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ABSTRACT

Carbon materials are promising supports for heterogeneous catalysis compared to oxide sup-

ports, such as titania, alumina, mesoporous silica, and hydrotalcite, because of their stability and

relative chemical inertness. Additionally, the unique surface structures of carbon supports help

control the growth, aggregation, and uniformity of the catalytic nanoparticles (NPs) hybridized

with them. However, the effect of carbon supports on these NP catalysts is not well understood,

affecting the optimization of this type of catalysts. In this study, palladium-gold (Pd/Au) carbon

composites were systematically investigated, and the most favorable carbon support was iden-

tified. Carbon-supported Pd/Au NPs have often been favored for catalytic hydrodehalogenation

(HDH) of volatile organic compounds. Hence, this study uses trichloroethylene (TCE) as model

contaminant to investigate the effects of four types of carbon supports—granular activated car-

bon (GAC), carbon black, graphite, and graphite nanoplates—on the formation of catalytic

Pd/Au NPs and their correlations to HDH reactions. Each support was chosen based on a desir-

able quality: GAC has a large surface area and substantial absorption capabilities, carbon black

has a high surface-area-to-volume ratio and good chemical stability, graphite is the most stable

form of carbon with a layered structure and thermal stability, and graphite nanoplates have large

surface areas with structural stability. Characterizations of these Pd/Au-carbon composites show

different NP sizes on each support, with GAC and carbon black generating smaller NPs. The HDH

results suggest GAC, carbon black, and graphite nanoplates composites generate fast reaction

rates. However, when comparing particle size and surface area, Pd/Au-GAC composites gener-

ate the fastest TCE degradation, providing a bigger boost to HDH rates than other types of

carbon supports. More advantageously, GAC is widely available commercially with relatively

low cost, and its high surface area is enabled by its high porosity, making GAC the preferred

carbon support for Pd/Au NP catalyst mass production.
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Introduction

Carbon is commonly chosen as a support for catalysts of chemical reactions because of its large specific surface

area, high porosity, excellent electron conductivity, and relative chemical inertness. As a support for nanoparticles

(NPs), it has been found to have better hydrothermal stability for heterogeneous catalysis when compared with

oxide supports like titania, alumina, mesoporous silica (SiO2), and hydrotalcite.1–3 Additionally, most carbon

supports can be easily hybridized with metallic NPs to improve catalytic activity. Some examples include man-

ganese oxide NPs on carbon for the oxygen reduction reaction,4 nickel NPs on carbon for reduction of carboxylic

acids,5 gold-platinum NPs on carbon for methanol oxidation,6 and palladium-gold (Pd/Au) NPs on carbon for

the hydrodehalogenation (HDH) of trichloroethene (TCE). It has also previously been shown that graphene has

synergistic effects on the catalytic performance of Pd/Au NPs and improves the catalytic ability of palladium

NPs.7 However, a comprehensive study among various carbon supports in relation to the effectiveness of their

supported NP catalysts is missing. Therefore, this study focuses on the role of various carbon supports on the

Pd/Au catalysts for removing TCE from contaminated water.

Palladium and gold have advantages over other metals for HDH, because palladium has been shown to be

more active, stable, and selective at removing TCE than metals like platinum, zinc, and copper,8 and gold has been

shown to act as an excellent promoter of palladium by increasing its catalytic ability.9 In our previous study,

a simple, green process has been described to synthesize Pd/Au NPs on granular activated carbon (GAC) and

graphene.7 This process occurs at room temperature, does not need any surfactants or stabilizers, and does not

introduce any chemicals outside of the organometallic precursors and solvent. This process is both environ-

mentally friendly and produces materials with negligible contaminations, which is ideal for characterization

and testing. These catalysts are highly potent, especially against TCE.

Of the various carbon types available, the focus of this report is on four types of supports: GAC, carbon black,

graphite, and graphite nanoplates. A systematic study has been carried out comparing each of these carbon forms

to find the most optimum support to enhance the HDH capabilities of Pd/Au NPs. The choice of these four

carbon supports is due to their individual properties and advantages.

GAC has a highly heterogeneous structure from the highly disordered nature of the active carbon structure,

which consists of defective carbon layer planes in the form of twisted lamellae cross-linked by an extended carbon

network.10 GAC is a popular choice as a catalytic support because of its inherent high adsorption, large surface

area, and highly developed porosity.2 In the past, GAC has been used to support catalytic platinum NPs,11 palla-

dium NPs,12 and Pd/Au NPs.7,13

Carbon black has a polycrystalline, three-dimensional graphite structure in which the basal planes are ori-

ented parallel to the surface.10 This gives carbon black particles a relatively large surface area, which, in addition to

their wide commercial availability and good chemical stability,14 makes them excellent supports for NPs. In the

past, carbon black has been used to support catalytic silver NPs15 and platinum NPs.16

Graphite is the most stable allotropic form of carbon, with a layered, planar structure. It has been extensively

studied as supports for palldium,17 gold,18,19 and other metal NPs20,21 because of its stability. However, graphite

has surface areas much lower than GAC and carbon black. In this study, we also use the graphite nanoplates to

improve the surface areas.

The term “graphite nanoplates” refers to graphite with a thickness less than 100 nm, following the definition

previously outlined.22 These nanoplates are cost-effective and possess high aspect ratios, good mechanical per-

formance, and excellent electrical and thermal conductivity.23 Moreover, these graphite nanoplates offer larger

surface area with properties similar to those of exfoliated graphene, while retaining the structural integrity of

graphite. Graphite nanoplates have been used to support catalytic platinum in a previous report.24 In this study,
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graphite nanoplates have been fabricated, while the GAC, carbon black, and graphite were used as-purchased to

make Pd/Au-carbon composites.

Herein, “composite” refers to the material formed when the Pd/Au NPs form on the carbon supports. That is,

“Pd/Au-GAC composite” refers to Pd/Au NPs on GAC support, “Pd/Au-carbon black composite” refers to Pd/Au

NPs on carbon black support, “Pd/Au-graphite composite” refers to Pd/Au NPs on graphite support, and

“Pd/Au-graphite nanoplate composite” refers to Pd/Au NPs on graphite nanoplate support. When referring

to all these materials, the generic term “Pd/Au-carbon composite” has been used. These Pd/Au-carbon

composites have been methodically characterized and tested to find the optimal carbon support for catalytic

Pd/Au NPs.

Materials and Methods

CARBON SUPPORTS

The GAC used in this study (Sigma Aldrich, Catalog #242268) was crushed using a mortar and pestle and passed

through a 70-μm mesh strainer for consistency with previous studies.7,25–27 The carbon black (Fuel Cell Store,

Item #590106) and graphite powder (Aldrich, Catalog #282863) were used as-purchased. The graphite nanoplates

were synthesized through a liquid exfoliation process modified from a previously established process,28 which

involved sonicating expandable graphite (Advanced Chemicals Supplier [ACS] Material, Product #Exgraphite-

170-400) in n-methyl-2-pyrrolidone (NMP) solvent with a probe sonicator in a ratio of 2:1 (volume of NMP, mL,

to weight of expandable graphite, mg). After allowing the solution to settle for 45 mins, the top half was removed

and centrifuged to retrieve the graphite nanoplates from the solution.

SYNTHESIS OF PD/AU NPS ON CARBON SUPPORTS

Palladium (II) acetate (98 % reagent grade, Sigma Aldrich) and tetrachloroauric (III) acid trihydrate (ACS grade,

Sigma Aldrich) precursors were used to make the Pd/Au bimetallic NPs. The synthesis process uses a solution of

1.25 mg/mL of the gold precursor in acetone (ACS reagent grade), which is sonicated for 15 mins and added to a

solution of 0.15 mg/mL of palladium precursor in acetone. This combined solution is sonicated for 1 h, after

which it is transferred into a Teflon liner. Twenty-seven mg of the corresponding carbon support (GAC, carbon

black, graphite, or graphite nanoplates) is added to this liner, and the liner is inserted into a stainless-steel au-

toclave. The reaction occurs for 24 h at room temperature, after which the final solution is centrifuged to retrieve

the carbon-supported NPs, which are allowed to dry at room temperature.

MATERIAL CHARACTERIZATION

A Zeiss Sigma FEG VP scanning electron microscope (SEM) with energy-dispersive X-ray spectroscopy (EDS)

and a FEI Tecnai F20 high-resolution transmission electron microscope (TEM) equipped with scanning trans-

mission electron microscopy (STEM) and EDS capabilities were used for the imaging and chemical analysis of the

specimens. The as-made specimens were analyzed step-by-step in the SEM and TEM to further analyze the dis-

tribution, size, shape, and morphology of the NPs on each carbon support. First, the bare carbon supports were

analyzed prior to synthesis. After synthesis, each specimen was characterized in detail. Because all the specimens

were made using identical methods, this allowed a direct comparison between the findings. After synthesis, the

solution in which the composites were formed were also tested, and finally, each composite was tested against

TCE for HDH data, as detailed in the following.

QUANTIFICATION OF NPS RETAINED BY CARBON SUPPORTS DURING SYNTHESIS

Ultraviolet-visible (UV-vis) measurements were conducted to calculate the uptake, or retention, of NPs by each

support during synthesis. While a known quantity of the precursor solution was introduced, here, the actual

number of NPs formed on the carbon supports has been quantified as a mass concentration. A Shimadzu

UV 3600 UV-vis Spectrophotometer with a Starna 1-Q-10 Cuvette was used to collect absorbance data.
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A previously published technique using Pd/Au NPs29 has been adopted and modified here to calculate the

amount of NPs retained by each carbon support. In brief, the reaction solutions before and after synthesis were

analyzed to measure the formation and uptake of NPs on the supports. A number of calibrations were performed

to determine the relative concentrations of each component (palladium precursor solutions, gold precursor sol-

utions, bimetallic precursor solutions, palladium NP solutions, gold NP solutions, and bimetallic NP solutions).

The absorbance of the reaction solution after synthesis was analyzed both before and after centrifugation.

However, these values did not vary greatly (the largest difference being 0.007 arbitrary units [a.u.]), suggesting

centrifugation does not significantly affect the concentration of the NPs present in these solutions. For consis-

tency, the centrifuged values have been reported both for calibrations and retention of NP results.

CATALYTIC REACTIVITY TESTING

Each run used 20 mg of the material with 50 mg/L (or 50 ppm) of TCE (99.5 %, Aldrich, Catalog #251402) in

deionized (DI) water in a batch reactor with crimp-sealed rubber septum stoppers. The vial containing the catalyst

material and 120-mL DI water (with 30-mL headspace) was spiked for 20 min with 99.9 % hydrogen gas, crimp-

sealed, injected with saturated TCE solution, and rotated at 50 r/min. Data were collected at fixed intervals for

60 min or until the TCE was undetectable. The reaction was monitored through headspace gas chromatography

(GC) using an HP 5890 Series II GC equipped with a flame ionization detector and a DB-624 Agilent J&W

column.

Results and Discussion

Carbon supports have often been used to support palladium and gold NPs, especially in the form of GAC,30

carbon black,31 and graphite.32 These Pd/Au-carbon composites were found to be favorable catalysts for

removal of TCE via HDH,7 synthesis of hydrogen peroxide,30 electrooxidation of formic acid,31 etc.

However, a systematic, comparative study between the different types of carbon forms as supports for these

bimetal NPs is still lacking. The four supports all have beneficial properties as supports for catalysts: both GAC

and carbon black have adsorptive properties, while graphite and graphite nanoplates have more stable, ordered

structures. Hence, a detailed analysis is carried out to identify the most suitable support. Specifically, the shape,

size, and distribution of NPs over the GAC, carbon black, graphite, and graphite nanoplates have been studied.

Next, the number of NPs actually formed on the supports, or retention of the NPs by the supports, has

been quantified using UV-vis measurements. Finally, these composites have been tested against TCE for

HDH studies.

CHARACTERIZATION OF CARBON-SUPPORTED PD/AU NPS

The Pd/Au NPs were fabricated on the GAC, carbon black, graphite, and graphite nanoplate supports using

identical procedures; however, a difference in the NP formation was observed on each support. All four com-

posites have been characterized using the SEM, as seen in figure 1. The arrows are pointing toward some NP

clusters for ease of identification.

In figure 1A–C, a Pd/Au-GAC composite specimen has been characterized, showing bimetallic NP clusters

over the surface of GAC. Figure 1A shows that the NP clusters are uniformly spread over the surface of the GAC

and appear to be in the same size range. The GAC surface has been further examined in figure 1B at a higher

magnification, showing that the NPs appear to have an irregular morphology. At the highest magnification, seen

in figure 1C, it appears that smaller NPs aggregate to form clusters. The NP clusters are further examined more

specifically in later parts of the article.

The Pd/Au-carbon black composite has been studied next in figure 1D–F. Seen in figure 1D, the NP clusters

are hard to identify because of the highly irregular small size of the support. At higher magnifications, seen

in figure 1E, the NP clusters become slightly more apparent because of the difference in contrast, as pointed

out by the arrows. In figure 1F, one such cluster is observed. This cluster appears to be similar to the clusters
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FIG. 1 SEM images of Pd/Au-carbon composites. From left to right, images increase in magnification. (A–C) are images of

Pd/Au-GAC composites: (A) dispersion; (B) size; (C) topography of NPs. (D–F) are images of Pd/Au-carbon black

composites: (D) wider distribution of NPs; (E,F) compactness of NPs. (G–H) are images of Pd/Au-graphite

composites: (G) poor distribution of NPs over the surface of support; (H,I) relatively larger size of NPs. (J–L) are

graphite nanoplates: (J) large number of NPs over the surface; (K) size; (L) morphology. Arrows are provided to

help with identification of NP clusters.
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seen on GAC. That is, this cluster also appears to be made of smaller Pd/Au NPs; however, the size of these

clusters appears to be much smaller.

Next, the Pd/Au-graphite composite is examined in figure 1G–I. Figure 1G shows that, unlike the GAC and

carbon black, here, the clusters are sparsely distributed over the surface of graphite. In addition, larger clusters

appear to be formed than the previous two specimens, as seen in figure 1H. The clusters are further examined in

figure 1I, showing the same uneven morphology.

Finally, in figure 1J–L, the Pd/Au-graphite nanoplates are observed. In figure 1J, the clusters are well dis-

tributed over the surface of the graphite nanoplates. A closer look at figure 1K shows that the NPs appear to be

closer together, though of a medium size. In figure 1L, the same irregular morphology of the NPs is observed.

The range and average size of the NPs are presented in Table 1. The Pd/Au-GAC composite is in the range of

100–200 nm, with an average size of 146.73 ± 35.87 nm, while the Pd/Au-carbon black is in the range of 50–

150 nm with an average size of 90.078 ± 53.81 nm. The Pd/Au-graphite is in the range of 200–350 nm with an

average size of 273.57 ± 50.23 nm, and the Pd/Au-graphite nanoplates are in the range of 150–250 nm clustering

together with an average size of 203.37 ± 42.08 nm. These observations suggest that smaller NP and clusters are

formed on GAC and carbon black, while larger-sized NPs form on graphite and graphite nanoplates.

To further examine the structure of the NP clusters, advanced SEM and TEM characterization was per-

formed. While the size of the NP clusters was found to be different over each carbon support, the structure

and configuration of the NP clusters were observed to be the same. Analysis of all four Pd/Au-carbon composites

produced similar results; however, because graphite nanoplates are the most electron transparent of the four

carbon supports, they are most suitable for TEM, and the Pd/Au-graphite nanoplate composite results are pre-

sented in figure 2.

The SEM images figure 2A and 2B were taken of the same location on the Pd/Au-graphite nanoplate

composite by two different detectors: the secondary electron (SE) and the backscattered electron (BSE) detectors.

The SE detector provides information about the topography, indicating several NPs with an irregular morphology

clustered together. The BSE image provides insight into the composition of the material, indicating a heavier,

dense material at the core that appears brighter than the surrounding less heavy and less dense material. The dark-

field STEM image in figure 2C also confirms this compositional contrast, indicating a heavy material surrounded

by a less dense material. The EDS maps in figure 2D and 2E are of elemental palladium and gold, respectively,

indicating a cluster of 2–5 nm of palladium NPs surrounding a core of about 20–100 nm gold NPs. Thus, it can be

concluded that these bimetallic NPs form a Pd/Au core-aggregate shell structure. These bimetallic NP structures

were found to be present on all of the carbon composite materials examined in this report. The size of the indi-

vidual elemental NPs remains the same on all carbon supports; however, the size of the clusters was found to vary.

It is clear that each of the supports appears to interact differently with the metal NPs, which causes variation

in sizes. One reason for this could be due to the surface of each support—both carbon black and GAC have

disordered structures, while the graphite and graphite nanoplates have more ordered, layer-by-layer structures

that allow the NPs to deposit at specific sites and grow uniformly. Moreover, both GAC and carbon black

are highly adsorptive, which possibly disperses the metal NPs more across the surface and prevents larger ag-

gregations from occurring. This phenomenon is presently under further investigation using more advanced

techniques.

TABLE 1
Range and average size of the NP clusters for the Pd/Au-carbon composites

# Material Range of NP Cluster Sizes Average Size of NP Clusters

1 Pd/Au-GAC composite 100–200 nm 146.73 ± 35.87 nm

2 Pd/Au-carbon black composite 50–150 nm 90.078 ± 53.81 nm

3 Pd/Au-graphite composite 200–350 nm 273.57 ± 50.23 nm

4 Pd/Au-graphite nanoplate composite 150–250 nm 203.37 ± 42.08 nm
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RETENTION OF NPS BY CARBON SUPPORTS DURING SYNTHESIS

In order to further understand the interaction between each carbon support and the bimetal NPs, the uptake of

NPs was calculated. The uptake, or retention, of the NPs by each support during synthesis has been quantified

here as the mass concentration of NPs actually hybridized to each carbon support. Previously, UV-vis spectros-

copy has been shown to successfully calculate the uptake of Au NPs on aluminum oxide, magnesium oxide, and

SiO2 supports.
29 Hence, the same method has been adopted here and modified to calculate the uptake of the NPs

by the different carbon supports. The results are reported in figure 3.

Based on the calibrations and theoretical calculations, the maximum concentrations of palladium NPs and

gold NPs available for uptake are 1.42 and 65.21 mg/L, respectively. All supports have an uptake of NPs of at least

88 % or more of this maximum concentration. Seen in figure 3A, GAC and carbon black have similar uptakes of

palladium NPs, only leaving behind 0.07 and 0.06 mg/L, respectively. Next, graphite nanoplates appear to leave

0.1 mg/L of palladium NPs, suggesting that, despite the lack of adsorptive qualities of GAC and carbon black, the

large surface area provides a platform for the NPs to deposit. Finally, graphite had the lowest uptake, leaving

behind 0.16 mg/L of palladium NPs. This trend was also observed for uptake of gold NPs, seen in figure 3B, with

GAC and carbon black leaving behind 3.38 and 2.86 mg/L of gold NPs, followed by graphite nanoplates leaving

behind 4.51 mg/L of gold NPs and graphite with 7.34 mg/L.

While some variations in uptake in NPs were observed, the final concentrations of bimetallic NPs on the

carbon supports are not significantly different. However, the sizes of the NPs and clusters on the supports are

significantly different. Specifically, while graphite nanoplates have relatively similar uptake of NPs as GAC and

carbon black, the NPs deposit as larger clusters on graphite nanoplates. Hence, it is believed that the extended

surface area of graphite nanoplates improves the uptake of NPs and therefore the HDH removal of TCE.

HDH OF TCE BY PD/AU NPS ON DIFFERENT CARBON SUPPORTS

To understand the effect of each carbon support on the Pd/Au NPs, each specific carbon-supported catalyst

was tested against model contaminant TCE. The degradation of TCE in the presence of NP catalysts with

FIG. 2

Electron microscopy

images of Pd/Au NPs

hybridized to graphite

nanoplates. SEM images

using (A) an SE detector

and (B) a BSE detector in

the same location show

that the NPs are made of

a core of dense material

surrounded by a less

dense material. The

dark-field STEM image

in (C) confirms this

configuration. The EDS

maps of (D) palladium

and (E) gold indicate

that the NPs are made of

a gold core surrounded

by a palladium shell.
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carbon supports composites was found to follow traditional HDH routes.7,9 This degradation of TCE is

shown in figure 4, plotting the normalized concentration of TCE over time in the presence of the different

catalysts.

As seen in figure 4A, first, the bare carbon materials were tested with TCE as-is. GAC appeared to have the

fastest removal, adsorbing close to 40 % of TCE within the first 10 min. This was closely followed by carbon black,

which also adsorbed TCE, but at a slightly slower rate, removing 30 % of TCE within the first 10 min. As expected,

both the graphite nanoplates and graphite did little to remove TCE over time.

Next, Pd/Au-carbon composites were tested against TCE, as seen in figure 4B. The presence of the

Pd/Au NPs caused the reactions to occur much faster. Surprisingly, the Pd/Au-graphite nanoplates composite,

Pd/Au-carbon black composite, and Pd/Au-GAC composite performed roughly the same, followed by the

Pd/Au-graphite composite catalyst. Multiple runs were performed, and the data were fit pseudo-first-order

kinetics, following equation (1):

FIG. 4 Degradation of TCE over time, plotted as normalized concentration of TCE over time in the presence of (A) just

carbon supports and (B) Pd/Au NPs hybridized to the carbon supports.

FIG. 3 Retention of (A) palladium NP and (B) gold NP on the GAC, carbon black, graphite, and graphite nanoplate

supports during synthesis.
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C = C0e−kt (1)

where C is the mass concentration of TCE in the bulk fluid (gTCE/L) at time t (min), C0 is the initial mass con-

centration of TCE in the bulk fluid (gTCE/L), and k (min–1) is the measured, observed (pseudo) first-order rate

constant.

The Pd/Au-GAC composite specimens gave a k of 1.10 min–1, while Pd/Au-carbon black composites had a k

value of 1.13 min–1 and Pd/Au-graphite nanoplates composites produced a k of 0.94 min–1. Finally, the Pd/Au-

graphite composite catalysts gave a k of 0.54 min–1. This k value for the Pd/Au-GAC composites is consistent with

previously observed rates.7

COMPARISON OF EFFICIENCY OF TCE DEGRADATIONS

It is important to note that the bare carbon supports differ from each other in surface morphology, which, in part,

is responsible for the difference in the number of NPs formed on each support and the sizes of the clusters on the

supports. The particle size and shape of each support is different, which has a direct impact on the catalytic HDH

of TCE. A larger available surface area allows more of the TCE to interact with the catalyst and therefore HDH

will occur faster. Among the four types of carbon composites of Pd/Au NPs, the Pd/Au-graphite composite has

the lowest surface area among the carbon supports, and the NPs hybridized to this support grew to the largest

sizes, causing an overall decrease in available surface area and, hence, interaction with the TCE. In contrast, while

the NP size was relatively smaller for the Pd/Au-graphite nanoplate composites, the graphene-like properties of

the large surface area of the support allow more NPs to deposit (as seen characterized previously and confirmed

in the retention results). Hence, the observed k of Pd/Au-graphite nanoplates was much larger than that of the

Pd/Au-graphite composite. In fact, this result is similar to previously observed data in which graphene produces

the fastest rate of TCE decomposition.7

In the case of the Pd/Au-carbon black and Pd/Au-GAC composites, both of these carbon supports exhibit

adsorption and have smaller NPs hybridized to the surfaces. This allows faster rates of degradation. Despite carbon

black and GAC having different structures,10 their adsorptive nature, combined with the dispersion and size of the

metallic NPs, causes them to behave in a similar manner. However, it is also important to take particle size into

consideration for available surface area of these supports. The carbon black in this study has a particle size of 50 nm

for consistency with other reports,14,33,34 while the GAC has a particle size closer to 70 μm for consistency with

previous reports.7 Hence, the carbon black used here has a much larger surface area than the GAC. Despite this, the

Pd/Au-carbon black composite produces the same k as the Pd/Au-GAC composite, suggesting that when normal-

ized for surface area, the rate of degradation of TCE for the Pd/Au-GAC composite would be much higher.

Summary and Conclusion

Four types of carbon materials—graphite, graphite nanoplates, carbon black, and GAC—have been explored for

their role in supports for catalytic NPs like palladium and gold. The graphite, carbon black, and GAC were used

as-purchased; however, the graphite nanoplates, which are graphite plates with thickness less than 100 nm, were

synthesized using a liquid exfoliation process. The Pd/Au NPs were hybridized onto the supports using an envi-

ronmentally friendly process, making Pd/Au-carbon composites. These composites were characterized using elec-

tron microscopy and spectroscopy techniques, showing different NP cluster sizes on the supports. The largest NPs

were found to be on graphite and graphite nanoplate composites. Similarly, during synthesis, each carbon support

was observed to hybridize, or uptake, a different number of NPs. Carbon black and GAC composites were ob-

served to have the highest uptake, indicating that the maximum number of NPs was present on these surfaces.

The HDH results show the importance of mass transfer and surface area, indicating that the graphite nanoplate,

carbon black, and GAC composites have similar rates of TCE degradation despite having varying particle sizes. The

large surface area of graphite nanoplate composites allows for increased contact between the NPs and TCE. In the

case of carbon black and GAC, adsorption also played a large role in the degradation of TCE. Even though these
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specimens had similar rates of reaction of 1.13 and 1.10 min–1 for carbon black and GAC composites, respectively,

the particle sizes were vastly different. When normalized for particle size and surface area, Pd/Au-GAC composites

were found to be more potent at TCE degradation than the corresponding Pd/Au-carbon black composites. The high

surface area, porosity, stability, and wide commercial availability of GAC makes it the preferred carbon support,

followed closely by carbon black, graphite nanoplates, and, finally, graphite. The results from this study provide

insight into the role of the various carbon supports and help guide future material selection and optimization.
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