorination of triclosan using 
resin-supported Pd catalysts. 
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Figure 9. Concentration histories of Cl- in the aqueous phase, Cl- adsorbed on resins, and TCS-

Cl (i.e., Cl in triclosan) during hydrodechlorination of triclosan using Pd(2.0)@IRA-958. Initial 

[triclosan] = 2.9 mg/L, resin = 1 g/L, pH=4.9±0.2. Error bars are given as standard deviation. 
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Figure 10. Linearized pseudo first-order plot of catalytic triclosan hydrodechlorination by (a) 

Pd(2.0)@IRA-900 and (b) Pd(2.0)@IRA-958  in Runs 1, 4 and 8 during eight consecutive  runs; 

and  histories of solution pH and [Cl-] for (c) Pd(2.0)@IRA-900 and (d) Pd(2.0)@IRA-958. 

Initial [triclosan] = 2.9 mg/L, resin = 1 g/L. Error bars are given as standard deviation. 
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Highlights 

• A new class of anion exchange resin supported palladium catalysts were prepared 
• Initial uptake of Pd precursor anions facilitates controlled and uniform Pd loading 
• Properties of resin matrices affect performance of the supported Pd catalysts 
• The catalysts show high catalytic activity, great reusability and low Pd bleeding 
• The catalysts are resistant to Cl- poisoning and natural organic matter fouling 
 


