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A B S T R A C T   

Nanoscale zero-valent iron (NZVI) has been proven effective at degrading environmental ↱contaminants of 
concern, yet field performance as an in situ remedy is lacking due to short ↱reactive lifetimes and poor transport 
through porous media. The main ↱objective of this study was to investigate and compare the performance of 
different carbon ↱powders with different properties (surface ↱area, pore-volume, conductivity, functional groups) 
on trichloroethylene (TCE) removal and transport ↱properties. Carbon ↱powders were used as the support for 
bimetallic FeNi nanoparticles, the composites were stabilized by poly(vinyl pyrrolidone), and the performance of 
↱the modified novel FeNi-carbon composites was compared. It was confirmed that several properties of the 
carbon were found to not affect TCE degradation by the FeNi-C composites while ↱surface area, pore size, and 
functional groups are responsible for TCE adsorption by carbon ↱powders. Carbon particle size was found to 
inversely affect the transport of the composite ↱through porous media, with smaller carbon supports such as 
carbon black correlating to a wider ↱radius of influence, as compared to larger biochar carbon particulates. 
Significantly, FeNi-C ↱shows improved TCE degradation over Fe or FeNi nanoparticles alone, indicating the 
utility of ↱using carbon supports to promote dehalogenation reactions and increase NZVI longevity↱.   

1. Introduction 

Trichloroethylene (TCE) is a synthetic chlorinated organic com-
pound that has been used widely as an industrial solvent [1]. When 
released into the environment/subsurface, TCE can form a dense liquid 
in soil and groundwater, settle easily, and release slowly [2]. TCE does 
not readily evaporate from groundwater and therefore persists in the 
subsurface. TCE has been shown to be carcinogenic to humans [3] and 
can damage the liver, kidneys, immune system, and nervous system [4]. 
Based on a report from the Agency for Toxic Substances and Disease 
Registry, between 9% and 34% of drinking water supply sources contain 
TCE contamination, making it the most frequently reported organic 
contaminant in groundwater [5]. 

Nanoscale zero-valent iron (NZVI) has been used widely to remove 
contaminants from water due to the strong reducing power of the Fe0 

and the reactivity of higher surface area nanomaterials [6–8], as 
compared to micron-scale or larger particulate ZVI. NZVI has been used 
as an adsorbent for cadmium [9], phosphate [10], lead [11], and 
chromium [12]. NZVI has also been used as a stoichiometric reductant to 
degrade a wide range of organic contaminants, including bromothymol 
blue [13], azo dyes [14], 2,4,6-trinitrotoluene (TNT) [15], and TCE [2, 
16–19]. The presence of oxygen results in iron oxidation and subsequent 
formation of a passivating oxide shell on the surface of the NZVI nano-
particles. When the passivating shell is disrupted at the nanoparticle 
surface (e.g., through mixing in an aqueous environment), the interior 
iron metal atoms react quickly with water and oxygen molecules, 
resulting in oxidation products including the hydroxyl radical, super-
oxide radical, and hydrogen gas [20]. There could be two mechanisms, 
one in which Fe0 can react with oxygen to produce hydrogen peroxide 
or one in which oxygen can react with ferrous iron produced by Fe0 
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oxidation through a series of one-electron transfers and produce 
hydrogen peroxide. Then, ferrous iron can react with produced 
hydrogen peroxide (Fenton reaction) to produce oxidizing intermediates 
that are needed for organic contaminant degradation, but the speed at 
which iron oxidation occurs limits the overall effectiveness of the NZVI 
[21]. In addition, NZVI tends to agglomerate and lose reactivity due to 
loss of available reactive surface area [2]. Moreover, using NZVI to 
degrade contaminants like TCE can result in incomplete and slow 
degradation and toxic reaction products such as vinyl chloride (VC) and 
dichloroethylene (DCE) [22,23]. 

Different strategies have been developed to overcome these chal-
lenges. Using bimetallic compositions [24] and using sulfidated NZVI 
[25,26] increase the reactivity of NZVI [27]. The presence of a second 
metal ↱enhances electron transfer [23], with possible changes to the TCE 
degradation pathway and prevention of chlorinated by-product forma-
tion [28]. The use of precious metals like Pd, Ag, and Pt with NZVI is 
particularly effective [29]. However, the use of these precious metals 
presents a cost challenge for water treatment applications, and 
non-precious transition metals such as Ni can instead be used to make 
cost-effective bimetallic nanoparticles. Prior studies have evaluated key 
parameters for FeNi bimetallic nanoparticle (NP) degradation of TCE, 
including Ni loading [27,29,30], pH [29,31], and FeNi concentration 
[30]. An optimal 20% Ni ratio was confirmed for TCE removal by testing 
different Ni loadings in NZVI [27,31]. Other factors, such as flow regime 
around the nanoparticles, can also have a significant impact on NZVI 
reactivity and reaction rate [32], and a thorough assessment of the 
advancement of NZVI technology was recently reported by Phenrat and 
colleagues [33]. 

Both monometallic and bimetallic NZVI suffer from severe agglom-
eration when dispersed in aqueous solution and injected into the ground 
for in situ treatment [27,31]. Stabilization of the nanoparticles on a 
porous support like carbon can prevent agglomeration and allow 
retention of the reactive surface area of the nanoparticles [23,34–36]. 
Among the properties of carbon, surface area, and micro-pore volume 
[37], conductivity [38], and functional groups on the surface [39,40] 
play the most important roles. The porous carbon surface provides 
enhanced adsorption of contaminants such as TCE, making the mole-
cules more accessible for nanoparticle-driven degradation [34]. In 
addition, immobilizing FeNi NPs has been shown to help retain reac-
tivity after several cycles of nanoparticle-carbon composite injection 
into TCE contaminated water [27]. Prior studies have suggested that 
conductive carbon can better facilitate electron transfer from the 
immobilized nanoparticles to the surface-adsorbed contaminant [38, 
41], with a direct impact on contaminant degradation efficiency. 
However, it remains unclear whether carbon conductivity plays a pri-
mary role when carbon is used to immobilize reactive NZVI or if prop-
erties such as surface area and pore volume remain the primary 
influences on overall composite performance. 

This study, therefore, focused on understanding the role of the car-
bon support properties on nickel-doped NZVI degradation of TCE. We 
hypothesized that if conductivity plays a dominant role in TCE degra-
dation, the conductive nature of the carbon should directly influence 
performance. A variety of carbon samples were studied, including acti-
vated carbon (AC, common carbon material used in water treatment 
with high porosity), carbon black 1 (CB1, highly porous, high conduc-
tivity), carbon black 2 (CB2, highly porous, lower conductivity), nano-
graphite (NG, prepared from fully graphitized parent carbon materials, 
highly conductive), and biochar (BC, low conductivity) [42]. A molar 
ratio of 0.2:1 Ni:Fe was selected for nanoparticle bimetallic composition, 
and the effect of specific carbon properties, including conductivity, 
pore-volume, and surface area, on TCE reductive degradation was 
evaluated for the suite of carbon powders. Carbons were characterized 
by scanning electron microscopy (SEM), X-ray diffraction (XRD), 
Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, 
zeta potential measurement, conductivity measurements, and phys-
isorption surface analysis. TCE adsorption and degradation were 

evaluated through gas chromatography, and nanoparticle-carbon com-
posite transport was evaluated through sand column experiments. The 
effect of carbon type on composite transport through the sand and on 
TCE removal by immobilized nanoparticles was fully studied. A TCE 
mass balance analysis was performed to confirm and quantify TCE 
degradation by nanoparticle-carbon composites. 

2. Materials and methods 

2.1. Materials and chemicals 

Trichloroethylene (spectrophotometric grade, 99.5 +%), iron(II) 
sulfate heptahydrate (FeSO4•7H2O, 98%) and nickel(II) chloride hexa-
hydrate (NiCl2•6H2O, 99.95%) were purchased from Alfa Aesar. Vinyl 
chloride, 1,1-DCE, trans-DCE, cis-DCE, and methylene chloride stan-
dards (2000 µg/mL in P&T methanol) were purchased from Restek. 
Carbons were obtained from commercial and experimental suppliers. 
The water was purified by a Milli-Q-POD system (18.2 MΩ cm) and 
degassed by argon to prepare the solutions. 

2.2. Preparation of FeNi-C composites 

To make a 20 mL batch of FeNi-C composite (5 g/L, based on Fe 
concentration), the following steps were applied as shown in Fig. S1. A 
slurry was prepared consisting of 179 mg carbon, 497.8 mg FeS-
O4•7H2O, 131.5 µL of a 203.6 g/L amino trimethylene phosphate 
(ATMP), and 8 mL water. The slurry was shaken while sparged with 
argon for 10 min. Then the nickel solution containing 85 mg 
NiCl2•6H2O, 133.2 µL of 107.5 g/L poly(vinyl pyrrolidone) (PVP), and 5 
mL water was added followed by Ar sparging and shaking for another 10 
min at 100 rpm. Then, 195 mg of NaBH4 in 7 mL of water was added 
dropwise while shaking. After the reaction was complete, the resulting 
solids were washed with degassed DI water, then methanol. All of the 
samples were diluted with degassed DI water to a final concentration of 
0.5 g/L Fe for use in TCE removal experiments.The fresh samples were 
prepared and used for each experiment. Prior published work from our 
group has reported extensively on the synthesis and characterization of 
these FeNi nanoparticles [43–46]. 

2.3. Preparation of carbon slurries for TCE removal experiments 

To make the carbon solutions, 179 mg of each carbon (i.e., the same 
amount used for composite synthesis and TCE testing) was added to 200 
mL degassed DI water, and the samples were then sonicated for 5 min to 
improve dispersion. Then 4.9 mL of each sample was added to the 20 mL 
GC vials. Then 100 µL of the TCE stock solution was injected into the 
carbon solution using a gas-tight syringe. The GC sampling time point 
for the first sample was around 8 min (controlled by instrument sam-
pling protocols), and the subsequent sampling time points were taken 
every 16 min. Therefore, each sample was tested at 8, 24, 40, 56, 72, 88, 
104 and 120 min by GC-MS. 

2.4. Carbon and composites characterization 

Scanning electron microscopy (SEM, Nova Nanolab 200, 15 kV) was 
used to evaluate the morphology of the carbon particles, to confirm NP 
formation on the carbon surface after synthesis, and to evaluate the 
distribution of FeNi bimetallic nanoparticles on the carbon surfaces of 
FeNi NP-carbon composites. For SEM sample preparation, the carbons 
and composites were dispersed in methanol, and then an aliquot of each 
sample was dropped on an aluminum SEM stub. The carbons were 
sputter-coated with gold to prevent charging and were then analyzed by 
SEM. 

To determine the crystallinity of the carbons, XRD (Philips X’Pert- 
MRD diffractometer, Cu Kα radiation source) was used. XRD patterns 
were taken within a recorded region of 2θ from 10 to 65◦ with a scanning 
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speed of 1 min-1 at a voltage of 45.0 kV and a current of 40.0 mA. 
An Autosorb-IQ-MP gas sorption analyzer (Quantachrome) was used 

to measure nitrogen adsorption isotherms. The adsorption tests were run 
at 77 K. All of the carbon samples were degassed at 60, 80, 100, and 
120 ◦C for 1 h, then ramped to a maximum temperature 150 ◦C for 
overnight degassing. The Brunauer–Emmett–Teller (BET) equation was 
used to determine the surface area of the carbon samples. The total pore 
volume was calculated using the Non-Local Density Functional Theory 
(NLDFT) and V tag on the Tabular Data portion. The QSDFT method 
(Quenched Solid Density Functional Theory) was used to analyze the 
pore size of the carbon powders. 

Raman spectra of each carbon sample were obtained at room tem-
perature using a 633 nm Ar line as excitation and 1800 grating with a 
Horiba Lab RAM 800 system. Raman spectra were collected from 500 to 
3500 cm-1, and seven spectra were collected, each with 7 s dwell time for 
each sample. 

A custom-built apparatus was designed to measure the electrical 
conductivity of the carbon samples based on prior literature studies, as 
shown in Fig. S2a [47,48]. A Keithley 236 source-measure unit was used 
for current supply and voltage measurement simultaneously. The carbon 
powders were dried in an oven for a few hours at 100 ◦C. Then, 
depending on the density of each sample, 0.2 or 0.5 g of each sample was 
packed slowly in a thick glass tube with 8 mm inner diameter size. The 
powder was packed between two copper electrodes. The wires were 
connected to the copper electrodes using small screws. Each carbon 
sample was tested at three different pressures. In order to apply the 
specific desired pressures, calibration weights were placed on top of the 
upper electrode. The weight of the top copper electrode was 63 g, and 
two other weights of 500 g and 2000 g were also used. The applied 
pressure for each weight was calculated using the weight and surface 
area of the electrode. The pressures were 12.3, 109.8, and 402.2 kPa for 
electrode, electrode plus 500 g weight, and electrode plus 2000 g 
weight, respectively. 

The ohmic behavior of the samples was also evaluated before 
measuring the conductivity by applying 1–15 mA current. For each 
sample, the current-voltage graph was plotted as shown in Fig. S2b. The 
height of the packed samples was measured using a digital height gauge. 
Finally, the electrical conductivity of the samples was calculated by the 
following formula [47]: 

σ = h/RA (1)  

Where the h is the height of the packed sample, R is the electrical 
resistance in Ω, and A is the surface area of the copper piston. 

2.5. TCE removal experiments with carbons and carbon composites 

TCE removal (sorption and degradation) by the various carbons and 
composites was tested via a simple batch reactor method. A 2.5 g/L TCE 
stock solution was prepared by adding 206 µL of TCE in 119.8 mL 
degassed methanol using a gas-tight syringe. The TCE stock solution was 
then placed on an orbital shaker for around 4 h before the experiments. 
Amber (20 mL) glass vials were filled with the desired amount of sample 
and trichloroethylene (TCE) stock solution. Vials with crimp seals and 
PTFE/silicone septa were used to decrease volatile TCE leakage during 
the course of the experiment. Particle suspensions in water were pre-
pared by first mixing by vortex and followed by sonication. All water 
and methanol supplies used for this part were degassed by argon to 
remove oxygen. Control samples were conducted without FeNi NPs or 
carbon to account for any TCE loss during the experiment and to mea-
sure TCE initial (Co) concentration. The reactor samples were made in 
triplicate by adding 4.9 mL of the 0.5 g/L composite solution into the 
20 mL crimp seal headspace vials with PTFE/silicone septa. Then, 
100 µL of the TCE stock solution was added to the vial to have 5 mL of 
50 ppm TCE sample and ~0.5 g/L composite. The vials were capped by 
a crimper and kept in dark box and the headspace samples were 

extracted and tested in different time intervals. Each sampling time in-
terval thus had three triplicate vials, and vials were only sampled once, 
at the specified sampling time endpoint (8–120 min and 2 h and 24 h). 
This approach minimized TCE headspace loss, which can occur when the 
vial septum is pierced and sampled multiple times. 

2.6. Column study 

2.6.1. Sand preparation and characterization 
Sand (Quikrete play sand) was washed three times using 0.01 M 

nitric acid, then 0.01 M sodium hydroxide to remove trace metals and 
ions. The sand was then rinsed thoroughly with reverse osmosis (RO) 
water to a neutral pH and baked at 550 ◦C for 8 h to remove residual 
carbon. The cleaned, dried sand was then sieved through #30 and #60 
sieves, and the portion between 250 and 350 micrometer size was 
collected for use. Sand density was also determined to be 2.56 ± 0.24 g/ 
mL (95% CI [2.29, 2.83]) via the water displacement method, and the 
sand column porosity was calculated to be 0.43 ± 0.019. 

2.6.2. Column experiments 
An XK 16/20 empty glass column (GE Life Sciences) filled with 

saturated sand was used to evaluate material transport. The setup of the 
column transport experiments is shown in Fig. S3. The sand was wet- 
packed to promote homogeneity, with a set amount of sand used for 
each run to ensure reproducibility. A minimum of two pore volumes of 
pure water was pumped through each column before material testing to 
compact the column and to ensure both reproducible column porosity 
and flow rates. Column experiments were run via a top-loading method, 
where the test particles were loaded directly onto the sand column, and 
flow through the column was driven by a peristaltic pump attached to 
the outflow tubing. 

The flow rate through the column set-up was calibrated (n = 6) to 
60 mL/min to maintain constant flow throughout testing and to mimic 
the high-pressure injections used for NZVI in situ remediation in the 
field. The peristaltic pump was set for 60 mL/min, and the same setting 
was used for the duration of the experiments. Particle suspensions were 
prepared, and 40 mL of suspension was top-loaded onto the sand col-
umn, followed by 200 mL of RO water. 

2.6.3. UV–Vis analysis of eluent 
UV–Vis absorbance (Agilent 6000i UV–Vis Spectrophotometer) was 

determined to be an accurate method to quantify the concentration of 
carbon samples in the eluent. Calibration curves were constructed for 
each test material by serial diluting the stock suspensions (0.25 g/mL) 
and measuring absorbance. A local maximum in the UV–Vis absorbance 
spectrum at λ = 286 nm was used to construct calibration curves, which 
were accepted if R2 > 0.9 and percent error < 10%. The concentration of 
particles in the eluent was calculated by relating absorbance at 
λ = 286 nm in the eluent to the calibration curve. Breakthrough curves 
were constructed by plotting C/Co vs. time, where C is the concentration 
in the eluent and Co is the concentration loaded onto the column. 

2.7. GC-MS and GC-FID analysis 

A Shimadzu GC-MS/FID was used for TCE removal analysis. An Rtx- 
VMS column (30 m, 0.32 mm ID, 1.8 µm) was used with the MS detector 
to obtain separate peaks for volatile compounds (VC, DCE, TCE). The 
performance of the column and GC for volatile compounds was tested by 
a calibration mix (Restek Cat. # 30043). The oven temperature was 
programmed to hold at 35 ◦C for 4 min, ramp 18 ◦C min-1 to 100 ◦C, and 
then ramp 40 ◦C min-1 to 230 ◦C. The injector and detector temperatures 
were 120 and 200 ◦C, respectively. Helium was used as the carrier gas. 
The sample was injected into the GC at a split ratio of 100:1. The GC-FID 
setup with an Agilent J&W PLOT Q column (25 m, 0.32 mm ID, 
0.25 µm) was used for analyzing the possible ethylene, ethane, and 
acetylene degradation products reported from other research studies 
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[27,29,49]. The oven temperature was programmed to hold at 35 ◦C for 
5 min and then ramp 45 ◦C min-1 to 180 ◦C. A mixture of ethylene, 
methane, acetylene, and ethane gases and separate ethylene, and acet-
ylene gases were tested to identify the FID peaks. 

2.8. Composites efficiency 

The evolved H2 from composites was detected 490 Micro GC System 
(Agilent Technologies, Inc., USA) equipped with a MS5A 10 m Hi-BF 
column and a micro-machined thermal conductivity detector (TCD). 
The samples were analyzed by injecting the sample with a 100 ms in-
jection time from the headspace using Ar as the carrier gas while the 
injector temperature and the column temperature were both set to 75̊C. 
The samples were prepared in 20 mL amber vials by adding desired 
amount of composites into the 37% HCl and were tested by GC for 7 days 
[18]. 

2.9. Chloride formation 

In order to confirm the degradation of the TCE, the chloride forma-
tion was tracked for FeNi-AC composite using a dual channel Thermo 
ICS-6000 ion chromatography system (Thermo Fisher Scientific, USA) 
with suppressed conductivity detection and electrolytic eluent 
generation. 

3. Results and discussion 

3.1. Material characterization 

3.1.1. Morphology of the carbons and composites 
The AC, BC, NG, and carbon black substrates (unmodified) and FeNi- 

AC, FeNi-BC, FeNi-CB2, FeNi-NG, and FeNi-CB1 composites were 
characterized by scanning electron microscopy (SEM, Nova Nanolab 
200, 15 kV) to assess the morphology of the samples. The SEM images of 
the carbons are shown in Fig. 1. From the images of the carbon materials 
(without immobilized nanoparticles), significant differences in carbon 
particle morphology, topology, and particle size are observed. For 
activated carbon, the images suggest internal porosity and the wide 
range of particle size (from 5 to 30 µm), while for CB1 and CB2, the 
primary particles are smaller in overall size but attached together and 
have a surface structure that suggests a large available surface area. In 
addition, some small internal pores are visible. The surfaces of CB1 and 
CB2 have nanostructured features, while the activated carbon surface 
appears smoother. The biochar particles have a large particle size 
(15 µm in average) and little to no visible surface structure or porosity, 
while the nanographite has a smaller particle size (15 µm in average) 
and a rough but non-porous surface with a layered structure. Energy- 
dispersive X-ray spectroscopy (EDX) was also applied during SEM im-
aging to confirm the presence of the Ni and Fe particles on the carbon 
powders. The bimetallic NPs are indicated with red arrows in Fig. 1, 
showing they are well-dispersed on the carbon samples. The EDX result 
for the FeNi-CB1 composite is shown in Fig. S4 with Ni and Fe mapping. 

3.1.2. Surface analysis 
Surface area, pore volume, and pore size distribution in the micro-

pore range are among the main reported factors that are thought to be 
important for TCE removal by granular activated carbon [37,50]. 
Therefore, a complete surface analysis of the carbon materials, including 
surface area, pore-volume, and pore size distribution, was performed. 
Full N2 adsorption-desorption ↱isotherms for the carbon powders are shown in Fig. S5. 
These isotherms were used to calculate the physisorption-accessible 
surface area and total pore volume of the carbon powders. A 7-point 
BET was calculated based on the isotherm, and the resulting calcu-
lated surface area, pore volume, and micro-pore volume (pores less than 
2 nm in diameter) are summarized in Table 1. 

In Table 1, the surface area calculations of the samples are listed in 

order from highest to lowest as follows: CB1 > AC> NG> CB2 > BC. 
The trend for DFT total pore volume is CB1 > AC> CB2 > NG> BC and 
generally follows the same trend as that observed for calculated surface 
area. Interestingly, the measured surface area of the CB2 carbon was 
much lower than that of AC or CB1 and was in fact, more similar to the 
NG sample.In addition, pore size distribution and average pore radius 
were calculated for each carbon sample, and these results are shown in 
Fig. S6. These results for pore size distribution illustrate further differ-
ences between the different carbon substrates. The pore size distribution 
and average pore radius were calculated for each carbon sample. These 
↱calculations indicate that the AC and CB2 are primarily microporous, 
while the NG and CB1 ↱samples contain micro- and mesopores. The BC 
sample is essentially nonporous (Figs. S6 and ↱S7).↱ 

Since the size of a TCE molecule is less than 0.66 nm, and TCE 
adsorption on carbon is expected to be highly related to the size and 
extent of micropores in the sample [37,50], the details of the pore size 
distribution within the range of 0.66–2 nm were isolated from the 
overall distribution of each carbon sample (Fig. S6) and graphed in  
Fig. 2. The pore volume at this range is also summarized in the last 
column of Table 1. The AC has the largest pore volume of 0.25 cc/g in 
this range, followed by CB1 (0.13 cc/g), CB2 (0.04 cc/g), NG (0.035 
cc/g), and BC (8 × 10-4 cc/g), respectively. The BC has a much lower 
surface area as well as a much lower pore volume in comparison to the 
other carbons. 

The functional groups on the carbon powders are capable of 
adsorbing organic pollutants [39] and can create water clusters on the 
surface, reducing the number of available adsorption sites [40]. The 
specific types of functional groups found on carbon surfaces include 
hydroxyl groups, carbonyl groups, and carbon-carbon double bonds (e. 
g., on graphite). Higher pollutant adsorption can be achieved by high 
surface area combined with rich surface chemical composition 
depending on the properties of both adsorbate and adsorbent [23]. Ex-
amples of the properties of adsorbents include surface charge, degree of 
graphitization, hydrophilicity, composition, and functional groups, 
while examples of the properties of the adsorbate include polarity, 
functional groups, ionization potential, hydrophilicity, and size. The 
functional groups on the surface can also affect adsorption characteris-
tics of the carbonaceous materials by decreasing the surface hydro-
phobicity while increasing the water dispersion [40]. FTIR spectroscopy 
was therefore performed to determine functional groups present on the 
surface of carbon powders (Fig. S8).↱ FTIR analysis of CB1, CB2, and NG 
show similar features at the range of 1970 cm-1–2160 cm-1, which are 
attributed to CCC and CCO stretching [51]. FTIR analysis of BC indicated 
two main peaks at 1495 cm-1 and 1754 cm-1 related to CO axial defor-
mation, such as highly conjugated CO stretching or C–O stretching in 
carboxyl ↱groups, respectively [39]. 

3.1.3. Conductivity measurement 
Conductive carbons as supports for NZVI have been suggested to be 

able to shuttle electrons from NZVI to the contaminants to facilitate 
degradation [38,41]. To test the hypothesis that increased conductivity 
of the support substrate would increase reductive dehalogenation, it was 
important to measure the conductivity of each carbon support material 
tested in this study. The apparatus for conductivity measurement was 
built in-house based on prior literature reports of similar setups [48,52]. 
To verify the performance of the setup, a desired voltage was applied, 
and the current was measured and used to find the resistance for a 
commercial resistor. The calculated resistance of the resistor was then 
compared to the actual resistance to verify the setup. The conductivity of 
the samples was then tested by the designed apparatus as shown in 
Fig. S2a. The voltage of 1 V was applied, and the related current was 
measured to calculate the electrical conductivity. For each measure-
ment, a specific pressure was applied, and the height of the carbon 
column was measured, along with the current. The electrical conduc-
tivity results for the carbon powders, calculated using Eq. (1), are 
summarized in Table 2. 
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Fig. 1. SEM images of carbons: (a) AC, (b) CB1, (c) BC, (d) NG, (e) CB2, and composites: (f) FeNi-AC, (g) ↱FeNi-CB1, (h) ↱FeNi-BC, (i) FeNi-NG, and (j) FeNi-CB2 
(Arrows point to NPs)↱. 
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The CB1 powder has the highest conductivity in comparison with the 
other carbons. After CB1, CB2, NG, and AC were in descending order for 
low and medium pressures. The resistance of the BC powder was too 
high, and applying an even small amount of current caused the voltage 
to exceed 10 V, which was the limit of the instrument. Thus, the con-
ductivity of the biochar was too low to be able to be measured by our 
system. The conductivity of all the carbon samples increased with 
increasing the pressure due to the increasing packing density of the 
particulate carbon powders. 

3.2. Transport through porous media 

In addition to dechlorination capacity, materials used for injection- 
based in situ groundwater remediation must be able to move through 
porous media in order to achieve an effective radius of influence in the 
subsurface. Column studies with well-defined porous media are often 
used to model the governing mechanisms of filtration and transport of 
nanoparticles in groundwater [53,54]. In these experiments, the test 

particles are injected into a saturated sand column, and the rate and 
amount of particles that elute from the column are measured. Movement 
of the material through the column is related to how the material can be 
expected to perform for in situ remediation. Materials that transport well 
would be expected to have a larger radius of influence, whereas mate-
rials that do not transport well would have a smaller radius of influence. 
A material with a larger radius of influence would reduce remediation 
costs because fewer injection points would be necessary to treat large 
areas of the subsurface. 

A modified version of the experimental setup published by Tian et al. 
[53] was used to evaluate transport. Breakthrough curves were created 
by plotting the concentration of particles in the effluent versus time, 
where 3 time-points sampled is roughly equal to one pore volume. Large 
particle size, particle aggregation and adhesion to the sand particles in 
the column decreases transport and thus is often implicated as a primary 
mechanism for poor transport [55]. 

A high flow rate of 60 mL/min was chosen for column studies, 
though this is still much lower than field injection conditions. For 
example, Trap and Treat™ BOS-100 ZVI is applied by RPI group through 
direct push injection at 3.4 L/min. These high injection pressures are 
necessary to introduce the zero-valent iron particles to all pores in the 
sub-surface, as well as to apply shear stress on the particles to help 
minimize aggregation. In our experiments, the increased flow rate 
dramatically improved the ability of both carbon and composite parti-
cles to move through the column. Additionally, appropriate slurry 
preparation steps were necessary to achieve movement of particles 
through the sand column. Ultrasonic agitation, surfactants and salts 
were added to support particle suspension and prevent aggregation. 

The column results are shown in Fig. 3. Additional NaCl and PVP 
were added to promote particle transport. All the carbons moved well 
through the column (C/Co > 0.6) and ↱showed only one peak. The C/Co 
at plateau region indicates how a sample moved through the column and 
adsorb onto the sand particles. The average of the maximum C/Co ↱was 
measured 0.80, 0.82, 0.93, 0.88, and 0.62 for AC, CB2, NG, CB1, BC, 
respectively. Both carbon blacks moved well through the column and 
showed low concentration remained in the flush water after the exper-
iment. The highest C/Co was observed with NG, likely due to the 
significantly smaller particle size. The lower C/Co in the plateau region 
for BC indicate that fewer particles moved through the column. Particles 
were observed to deposit at the beginning of the column, indicating the 
larger particle size of BC inhibited its transport. 

As shown in Fig. 3, most of the composites resulted in a biphasic 
transport curve with a broader break-through phase. There was an initial 
movement of lower concentration particle slurry transporting through 
the column, followed by a second phase of higher concentration. We 
hypothesis that this is due to larger particle sizes and greater poly-
dispersity of the composite slurries compared to those of the parent 
carbon supports. The setup for these transport studies involved depos-
iting particle slurries onto an open sand column, measuring concentra-
tion of the eluent under constant flow by providing subsequent water 
flushes after the slurries had entered the column. During the column 
runs of composites, a layer of material was observed to collect at the top 
of the column, whereas a layer was not observed with runs with carbon 
supports only. Greater heterogeneity and larger particle sizes of the 
composites plugged channels at the top of the column. As a water flush 
was added, the layer of deposited composites was disturbed, allowing 
for the smaller particles to move through the column now at a higher 
concentration than Co because they had been collected at the column 
head. It is for this reason that C/Co values greater than 1 were observed 
as secondary peaks. Additionally, the larger size distribution within each 
composite formulation results in the broader break through curves for 
the composites compared to the carbons alone. Composites of biochar 
and AC, which had the largest particle size, showed more dramatic 
secondary peaks. The FeNi-CB1 showed the most favorable transport 
with a more consistent concentration in the eluent and a C/Co in the 
plateau region of ~0.8. A deposition layer of FeNi-CB1 was not observed 

Table 1 
Characterization of carbonaceous samples: BET surface area (SBET), total pore 
volume (Vp), and pore ↱↱volume for ↱size 0.66–2 nm.  

Sample SBET 

(m2/g) 
Total pore volume, Vp 

(cc/g) 
Micro-pore volume (cc/g) 

CB1  1565  2.87  0.130 
AC  1288  0.53  0.250 
NG  269  0.30  0.035 
CB2  261  0.34  0.040 
BC  3  0.005  0.0008  

Fig. 2. Calculated pore size distributions for each carbon sample, for a pore size 
range of 0.66–2 ↱nm. 

Table 2 
Summary of the conductivity results for carbon powders.↱.   

Electrical Conductivity σ (S/m) 

Sample 
Pressure 

12.3 kPa 109.8 kPa 402.2 kPa 

AC 1.4 5.9 20.4  
CB2 14.0 29.2 46.8 
CB1 14.8 57.5 118.3 
NG 9.3 26.7 71.5 
BCa N/A N/A N/A  

a The resistance was out of range of the instrument↱. 
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Fig. 3. Column tests for carbons and composites. The specific carbon or composite is labeled in each graph. ↱Each experiment was run 3 times and the triplicated 
results are plotted together for each sample. 
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at the column head. These results indicate that CB1 results in a more 
homogeneous composite slurry, which may indicate they are a more 
favorable form for use as an in situ remediation material. However, the 
elevated pressures used for injection of in situ remediation slurries are 
much higher than those used here and may prove capable of achieving 
reasonable ROI even with the AC or BC composites. 

While this biphasic column data is atypical for these types of studies, 
it does provide insight into the role of particle size distribution in 
transport considerations for particle-based remediation amendments. Of 
note, some sorption of the material onto the solid particles (sand) is 
favorable for in situ remediation as often organic contaminants exist 
both in the dissolved phase and sorbed onto soil particles. A range of 
particle sizes may prove beneficial in the field by allowing for both short 
and long ROI with a single injection. 

3.3. Remediation of TCE-contaminated water 

3.3.1. TCE adsorption by carbon samples 
Prior to evaluating the role of the carbon substrates in reductive 

dehalogenation by the nanoparticle-carbon composites, it was impor-
tant to understand the capacity of each of the carbon substrates to sorb 
TCE alone (i.e., in the absence of nanoparticles). The TCE removal 
performance of the carbon powders was thus evaluated and compared in 
batch experiments. Control experiments were carried out with each 
batch experiment to account for any TCE loss to volatilization. An 
average TCE loss of 5% was detected for control (untreated) samples 
after 24 h (Fig. S9a). All experiments were conducted in triplicate, and 
the average values and standard deviations are reported herein. 

Results for removal of TCE through adsorption to the carbon powders 
as a function of time are shown in Fig. 4a. The trend in adsorption ca-
pacity of the carbons after 2 h was: AC (65 ± 1%) ≅CB1 
(64 ± 1%) > CB2 (40 ± 3%) > NG (25 ± 2%) > BC (8 ± 1%). GC-FID 
measurements were also obtained to repeat and confirm quantitative 
TCE adsorption and confirm the lack of TCE degradation expected from 
the carbon-only samples. GC-FID results showed that there were no 
ethane, acetylene, or ethylene peaks in any of the samples with carbon 
after 2 and 24 h, indicating that sorption was the main mechanism of 
TCE removal and that no degradation occurred. 

The TCE concentration of each sample was also measured after 24 h 
(Fig. 4b). The final measured concentration of TCE did not show large 
differences for any of the carbon materials with the additional 22 h of 
incubation. Some portion of the small change in concentration may be 

related to TCE losses because a minor loss of TCE (~5%) is also detected 
in control samples without NPs and carbon. The small observed differ-
ences between the TCE concentrations for each carbon at 2 and 24 h 
confirm fast adsorptive TCE removal by all of the carbon materials upon 
initiation of the experiment. 

There were, however, significant differences in TCE adsorptive 
removal between the different types of carbon. For all carbons, the rate 
of TCE removal was fastest and almost complete during the first 8 min of 
the adsorption reaction (Fig. 4a). The AC (74 ± 3%, 95% CI [71,77]) 
and CB1 samples (73 ± 3%, 95% CI [70,76]) showed the highest TCE 
adsorption after 24 h, while the CB2 (42 ± 5%, 95% CI [35,47]), NG 
(28 ± 2%, 95% CI [26,30]), and BC (19 ± 2%, 95% CI [17,22]) samples 
showed significantly less TCE adsorption (Fig. 4b). 

As prior studies have reported [37,50], the surface area and 
micro-pore volume have the highest impact on TCE contaminant 
removal through adsorption. In this work, TCE adsorption by the car-
bons followed the order of AC≅CB1 > CB2 > NG > BC, and the carbon 
powders were ordered based on the volume (cc/g) of micro-size pores as 
AC > CB1 > CB2 > NG > BC. Although the same order has been fol-
lowed for TCE adsorption and micro-pore volume, TCE removal and 
micro-pore volume are almost linearly correlated for micro-pore vol-
umes less than 0.13 cc/g, as shown in Fig. 5a. Above a certain 
micro-pore volume, there is a plateau, and the TCE removal is almost the 
same, as can be seen for CB1 and AC. The micro-pore volume of the AC 
was 0.25 cc/g but the micropore volume for CB1 was almost half that of 
AC, at 0.13 cc/g, while TCE adsorptive removal for AC and CB1 are 
essentially the same, at 74 ± 3% and 73 ± 3%, respectively. The CB1 
has the highest surface area and total pore volume among all the car-
bons. High surface area can provide more available adsorption sites for 
TCE molecules, which could account for the similarity in TCE removal 
on AC and CB1. 

For BC, the surface area, total pore volume, and micro-pore volume 
are significantly lower than the other carbons (Fig. 5a and b) such that 
only 19 ± 2% TCE was removed after 24 h. The 19 ± 2% TCE removal is 
higher than might be expected if the only factors impacting TCE 
adsorption were surface area and pore size. In addition, almost the same 
micro-pore volume and surface area were measured for CB2 and NG 
while the CB2 removed 14% more TCE than NG (42 ± 5% and 28 ± 2% 
respectively). Based on these results, the role of other factors such as 
functional groups on the surface may also be playing a role in TCE 
adsorption. 

Fig. 4. TCE removal through adsorption by activated carbon (AC), carbon black 1 and 2 (CB1 and CB2), nanographite (NG) and biochar (BC) at a) 2 h and b) after 2 
and 24 h.↱ Initial TCE concentration:50 ppm and carbon concentration: 0.5 g/L Three replicated samples were tested each with three triplicate vials for each 
experiment. The averages with calculated standard deviation error bars are plotted. 
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3.3.2. TCE adsorption and degradation by nanoparticle-carbon composites 
The effects of the Ni as a dopant to NZVI and carbon as the support on 

TCE removal by the composites were initially evaluated by testing Fe 
and FeNi NPs as well as an FeNi-C composite with CB1. Fe and FeNi NPs 
were synthesized following the same procedure presented above in the 
absence of a carbon support. We note that in this study, since we have 
previously developed the FeNi NP synthesis method and verified the 
mass and atomic composition of the NPs with inductively-coupled 
plasma (ICP) measurements and other characterization techniques 
[43–46], we simply use the same synthesis recipe for the NPs and 
compare across carbon support materials. The TCE removal after 2 and 
24 h is compared in Fig. 6b. Fe-only NZVI synthesized in this manner 
shows very little reactivity, removing only 5 ± 1% of TCE after 24 h. By 
adding the second metal (Ni) to enhance the reactivity of monometallic 
Fe NPs, the performance significantly increased, and TCE removal 
increased from 5 ± 1% (95% CI [4,6]) to 65 ± 1% (95% CI [64,66]). 
Moreover, by supporting the bimetallic FeNi NPs on the carbon surface, 
87 ± 2% (95% CI [85,89]) of the TCE was removed by FeNi-C com-
posites after 24 h. These results confirm that immobilizing NPs on a 
carbon support can increase TCE removal and that the addition of the Ni 
as a second component is also important for enhanced reactivity toward 

TCE. 
A suite of carbon materials was then tested to understand the effect 

of the carbon type (and carbon properties) on TCE removal performance 
of the FeNi-C composites (Fig. 6). FeNi-CB1, FeNi-CB2, FeNi-NG, FeNi- 
BC, and FeNi-AC (0.2:1 Ni:Fe molar ratio) were each synthesized, and 
the ability of each nanoparticle-carbon composite to remove TCE from 
the water was evaluated over a 24 h period. The initial concentration of 
TCE was 50 mg/L, and carbon type was tested on an equivalent mass 
basis in each composite. In Fig. 6, results are shown for a series of batch 
reactor experiments where the samples were tested at 8, 24, 40, 56, 72, 
88, 104, and 120 min time intervals. During this 2-hour time frame, the 
FeNi-CB2, FeNi-BC, and FeNi-NG composites showed almost the same 
TCE removal (42 ± 2% (95% CI [40,44]), 41 ± 6% (95% CI [34,48]), 
and 40 ± 1% (95% CI [39,41]), respectively), while both FeNi-AC and 
FeNi-CB1 resulted in more than 50% removal (54 ± 2% (95% CI 
[52,56]) and 51 ± 1% (95% CI [50,52]), respectively) of TCE within 
8 min. After 2 h, the FeNi-AC composite showed better removal of TCE 
at 75 ± 4% (95% CI [70,80]), as compared to the FeNi-CB1 composite, 
at 57 ± 1% (95% CI [56,58]) TCE removal. 

To evaluate the performance of the nanoparticle-carbon composites 
over a longer period of time, the TCE removal of FeNi-C composites was 

Fig. 5. TCE removal of carbon samples (n = 3) vs. a) Micro-pore volume, b) BET surface area.  

Fig. 6. TCE removal a) by different FeNi-C composites during first 2 h and b) by Fe NPs, FeNi NPs, and different FeNi-C composites at 2 and 24 h. Initial TCE 
concentration: 50 ppm and composite concentration 0.5 g/L. Three replicated samples were tested each with three triplicate vials for each experiment. The averages 
with calculated standard deviation error bars are plotted. 
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evaluated after 24 h. The samples were tested by GC-MS and GC-FID, 
and the results for TCE removal are compared with Fe and FeNi NPs 
and summarized in Fig. 6b. The composites with AC, CB2, and CB1 as 
the carbon support showed similar performance, with approximately 
85% removal after 24 h (85 ± 2% (95% CI [83,87]), 84 ± 3% (95% CI 
[81,87]), and 87 ± 2% (95% CI [85,89]), respectively), even though 
there was a significant difference between FeNi-AC and the other com-
posites at 2 h. These results suggest that the AC support enables faster 
TCE removal at early times, but that after 24 h, CB1, CB2, and AC all 
perform similarly as supports for FeNi NPs. 

The drastic difference in TCE removal at 8 min in Fig. 6a for FeNi-AC 
and FeNi-CB1 versus FeNi-BC, FeNi-NG, or FeNi-CB2 is mirrored in the 
adsorptive removal of TCE for AC and CB1 in Fig. 4a, suggesting that the 
initial fast removal is dominated by adsorption, with degradation 
occurring over longer times. Since it is the similar pattern observed on 
carbon only tests it can be correlated to the carbon properties that would 
be investigated later. 

Although BC does not have high surface area or porosity, the func-
tional group on the carbon surface may be the reason for 19 ± 2% TCE 
removal, which is only 10% less than NG while the micropore volume of 
BC is 60 times lower. The similarity of the functional groups between 
carbons was compared using Spectrum software. The CB1 and CB2 
carbons ↱were 95% similar in functional group speciation, as expected, 
while the NG and AC were 85% and 57% similar to CB2. The BC func-
tional groups were only 4% similar to the functional groups on CB2.↱ 

In particular, our results suggest that the measured physisorption 
area, available micropore volume, and functional groups on the surface 
of the carbons all appear to be important for TCE removal by carbon 
powders. The surface analyzer results, along with our SEM images and 
our performance results, ↱↱suggest that measurement of physisorption 
surface area is not necessarily a direct indication of ↱↱how the carbon 
will perform in terms of serving as immobilization support for nano-
particle ↱↱deposition and TCE degradation. 

After analyzing the impact of carbon surface properties on TCE 
adsorption for the case of carbons alone (Fig. 4), we turn to Fig. 6 and 
consider the impact of these carbon properties on FeNi-C composite 
performance. The high TCE removal at 8 min shown in Fig. 6a for FeNi- 
AC and FeNi-CB1 (AC and CB1 in Fig. 4) is likely related to higher 
micropore volumes and physisorption surface areas that enable fast and 
greater TCE adsorptive removal. However, over longer time frames, the 
reactivity of the FeNi nanoparticles on the carbon support is responsible 
for the continued TCE removal (and degradation). The effect of nano-
particle immobilization on TCE adsorption appears in the two compos-
ites CB1 and AC, where TCE removal for AC and CB1 at 8 min is ~10% 
less than that of the carbons alone in Fig. 4a. After 8 min, the perfor-
mance of FeNi-AC and FeNi-CB1 diverges, with the greater available 
micropore volume of AC possibly contributing to greater TCE removal 
over the course of 2 h. Interestingly, after 24 h, the extent of TCE 
removal is quite similar across the suite of composites (Fig. 6b). The 
further removal of the TCE by composites after 24 h shows degradation 
is happening throughout this time period, while the adsorption on the 
carbons happened at the initial 2 h. As a result, degradation of TCE by 
the immobilized FeNi NPs becomes the dominant TCE removal mecha-
nism by 24 h, and the surface properties of the carbons have less of an 
effect on TCE removal. The TCE removal of the composites from Fig. 6 
was about 87 ± 2%, 85 ± 2%, 84 ± 3%, 79 ± 5%, and 71 ± 3% for 
FeNi-CB1, FeNi-AC, FeNi-CB2, FeNi-BC, and FeNi-NG, respectively 
while around 65 ± 1% of TCE was removed by using bimetallic FeNi 
NPs alone and only 5 ± 1% of TCE was removed by using Fe only NPs 
(Fig. 6b). 

Contrary to prior reports [38,41], our results do not suggest that 
there is a positive correlation between carbon conductivity (i.e., ability 
to easily conduct and transfer electrons) and TCE removal/degradation 
(Fig. S10). It is particularly surprising that the FeNi-BC performed so 
similarly to the other carbon supports, as BC alone exhibited low con-
ductivity, low surface area, and pore volume, and showed only 8% less 

TCE removal than the most conductive carbon with the highest pore 
volume and surface area. These results suggest that the bulk of TCE 
removal is a function of FeNi nanoparticles in the composites. The 
removal kinetics of TCE was also studied. Since the removal mechanism 
is fast adsorption followed by slow degradation, the results were plotted 
from time 8 min. The removal kinetics was checked by first order and 
second order kinetic rate law analysis, and it was confirmed that TCE 
removal follows second order kinetics after the initial adsorption period 
(Fig. S11). A detailed graphical analysis for each FeNi-C composite is 
shown in Fig. S12, with the corresponding second order rate constants 
displayed for each sample. In our analysis, we found that between the 
0 min and 8 min time points, TCE removal is dominated by adsorption 
and TCE removal mirrors that shown in Fig. 4 for the carbon supports 
only. Therefore, the second order rate law was fitted to each data set 
ignoring the time zero data point. The reaction rates do not change and 
are fit well to second order after 8 min 

3.3.3. TCE degradation products: confirmation of dechlorination 
To confirm TCE dechlorination, understand the byproduct distribu-

tion, and evaluate the mechanism of the TCE removal, all of the carbon 
and composite samples were evaluated by both GC-MS and GC-FID. 
Identified peaks were compared to commercially available com-
pounds. A mixed gas sample of methane, ethane, acetylene, and 
ethylene, as well as a mixed gas sample of ethane and acetylene, were 
separately tested to identify all of the peaks in spectra. A small methane 
peak was detected in all of the FID results for the carbon powders and 
was determined to be an ambient contaminant since this same peak for 
methane was also found in the control air samples. The FID results for all 
of the composites contained a large ethane peak and a smaller ethylene 
peak as evidence of TCE degradation (i.e., dechlorination, Fig. S5b). The 
ethane peak was also observed to increase in measured intensity with 
increasing sampling time, as shown in Fig. S5c; this result was confirmed 
for all tested composites and demonstrates continual TCE degradation 
over time. Standards for all possible partial dechlorination by-products 
(i.e., vinyl chloride and dichloroethylene isomers) were also run, and 
no peaks for these compounds were detected in any of the FeNi-C 
composite samples. As a result, we conclude that the composite degra-
dation mechanism enables complete dechlorination to ethylene/ethane 
species, with little to no chlorinated by-product formation. While we 
cannot discount possible by-products formed and adsorbed to the 
composite surface (and thus not measured by our GC headspace 
approach), our results agree with prior work on FeNi nanoparticles, 
which has demonstrated that the addition of nickel to zero-valent iron 
enables complete TCE dechlorination [27]. The TCE removal results 
analyzed with GC-FID also confirm that the mode of TCE removal for 
carbon is adsorption while for composites is adsorption and degradation. 
No peaks for ethane or ethylene (or any partially dechlorinated 
by-products) ↱were detected in the carbon only systems, indicating that 
TCE undergoes adsorption ↱and not degradation. ↱The main role of the 
bimetallic nanoparticles is thus to degrade TCE, while the carbon sup-
port prevents nanoparticle agglomeration and increases the efficiency of 
the system. 

Quantitative measurement of degradation by-products was also used 
to perform an overall mass balance on the initial TCE mass dosed into 
the batch reactors. The mass balance was calculated by evaluating the 
final measured moles of TCE, ethane, and ethylene against the initial 
moles of TCE. The results are summarized in Table S1 and plotted in  
Fig. 7. The composite with AC has the highest mass balance of around 
93.4%, and the BC composite has the lowest of 79.2%. Human error 
(using gas-tight syringe to add TCE can cause a little error), TCE losses 
from the batch reactor vials during experiments, and using ideal gas law 
for ethane and ethylene could be the reasons for the difference between 
initial and final moles. In addition, a small amount of TCE may still be 
trapped inside the carbon pores and adsorbed to the carbon surface. 
However, even with these potential losses to the overall mass balance, 
the mass balance results are strong evidence for degradation of TCE by 
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the FeNi-C composites. 
In order to confirm the dechlorination of TCE, the chloride formation 

of the FeNi-AC was tracked by the IC at different time intervals 0, 8, 24, 
40, 56, 72, 88, 104, and 120 min and 24 h (Fig. S13). The chloride 
concentration at time 2 and 24 h were related to 64% and 83% of TCE 
dechlorination. The calculated TCE removal by FeNi-AC was around 
75% and 85% after 2 and 24 h based on the TCE concentration. The 
difference between chloride level and TCE removal at time two h is 
related to the adsorbed TCE on the carbon surface. After 24 h, there is 
only 2% difference that confirms the slow degradation of TCE by com-
posites. A summary of TCE removal data is shown in Table 3. 

The reactivity of the composites was also compared based on evolved 
hydrogen from the samples as it is shown in Fig. S14. The reactivity of 
composites were in order FeNi-CB1≅FeNi-BC > FeNi-AC > FeNi- 
CB2 > FeNi-NG. The highest reactivity was for CB1 and BC composites 
at around 72% (as % of Fe0) followed by 69%, 65%, and 57% for AC, 
CB2, and NG, respectively. The hydrogen level is dropping after day one 

that can be related to 6% leakage that was tested by control samples 
tested on days 1 and 7. The hydrogen level is not increasing after day one 
that is due to the dispersion of FeNi NPs on the carbon surface. The good 
dispersion made Fe NPs available and can be digested fast by the acid. In 
addition, the XRD and Raman tests are used to obtain full character-
ization of the powder samples to be able to compare carbon samples 
(Figs. S15, and S16). 

4. Conclusion 

The TCE removal mechanism by various FeNi-C composites were 
studied as a function of carbon type, and performance was compared to 
the FeNi nanoparticle and carbon constituents individually. The main 
carbon properties of each component and the corresponding TCE 
removal performance of the composites↱ are summarized in Table 3. 

Overall, greater TCE removal and degradation were observed by 
immobilizing FeNi nanoparticles onto to a carbon support. Carbon pore 
size was found to directly influence TCE degradation efficiency of the 
resulting composite, whereas conductivity did not affect the extent of 
reductive dehalogenation. The results suggest that reductive dehaloge-
nation is still restricted to occur through direct contact with the metallic 
particle surface. For FeNi-C composites, the mechanism of TCE loss was 
adsorption/degradation with ethane and ethylene as the major final 
products, indicating degradation via reductive dehalogenation. In 
addition to improving TCE removal, the carbon also functions as a 
support for preventing NPs from agglomeration and increases stability 
during long reaction times. Despite large differences in conductivity, 
pore volume, and surface area functionalization, all FeNi-C composites 
studied perform similarly in terms of TCE removal over 24 h, suggesting 
the dominance of FeNi NP reactivity toward TCE degradation as the 
primary mechanism for TCE removal at longer time frames. When using 
non-injection based remediation methods where transport through 
porous media is not needed, using expensive carbons like carbon black 
and nanographite as the support may not be needed since lower cost 
carbons like activated carbon and biochar [42] may achieve similar TCE 
removal. In addition, only a 3% difference in TCE removal between the 
two different carbon black samples was measured even though there was 
a significant difference between pore volume, surface area, and con-
ductivity of these carbons. This result suggests that when used as part of 
a reactive FeNi-C composite, high surface area, conductivity, and pore 
volume, which could result in significant differences in production cost 
and final price of the carbon powders, are not necessary. However, the 
particle size of the carbon support and the resulting heterogeneity of the 
composite does affect transport properties, with the carbon black-based 
composites showing improved transport over activated carbon and 
biochar. The next steps of transitioning these FeNi-C materials toward a 
viable in situ remediation technology will consider these trade-offs of 
TCE removal efficiencies, transport, cost and ease of use (i.e., ability to 
form stable slurries for injection). 
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Fig. 7. Mass balance of TCE following treatment with the FeNi-C composites. 
Mass balance values were calculated from experimental averaged data for n = 3 
repeat experiments. 

Table 3 
The summary of carbon properties with TCE removal by composites.  

Carbon 
Support 

Carbon only FeNi-C  

Micro 
Pore 
Volume 
(cc/g)a 

Electrical 
Conductivity 
σ (S/m)b 

TCE 
removalc 

TCE 
degradationd 

g TCE 
removed/ 
g Fe 

None 
(FeNi 
only)   

65 ± 1%  63%   

CB1 ↱0.130↱ 14.8 87 ± 2%  79%  0.043 
AC ↱0.250↱ 1.4 85 ± 2%  79%  0.025 
NG ↱0.035↱ 9.3 71 ± 3%  59%  0.060 
CB2 ↱0.040↱ 14 84 ± 3%  64%  0.058 
BC ↱0.0008↱ Below 

detection 
79 ± 5%  59%  0.060 

TCE degradation values are determined from experimental averaged data for 
n = 3 repeat experiments. 

a Physisorption-accessible surface area and pore volume calculated from ni-
trogen adsorption isotherms. 

b Conductivity measured at a potential of 1 V and pressure of 12.3 kPa. 
c TCE loss as measured by GC after 24 h of reaction. 
d Calculated from GC-MS and GC-FID data. Percentage calculated as 

molethylene + molethane
molTCEinitial

× 100. 
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