


ABSTRACT 

This research is focused on engineering submicron spherical carbon particles as 

effective carriers/supports for nanoscale zerovalent iron (NZVI) particles to address the 

in situ remediation of soil and groundwater chlorinated contaminants. Chlorinated 

hydrocarbons such as trichloroethylene (TCE) and tetrachloroethylene (PCE) form a class 

of dense non-aqueous phase liquid (DNAPL) toxic contaminants in soil and groundwater. 

The in situ injection of NZVI particles to reduce DNAPLs is a potentially simple, cost-

effective, and environmentally benign technology that has become a preferred method in 

the remediation of these compounds. However, unsupported NZVI particles exhibit 

ferromagnetism leading to particle aggregation and loss in mobility through the 

subsurface.  

This work demonstrates two approaches to prepare carbon supported NZVI (iron-

carbon composites) particles. The objective is to establish these iron-carbon composites 

as extremely useful materials for the environmental remediation of chlorinated 

hydrocarbons and suitable materials for the in situ injection technology. This research 

also demonstrates that it is possible to vary the placement of iron nanoparticles either on 

the external surface or within the interior of carbon microspheres using a one-step 

aerosol-based process. The simple process of modifying iron placement has significant 

potential applications in heterogeneous catalysis as both the iron and carbon are widely 

used catalysts and catalyst supports. Furthermore, the aerosol-based process is applied to 

prepare new class of supported catalytic materials such as carbon-supported palladium 

nanoparticles for ex situ remediation of contaminated water.  



The iron-carbon composites developed in this research have multiple 

functionalities (a) they are reactive and function effectively in reductive dehalogenation 

(b) they are highly adsorptive thereby bringing the chlorinated compound to the 

proximity of the reactive sites and also serving as adsorption materials for 

decontamination (c) they are of the optimal size for transport through sediments (d) they 

have amphiphilic chemical functionalities that help stabilize them when they reach the 

DNAPL target zones. Finally, the iron-carbon composite microspheres prepared through 

aerosol-based process can used for in situ injection technology as the process is 

conductive to scale-up and the materials are environmentally benign. 
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Chapter 1 

General Introduction 

1.1.Soil and groundwater contamination by chlorinated hydrocarbons 

Chlorinated solvents such as trichloroethylene (TCE) and tetrachloroethylene (also 

called perchloroethylene, PCE) have been extensively used in various industries since the 

1920s – TCE for degreasing metals, and PCE for paint stripping and as a dry cleaning 

solvent.
1, 2

 The molecular structures of TCE and PCE are shown in Figure 1.1 and their 

properties are given in Table 1.1. These solvents are denser than water, have a low but 

finite solubility in water and are classified as dense non-aqueous phase liquid (DNAPL) 

toxic contaminants in soil and groundwater. Improper storage, handling and disposal of 

these solvents have led to widespread contamination of soil and groundwater.
3
 Figure 1.2 

is a schematic showing the migration of DNAPL into aquifers through soil and 

sedimentary rock. Once released into environment, they transport readily in the 

subsurface due to their higher density and form a contaminant plume. They slowly leach 

into groundwater and stays as dissolved phase. The schematic also depicts the 

accumulation of DNAPL in bedrock. Depending on the level of human exposure, the 

health effects of chlorinated compounds range from nausea, headaches, and difficulty 

concentrating to lung cancer. Due to their toxicity and carcinogenicity, the United States 

Environmental Protection Agency (US EPA) has set maximum contamination level 

(MCL) as 5 ppb (0.005 mg L
-1

) for both TCE and PCE in drinking water.
3-5
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Figure 1.1 Molecular structures of (a) trichloroethylene (TCE) (b) tetrachloroethylene 

(PCE). 
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Chlorinated 

Solvent 

Trichloroethylene Tetrachloroethylene 

Molecular 

formula 

C2HCl3 C2Cl4 

 

Molar Mass 131.39 g mol
−1

 165.8 g mol
−1

 

Appearance Colorless liquid Clear, colorless liquid 

Density 1.46 g/L  1.622 g/L 

Boiling point 87.2 °C 121.1 °C 

Solubility in water 1100 mg/L (20°C) 150 mg/L (20 °C) 

 

Table 1.1 Properties of the chlorinated hydrocarbons trichloroethylene (TCE) and 

tetrachloroethylene (PCE).  
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Figure 1.2 Schematic of the leakage of DNAPL from a storage tank and migration into 

aquifers through vadose zone. Formation of plumes of at the bottom of aquifer is also 

depicted.  

(From:http://oceanworld.tamu.edu/resources/environment-

book/groundwaterremediation.html) 
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The EPA has identified the possibility of 300,000 federal, state, and privately owned 

contamination sites in the United States that have some level of contamination and 

require remediation.
6
 Most of these contaminated sites have TCE or other chlorinated 

solvents that may potentially contaminate drinking water.
6
 

1.2.Nanoscale zerovalent iron (NZVI) for remediation 

Various methods have been developed for the remediation of DNAPLs such as soil 

vapor extraction, bioremediation, pump and treat methods, and the installation of 

permeable reactive barriers.
7-12

 Compared to these methods, the in situ injection of NZVI 

particles to reduce chlorinated hydrocarbons is potentially simple, cost-effective, and 

environmentally benign technology that become a preferred method  in the remediation 

of these compounds.
13, 14

 The uses of ZVI in micron-sized particles or in the form of iron 

filings for pump and treat methods and as reactive materials in the permeable reactive 

barrier technology is well established. ZVI particles prepared in nanoscale size, called as 

NZVI, have increased reaction rates resulting from their increased surface areas.
15-22

 

Furthermore, the reaction rates can be significantly enhanced with the addition of a 

second metal to NZVI, typically noble metal such as palladium (Pd), nickel (Ni), or silver 

(Ag). These are called bimetallic nanoparticles and Pd is the most common noble metal 

used with NZVI, which acts as a catalyst for reductive dehalogenation reactions.
23-26

 The 

addition of small amounts of catalyst lowers the activation energy of the reaction and 

significantly enhances the reactivity through dissociative adsorption of H2 on the catalyst 

surface.
15

 In any case, NZVI particles have gained a lot of attention for the environmental 

remediation of soil and groundwater contaminants due to their small size and improved 

properties. NZVI particles have excess surface energies and high surface areas which 
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lead to higher contaminant remediation rates compared to bulk ZVI materials. Several 

studies conducted on the treatability of chlorinated hydrocarbons using NZVI confirms 

that they are superior to micron-sized ZVI in reductive dechlorination and are potential 

reactive materials for in situ injection remediation technology.
21, 27-29

   

1.3.Dechlorination mechanism of chlorinated hydrocarbons by NZVI 

Numerous studies were performed on the use of ZVI in both micron- and nanoscale 

particle sizes towards the dechlorination of PCE and TCE for more than a decade, and the 

fundamental reaction mechanism of ZVI in an aqueous environment is the same 

regardless of its particle size.
22, 30-36

 Elemental iron in its zero oxidation state or simply 

ZVI is a strong reducing agent with a standard reduction potential of -0.447 V.
30, 37

 As a 

strong reducing agent, ZVI reduces chlorinated hydrocarbons by reductive 

dehalogenation in the presence of a proton donor like water while being oxidized: 

Fe
0
    E

0
=-0.44V Fe

2+
 + 2e

-    
 (1) 

This is a surface mediated reaction where the contaminants gets reduced by means of 

electron transfer when they come in contact with the surface of iron and form mostly 

benign compounds such as hydrocarbons and chloride ions.
21

 

TCE + ne
-
 + (n-3)H

+
          product+3Cl

-
   (2) 

The following reactions and/or pathways occur when ZVI or NZVI is present or added to 

the aqueous environment:
30, 38, 39

 

 Aerobic corrosion 

 Anaerobic corrosion and 
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 Precipitation 

 Corrosion and precipitation reactions would be required for a contaminated site 

remediation. Corrosion of iron increases the amount of dissolved iron present in the 

groundwater, thereby increasing the effectiveness of the iron to react with groundwater. 

During the corrosion process, iron metal is oxidized to Fe
2+

 or Fe
3+

 by giving up two or 

three electrons. Aerobic corrosion occurs if oxygen is present in the groundwater. It will 

continue until the dissolved oxygen is depleted. The reactions that occur under aerobic 

condition are  

 2Fe
0
 + O2 + 4H

+
     2Fe

2+
 + 4H2O   (3) 

 2Fe
0
 + O2 + 2H2O     2Fe

2+
 + 4OH

-
   (4) 

This reaction will be followed by the oxidation of ferrous iron (Fe
2+

) to ferric iron 

(Fe
3+

) if further oxygen is available. 

 4Fe
2+

 + O2 +4H
+
    4Fe

3+
 + 2H2O   (5) 

Anaerobic corrosion will occur when oxygen is depleted according to the reaction  

 2Fe
0
 + 2H

+
     Fe

2+
 + H2    (6) 

Ferric iron in solution precipitates into an amorphous ferric hydroxide by the 

following reaction  

 Fe
3+

 + 3H2O    Fe(OH)3 + 3H
+
   (7) 

In the long term, amorphous Fe(OH)3 could eventually crystallize to goethite (α-

FeOOH) 
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If the conditions are reducing and the pH is above 8.5, ferrous hydroxide will 

precipitate according to the reaction 

 Fe
2+

 + 2OH
-
   Fe(OH)2    (8) 

Ferrous hydroxide is a metastable phase in low temperature, anaerobic 

groundwater environments and will convert to magnetite by  

 3Fe(OH)2 (s)    Fe3O4 (s) + H2 (g) + 2H2O (l)  (9) 

If the conditions are reducing, the pH is neutral and the carbonate concentration is 

high, ferrous carbonate is precipitated according to the reaction 

 HCO3
-
 + Fe

2+
    FeCO3 + H

+
     (10) 

Irrespective of the reaction pathway, the reductive dechlorination needs electrons 

and can be obtained by three possible mechanisms as described by Tratnyek and co-

workers.
30

 They are (a) direct electron transfer from iron metal at the metal surface, (b) 

reduction by Fe
2+

, which results from corrosion of the metal and (c) catalyzed 

hydrogenolysis by the H2 that is formed by reduction of H2O during anaerobic corrosion. 

The overall reactions of PCE (C2Cl4) and TCE (C2HCl3) with NZVI to form the product 

ethane (C2H6) are according to the equations (11) and (12):  

C2Cl4 + 5Fe
0
 + 6H

+
    C2H6 + 5Fe2

+
 + 4Cl

-
   (11) 

C2HCl3 + 4Fe
0
 + 5H

+
    C2H6 + 4Fe2

+
 + 3Cl

-
  (12) 

1.4.Factors affecting NZVI for in situ remediation technology 

The small size and colloidal nature of NZVI indicates that these particles can be used 

in in situ injection remediation technology.
13

 However, bare NZVI particles have a strong 
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tendency to agglomerate due to their ferromagnetic nature, forming aggregates that plug 

and inhibit their flow through porous media.
24, 40-45

 Our previous study showed that the 

commercially available bare-NZVI particles aggregate to effective sizes of 10 μm which 

are originally in the size range of 30-70 nm, and are ineffective for transport through 

soil.
46

 In classical colloidal filtration theory (CFT), Brownian diffusion, interception and 

gravitational sedimentation are the mechanisms that govern the mobility of colloidal 

particles through porous media such as soil
47

. The Tufenkji-Elimelech model is perhaps 

the most comprehensive model to describe these effects in the presence of interparticle 

attractive interactions 
48

. The mobility of particles through porous media is quantified 

through the collector efficiency 0, which is simply defined as the ability of the sediment 

to collect migrating particles, thus limiting transport through the subsurface. According to 

CFT, the optimal mobility through sediment corresponds to minimal collector efficiency, 

which typically occurs at a broad particle size range from about 0.2 µm to 1 µm 

depending on the particle physical properties and groundwater flow characteristics.
41, 46, 48

 

Additionally, bare-NZVI has no affinity to partition to DNAPL phase as NZVI is 

hydrophilic and chlorinated solvents are hydrophobic. NZVI by itself has no preference 

for targeting DNAPL source and are inefficient when delivered close to the vicinity of 

bulk DNAPL phase. Thus the major drawbacks of using bare NZVI for in situ 

remediation method are poor limited mobility and nontargetability.  

In summary, for successful in situ remediation, the injected NZVI particles should 

meet the following criteria: (a) travel through porous media to the contaminated zone; (b) 

sequester, remove or convert the contaminants in the subsurface to significantly reduce 

the dissolved phase concentrations and (c) partition to the DNAPL-aqueous phase 
32, 49, 50

. 
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This research is focused on addressing these issues of NZVI and to develop suitable 

materials as supports for NZVI particles which can inhibit their aggregation and effective 

towards the in situ remediation of chlorinated hydrocarbons such as TCE.  

 

1.5.Objective  

The objective of this dissertation is to develop submicron carbon spheres as effective 

supports/carriers for NZVI particles to address the in situ remediation of chlorinated 

hydrocarbons. The main focus is (a) to develop methods to prepare NZVI supported onto 

well-defined carbon materials (iron-carbon composite microspheres) in the optimal size 

range for transport through porous media and (b) to establish these iron-carbon composite 

microspheres as extremely useful materials for remediation of chlorinated hydrocarbons 

and suitable for the in situ injection technology. Our hypothesis is that (a) the carbon 

support will prevent the aggregation of NZVI particles by means of immobilizing them 

on the surface or within the matrix; (b) the NZVI particles in the iron-carbon composite 

particles ensure high reactivity towards the remediation of chlorinated hydrocarbons. 

Additionally, the carbon microspheres, much like activated carbon are expected to 

strongly adsorb chlorinated compounds, thereby potentially reducing dissolved phase 

concentrations. The optimal size range of these carbon microspheres indicates that they 

can be effective carriers for NZVI and can act as targeted delivery agents for the in situ 

remediation of DNAPLs.  

This thesis includes six chapters. Chapter 1 is a general introduction of this 

research including brief introduction of soil and groundwater contamination by 

chlorinated solvents, use of NZVI particles for remediation, reaction mechanism of NZVI 
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with chlorinated hydrocarbons and thesis objective. Chapter’s two to four demonstrate 

the approaches to prepare a new class of iron-carbon microparticulate systems towards 

the in situ remediation of soil and groundwater contaminants. Two different approaches 

were developed in this research for the preparation of iron-carbon composite 

microspheres. To differentiate the iron-carbon systems developed in this work, they are 

designated as Fe
0
/C (details in chapter 2) and Fe-C (details in chapter 3 and 4). However, 

both the mean the same: NZVI particles supported on carbon microspheres. Chapter 5 

expands the technology developed for the preparation of iron-carbon system (chapter 3 

and 4) to the preparation of carbon-supported catalytic materials (Palladium-Carbon 

composite microspheres) for ex situ treatment of contaminated water. These comprise of 

material either published or prepared for publication in the peer-reviewed journals 

including ACS Applied Materials & Interfaces, Langmuir and Water Research. A brief 

description of each chapter is presented here:  

In chapter 2, two existing processes (hydrothermal dehydration of simple sugars 

followed by carbonization and carbothermal reduction) were combined for a new 

approach to the preparation of engineered particles containing NZVI that are effective 

targeted delivery agents for the remediation of TCE. The particles contain highly uniform 

carbon microspheres embedded with NZVI (Fe
0
/C composite particles) with particle size 

around 500 nm. Supporting NZVI on carbon inhibits the aggregation of NZVI and the 

highly adsorptive carbon keeps the TCE in the proximity of the reactive sites and also 

serves as a sorptive sink for TCE removal. The Fe
0
/C composite particles are in the 

optimal size range for transport through soil and the polyelectrolyte carboxymethyl 

cellulose (CMC) is used to stabilize the composite microspheres in aqueous solution.   
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In chapter 3, we have developed a facile aerosol-based process to vary the placement 

of iron nanoparticles on the external surface of carbon microspheres or within the 

interior. This is accomplished through the competitive mechanisms of sucrose 

carbonization and the precipitation of soluble iron salts, in an aerosol droplet passing 

through a high temperature heating zone. The resulting iron-carbon composite (Fe-C) 

particles are in the size range of 100 – 1000 nm. These are highly conducive to the 

reductive dechlorination of TCE. The novelty of this study is the demonstration of a 

simple process to modify iron placement. This has significant potential applications in 

heterogeneous catalysis as both iron and carbon are widely used catalysts and catalyst 

supports. 

In chapter 3, one very important observation reported from the reaction of TCE with 

the aerosol Fe-C particles is the lack of any detectable toxic intermediates such as 

dichloroethylenes (DCEs) or vinyl chloride (VC). Our hypothesis is that the highly 

adsorptive carbon prevents the release of any toxic intermediates. Any chlorinated 

intermediates generated remain adsorbed on the carbons till they are reacted away to light 

gases, primarily ethane and ethylene. To test this hypothesis, in chapter 4, we have 

applied the aerosol Fe-C particles towards the transformation of chlorinated hydrocarbons 

and their intermediates. We performed a systematic study of dechlorination of chlorinated 

ethylenes starting with PCE and its intermediate chlorinated ethylenes, TCE, DCEs and 

VC. The aerosol Fe-C particles are also in the optimal size range for transport through 

porous media and the polyelectrolyte CMC is used to provide colloidal stability in the 

aqueous medium. 
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In chapter 5, we apply the aerosol-based process for the preparation of carbon 

supported noble metal catalysts. Palladium (Pd) is a noble metal extensively used as a 

catalyst for the catalytic hydrodechlorination of chlorinated hydrocarbons. Most of the 

preparation techniques use multi-step processes to prepare supported Pd nanoparticles for 

the hydrodechlorination reactions. In the chapter 5, we describe the preparation and 

characterization of well-defined carbon-supported Pd nanoparticles using the aerosol-

based process. These Pd-nanoparticles supported on carbon microspheres are applied 

towards the catalytic hydrodechlorination of trichloroethylene. This chapter emphasizes 

the importance of aerosol-based process towards the preparation of the supported catalyst 

materials for ex situ treatment of contaminated water.  

At the end, the sixth chapter summarizes the findings of this research and provides 

suggestions for the future work. The results on the study of the adsorption effect of 

carbons on the catalytic hydrodechlorination of trichloroethylene (TCE) using 

commercially available supported palladium (Pd) particles are presented in the appendix 

section.  
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Chapter 2 

Nanoscale Zero-Valent Iron supported on Uniform Carbon Microspheres for the In 

situ Remediation of Chlorinated Hydrocarbons 

Published in the American Chemical Society Journal “ACS Applied Materials & 

Interfaces” as: Sunkara, B.; Zhan, J.; He, J.; McPherson, G. L.; Piringer, G.;John, V. T. 

ACS Applied Materials & Interfaces 2010, 2 (10), 2854-2862. 

 

2.1 Introduction 

Dense nonaqueous phase liquids (DNAPLs), such as trichloroethylene (TCE) and 

tetrachloroethene (PCE), are widespread soil and groundwater contaminants that cause 

long term environmental pollution. The cleanup of DNAPL contaminated sites is of 

utmost importance and can be a challenging task due to subsurface heterogeneity and 

complex site architecture.
43, 51

 Soil vapor extraction, bioremediation, pump and treat 

methods, and the in situ placement of reactive metal barriers are some of the various 

methods developed for the remediation of DNAPLs.
7-12

 Compared to these approaches, 

the in situ injection of nanoscale zerovalent iron (NZVI) to reduce DNAPLs is a 

potentially simple, cost-effective, and environmentally benign technology that become a 

preferred method  in the remediation of these compounds.
13, 14

 

 For successful in situ source remediation of TCE, it is important for the injected 

remediation agents to effectively migrate through the porous media.
32, 49

 However, 
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unsupported NZVI particles are chemically unstable and tend to agglomerate due to their 

high surface energies and intrinsic magnetic interactions, losing chemical reactivity and 

mobility through the subsurface. Prior studies have shown that nanoiron mobility can be 

increased dramatically by stabilizing the particles by adsorption of hydrophilic or 

amphiphilic organic species such as surfactants, vegetable oils, starches, or 

polyelectrolytes such as carboxymethyl cellulose (CMC) and poly (acrylic acid) (PAA), 

or triblock copolymers on the NZVI particle surface.
24, 41, 42, 45, 52-54

 These adsorbed 

organics enhance steric or electrostatic repulsions between particles to inhibit NZVI 

aggregation and increase solution stability. Alternatively, activated carbon granules of 1-

3 mm size have been used to prevent NZVI aggregation.
55, 56

 Carbon-based composites 

are also advantageous because of their high adsorptive capacity. Activated carbons 

adsorb chlorinated compounds, and these materials have been used in the development of 

adsorptive-reactive barriers.
57

  

For effective design of multifunctional colloid particulate systems for in situ TCE 

remediation, several factors need to be met. The prepared particulate systems must be 

able to move through the porous media with optimal mobility, reach TCE contaminated 

sites, partition to the TCE phase and break down the contaminant. It would be 

advantageous if these particles reduce the bulk TCE concentration through sequestration 

by adsorption followed by reaction during mobility through the subsurface.  Additional 

factors include the following: (1) small amounts of a catalyst, typically palladium are 

used to dramatically enhance reactivity through dissociative adsorption of H2 on the 

catalyst surface.
15, 31, 32, 58

 and (2) the mobility of colloids in the subsurface is determined 

by competitive mechanisms of Brownian motion, interception by soil and sediment grains 
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and sedimentation effects. The Tufenkji-Elimelch model, which considers the effect of 

hydrodynamic forces and van der Waals interactions between colloidal particles and 

sediment grains is a significant improvement over earlier models and predicts that 

particles in the size range 0.1 to 1.0 microns have optimal transport properties at typical 

groundwater flow conditions
41, 46, 48

. 

In this study, we combine two existing processes for a new approach to the 

preparation of composite NZVI particles for effective in situ remediation of TCE. The 

first process is based on the production of highly uniform carbon microspheres through 

the hydrothermal dehydration of simple sugars followed by carbonization.
59-61

  These 

carbon microspheres represent the support for NZVI and their relative monodispersity is 

shown in Figures 2.1a and 2.1b. The second process is that of carbothermal reduction 

where iron oxides and hydroxides on the surface of these carbons are reduced to 

zerovalent iron at temperatures of 800-1000
0
C with the accompanying evolution of 

carbon monoxide and carbon dioxide.
62

 Carbothermal processes occur during high carbon 

steel-making processes and have been well studied.
62

 In environmental remediation, 

Hoch and coworkers first applied the principle successfully by reacting soluble iron salts 

with carbon black to form reactive iron nanoparticles for the remediation of hexavalent 

chromium.
63
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Figure 2.1  (a) SEM (b) TEM of 500 nm carbon particles obtained from hydrothermal 

dehydration and pyrolysis of sucrose. (c) Schematic of the multifunctional particulate 

system showing a NZVI embedded carbon particle with a corona of CMC. The red dots 

signify TCE in solution and adsorbed on the carbon. 
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This paper therefore describes a way to combine sugar hydrothermal dehydration  

and iron oxide/hydroxide carbothermal reduction to synthesize highly uniform colloidal 

carbon microspheres embedded with NZVI (hereafter called Fe
0
/C composite particles), 

which then are stabilized with a polyelctrolyte (carboxymethyl cellulose) to maintain 

suspension stability.  There are several potentially useful properties of this new 

composite: (a) supporting the NZVI on carbon is expected to inhibit aggregation of NZVI 

(b) in analogy with the adsorptive properties of activated carbon, the carbon microspheres 

are expected to strongly adsorb TCE, thereby potentially reducing solution TCE content 

(c) the size and monodispersity of the Fe
0
/C composite particles may facilitate optimal 

transport in groundwater.  The materials involved are easily available, expected to be 

environmentally benign, and relatively inexpensive. The hydrothermal dehydration 

synthesis of the carbon microspheres in solution, and the simple, inexpensive 

carbothermal reduction for the preparation of Fe
0
/C composites would indicate scalability 

to manufacturing volumes.  In addition, the fact that the microspheres are in the optimal 

size range for transport as predicted by the T-E model 
48

 and that they can be made with 

high monodispersity and with inexpensive precursors provides the motivation to test their 

use in the in situ remediation of TCE.  

This work is a direct extension of our recent paper where we have combined 

carbon microspheres with NZVI that is anchored to the stabilizing polymer (CMC) 
64

. 

The current work attempts to illustrate that NZVI can be directly supported on carbon 

microspheres and that reduction of precursor iron salts to zerovalent iron does not need to 

take place through addition of a reductant such as sodium borohydridge. Instead, 

reduction can occur through the carbothermal step to generate NZVI and generating 
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porous carbons. In all experiments, we also add extremely small amounts of Pd (0.1 wt 

%) to catalyze the dissociative chemisorptions of H2.
15, 31, 32, 58

 The system therefore is 

based on NZVI nanoparticles on carbon microspheres which are colloidally stabilized by 

the addition of a polyelectrolyte such as carboxymethyl cellulose (CMC) as shown in 

Figure 2.1c. The characteristics of such particles as applied to TCE remediation are the 

focus of this work. 

2.2 Experimental Section 

2.2.1 Chemicals 

All chemicals for synthesis were purchased from Sigma-Aldrich and used as 

received: Sucrose (C12H22O11, ACS reagent), Iron (III) chloride hexahydrate 

(FeCl3·6H2O, 97%, ACS reagent), sodium carboxymethyl cellulose (NaCMC or CMC, 

mean MW = 90 000, low viscosity), potassium hexachloro-palladate (IV) (K2PdCl6, 

99%) and trichloroethylene (TCE, 99%). Deionized (DI) water generated with a 

Barnstead E-pure purifier (Barnstead Co., Iowa) to a resistance of approximately 18 MΩ 

was used in all experiments. 

2.2.2 Preparation of Fe
0
/C composite particles 

Uniform carbon microspheres were prepared from sucrose by hydrothermal 

treatment which involves two steps, the dehydration of sucrose, followed by pyrolysis 

(carbonization) at high temperatures. The process is similar to that reported in the 

literature
59, 61

 but with minor modifications, and is briefly described. In a typical 

preparation, a 0.15M aqueous sucrose solution was dehydrated at 190
0
C for 5 hours in a 

sealed stainless steel autoclave filled to 90% capacity. The resulting solid suspension was 



20 

 

 

 

centrifuged and washed three times with ethanol and air dried. The material was then 

pyrolyzed in a tube furnace for 10 hours at 1000 
0
C under flowing argon gas. The 

resulting carbon microspheres were stored in an airtight vial. The preparation is 

illustrated on shown through by a flow sheet in Figure 2.2a.  

Carbothermal reduction was employed to synthesize the Fe
0
/C composite 

particles. In a typical synthesis, 0.5 g of the carbon microspheres were first dispersed in 

50 mL of water and to this 2.42g FeCl3.6H2O salt dissolved in 50mL water was added 

and stirred overnight. The solution was then heated at 80
0
C to remove the water and then 

air dried. The dried particles were pyrolyzed under flowing argon at 800
0
C for 3 hours to 

obtain the final Fe
0
/C composite particles. To stabilize these composite particles in 

solution and to enhance their mobility through sediments, 1% (w/w) CMC was added to 

5g/L Fe
0
/C composites in water . The process is shown schematically in Figure 2.2b. 

Figure 2.1c illustrates the concepts behind this study, which shows a schematic of a Fe
0
/C 

composite surrounded by a corona of CMC. 
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Figure 2.2 (a) Flow sheet for the preparation of uniform monodisperse carbon 

microspheres (b) Schematic for the synthesis of multifunctional particulate system. 

(b) 

(a) 
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2.2.3 Particle Characterization 

Field emission scanning electron microscopy (SEM, Hitachi S-4800, operated at 

20 kV), transmission electron microscopy (TEM; JEOL 2010, operated at 120 kV 

voltage), and X-ray diffraction (XRD, Rigaku, using Cu Kα radiation) were used to 

characterize particle size, morphology and crystal structure. Nitrogen Brunauer-Emmet-

Teller (BET) adsorption isotherms were obtained using a Micromeritics ASAP 2010 

surface area analyzer. Optical microscopy (Olympus IX71, Japan) was used to analyze 

the behavior of the particles in porous media. 

2.2.4 Reaction and Stability Analysis 

  To test the reactivity of the particles with TCE, 0.25 g of Fe
0
/C composite 

particles were dispersed in 10 mL of water. To this 125 µL of 0.0047M K2PdCl6 was 

added to load the catalyst Pd onto Fe
0
/C composite particles. The catalyst loading is 

similar to the procedure described in literature.
24, 45, 64-66

 The particle suspension was 

placed in a 40 mL reaction vial capped with a Mininert valve. To this vial, 10 mL of 40 

ppm TCE stock solution was added to reach an overall concentration of 20 ppm TCE. 

Accordingly, the final composition of Fe
0
/C composite particles used in this study is 

3.125 g/L Fe
0
, 9.375g/L carbon, and 0.1% Pd (w/w of Fe

0
). TCE and reaction products 

were monitored through headspace analysis using a HP 6890 gas chromatograph 

equipped with a J&W Scientific capillary column (30m × 0.32mm) and a flame 

ionization detector (FID). Samples were injected splitless at 220 °C. The oven 

temperature was held at 75°C for 2 min, ramped to 150°C at a rate of 25°C /min and 

finally held at 150°C for 10 min to ensure adequate peak separation between TCE, 

chlorinated and non-chlorinated reaction products. 
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  To determine the minimum amount of CMC required stabilizing the carbon 

particles in solution for extended time periods, varying concentrations of CMC 

polyelectrolyte were added systematically to aqueous suspensions of carbon particles. 

The well-mixed suspensions were added to sample vials and allowed to settle while 

turbidity measurements were taken over time. The carbon particles were separately 

dispersed in water by probe sonication for 30 mins. Electrolyte (1mM NaCl) was added 

to the suspensions to mimic realistic groundwater conditions.
67, 68

 CMC solution was first 

added to the dispersed carbon particle solution and mixed for 10 min before the addition 

of the electrolyte. The concentration of CMC varied from 50mg/L (0.005%) to 5000mg/L 

(0.5%). The final composition of the colloidal suspension was 50mg/L carbon, 1mM 

NaCl and varying concentrations of CMC. The turbidity, measured in nephelometric 

turbidity units (NTU), was monitered using a benchtop turbidity meter (Model: DRT-

100B, HF Scientific, Inc., Fort Myers, FL).  For accuracy, each turbidity measurement 

was repeated several times and averaged. All turbidity measurements showed good 

reproducibility. The viscosities of the CMC solutions at various concentrations were 

measured using a laboratory rheometer (Model: AR 2000 Rheometer, TA instruments, 

USA). The viscosities of the CMC solutions at various concentrations with carbon 

(50mg/L) and electrolyte  were also measured to note any changes in viscosity with the 

presence of the additives.  Zeta potentials were measured using a Malvern Nanosizer 

(Malvern Instruments, USA). 
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2.3 Results and Discussion 

2.3.1 Particle Characterization 

 Scanning and transmission microscopy were used to analyze the morphology and 

microstructure of the composite particulate system.  As shown in Figures 2.1a and 2.1b, 

carbon particles prepared through the hydrothermal method are spherical, uniform, and 

monodisperse with particle size around 500 nm, consistent with the literature.
59

 Figures 

2.3a and 2.3b show the carbon microspheres embedded with NZVI particles (Fe
0
/C 

composite particles) obtained after carbothermal reduction process, and 3c is the cut 

section TEM of an Fe
0
/C composite particle showing the presence of NZVI within the 

porous microspheres.  The presence of nanoiron with higher electron contrast inside the 

carbons indicates the distribution of nanoiron throughout the carbon without aggregation. 

The presence of zerovalent iron is confirmed by the XRD pattern in Figure 2.4a. In the 

XRD pattern of  Fe
0
/C composite particles, the 26

˚
 2θ peak corresponds to 002 graphitic 

carbon spheres and peaks at 45
˚
, 65

˚
, and 82

˚
 2θ correspond to zero valent iron.  
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Figure 2.3 (a) SEM and (b) TEM of Fe
0
/C composite particles (carbons embedded with 

NZVI). (c) Cut section TEM of Fe
0
/C composite particles (carbons embedded with 

NZVI). 

 

 

 

(c) 

(b) 

(a) 



26 

 

 

 

           Degrees (2)

20 40 60 80

In
te

n
si

ty
 (

a
.u

)
  (002)

(110)

(200)
  (211)

 

Figure 2.4 (a) XRD pattern of Fe
0
/C composite microsphere particles (b) Nitrogen 

adsorption-desorption isotherms for the carbon microspheres and Fe
0
/C composite 

microspheres. Inset showing the BJH pore size distribution derived from the desorption 

branch of the isotherm of carbon microspheres and Fe
0
/C composite microspheres. 

(a) 
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Figure 2.4b shows the N2 adsorption isotherms obtained for these microspherical 

particles. Surface areas for the native carbon microspheres and Fe
0
/C composite 

microspheres at 77ºK were calculated using Brunauer-Emmet-Teller (BET) method. The 

BET surface areas were found to be 320 m
2
/g and 221 m

2
/g respectively, and the 

corresponding Barret-Joyner-Halenda (BJH) desorption pore volumes were determined to 

be 0.0109 cm
3
/g and 0.1282 cm

3
/g. The adsorption isotherms are Type I for the carbon 

microspheres and Type IV for Fe
0
/C composite microspheres, using the Brunauer, 

Demming, Demming and Teller (BDDT) classification.
69

 The isotherms indicate a highly 

microporous structure for carbon microspheres, and a transition to mesopore structure 

with capillary condensation for the Fe
0
/C composite microspheres.

70
 The transition to 

mesopore structure for Fe
0
/C composite is evident from the BJH pore size distribution, 

shown in the inset of Figure 2.4b. The evolution of pore structure is also clearly 

visualized in the TEM images of Figure 2.3b and 2.3c.  

2.3.2 Reactivity Characteristics  

The reaction kinetics of TCE in the presence of Fe
0
/C particles with added 

palladium is shown in Figure 2.5. An immediate sharp reduction of the TCE peak is 

followed by a much slower decline in TCE concentrations. This sharp reduction is not 

due to reaction but to TCE adsorption on the carbon, as the product generation follows a 

much slower rate. The subsequent slow evolution of gas phase TCE dechlorination 

products indicates that dechlorination of TCE is responsible for the second, slower phase 

in the combined adsorption+reaction sequence. Assuming that dechlorination of TCE is 

rate controlling for the second step, it is possible to calculate a pseudo-first order rate 

constant for TCE dechlorination from the evolution rate of gas phase products. The 
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observed pseudo-first order rate constant was 0.0145 h
-1

 and the mass normalized rate 

constant, km was 4.64*10
-3

 Lg
-1

h
-1

. While the pseudo first order rate constant is relatively 

low, we note that for in situ injection of NZVI based materials, the reaction rate alone is 

insufficient to make these materials good remediation candidates 
14, 44, 71

. In in situ 

injection, as long as reaction occurs over reasonable time scales, reactive systems can be 

used as long as they are able to come into contact with TCE saturated groundwater in an 

effective manner through effective transport in groundwater saturated sediments, and 

through contaminant sequestration. We are able to enhance the reactivity by two orders of 

magnitude through alternate routes of metal reduction but we will defer this discussion to 

the section on rate enhancements. 
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Figure 2.5 TCE removal from solution and gas product evolution rates for Fe
0
/C 

composites (0.25 g particle, and 0.1 % Pd (w/w Fe
0
). M/M0 is the fraction of the original 

TCE remaining and P/Pf is the ratio of the gas product peak to the gas product peak at the 

end of 9 days. The pseudo first order rate constant is 0.0145h
-1 

and mass normalized rate 

constant is 4.64*10
-3

 Lg
-1

h
-1
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2.3.3 Adsorption Characteristics   

The adsorption of TCE on the carbons is a significant advantage of the proposed 

technology since this property will allow sequestration of the TCE on the reactive 

materials. We have calculated the partition coefficient for TCE adsorption on the Fe
0
/C 

composite particles using the comprehensive definition of Phenrat and coworkers 
71
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Where ads

TCEC  is the concentration of TCE on the adsorbent (mol/L), water

TCEC  is the 

concentration of TCE in the water phase (mol/L), Air

TCEC  is the concentration of TCE in the 

headspace (mol/L), hsV  and waterV are the volumes of the headspace and water, 

respectively (L), adsM is the mass of the adsorbent (g), ads  is the density of the 

adsorbent (g/L). The subscripts ref and ads refer to the system without and with the 

adsorbent. TCE

HK  is the Henry’s law constant for TCE partitioning in water, with a value 

of 0.343 at 25
0
C 

7
 .  The measured partition coefficient for TCE adsorption on CMC is 

14.5, in close agreement with that measured by Phenrat and coworkers
71

. On the other 

hand, Kp for the adsorption of TCE on Fe
0
/C composite particles is 4819, constituting an 

almost 300 fold increase in adsorption capacity. 

 

 



31 

 

 

 

2.3.4 Colloidal Stability and Partitioning 

The colloidal stability of nano- and micro-scale particles is a key factor in 

assessing their transport in groundwater.
14

 Results of stabilization experiments are 

illustrated in Figure 2.6a, showing turbidity as a function of time; NTU0 indicates the 

initial turbidity at time zero. Figure 2.6a clearly shows that CMC decreases the settling 

rate of carbon particles, and above a CMC concentration of 2500mg/L, the carbon 

particles are stable for more than 24 hours. Figure 2.6b indicates the viscosity versus 

shear rate for various concentrations of CMC, illustrating no significant increase in 

viscosity with the CMC concentrations used to stabilize the carbon microspheres and 

implying no significant difficulty in the injection of these particles into TCE 

contaminated groundwater.  

Figure 2.7 illustrates simple visual studies of suspension and partitioning 

characteristics of the carbon based systems. The samples were probe sonicated to 

enhance mixing and allowed to equilibrate. Figure 2.7a illustrates the suspension stability 

of Fe
0
/C samples in water and it is clear that CMC stabilizes the carbon particles. All 

suspensions were stable in water for greater than four days, demonstrating the stabilizing 

effect of CMC as an effective colloid dispersant.
45, 63, 72

 Figure 2.7b illustrates the 

partitioning behavior of carbon when a bulk TCE phase is in contact with a bulk aqueous 

phase. On the left, the aqueous-phase solution containing Fe
0
 +CMC retains suspension 

stability in the aqueous phase. However, on the right, we see that Fe
0
/C +CMC particles 

partition to the TCE phase and a close inspection indicates that the partitioning is 

primarily around the TCE side of the water-TCE interface, with a dense layer near the 

interface. 
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Figure 2.6 (a) Stability of carbon microspheres (500nm) in various concentrations of 

carboxymethyl cellulose (b) Viscosity versus shear rate for various concentrations of 

carboxymethyl cellulose. (Electrolyte (NaCl) concentration in all experiments is 1mM). 

(b) 

(a) 
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Figure 2.7 (a) Stability of Fe
0 

/C + CMC in water (b) Partitioning characteristics of 

Fe
0
+CMC and Fe

0 
/C +CMC when contacted with a two-phase water-TCE system. 

 

(a) 

(b) 
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This is clearly a consequence of the tendency of the hydrophobic carbon to 

partition to the organic phase. The idealized system of a hydrophobic carbon microsphere 

enveloped by hydrophilic CMC approximates a 500 nm particle with amphiphilic 

characteristics. This property of partitioning to the interface when in contact with bulk 

TCE may be of specific advantage in anchoring the particles to pooled TCE at fractures 

along the sediment-bedrock boundary. 

2.3.5 Transport characteristics  

 Transport characteristics of Fe
0
/C+CMC system were studied by capillary 

transport experiments. The experiment followed the procedure described by Zhan and 

coworkers which is a simple and intuitive method to study particle transport through 

porous media 
46

.  Briefly, glass melting-point tubes with both ends open (1.5-1.8 mm i.d. 

 100 mm length, Corning, NY) were used as capillaries. The capillary tubes were 

packed with wet Ottawa sand over a 3 cm length and were placed horizontally to simulate 

groundwater flow.  A continuous water flow at 0.1 mL/min (Darcy velocity: 5 cm/min) 

was driven by a syringe pump. The exit point of the capillary was capped with a small 

glass wool plug. After 30 μL of Fe
0
/C+CMC suspension was injected into the inlet of the 

capillary, water flushing was initiated and an inverted optical microscope was used to 

observe the pore-scale transport of the particles. Figure 2.8 illustrates photographs of the 

capillaries depicting the capillary containing Fe
0
/C+CMC colloids before and after the 

water flush. The images indicate that Fe
0
/C composite particles readily transport through 

the packed capillaries and become captured in the glass wool. The effluent particle 

concentration was obtained by monitoring the turbidity of elutes with a nephelometric 

turbidimeter (DRT100B, HF Scientific, Inc., Fort Myers, FL.). 
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Figure 2.8 Characterization of transport through packed capillaries (a) experimental set-

up. Flow rate: 0.1 mL/min, sand length: 3 cm and injected suspension volume: 0.03 mL; 

Photograph of capillary (b) before and (c) after water flushing. Panel i and ii show optical 

micrographs of sediments and particles at different locations after water flushing (all 

scale bars are 100 um). Arrows show the accumulated particles in the packed capillary at 

different locations. 

 



36 

 

 

 

In the experiment, particles retained by the glass wool were collected by a simple 

water washing method and were counted as a part of effluent. The turbidity result 

indicates that almost all of the Fe
0
/C composite particles were eluted from the Ottawa 

sand capillary under the specified conditions.  

In classical colloidal filtration theory (CFT), Brownian diffusion, interception and 

gravitational sedimentation are the mechanisms that govern the mobility of colloidal 

particles through porous media such as soil.
47

 The Tufenkji-Elimelech model is perhaps 

the most comprehensive model to describe these effects in the presence of interparticle 

attractive interactions.
48

 The mobility of particles through porous media is quantified 

through the collector efficiency 0, which is simply defined as the ability of the sediment 

to collect migrating particles, thus limiting transport through the subsurface. According to 

CFT, the optimal mobility through sediment corresponds to minimal collector efficiency, 

which typically occurs at a broad particle size range from about 0.2 µm to 1 µm 

depending on the particle physical properties and groundwater flow characteristics.
41, 46, 48

 

However, CFT can break down under conditions of deposition in the secondary minimum 

and surface charge heterogeneities, when consideration of repulsive DLVO interactions 

are accounted for, as shown by Tufenkji and Elimelech.
73, 74

 Nevertheless, it is 

noteworthy that our experimental results do indicate effective transport of the 500 nm 

composite particles. Additionally, the use of carboxymethylcellulose (CMC) as an 

anionic polyelectrolyte to stabilize the carbons leads to a high surface charge on the 

particles. The measured zeta potential is of the order of -45 mV indicating that the CMC 

will be able to mask the role of surface heterogeneities and provide better agreement with 

the modified colloid filtration theory.
48
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 We have calculated the attachment efficiency (α) 
48, 75

 from capillary column 

breakthrough data for 500 nm size Fe
0
/C composite particles following the procedure of 

Zhan and coworkers.
64

 Briefly, the attachment efficiency (α) is estimated from 

breakthrough data of capillary transport experiments using the following equations based 

on CFT.
48, 75
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Where dc: the average diameter of sand grains, C and C0 are effluent and influent 

particle concentration, f the porosity of the sand grains, and L the length of the column. 

η0, the single-collector efficiency is calculated using the T-E equation.
48

 

  

053.011.124.022.0125.0675.155.0052.0715.0081.03/14.2
0 vdW

N
G

N
R

N
A

N
R

N
S

A
vdW

N
Pe

N
R

N
S

A   

 

We calculated the attachment efficiency based on the following conditions:  

Porosity f = 0.32,  fluid viscosity μ = 1.0*10
-3

 N.s/m
2
 , temperature, T = 298 K , Hamaker 

constant 
76

 , H = 1.09*10
-19

 J , density of Fe
0
/C composite particles (calculated), ρ= 2.74 

g/mL = 2.74*10
3
 kg/m

3
, particle size: dp = 500 nm, volumetric flow rate = 0.1 mL/min = 

8.3*10
-4

 m/s  

 With a measured eluting fraction, C/C0 = 0.97 the attachment efficiency is 0.0844 

indicating effective transport through the packed capillary.    
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2.3.6 Reaction Rate Enhancements  

The reactivity of the carbon supported nanoscale ZVI composites can be 

enhanced through the addition of sodium borohydride as reducing agent to obtain ZVI 

nanoparticles, thus avoiding the carbothermal process. First, nanoscale zero valent iron 

particles supported on carbon (hereafter called NZVI/C composite particles) 

microspheres were prepared by the incipient wetness method 
77-80

, typically used in the 

preparation of supported catalysts and recently, in reactive barrier design for the 

dechlorination of polychlorinated biphenyls.
81

 In the current study, carbons obtained from 

the hydrothermal treatment were used and 1:1 weight ratio of carbon to iron was selected 

for these composite particles.  In a typical preparation, 1.936 g FeCl3.6H2O, dissolved in 

5 mL water, was added to 0.4 g carbon powder. The volume of the water was kept to a 

minimum, sufficient enough to wet the solid carbon powder but with no excess liquid 

present; therefore it is assumed that all the iron salt particles are dispersed over the solid 

carbon. The water was then evaporated, leaving a dispersed carbon/iron salt/metal oxide 

mixture. The dried powder was then reduced with 10 mL of sodium borohydride solution 

and washed three times with water to obtain NZVI/C composite microspheres.  Figure 

2.9 shows the reaction characteristic of NZVI/C particles loaded with 0.1% palladium 

catalyst (w/w NZVI) prepared by this method. The pseudo first order rate constant is 2.95 

h
-1

 and mass normalized rate constant, km is 295*10
-3

 Lg
-1

h
-1

. The reactivity is greater 

than by a factor of about 60 compared to Fe
0
/C composites prepared by the carbothermal 

process. In all cases, the mass normalized rate constant is calculated based on the weight 

of iron in the system.  
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Figure 2.9 TCE removal from solution and gas product evolution rates for Fe
0
/C 

composites prepared by incipient wetness method (20 ppm TCE, Fe
0
 concentration 10 

g/L, and 0.1 % Pd (w/w Fe
0
). M/M0 is the fraction of the original TCE remaining and P/Pf 

is the ratio of the gas product peak to the gas product peak at the end of 120 min. The 

first order rate constant is 2.95h
-1 

and mass normalized rate constant is 295*10
-3

 Lg
-1

h
-1

. 
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While the use of NaBH4 enhances reaction rate, the cost of the reductant makes is 

perhaps less economical than the carbothermal method. In continuing work, we seek to 

understand the variations in reactivity using various reduction methods using detailed X-

ray diffraction and X-ray Photoelectron Spectrosopy (XPS) to understand bulk and 

surface chacteristics of the different iron species.  

 Figure 2.10 summarizes the various configurations of NZVI placement. 

From our earlier work  
64

  following the remarkable concepts of Zhao and coworkers 
45

 

we have shown that it is possible to attach NZVI directly to carboxymethyl cellulose (the 

brown cubes in Figure 2.10) with high rate constants in the order of 2100*10
-3 

Lg
-1

h
-1

. 

The current work describes the placement of NZVI directly on the carbon but with 

accompanying lower reaction rates. Figure 2.10 illustrates that it is possible to couple the 

various configurations to maximize loading. Since NZVI is not a catalyst but becomes 

gradually oxidized, the combination of slow and fast reacting NZVI may be of advantage 

in tuning the remediation to contaminant site characteristics.    
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Figure 2.10 Schematic of the multifunctional particulate system showing a NZVI (red 

cubes) embedded carbon particle surrounded by CMC containing NZVI (brown cubes). 

The red dots signify TCE in solution and adsorbed on the carbon. 
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2.4 Summary 

In all cases described in this work, the composite materials have multiple 

functionalities (a) they are reactive and function effectively in reductive dehalogenation 

(b) they are highly adsorptive thereby bringing the chlorinated compound to the 

proximity of the reactive sites and also serving as adsorption materials for 

decontamination (c) they are in the optimal size range predicted by colloidal filtration 

theory for optimal transport through sediments (d) the composite with a hydrophilic 

corona and a hydrophobic core may possess amphiphilic properties to stabilize the 

particles when they reach target zones of bulk DNAPLs.  These multiple functionalities 

can be designed at low cost and the materials are intuitively environmentally innocuous 

since they contain carbon, iron and a biodegradable polymer.   While this work is a 

follow up to our earlier work where NZVI was attached to the polyelectrolyte 
64

, it 

considerably expands the scope of the technology through placement of NZVI within the 

carbon and through the generation of highly adsorptive porous materials.
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Chapter 3 

Modifying Metal Nanoparticle Placement on Carbon Supports using an Aerosol-

Based   Process, with Application to the Environmental Remediation of Chlorinated 

Hydrocarbons 

 

Published in the American Chemical Society Journal “Langmuir” as: Sunkara, B.; Zhan,  

J.; Kolesnichenko, I.; Wang, Y.; He, J.; Holland, J. E.; McPherson, G. L.;John, V. T.  

Langmuir 2011, 27, 7854-7859. 

 

3.1 INTRODUCTION 

Chlorinated hydrocarbons such as trichloroethylene (TCE) form a class of dense 

non-aqueous-phase liquid (DNAPL) toxic contaminants in soil and groundwater. These 

are difficult to remediate since they have densities greater than water and transport deep 

into sediments till they reach the bedrock where they pool in cracks and fissures. They 

have a low but finite solubility in water and therefore slowly leach into ground water.
43, 

51, 82-84
 The in situ injection of nanoscale zerovalent iron (NZVI) to reductively remediate 

DNAPLs is a potentially simple, cost-effective, and environmentally benign technology 

that has become a preferred method in the remediation of these compounds.
13, 40

 For 

successful in situ source remediation of DNAPLs, it is important for the injected 

remediation agents to effectively migrate through the porous media.
32, 49

 However, 

unsupported NZVI particles exhibit ferromagnetism leading to particle aggregation and a 
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loss in mobility through the subsurface.
40

 Prior studies have shown that nanoiron mobility 

can be increased dramatically by stabilizing the particles through the adsorption of 

hydrophilic or amphiphilic organic species such as surfactants, vegetable oils, starches, or 

polyelectrolytes such as carboxymethyl cellulose (CMC) and poly (acrylic acid) (PAA), 

or triblock copolymers on the NZVI particle surface.
24, 41, 42, 53, 54, 85, 86

 These adsorbed 

organics enhance steric or electrostatic repulsions between particles to inhibit NZVI 

aggregation and increase solution stability. Alternatively, activated carbon granules of 1-

3 mm size have been used to prevent NZVI aggregation.
55, 87

 Recently, well defined 

carbon microspheres have been studied as supports for NZVI particles to inhibit 

aggregation, as NZVI carriers for transport through sediments, and as effective targeted 

agents for DNAPLs.
64, 88

 Carbon-based composites are also advantageous because of 

their high adsorptive capacity. Activated carbons adsorb chlorinated compounds, and 

these materials have been used in the development of adsorptive-reactive barriers.
89

 

Porous carbon materials can be an especially effective support for environmental 

application because they provide high surface areas, their surfaces can be functionalized 

to provide controlled metal loading sites, and their pore structure can be tailored for 

enhanced adsorption.
64, 87, 88, 90

 

Prior studies in the synthesis of iron supported carbon composites for 

environmental applications typically use multi-step processes including: (a) catalyst 

impregnation using the incipient wetness method,
87, 90

 (b) carbothermal reduction or 

pyrolysis by reacting soluble iron salts with carbon products to form reactive iron 

nanoparticles,
88, 91

 and (c) chemical or physical adsorption methods.
41, 64

 We describe a 

method in this paper to design a carbon supported NZVI (Fe-C) particulate system using 
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a facile aerosol-based process (ABP) that effectively addresses the environmental 

degradation of chlorinated compounds. The particulate systems are obtained from 

inexpensive precursors and through a semi-continuous method which allows for large 

scale synthesis of the composites necessary for eventual in-situ application. The work 

follows our earlier concepts of supporting zerovalent iron on silica microspheres using an 

aerosol-based process.
46, 49, 92

 In an accompanying recent paper, we have demonstrated 

the use of the aerosol-based process to synthesize carbon-based nanomaterials, i.e. 

functional nanocomposites of zerovalent iron supported on the surface of carbon 

microspheres.
93

 The aerosol-based carbon microspheres allow adsorption of TCE, thus 

removing dissolved TCE rapidly and facilitating reaction by increasing the local 

concentration of TCE in the vicinity of iron nanoparticles.  The composite particles are in 

the optimal size range for transport through groundwater saturated sediments.   

In this study, we focus on a remarkable characteristic of the aerosol-based 

process, demonstrating that it is possible to vary the placement of iron nanoparticles on 

carbon microspheres either on the surface of the microsphere or in the interior. Such a 

variation of metal placement can be accomplished simply through operation at various 

temperatures and are the result of modifying the relative rates of carbonization and metal 

precipitation in an aerosol droplet.   We note that there have been recent articles in the 

literature on placement of iron in carbon supports.
94-98

 In very recent work, Atkinson and 

coworkers have pioneered the aerosol route to incorporating iron in carbon
94

 and Zheng 

and coworkers have shown the preparation of hollow carbon microspheres containing 

iron species.
96

 The distinctive aspect of the present work is to show that the 

aerosolization process can be adapted to control the placement of iron in carbon through 
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manipulating the relative rates of carbonization and metal precipitation. Additionally, this 

work seeks to establish that such materials are extremely useful to the environmental 

remediation of chlorinated hydrocarbons, as initially described in our earlier paper.
93

 

3.2 Experimental Section  

3.2.1 Materials 

All chemicals for synthesis were purchased from Sigma-Aldrich and used as 

received: Sucrose (C12H22O11, ACS reagent), Iron (III) chloride hexahydrate 

(FeCl3·6H2O, 97%, ACS reagent), sodium borohydride (NaBH4, 99%), and 

trichloroethylene (TCE, 99%). Deionized (DI) water generated with a Barnstead E-pure 

purifier (Barnstead Co., Iowa) to a resistance of approximately 18 MΩ was used in all 

experiments. 

3.2.2 Preparation of Fe-C Composite Microspheres 

The iron-carbon composite particles were prepared from sucrose and iron chloride 

salt by an aerosol-based technology which involves dehydration of sucrose and 

precipitation of iron salts in a single step. In a typical preparation, 6.0 g of sucrose and 

4.0 g of FeCl3·6H2O were dissolved in 30 mL of water. The resulting solution was aged 

for 30 min under stirring to mix the solution completely. In the aerosol-based process, the 

precursor is first atomized to form aerosol droplets, which are then carried by an inert gas 

(N2) through a heating zone where solvent evaporation and carbonization occurs. The 

flow rate of the carrier gas was 2.5 L/min and the thermal treatment was carried out in a 

100 cm tube (internal diameter of 4.45 cm) with a furnace length of 38 cm leading to a 

superficial velocity of 2.7 cm/s and a furnace residence time of 14 seconds. The flow rate 

of the carrier gas was obtained after bubbling the effluent gas through water at room 
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temperature, and the superficial velocity calculations are done with flow rate conditions 

at standard temperature and pressure (1 atm, 298K). The temperature of the heating zone 

was held at different temperatures (300, 500, 700 and 1000 °C) for each experimental 

run. The resulting Fe salt/carbon particles were collected over a filter maintained at 100 

°C.  

To obtain Fe-C particles, the as-synthesized Fe salt-carbon particles were reduced 

using liquid phase NaBH4. Specifically, 0.2 g of particles collected from the filter paper 

was placed in a vial followed by drop-wise addition of 10 mL of a 0.26 M NaBH4 water 

solution. After cessation of visible hydrogen evolution, the particles were centrifuged and 

washed by water thoroughly before use.  

3.2.3 Particle Characterization 

Field emission scanning electron microscopy (SEM, Hitachi S-4800, operated at 

20 kV), transmission electron microscopy (TEM; JEOL 2010, operated at 120 keV), and 

X-ray diffraction (XRD, Rigaku Instruments, Cu Kα radiation) were used to characterize 

particle size, morphology and crystal structure. Nitrogen Brunauer-Emmet-Teller (BET) 

adsorption isotherms were obtained using a Micromeritics ASAP 2010 surface area 

analyzer. For cut-section TEM, the composite particles were embedded in an epoxy resin, 

dried overnight, and then microtomed into thin slices (approximately 70 nm) with a 

diamond knife. A thin slice of the microtomed sample was transferred to a copper grid 

and observed under the TEM. The presence of functional groups is analyzed using 

Fourier transform infrared spectroscopy (FTIR, PerkinElmer Spectrum GX with DTGS 

detector).   
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3.2.4 Reactivity Analysis 

The dechlorination efficiency towards TCE was tested in batch experiments. In 

detail, 0.2 g of the aerosol-based Fe-C composites were dispersed in 20 mL water and 

placed in a 40 mL reaction vial capped with a Mininert valve. To this vial, 20 µL of a 

TCE stock solution (20 g/L TCE in methanol) was added, resulting in an initial TCE 

concentration of 20 ppm. The reactions were monitored through headspace analysis using 

a HP 6890 gas chromatograph (GC) equipped with a J&W Scientific capillary column 

(30m × 0.32 mm) and flame ionization detector (FID). Samples were injected at 220 °C 

and the column operated in splitless mode. The oven temperature was held at 75 °C for 2 

min, ramped to 150 °C at a rate of 25 °C /min and finally held at 150 °C for 10 min to 

ensure adequate peak separation. 

3.3 Results and Discussion 

 Details of the aerosol reactor and the aerosol based process have been detailed in 

our earlier paper
93

 and are further summarized through a schematic here (Figure 3.1). 

Briefly, a homogenous precursor solution containing sucrose and iron chloride was first 

atomized using a commercial atomizer (Model 3076, TSI, Inc., St Paul, MN) to form 

aerosol droplets that undergo a heating and drying step, generating submicron particles 

that are collected on a filter (Figure 3.1a).  

Figure 3.1b is a representation of the formation process of Fe-C composites, 

involving the processes occurring in an aerosol droplet. When the droplets pass through 

the heating zone, solvent evaporation and dehydration/carbonization of sucrose occurs. In 

addition, precipitation of the iron salt is concomitant with the dehydration of sucrose, 

generating a black powder of Fe salt-C composites.  
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Figure 3.1 (a) Schematic of aerosol reactor for composite particles preparation and (b) 

schematic of reaction in an aerosol droplet. 
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To obtain Fe-C composites, the collected powder is treated with sodium 

borohydride solution in excess to reduce ferrous ion to zerovalent iron. 

3.3.1 Particle Characteristics as a Function of Aerosolization Temperature.  

The aerosol-based process results in well-defined carbon microspheres containing 

the recrystallized iron salt. Figure 3.2 provides all details on the X-ray diffraction patterns 

of the iron species as a function of furnace temperature. The peaks at 16.1, 22.4, 29.6, 

41.3 and, 42.3˚ 2θ correspond to the (001),   ̅   , (021), (022) and    ̅    planes of iron 

chloride hydrate (FeCl2.4H2O), respectively. At higher temperatures of aerosolization 

(500, 700 and 1000 °C), the presence of magnetite (Fe3O4) is observed with diffraction 

peaks at 30.1, 35.4, 56.9 and, 65.5˚ 2θ corresponding to the (220), (311), (511) and (440) 

planes. The relative intensity of the Fe3O4 peaks increases as the heating zone 

temperature increases (500 to 1000 °C). Exposure of the iron salts to oxygen at higher 

temperature leads to the formation of Fe3O4,
63

 but the short residence times encountered 

such oxidztion is minimal.  

The short residence time in the furnace prevents full carbonization to graphitic 

species and the carbons are typically amorphous with remnant functional groups. The 

presence of functional groups is analyzed using Fourier transform infrared spectroscopy 

(FTIR). Figure 3.3 shows the FTIR spectrum of Fe salt/Carbon samples prepared at 300 

°C (Figure 3.3a), 1000 °C (Figure 3.3b) and carbon particles pyrolyzed at 1000 °C for 3 

hours under argon atmosphere (Figure 3.3c). Figure 3.3a shows the strong characteristic 

peak at 3425 cm
-1

 which corresponds to the O-H stretch. This absorption peak implies the 

existence of residual hydroxyl groups.
99, 100
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Figure 3.2 XRD patterns of iron species precipitated on the carbon at the various 

aersolization temperatures. 
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Figure 3.3 FTIR spectra of the carbon showing residual functional groups which can be 

removed through pyrolysis. 
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The absorption peak at 1618 cm
-1

 corresponds to the C=C symmetric stretch 

present in furanic rings resulting from the dehydration of sucrose.
99, 101

 The FTIR spectra 

indicate the reduction of residual functional groups with increasing temperatures of 

aerosolization (Figure 3.3b), and eventually a loss of all functional groups if the material 

is further pyrolyzed in a second step (Figure 3.3c). 

The composite microspheres are typically in the submicron (100 nm to 1000 nm) 

size range as observed through electron microscopy (Figures 3.4, 3.5 and 3.6). Scanning 

(SEM) and and transmission (TEM) electron micrographs of a single microsphere 

particle prepared at different heating zone temperatures are shown in Figure 3.5 and 

Figure 3.6, respectively (Figure 3.4 illustrates the SEM of multiple particles to gain an 

idea of the polydispersity involved).  The images are of particles obtained directly from 

the filter, and morphology and particle structures are retained after treatment with 

NaBH4.
93

  

 

 

 

 

 



54 

 

 

 

 

 

Figure 3.4 SEM images of multiple particles prepared at the various aerosolization 

temperatures. 
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Figure 3.5 Single particle (a) SEM and (b) TEM of composite particles prepared by the 

aerosol-based process at various heating zone temperatures. The particles become 

significantly more porous when prepared at high aerosolization temperatures. 
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Figure 3.6 Cut-section TEM of composites at different heating zone temperatures. The 

evolution of iron nanoparticle placement from the external surface to the particle interior 

with an increase in the heating zone temperature from 300 to 1000 °C is noted. 
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From these images, it is clear that there is a significant change in morphology of 

the composites with an increase in the temperature of heating zone, maintaining the 

residence time characteristics. Figure 3.5b also indicates that the iron particles attached to 

the surface of the carbon microspheres at low temperatures (300 and 500 °C), becomes 

embedded within the carbon matrix as the temperature of heating zone is elevated to 700 

°C and above. Cut-section TEM images of the composites were obtained to further 

corroborate the transition in the morphology (Figure 3.6). At the lower aerosolization 

temperatures, a strong contrast between the dark edge and pale core clearly implies that 

the iron species are attached to the carbon microsphere external surface rather than 

located in the interior. At 1000 °C, the iron salt particles are completely embedded within 

carbon microspheres, with clear evidence of larger clusters or crystallites of the iron salts. 

At 700 °C, iron species are present within the carbon microsphere as well as on the 

surface, indicating the transition.  

In addition to the observed transition in placement of the iron, it is evident that the 

porosity of the carbon structure increases with the aerosolization temperature. N2 

adsorption-desorption isotherms of Fe salt-carbon composite microspherical particles are 

shown in Figure 3.7a. Surface areas for the composite microspheres, calculated using the 

Brunauer-Emmett-Teller (BET) method are 14, 19, 51 and 118 m
2
/g for the particles 

prepared at heating zone temperatures 300, 500, 700 and 1000 °C, respectively. The 

corresponding Barret-Joyner-Halenda (BJH) desorption pore volumes were determined to 

be 0.0284, 0.0401, 0.1156 and 0.2324 cm
3
/g, respectively. A clear hysteresis is seen at 

the higher temperatures with the Type IV isotherm (Brunauer, Demming, Demming and 

Teller classification (BDDT)) indicating the presence of a mesoporous structure.
69, 70
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Figure 3.7 (a) Nitrogen adsorption-desorption isotherms and (b) BJH  pore size 

distributions of  the Fe salt-C composites prepared at 300 to 1000 °C. 
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Figure 3.7b illustrates the BJH pore size distribution as derived from the 

desorption branch of the isotherms.  The mesoporous samples show a pronounced pore 

size between 3 and 5 nm.   

We propose that the formation of iron-carbon microspheres with placement of 

iron species on the surface or within carbon microspheres is based on the relative rates of 

two concurrent processes: (a) the carbonization of sucrose (b) the recrystallization of iron 

salt as the solvent evaporates. Figure 3.8 is a schematic of these processes showing the 

consequences if carbonization occurs prior to recrystallization of the iron salt, and if 

carbonization occurs concurrent with recrystallization. At lower temperatures (300-500 

°C), carbonization of sucrose precedes the crystallization of iron salt, ostensibly because 

the water has not fully evaporated and there is still solubilized iron chloride in the droplet 

that now contains a carbonized particle. As the water evaporates off, the solublized salt 

recrystallizes but has no place to precipitate but on the surface of the carbon particle. At 

the other end of the temperature range (1000 °C), the rapid evaporation of the solvent 

accelerates iron salt precipitation and both processes become concurrent.  This result in 

the formation of a highly porous structure with iron salt embedded throughout the carbon 

matrix. The internal porosity is created from both sucrose decomposition and 

crystallization of precipitated iron salts into the carbon matrix.  At the intermediate 

temperature of 700 °C, we see a transition, where clearly some of the iron salt crystallizes 

out onto the surface of the carbonized sucrose. 

It should be noted that at all the temperatures in this study, it is necessary to use 

the iron salt to facilitate the formation of carbon microspheres. Aerosolization of sucrose 

solution without the iron precursor did not produce carbon microspheres at any of the 
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temperatures used in this study.  With dilute sulfuric acid (10% - w/w sucrose) however; 

efficient carbonization is observed indicating that the carbonization is acid-catalyzed. A 

recent pioneering paper by Atkinson and coworkers illustrates the formation of iron in 

carbon microspheres at high temperatures and under base catalyzed conditions.
94
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Figure 3.8 Proposed mechanism of morphological changes and metal nanoparticle 

placement with temperature.  
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The novelty of the current work is the delineation of a method to modify 

placement of nanoparticles of an iron species on a carbon support, either on the external 

surface of the support or within the interior. In our recent paper
93

, we have shown the 

application of iron supported on the external surface of the carbon in reductive 

dechlorination of TCE. We extend this observation here to show that the iron species 

located in the interior of the carbon support is equally effective in the reaction.   

  

3.3.2 Reactivity characteristics of Fe-C composite particles for the reductive 

dechlorination of TCE  

Figure 3.9a illustrates TCE removal from solution and the time evolution of gas 

phase products where we have used the iron-carbon composite particles generated at 

1000 °C to illustrate particle reactivities.  The chromatogram is illustrative in that it 

shows the sharp decrease of solution TCE level as soon as the reactive particles are 

added, a consequence of rapid TCE adsorption on the carbon. This is a particular 

advantage of using carbon as a support. In addition to the inherently innocuous aspects of 

carbon as a support, it is possible that the dechlorination is facilitated by enhanced 

reactant concentrations in the vicinity of the reactive NZVI sites through strong 

adsorption. The subsequent slower evolution of gas phase dechlorination products as 

shown in Figure 3.9b indicates that the sequential dechlorination of intermediates is 

responsible for the second, slower phase in the combined adsorption + reaction sequence.  

Using the product evolution to obtain a pseudo-first order rate constant for TCE 

destruction independent of adsorption, we have calculated a mass normalized rate 

constant km of 0.84 Lhr
-1

g
-1

.  
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Figure 3.9 (a) Representative GC trace of headspace analyses showing TCE degradation 

and reaction product evolution at various reaction times (b) TCE removal from solution 

and gas product evolution rates for Fe-C composites. M/M0 is the fraction of the original 

TCE remaining and P/Pf is the ratio of the gas product peak to the gas product peak at the 

end of 4 hr.  
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Indeed the high temperature iron-in-carbon based materials show superior 

reaction kinetics in comparison to the iron-on-surface based materials that we have 

described in our recent paper where km is 0.12 Lhr
-1

g
-1

.
93

  The increase in reaction rate 

with materials prepared at highest aerosolization temperature used is useful, but the more 

important aspect is the fact that the materials are reactive over a range of aerosolization 

temperatures, since in situ application only mandates materials that are reactive. We also 

note that this is not a metal-catalyzed reaction where metal particle surface characteristics 

define activity. On the other hand, the entire particle characteristics become important as 

the zerovalent iron becomes converted to iron oxide over the course of the reaction. The 

reactivities observed here appear to be significantly higher than that reported in the 

literature in a procedure involving impregnation of activated carbon with iron salts 

followed by reduction to zerovalent iron.
102

   

The most instructive aspect of the reaction is seen in the chromatogram of Figure 

3.9a where three factors stand out (a) the relatively rapid complete reduction of TCE in 4 

hours (b) the sharp adsorption of TCE (c) the lack of any detectable quantities of 

intermediates such as vinyl chloride, since these chlorinated intermediates are also 

strongly adsorbed till they are reacted away. Continuing work seeks to fully clarify the 

adsorption and reaction of all intermediates and other chlorinated compounds.  

 

3.4 SUMMARY 

 In summary, nanoscale adsorptive-reactive (carbon-iron) composites were 

synthesized using a facile aerosol-based process and these materials are shown to have 

applications in the reductive dechlorination of TCE. The novelty of the current work is 
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the demonstration of the versatility of the aerosol-based process, and the understanding of 

the competitive nature of carbonization of sucrose and iron salt precipitation during 

evaporation of an aerosol droplet. By a simple increase of heating zone temperatures, we 

have shown that the relative increase in the iron precipitation rate to the carbonization 

rate results in iron placement in the interior of the carbon microsphere than on the 

external surface. Regardless of the environmental application described here, carbon is a 

ubiquitous catalyst support and iron is an equally ubiquitous catalytic material. Whether 

these concepts can be extrapolated to the preparation of other catalytic metals on carbon 

supports is the subject of further study. But one can imagine the possibilities of a facile 

method to control metal placement in catalytic supports. In highly diffusion limited 

reactions, external placement of the metal species may be preferred, whereas in cases 

where diffusion hinders transport of catalyst poisons or coke precursors, internal 

placement of the metal species would be preferred. The aerosol route to such placement 

modification is therefore of significant use to catalyst design.
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Chapter 4 

Iron-Carbon Composite Microspheres Prepared through a facile Aerosol-Based 

Process for the Simultaneous Adsorption and Reduction of Chlorinated 

Hydrocarbons 

Based on a manuscript submitted to Water Research journal 

4.1 Introduction 

The reductive dehalogenation of chlorinated hydrocarbons such as 

tetrachloroethylene (PCE) and trichloroethylene (TCE) using zerovalent iron (ZVI) is a 

promising approach to the remediation of these persistent contaminants
5, 30, 103-110

. 

Nanoscale ZVI particles (NZVI) have enhanced reaction rates resulting from their 

increased surface areas.
15-22

 More importantly, the colloidal nature of NZVI indicates that 

these particles can be used in in situ injection remediation technology, which is 

potentially a simple, cost-effective and environmentally benign method for remediation.
13

 

For successful subsurface remediation, the injected NZVI particles should meet the 

following criteria: (a) travel through porous media to the contaminated zone; (b) 

sequester, remove or convert the contaminants in the subsurface to significantly reduce 

dissolved phase concentrations and (c) partition to the DNAPL-aqueous phase.
32, 49, 50

  

However, NZVI particles have a strong tendency to agglomerate due to their 

ferromagnetic nature, forming aggregates that prevent their flow through porous media.
24, 

40-45
 NZVI particles stabilized by organic species such as surfactants, vegetable oils, 

starches, or polyelectrolytes such as carboxymethyl cellulose (CMC) and poly (acrylic 
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acid) (PAA), or triblock copolymers exhibit increased mobility through porous media.
24, 

41, 42, 53, 54, 86, 111
  These organic species physically adsorb onto NZVI particles surface 

preventing their aggregation and increases solution stability by means of steric or 

electrostatic repulsions, thereby significantly enhancing transport characteristics.  

Previous studies from our laboratory have shown silica and carbon microspheres 

prepared in the size range of 100-1000 nm can serve as effective supports and/or carriers 

for NZVI particles with improved transport and reactive properties.
46, 49, 64, 93, 112-114

 In 

recent work, we have described a method to develop spherical iron-carbon (hereafter 

designated as Fe-C) composite particles using a facile aerosol-based process.
93, 113, 114

 

These Fe-C composite particles have been tested towards the dechlorination of TCE with 

the important observation being the lack of detectable toxic intermediates such as 

dichloroethylenes (DCEs) or vinyl chloride (VC). This is in contrast to earlier studies that 

have shown that the dechlorination of PCE and TCE with bare ZVI leads to the 

accumulation of the undedsired intermediates.
31, 34, 115, 116

 This is a major concern for any 

remediation method/materials and not much attention is given to the aspect of the fate 

and transformation of toxic intermediate products. Our hypothesis is that the highly 

adsorptive carbon prevents the release of any toxic intermediates. Any chlorinated 

intermediate generated remain adsorbed on the carbons till they are reacted away to the 

light gases, primarily ethane and ethylene. To test this hypothesis, we have applied the 

aerosol Fe-C particles towards the transformation of chlorinated hydrocarbons and their 

intermediates in this present work. Our objective is the systematic study of dechlorination 

of chlorinated ethylenes starting with PCE and its intermediate chlorinated ethylenes, 

TCE, DCEs and VC. To the best of our knowledge, this is the first study focusing on the 
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simultaneous adsorption and reaction of chlorinated hydrocarbons PCE, TCE and their 

intermediates DCE (cis- and trans- 1,2-DCE, 1, 1-DCE and VC) using the iron-carbon 

composite particulate system. 

4.2 Experimental Section 

4.2.1 Materials  

All chemicals for synthesis were purchased from Sigma-Aldrich and used as 

received: Sucrose (C12H22O11, ACS reagent), Iron (III) chloride hexahydrate 

(FeCl3·6H2O, 97%, ACS reagent), sodium borohydride (NaBH4, 99%), 

tetrachloroethylene (PCE, C2Cl4, 99%), trichloroethylene (TCE, C2HCl3, 99%), 1, 2 

dichloroethylene (mixtute of cis- and trans-1, 2-DCE, C2H2Cl2, 99%) 1,1 

dichloroethylene (1,1-DCE, C2H2Cl2, 99%), vinyl chloride (VC, C2H3Cl, 2000 μg/mL), 

potassium hexachloropalladate (IV) (K2PdCl6, 99%) and sodium carboxymethyl cellulose 

(NaCMC or CMC, mean MW = 90 000, low viscosity). Deionized (DI) water generated 

with a Barnstead E-pure purifier (Barnstead Co., Iowa) to a resistance of approximately 

18.2 MΩ was used in all experiments. 

4.2.2 Preparation of Fe-C composite microspheres 

The aerosol-based process was used to prepare Fe-C composite particles and follows 

the same procedure, described in our earlier work.
93, 113, 114

 Briefly, a homogeneous 

precursor solution containing 0.58M sucrose and 0.5M FeCl3·6H2O was first atomized to 

form aerosol droplets, which were then carried by an inert gas (nitrogen (N2)) through a 

heating zone where solvent evaporation and carbonization occurs. The flow rate of the 

carrier gas was 2.5 L/min and the thermal treatment was carried out in a 120 cm 

tube (internal diameter of 4.45 cm) with a furnace length of 38 cm with a superficial 
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velocity of 2.7 cm/s and a furnace residence time of 14 seconds. The flow rate of the 

carrier gas was obtained after bubbling the effluent gas through water at room 

temperature, and the superficial velocity calculations are done with flow rate conditions 

at standard temperature and pressure (1 atm, 298K). The temperature of the heating zone 

was held at 700 °C. The heating zone temperature was maintained using a commercial 

tube furnace unit (Type F21100 Tube Furnace, Barnstead International, Dubuque, IA). 

The resulting iron salt-carbon (Fe salt-C) particles were collected over a filter maintained 

at 100 °C.  

The as-synthesized Fe salt-C particles were reduced through liquid phase NaBH4 

reduction to obtain Fe-C carbon particles.  Specifically, 0.2 g of particles collected from 

the filter paper was transferred to a vial followed by drop-wise addition of 10 mL of 0.26 

M NaBH4 water solution. After cessation of visible hydrogen evolution, the particles 

were centrifuged and washed with water and ethanol thoroughly before use.  

4.2.3 Particle Characterization  

Field emission scanning electron microscopy (SEM, Hitachi S-4800, operated at 20 kV), 

transmission electron microscopy (TEM; JEOL 2010, operated at 120 kV voltage), were 

used to characterize particle size and morphology.  

4.2.4 Reaction Analysis  

The dechlorination effectiveness of the Fe-C system for each of the chlorinated ethylenes 

was tested in batch experiments with an initial organics concentration of 20 ppm. The Fe-

C particles were loaded with extremely small amounts of palladium (specifically 0.1 wt% 

Pd relative to Fe in this study) to enhance reactivity through the dissociative adsorption of 
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H2 on the catalyst surface 
15, 31, 32, 58, 117

. In detail, 0.2 g of the freshly prepared Fe-C 

particles are dispersed in 20 mL water, followed by the addition of known quantities of 

diluted K2PdCl6 in water solution (0.0047M) and placed in a 40 mL reaction vial capped 

with a Mininert valve. The Pd catalyst loading is the same level used by other 

researchers.
24, 45, 65

 Accordingly, the final composition of Fe-C particles used in this study 

is 2.5g/L Fe, 7.5 g/L carbon, and 0.1wt% Pd (w/w Fe). To each vial, 20 µL of respective 

chlorinated ethylene stock solution (20 g/L of PCE, TCE 1, 2-DCE, or 1, 1-DCE in 

methanol) was spiked, resulting in an initial concentration of 20 ppm. In case of vinyl 

chloride, 200 μL of 2000 μg/mL (2000 ppm) in methanol was spiked into 20 mL particle 

suspension to make initial VC concentration of 20 ppm. The reactions were monitored 

through headspace analysis using a HP 6890 gas chromatography (GC) equipped with a 

J&W Scientific capillary column (30m × 0.32 mm) and flame ionization detector (FID). 

Samples were injected splitless at 220 °C. The oven temperature was held at 75 °C for 2 

min, ramped to 150 °C at a rate of 25 °C /min and finally held at 150 °C for 15, 10, and 5 

min for PCE, TCE and, 1,2-DCE, 1,1-DCE, VC respectively to ensure adequate peak 

separation between chlorinated and non-chlorinated reaction products. 

4.3 Results and Discussion 

4.3.1 Chemistry in a droplet  

Figure 4.1a is a schematic of the aerosol reactor illustrating the aerosol-based 

process. A homogenous precursor solution containing sucrose and iron chloride was first 

atomized using an inexpensive commercial nebulizer (Micro Mist Nebulizer, Hudson 

RCI (REF 1883)) to form aerosol droplets that undergo a heating and drying step, 

generating submicron particles that are collected on a filter. We note the modification 



71 

 

 

 

over our earlier work 
93, 113, 114

 in the use of extremely inexpensive pneumatic nebulizers, 

typically used in a hospital environment,  as opposed to commercial atomizers that lead 

to sharper particle size distributions but are considerably more expensive. While our 

previous studies utilized the commercial atomizer (model 3076 TSI Inc., St. Paul, MN) 

with a stainless steel body, the present work uses simple plastic nebulizers. Our choice in 

switching to nebulizer use is also based on the fact that these plastic aerosol generating 

systems do not corrode, as with atomizers incorporating a stainless steel body when 

exposed to acidic conditions. Nebulizers are the oldest form of aerosol generation and 

require a pressurized gas supply as the driving force for liquid atomization.
118-120

 The 

ease of use and low cost of nebulizers add to the feasibility of scaling up the aerosol 

process for potential commercialization. 
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Figure 4.1 (a) Schematic showing the aerosol process for composite particle synthesis 

and (b) schematic of the reaction in an aerosol droplet. 

(b) 

(a) 
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Figure 4.1b is a representation of the formation process illustrating the “chemistry in 

a droplet” concept of producing the Fe-C composite particles. When the aerosol droplets 

pass through the heating zone, solvent evaporation and dehydration/carbonization of 

sucrose occurs. In addition, precipitation of solidified iron salt is concomitant with the 

dehydration of sucrose, generating a black powder of Fe salt-C composites. To obtain Fe-

C composites, the collected powder is treated with sodium borohydride solution in excess 

to reduce ferrous ion to zero-valent iron. 

4.3.2 Particle Characterization  

Figure 4.2 illustrates the morphology and microstructure of the Fe-C composite 

particles analyzed using scanning and transmission electron microscopy. The composites 

are well- defined microspheres and are typically in the submicron (100 nm to 1000 nm) 

size range (Figures 4.2a and 4.2b). The inset in Figure 4.2a illustrates a single particle 

SEM while Figure 4.2c is a high resolution TEM. The micrographs clearly show a 

distribution of iron nanoparticles on the carbon support. 
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Figure 4.2 (a) SEM (b) TEM and (c) High resolution TEM of Fe-C composite particles 

prepared by the aerosol-based process. The inset in Figure (a) is the single particle SEM 

of the Fe-C composite. 

(a) 

(b) (c) 



75 

 

 

 

4.3.3 Reactivity characteristics  

Figures 4.3a and 4.3b show details of the product evolution for the reactions of 

PCE and TCE with the Fe-C composites. The following are consistent and notable 

aspects of the reaction (i) there is an immediate and sharp decrease in the reactant (PCE 

or TCE) peak upon contact with the Fe-C system (ii) the gas phase final products of 

ethane/ethylene evolve more gradually (iii) intermediates such as the di and mono 

chlorinated compounds are essentially negligible.   The coupling of adsorption to reaction 

is therefore clearly observed and it is our hypothesis that the strongly adsorptive carbon 

sequesters all chlorinated compounds till final reduction to the volatile hydrocarbon 

products such as ethane and ethylene. Thus all chlorinated intermediates generated 

remain adsorbed on the carbons till they are reacted away to the light gases, primarily 

ethane and ethylene, but including a small amount of butane and butene (the other 

product peaks seen in the chromatograph).  

To confirm this aspect of dechlorination of adsorbed intermediates by the Fe-C 

composites, separate batch experiments with DCEs and VC were performed. Reactions of 

the chlorinated ethylenes (PCE, TCE, 1, 2-DCE (a mixture of cis- and trans- 

compounds), 1, 1-DCE and VC) with the Fe-C composite particles are shown in Figures 

4.4 (a-b) and Figures 4.5(a-c). An immediate sharp decrease of the respective chlorinated 

hydrocarbon (PCE, TCE, 1, 2-DCE, 1, 1-DCE or VC) peak is followed by a much slower 

decline in chlorinated ethylenes concentration. The initial sharp decrease is due to 

chlorinated ethylene partitioning from solution to the carbon through strong adsorption. 
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Figure 4.3 Representative headspace analyses using gas chromatography showing (a) 

PCE and (b) TCE degradation and reaction product evolution at various reaction times. 
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Figure 4.4 (a) PCE and (b) TCE removal from solution and gas product evolution rates 

for the Fe-C composites. M/M0 is the fraction of the original chlorinated ethylene 

remaining and P/Pf is the ratio of the gas product peak to the gas product peak at the end 

of reaction. 
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Figure 4.5 Reaction kinetics of the intermediate chlorinated ethylenes (a) 1, 2-DCE, (b) 

1, 1-DCE, and (c) VC.  
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This is an important aspect to the design of these materials as the strong 

adsorption may lead to enhanced reactant concentrations in the vicinity of the reactive 

NZVI sites. The subsequent slow evolution of gas phase dechlorination products 

indicates that the dechlorination of chlorinated ethylene is responsible for the second, 

slower phase in the coupled adsorption+reaction sequence. Since the reaction is the slow 

step in the coupled sequence and therefore the rate controlling step, the overall kinetics of 

the reaction can be deduced by following the evolution of the lumped products.   Table 

4.1 lists the apparent first order rate constant kobs and the mass-normalized reaction rate 

constant, km, based on the mass of zerovalent iron for all chlorinated hydrocarbons studied 

here.  

4.3.4 Adsorption Characteristics 

The adsorptive capacities of the aerosol-based Fe-C composites were compared 

with both humic acid and commercial activated carbon for the chlorinated hydrocarbons, 

PCE, TCE, 1, 2-DCE, 1, 1-DCE, and VC. The results are shown in Figure 4.6. In all 

experiments, 20 mL of a 20 ppm chlorinated ethylene solution and 0.2 g of particles were 

used. Clearly, the adsorption of chlorinated hydrocarbons on the Fe-C particles is higher 

than that of humic acid and comparable to that on commercially available granular and 

irregularly defined activated carbons. The comparison of adsorption capacities are given 

in Table 4.2.  
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Figure 4.6 Comparison of the adsorption capacities of humic acid, Fe-C from the 

aerosol-based process and commercial activated carbon. In all experiments, 20 mL of a 

20 ppm chlorinated ethylene ((a) PCE, (b) TCE, (c) 1, 2-DCE, (d) 1, 1-DCE, and (e) VC) 

solution and 0.2g of particles were used. 

(d) 

(e) 

(b) (a) 
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Chlorinated 

ethylene 

Abbreviation, 

Formula 

kobs (apparent 

reaction 

rate constant) 

(h
-1

) 

km (mass-

normalized 

reaction rate 

constant) (Lh
-1

g
-1

) 

Tetrachloroethylene PCE, C2Cl4 0.895 0.358 

Trichloroethylene TCE, C2HCl3 1.101 0.441 

1, 2-

dichloroethylene 

(mixture of cis- and 

trans-) 

1, 2-DCE, C2H2Cl2 1.145 0.458 

1, 1-

dichloroethylene 

1, 1-DCE, C2H2Cl2 1.328 0.531 

Vinyl chloride VC, C2H3Cl 2.4709 0.988 

 

Table 4.1 Reaction rate constants for reduction of the various chlorinated ethylenes using 

the aerosol-based Fe-C composite particles. 
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The implication of the strong adsorption on the aerosol-based carbon is the ability 

to establish a driving force for chlorinated hydrocarbons to desorb from natural organic 

matter and partition to the carbon containing NZVI, as a result of reactant depletion 

(through reaction) at the Fe-C sites. The establishment of this adsorption-reaction 

mechanism is expected to enhance the effectiveness of remediation. 

We have calculated the partition coefficient for the adsorption of each chlorinated 

hydrocarbon on the  Fe-C composites using the comprehensive definition of 
71

:  
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Where      
    is the concentration of the respective chlorinated hydrocarbon (PCE, 

TCE, 1,2 DCE, 1,1-DCE and/or VC) on the adsorbent (mol/L),      
      is the 

concentration of chlorinated hydrocarbon in the water phase (mol/L),      
    is the 

concentration of chlorinated hydrocarbon in the headspace (mol/L),      and         are 

the volumes of the headspace and water, respectively (L),      is the mass of the 

adsorbent (g),      is the density of the adsorbent (g/L). The subscripts ref and ads refer 

to the system without and with the adsorbent.   
     

is the Henry’s law constant for the 

respective chlorinated hydrocarbon partitioning in water, with a value of 0.723 for PCE, 

0.392 for TCE, 0.167 for cis – 1,2-DCE, 0.384 for trans – 1, 2-DCE and 1.137 for VC at 

24.8
0
C 

121
.   
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Chlorinated 

ethylene 

Adsorption capacity (%) 

Humic acid Aerosol Fe-C Commercial activated 

carbon 

Tetrachloroethylene 35 80 >90 

Trichloroethylene 30 85 >95 

1, 2-dichloroethylene 

(mixture of cis- and 

trans-) 

<10 90 >95 

1, 1-dichloroethylene <10 95 >95 

Vinyl chloride <5 45 <85 

 

Table 4.2 Comparison of adsorption capacities of the aerosol-based Fe-C composites 

with humic acid and commercial activated carbon. In all experiments, 20 mL of a 20 ppm 

chlorinated ethylene ((a) PCE, (b) TCE, (c) 1, 2-DCE, (d) 1, 1-DCE, and (e) VC) solution 

and 0.2g of particles were used. 
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The calculated partition coefficients for the chlorinated hydrocarbons on Fe-C 

composite particles are listed in Table 3. The results clearly indicate a high degree of 

chlorinated hydrocarbons adsorption on the Fe-C composite microspheres compared to 

various stabilizers used for preventing NZVI particles aggregation 
71

. From the results 

presented in Table 3, the calculated partition coefficient for TCE adsorption on Fe-C 

composite microspheres (Kp=1897) is 22 fold higher than that for TCE adsorption on 

humic acid  (Kp=85) and 126 fold higher than that for TCE adsorption on CMC 

(Kp=14.5) 
64, 71, 93, 112

. 
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Chlorinated ethylene Partition coefficient (Kp) 

Aerosol Fe-C 

Tetrachloroethylene 898 

Trichloroethylene 1897 

cis- 1, 2-dichloroethylene  5927 

trans- 1, 2-dichloroethylene 3057 

1, 1-dichloroethylene 4536 

Vinyl chloride 145 

 

Table 4.3 Calculated partition coefficient of chlorinated hydrocarbons adsorption on the 

aerosol-based Fe-C composite particles. 
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4.4 Summary 

The present study is an extension of our earlier work describing the facile 

synthesis of Fe-C composite microspheres that are effective in the reductive 

dechlorination of TCE. The earlier work demonstrated an undetectable amount of 

intermediate release during the reductive process implying that the intermediates were 

strongly adsorbed on the carbon matrix. This work proves that the hypothesis is accurate, 

and that all chlorinated ethylenes are strongly adsorbed on the carbon matrix till final 

reduction to gas phase hydrocarbons. The results indicate the applicability of the Fe-C 

composite for reductive dechlorination and we list some of the advantages of such 

systems. (1) Aggregation of NZVI is inhibited by means of immobilization on the surface 

of carbon microspheres. In a sense, this immobilization also negates the deleterious 

implications of the environmental impact of nanomaterials as the nanoscale iron is 

strongly entrapped in a submicron matrix of carbon.(2) The Fe-C composite microspheres 

have strong adsorption characteristics, thereby significantly and rapidly reducing the 

dissolved chlorinated solvent concentration. (3) The highly adsorptive carbon prevents 

the release of any toxic chlorinated intermediates. (4) The aerosol-based process would 

be a promising approach to prepare adsorptive-reactive particulate systems for the in situ 

remediation of soil and groundwater DNAPL contaminants as the process is very simple 

and can be scaled up (due to its semi-continuous nature). Finally the Fe-C composite 

microspheres are prepared from inexpensive precursor materials (sugar and iron chloride 

in water). 
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Chapter 5 

Carbon Supported Palladium Nanoparticles prepared through a facile Aerosol-

Based Process for the Catalytic Hydrodechlorination of Trichloroethylene 

5.1 Introduction 

Trichloroethylene (TCE) is one of the most prevalent organic pollutants in 

groundwater and its contamination has been a significant environmental problem in the 

United States for decades.
3, 5, 122

 Catalytic hydrodechlorination is a promising method for 

the complete reduction of chlorinated compounds and is a well-established technique 

towards the environmental remediation of contaminated water.
58, 123, 124

 

Hydrodechlorination is the process of converting chlorinated molecules to non-

chlorinated ones by replacement of chlorine by hydrogen. The noble metal palladium 

(Pd) is a very effective catalyst and has been extensively used in the hydrodechlorination 

reactions as it is very active under ambient temperature and pressure.
58, 122, 125

 The 

catalyst Pd in the presence of hydrogen gas completely converts chlorinated solvents such 

as TCE into ethane.
58, 125

 Hydrodechlorination process is very promising for ex situ 

remediation of contaminanted water.  

The catalytic activity of Pd particles is greatly enhanced when they are prepared 

in nanoscale due to increase in surface area and the availability of more active sites. But 

Pd nanoparticles are thermodynamically unstable in solution and are difficult to separate 

from the aqueous phase and hence are used with a suitable support. Activated carbon and 
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alumina are the two most widely used supports for Pd nanoparticles.
17, 58, 122, 124, 

125
 The typical preparation of supported Pd nanoparticles uses multi-step processes such 

as incipient wetness method.
126

 These methods lack the advantage of scale-up as it 

involves not only multi-steps but also uses expensive and harmful chemicals for reducing 

palladium salts to zero-valent palladium. One other significant challenge with these muti-

step processes is the uniform distribution of Pd particles in nanoscale throughout the 

support matrix. We address these problems in this study. Herein, we describe a simple 

one-step process to prepare nanoscale Pd particles distributed on well-defined carbon 

microspheres. We use an aerosol-based process to prepare carbon supported Pd 

nanoparticles for catalytic hydrodechlorination of chlorinated solvents such as TCE.  

5.2 Experimental Section 

5.2.1 Materials  

All chemicals for synthesis were purchased from Sigma-Aldrich and used as 

received: Sucrose (C12H22O11, ACS reagent), Iron (III) chloride hexahydrate 

(FeCl3·6H2O, 97%, ACS reagent), potassium hexachloropalladate (IV) (K2PdCl6, 99%) 

and trichloroethylene. Deionized (DI) water generated with a Barnstead E-pure purifier 

(Barnstead Co., Iowa) to a resistance of approximately 18.2 MΩ was used in all 

experiments. 

5.2.2 Preparation of Palladium-Carbon (Pd-C) composite microspheres 

The aerosol-based process was used to prepare Fe-C composite particles and follows 

the same procedure, described in our earlier work.
93, 113, 114

 In a typical synthesis, 2.0 g of 

sucrose and 0.2 g of K2PdCl6 salt were dissolved in 20 mL of water. To this solution, 0.1 
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g of concentrated H2SO4 was added as a catalyst for dehydration of sugar for 

carbonization reaction. The resulting solution was aged for 15 minutes under stirring to 

mix the solution completely. In the aerosol-based process, the precursor solution was first 

atomized to form aerosol droplets, which were then carried by an inert gas (nitrogen (N2)) 

through a heating zone where solvent evaporation and carbonization occurs. The flow 

rate of the carrier gas was 2.5 L/min and the thermal treatment was carried out in a 120 

cm tube (internal diameter of 4.45 cm) with a furnace length of 38 cm with a superficial 

velocity of 2.7 cm/s and a furnace residence time of 14 seconds. The flow rate of the 

carrier gas was obtained after bubbling the effluent gas through water at room 

temperature, and the superficial velocity calculations are done with flow rate conditions 

at standard temperature and pressure (1 atm, 298K). The temperature of the heating zone 

was held at 400 °C. The heating zone temperature was maintained using a commercial 

tube furnace unit (Type F21100 Tube Furnace, Barnstead International, Dubuque, IA). 

The resulting iron salt-carbon particles were collected over a filter maintained at 100 °C.  

The as-synthesized palladium salt-carbon particles were reduced by H2 at two 

different temperatures (300 °C and 400 °C) at a ramp rate of 10 °C/min for 3 hours to 

obtain palladium-carbon (Pd-C) composite microspheres.  

5.2.3 Characterization and Analysis 

Field emission scanning electron microscopy (SEM, Hitachi S-4800, operated at 

20 kV), transmission electron microscopy (TEM; JEOL 2010, operated at 120 kV 

voltage), were used to characterize particle size and morphology. Energy-dispersive X-

ray spectroscopy (EDS) is used for the elemental analysis and to confirm the presence of 
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palladium in the samples. In analysis, TCE dechlorination effectiveness was tested in 

batch experiments. In details, 0.02 g (20 mg) of the aerosol-based Pd-C was dispersed in 

20 mL of water and placed in a 40 mL reaction vial and sonicated for 5 min. The particle 

suspension is then bubbled with H2 gas for 15 minutes and the reaction vial is capped 

with a Mininert valve. To this vial, 20 µL of a TCE stock solution (20 g/L TCE in 

methanol) was spiked, resulting in an initial TCE concentration of 20 ppm. The reaction 

was monitored through a headspace analysis using the procedures described in our earlier 

work.
64, 112, 113

   

5.3 Results and Discussion 

5.3.1 Chemistry in a droplet  

Figure 5.1a is a schematic of the aerosol reactor illustrating the aerosol-based 

process. A homogenous precursor solution containing sucrose and palladium salt was 

first atomized using an inexpensive commercial nebulizer (Micro Mist Nebulizer, 

Hudson RCI (REF 1883) to form aerosol droplets that undergo a heating and drying step, 

generating submicron particles that are collected on a filter. Nebulizers are the oldest 

form of aerosol generation and require a pressurized gas supply as the driving force for 

liquid atomization 
118-120

. The ease of use and low cost of nebulizers add to the feasibility 

of scaling up the aerosol process for potential commercialization. 

Figure 5.1b is a representation of the formation process illustrating the “chemistry 

in a droplet” concept of producing the Pd-C composites. When the aerosol droplets pass 

through the heating zone, solvent evaporation and dehydration/carbonization of sucrose 

occurs. In addition, precipitation of solidified palladium salt is concomitant with the 
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dehydration of sucrose, generating a black powder of Pd salt-C composites. To obtain Pd-

C composites, the collected powder is treated under flowing H2 at lower temperatures 

(300 °C and 400 °C) to reduce palladium salts to metallic or zero-valent palladium. 
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Figure 5.1 (a) Schematic showing the aerosol process for composite particles preparation 

and (b) schematic of the reaction in an aerosol droplet. 

 

 

(b) 

(a) 
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5.3.2 Particle Characterization  

Figure 5.2 and 5.3 shows the SEM and TEM images of the Pd-C composite 

microspheres prepared at 400 °C aerosolization temperature and H2 reduction  at 300 °C 

and 400 °C, respectively. From Figure 5.2c and 5.3c, the presence of Pd nanoparticles 

with higher electron contrast on carbon microsphere indicates the distribution of nano-Pd 

throughout the surface of carbon microspheres with the size of Pd around 5-10 nm. The 

presence of Pd nanoparticles in the Pd-C composites is further confirmed by the EDS 

analysis (Figure 5.2d and 5.3d). From the SEM (Figure 5.2a and 5.3a) and TEM images 

(Figure 5.2b), the particles are spherical with a size range of 100 – 1000 nm.  
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Figure 5.2 (a) SEM (b) TEM (c) high-resolution TEM of carbon supported palladium 

nanoparticles (Pd-C composite microspheres) prepared using aerosol-based process at 

400 
0
C and H2 reduction at 300 

0
C. (d) EDS spectrum of the Pd-C composites confirming 

the presence of palladium.  

 

 

 

 

 

 

 

(a) 

(c) 

(b) 

(d) 
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Figure 5.3 (a) SEM (b) single particle SEM (c) high-resolution TEM of carbon supported 

palladium nanoparticles (Pd-C composite microspheres) prepared using aerosol-based 

process at 400 
0
C and H2 reduction at 400 

0
C. (d) EDS spectrum of the Pd-C composites 

confirming the presence of palladium. 

 

 

 

 

 

(a) (b) 

(c) 

(d) 
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5.3.3 Reaction characteristics 

The reaction kinetics of TCE in the presence of Pd-C particles is shown in Figure 

5.4. Figure 5.4 is the kinetic plot for TCE with Pd-C particles reduced by H2 at 300 °C. 

From Figure 5.4, we can observe an immediate sharp reduction of the TCE peak followed 

by a much slower decline in TCE concentrations. This sharp reduction is not due to 

reaction but to TCE adsorption on the carbon, as the product generation follows a much 

slower rate. The subsequent slow evolution of gas phase TCE dechlorination products 

indicates that dechlorination of TCE is responsible for the second, slower phase in the 

combined adsorption+reaction sequence. Assuming that dechlorination of TCE is rate 

controlling for the second step, it is possible to calculate a pseudo-first order rate constant 

for TCE dechlorination from the evolution rate of gas phase products. The mass 

normalized rate constant for the Pd-C composite particles (H2 reduction temperature is 

300 °C), km is 0.788 Lg
-1

h
-1

.  

In the case of Pd-C particles prepared at 400 °C reduction temperature, the 

particles are highly active and complete conversion of TCE to product ethane is achieved 

in less than 30 minutes (result not shown here). The reaction of TCE conversion to the 

product ethane is 30 times faster with the increase of H2 reduction temperature from 300 

°C to 400 °C. Although the conversion is slow for the system reduced at 300 °C, it is 

interesting to note that dissolved concentration of TCE is significantly reduced as soon as 

the particles are added. This is the advantage of using carbon-based system as it has 

adsorption which is not the case with other supports such as alumina. This is significant 

for the systems that have low catalytic activity. Because of the adsorption characteristic, 

carbons can not only reduce dissolved concentration but also enhance reaction kinetics by 
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increasing local concentrations of contaminants at the reactive catalytic sites. Hence this 

study demonstrates that adsorption can play an important role for the catalytic 

hydrodechlorination of chlorinated hydrocarbons and carbons would be better supports 

for Pd nanoparticles compared to other supports or stabilizers. 
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Figure 5.4 TCE removals from solution and gas product evolution rates for Pd-C 

particles (aerosol-based process at 400 °C and H2 reduction at 300 °C). M/M0 is the 

original TCE remaining, and P/Pf is the ration of gas product peak to the gas product 

peak at the end of 5 h.   
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5.4 Summary 

In summary, nanoscale Pd particles supported on carbon microspheres are prepared 

using an aerosol-based process followed by H2 reduction at lower temperatures. Although 

the actual preparation is a two-step process, the distribution of Pd species (salts) in 

nanoscale on carbon microspheres is achieved using the one-step aerosol-based process. 

The subsequent H2 reduction converts the Pd-salts to metallic Pd particles. Nevertheless, 

aerosol-based process is a promising method for the synthesis of supported Pd 

nanoparticles due to its simplicity and its potential for scale-up. The materials prepared 

are highly active and demonstrated excellent reaction characteristics for the catalytic 

hydrodechlorination of TCE. The advantage of carbon-based system is its adsorption, 

which significantly reduces the bulk concentration of organic contaminants such as TCE. 
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Chapter 6 

Conclusions and Future work 

In this research, adsorptive-reactive composite microparticulate systems within 

the size range of 100 – 1000 nm were developed for the simultaneous adsorption and 

reduction of chlorinated hydrocarbons such as trichloroethylene (TCE). This work 

demonstrated two different approaches to prepare functional nanocomposites of 

zerovalent iron supported onto carbon microspheres. Both the iron-carbon composite 

microparticulate systems developed in this work have the requisite properties of reaction, 

adsorption, and transport which make them attractive and suitable for the in situ 

remediation technology.   

 The first study illustrates that the reduction of precursor iron salts to zerovalent 

iron does not necessarily take place through addition of a reductant such as sodium 

borohydride. Instead, reduction can occur through the carbothermal step to generate 

NZVI and generate porous adsorptive carbons. These Fe-C composite microspheres are 

highly uniform and monodisperse with particle size around 500 nm. The Fe-C composite 

microspheres prepared in the second study are polydisperse with particle size range of 

100 – 1000 nm. The novelty of this study is the demonstration of the ability of the 

aerosol-based process in selectively controlling the placement of iron nanoparticles from 

the external surface of carbon microsphere to the interior.  
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The aerosol-based is used to synthesize carbon-supported palladium (Pd) 

nanoparticles for catalytic hydrodechlorination of trichloroethylene. The materials 

prepared are highly active and demonstrated excellent reaction characteristics.  

In summary, the iron-carbon composite materials prepared in this research are 

very effective towards the simultaneous adsorption and reaction of the chlorinated 

hydrocarbon contaminants such as trichloroethylene (TCE). They are in the optimal size 

range for optimal transport through the subsurface and these composite materials are 

environmentally benign. Finally, the iron-carbon composite particles prepared through 

the aerosol-based process can be used for the in situ remediation technology as the 

process is conductive to scale-up and the materials are environmentally benign. The 

aerosol-based process is also very promising for the preparation of supported Pd 

nanoparticles for ex situ remediation of contaminated water.   

The findings in this research suggest the following directions for future work:   

The simple preparation method of aerosol-based process to develop carbon 

supported iron nanoparticles can be applied to prepare other carbon supported catalyst 

materials such as supported bimetallic nanoparticles. The fact that the aerosol-based 

process is amenable to scale-up is very encouraging in exploring the application of this 

process in preparing various carbon supported catalytic materials for environmental 

remediation and heterogeneous catalysis applications. Initial results in this direction are 

very encouraging and are discussed below.  

The preliminary results of the carbon supported nanoscale iron-nickel bimetallic 

particles (Fe-Ni/C composite microspheres) prepared using the aerosol-based process is 



102 

 

 

 

shown in Figure 6.1. The preparation process is similar to the preparation of iron-carbon 

composite microspheres described in chapter 4, but with the addition of nickel salt to the 

precursor materials. Briefly, a homogeneous precursor solution containing 6g sucrose, 4g 

FeCl3·6H2O and 0.34g NiCl2.6H2O  in 30mL of water was first atomized to form aerosol 

droplets, which were then carried by an inert gas (nitrogen (N2)) through a heating zone 

where solvent evaporation and carbonization occurs. The weight ratio of nickel is 10% 

relative to iron in the precursor solution. The temperature of the heating zone was held at 

700 °C. The resulting iron-nickel salt-carbon particles were collected over a filter 

maintained at 100 °C. The as-synthesized iron-nickel salt-carbon particles were reduced 

through liquid phase NaBH4 reduction to obtain Fe-Ni/C composite particles. Figure 6.1a 

and 6.1b are the SEM and TEM micrographs of Fe-Ni/C composite particles. The 

particles are well-defined microspheres (SEM - Figure 6.1a) and the presence of 

bimetallic Fe-Ni nanoparticles with higher electron contrast can be seen in the Figure 

6.1b (TEM). These Fe-Ni/C composite microspheres were tested towards the reductive 

dechlorination of TCE in batch experiments with an initial TCE concentration of 20 ppm 

and 0.2g Fe-Ni/C composite particles. The reaction was monitored through headspace 

analysis using the procedures described in earlier chapters (chapters 2-4). The reaction 

kinetics of TCE in the presence of Fe-Ni/C composite microspheres is shown in Figure 

6.1c. These iron-nickel bimetallic particles supported on carbon microspheres show a 

rapid adsorption and reaction with complete conversion of TCE to product achieved in 8 

hours. The mass normalized rate constant, km is 0.116 Lg
-1

h
-1

. 

These initial results of carbon supported bimetallic nanoparticles (Fe-Ni/C) are 

very encouraging in fully exploring these systems towards the remediation of DNAPL 
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contaminants. Systematic and detailed experiments are needed to completely understand 

these systems and develop a new class of adsorptive-reactive particulate systems for 

environmental remediation applications.  

One other very important research direction in the future would be to apply the 

iron-carbon composite systems developed in this research towards the remediation of 

other class of groundwater contaminants such as polychlorinated biphenyls (PCBs), metal 

ions including hexavalent chromium (Cr (VI)) and arsenic (As (V)).  
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Figure 6.1 (a) SEM (b) TEM of carbon supported nanoscale Fe-Ni bimetallic particles 

(Fe-Ni/C) prepared using aerosol-based process at 700 
0
C. (c) TCE removal from 

solution and gas product evolution rates for Fe-Ni/C composite particles. M/M0 is the 

fraction of the original chlorinated ethene remaining and P/Pf is the ratio of the gas 

product peak to the gas product peak at the end of 12 h. 
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Appendix 

Adsorption Effect of Carbons on the Catalytic Hydrodechlorination of 

Trichloroethylene  

1. Introduction 

In this study, adsorption effect of carbons on the catalytic hydrodechlorination of 

trichloroethylene (TCE) using commercially available supported palladium (Pd) particles 

is investigated. The commercial systems selected in this study are palladium supported on 

activated carbon (Pd/AC) and palladium supported on alumina (Pd/Al). The amount of 

Pd on both of these supports is 1 wt% relative to the respective support weight. 

Commercially available activated carbon (AC) is added separately in systematic amounts 

to the suspensions of Pd/AC and Pd/Alumina to study the effect of carbon adsorption on 

the conversion of TCE to ethane during the catalytic hydrodechlorination reaction.
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2. Experimental section 

2.1.Materials 

All chemicals for reaction kinetics were purchased from Sigma-Aldrich and used 

as received: 1 wt% palladium supported on activated carbon (1% Pd/AC, ACS reagent), 1 

wt% palladium supported on alumina (1% Pd/Al, ACS reagent), Activated carbon (AC, 

97%, ACS reagent), and trichloroethylene. Hydrogen (H2) gas used to saturate the 

particle suspension is purchased from Airgas. Deionized (DI) water generated with a 

Barnstead E-pure purifier (Barnstead Co., Iowa) to a resistance of approximately 18.2 

MΩ was used in all experiments. 

2.2.Characterization and Analysis 

Field emission scanning electron microscopy (SEM, Hitachi S-4800, operated at 

20 kV), transmission electron microscopy (TEM; JEOL 2010, operated at 120 kV 

voltage), were used to characterize particle size and morphology. Energy-dispersive X-

ray spectroscopy (EDS) is used for the elemental analysis and to confirm the presence of 

palladium in the samples. In analysis, TCE dechlorination effectiveness was tested in 

batch experiments. In details, 0.2 mg of the commercial supported catalytic material 

(Pd/AC or Pd/Al) is first dispersed in 20 mL of water and sonicated for 5 minutes. To this 

desired amount of activated carbon (1.8 mg or 9.8 mg) is added (in the systems where 

extra activated carbon is added to see the adsorption effect on the reaction) and sonicated 

for 15 minutes. The particle suspension is then bubbled with H2 gas for 15 minutes and 

the reaction vial is capped with a Mininert valve. To this vial, 20 µL of a TCE stock 

solution (20 g/L TCE in methanol) is spiked, resulting in an initial TCE concentration of 
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20 ppm. The reaction was monitored through a headspace analysis using the procedures 

described in our earlier work.
64, 112, 113

 

3. Results 

The results (morphology, microstructure, elemental analysis and reaction kinetics) of 

this study are presented/shown in Figures (B.1 to B.8) and Table B.1. From the SEM and 

TEM images, the commercial Pd/AC and Pd/Al particles have irregular morphology and 

the EDS analysis confirms the presence of palladium in the samples.  Figures B.5 to B.8 

shows the reaction kinetics of TCE with the supported Pd particles (Pd/AC and Pd/Al) 

along with added activated carbon to the Pd/AC and Pd/Al systems. The reaction kinetics 

in this study illustrates that the extra activated carbon reduces the dissolved TCE 

concentration dramatically by means of adsorption. But more importantly, the adsorbed 

TCE desorbs from the activated carbon sites to the catalyst (Pd) sites to get reduced to the 

product ethane as the reaction proceeds. The mass normalized rate constants for the 

systems studied here are given in Table B.1.  
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Figure B.1 (a) SEM and (b) high-resolution SEM of commercial palladium on activated 

carbon (Pd/AC) material. 

(a) 

(b) 
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Figure B.2 (a) TEM and (b) high-resolution TEM of the commercial palladium on 

activated carbon (Pd/AC) material. (c) The EDS spectrum of the commercial Pd/AC 

confirming the presence of palladium. 

(a) (b) 

(c) 
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Figure B.3 (a) SEM and (b) high-resolution SEM of commercial palladium on alumina 

(Pd/Al) material. 

 

 

 

(a) 

(b) 
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Figure B.4 (a) TEM and (b) high-resolution TEM of the commercial palladium on 

alumina (Pd/Al) material. (c) The EDS spectrum of the commercial Pd/Al material 

confirming the presence of palladium. 

 

(a) 

(b) 

(c) 
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Figure B.5 TCE removal from solution Pd/AC systems with separate addition of 

activated carbon. M/M0 is the original TCE remaining in the system. 
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Figure B.6 Gas product evolution for Pd/AC systems with separate addition of activated 

carbon. P/Pf is the ration of gas product peak to the gas product peak at the end of the 

reaction.  
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Figure B.7 TCE removal from solution Pd/Al systems with separate addition of activated 

carbon. M/M0 is the original TCE remaining in the system. 
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Figure B.8 Gas product evolution for Pd/Al systems with separate addition of activated 

carbon. P/Pf is the ration of gas product peak to the gas product peak at the end of the 

reaction.  
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Sample Mass-normalized rate 

constant (Lgpd
-1

min
-1

) 

0.2 mg Pd/AC 328.8 

1.8mg AC+0.2 mg Pd/AC 332.6 

9.8mg AC+0.2 mg Pd/AC 39.8 

0.2 mg Pd/Alumina 20.7 

1.8mg AC+0.2 mg Pd/Alumina 22.01 

9.8mg AC+0.2 mg Pd/Alumina 24.02 

 

Table B.1 Reaction rate constants for the reduction of trichloroethylene (TCE) using the 

commercial Pd/AC and Pd/Al systems with separate addition of activated carbon to the 

particle suspensions.  
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