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Abstract 
Chlorinated organic compounds are released to the environment as a result of production, use 

and inefficient handling of these compounds. Such compounds are highly stable, toxic toward 

living organisms including humans and causes cancer and other disorders. Trichloroethylene 

(TCE), a representative of chlorinated organic compounds is largely used in various industries 

and its release impacts adversely on environment. To control its damaging effects, removal and 

decomposition of TCE is highly desirable.  

The current study is focused on synthesis of novel Iron loaded spherical mesoporous silica 

particles (SMSPs) and its application as adsorbent for dechlorination of TCE. The silica was 

synthesized using modified Stöber’s method at varying temperatures (20-70 °C) to study its 

effect on the size and porosity of the synthesized particles. Loading of iron into silica follows 

two routes to carry out pre and post modification of mesoporous silica particles through sol gel 

and reduction process. During the synthesis, ratio of silica to Iron is varied from 1:10 to 1:5 to 

study its impact on loaded iron and porosity of the Iron loaded spherical mesoporous silica 

particles (Fe-SMSPs). The synthesized particles were characterized using a range of techniques 

including fourier transformed Infrared spectroscopy (FTIR), raman spectroscopy, Energy 

dispersive X-ray spectroscopy (EDX), dcanning electron microscopy (SEM), transmission 

electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction 

(XRD) and BET surface area measurement. The results show that synthesized SMSPs have 

mean diameter of 627±140 nm at room temperature and decreases to 408±156 nm at 60 °C. 

SMSPs also exhibited high BET surface area (627 m2/g) that determines its high efficiency for 

uptake of iron into the mesoporous structure. However, loss of spherical structure is also 

witnessed on increasing silica to iron ratio (1:3) during synthesis.   



xvi 

Series of batch experiments were carried out to test dechlorination efficiency of the synthesized 

Fe-SMSPs against TCE. HPLC data indicated rapid decrease and removal of 25 ppm TCE in 

two hours at room temperature. Mass spectrometry revealed formation of hydrocarbons as 

dechlorination products.   

The present research concludes that the synthesized Fe-SMSPs have a promising potential to 

be used for dechlorination of TCE contaminated water. This has special preference for 

underground water treatment. Future prospects determine applicability of these materials for 

dechlorination of other chlorinated organic compounds than TCE.  
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Chapter 1 - Preamble  

 
1.1 Problem Statement 

Environmental pollution is the release or introduction of contaminants to the compartments of 

environment, which either causes discomfort or harm to living organisms and humans, or cause 

damage to the environment. This pollution can be in the form of chemicals, materials, noise, 

light or heat. Although some of these pollutants occur naturally, in that case these are 

considered harmful if present above natural levels (Kampa & Castanas, 2008).  

Environmental pollution begun when humans started using fire in pre-historic times (Hong, 

Candelone, Patterson, & Boutron, 1996). But in the last two hundred years, world witnessed 

an enormous development owed to industrial activities. Due to this industrial growth, several 

long standing problems of humans were solved, including transportation, food storage and 

energy for house hold and industrial activities (Candelone, Hong, Pellone, & Boutron, 1995). 

This then, led to population explosion, and world’s human population rose from 1 billion to 

7 billion in just two hundred years. To meet the demands of population (Holdren & Ehrlich, 

1974) growth, industrial activities increased. 

As a result of human activities, today most of the substances are released to the environment. 

These can be combustion products from fuels, industrial chemicals, pesticides and packaging. 

Even livestock results in release of large amounts of greenhouse gases. The release of such 

enormous amount of substances into the environment deteriorates its quality and the damage 

is not reversible in most of the cases (Seinfeld & Pandis, 2016). Therefore serious and 

immediate coordinated efforts are required at global scale to address environmental challenges 

(Lutsey & Sperling, 2008). 

Chlorinated organic compounds are global pollutants and includes a wide variety of 

compounds and includes chlorinated solvents (PCE and TCE), industrial chemicals (PVCs and 

PCBs), pesticides (DDT, dieldrin and chlordane etc.), and by-products from combustion 

(furans and dioxins) and manufacturing processes (Jones & De Voogt, 1999; Muir & Howard, 

2006). Majority of these compounds are stable and tend to accumulate in plants and animals 

(El-Shahawi, Hamza, Bashammakh, & Al-Saggaf, 2010; Simonich & Hites, 1995). In general, 
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at low doses chlorinated organic compounds can cause endocrine dysfunction, birth defects, 

developmental impairment, infertility, birth dysfunction, immunosuppression and cancer 

(Damstra, 2002; Hardell et al., 2006; Ren et al., 2011). 

Trichloroethylene (TCE) is one of the most widely used chlorinated solvent in metal 

degreasing, extraction, paints, paint removers, dry cleaning and several other industrial 

processes (Bakke, Stewart, & Waters, 2007).  TCE is also found in consumer products (Sack, 

Steele, Hammerstrom, & Remmers, 1992). It is reported that in year 2010, 2.4 million pounds 

of TCE was released in environment in USA alone (Chiu et al., 2013).  Trichloroethylene is 

often detected in air, underground water, surface water and in soil due to inappropriate disposal 

and release during industrial processes (Wu & Schaum, 2000).  

Exposure to TCE occurs most of the times due to drinking contaminated water or breathing 

TCE contaminated air (Jellali, Muntzer, Razakarisoa, & Schäfer, 2001). Exposure to large 

amounts of TCE can cause irritation to throat, eyes and skin, affects nervous system and causes 

damage to lungs and liver (Gist & Burg, 1995). Low birth weight and other birth defects are 

also associated with exposure to TCE during pregnancy (Manson, Murphy, Richdale, & Smith, 

1984). Long term exposure is associated with cancers of prostate, kidneys and liver 

(Wartenberg, Reyner, & Scott, 2000).  

Considering the harmful effects of TCE, an attempt is made in the present investigation to offer 

a material (as adsorbent) that can remove or decompose TCE. Literature reports a number of 

methods for removal and decomposition of TCE. Although some of the methods are very 

effective but treatment of the contaminated soil and water is still a challenge (Misra & Gupta, 

2001). Zero valent iron (ZVI) have gained attention in recent years for in situ decomposition 

of TCE in contaminated soil and water (Shen & Wilson, 2007). Nano zero valent iron has been 

found to be more effective than granular iron but stability of nanoparticles is often limited due 

to formation of agglomerates. To address the stability and agglomeration problem of ZVI, the 

particles are incorporated on silica as support or framework. 

1.2 Research Objectives 

The research presented in this thesis aims at synthesis of nano zero-valent iron (nZVI) and its 

loading on the independently synthesized spherical mesoporous silica particles for 

dechlorination of TCE. The mesoporous structure will not only helps stabilizing nZVI but will 

also serve as adsorbent for adsorbing the chlorinated contaminant and it decomposition 

products.  
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The specific research objectives are as follows: 

1) Synthesis of spherical mesoporous silica particles (SMSPs) and its characterization 

2) Modification of the silica framework to increase the efficiency through incorporation 

or loading of Iron particles onto SMSPs 

3) Demonstration of the synthesized iron loaded SMSPs for dechlorination of 

trichloroethylene 

1.3 Thesis Structure 

This thesis is organized into six chapters. The rationale of developing the synopsis and problem 

statement for present research is chalked out in the preamble note of the thesis given in 

Chapter 1. Following this, a review of synthesis methods along with the complete methodology 

used for synthesis of mesoporous silica and the synthesis of iron loaded SMSPs is described in 

detail in Chapter 2. Chapter 3 highlights the characterization of mesoporous silica particles. It 

also elaborates synthesis of SMSPs at different temperatures and their characterization. In 

Chapter 4, the detailed characterization of iron loaded silica particles is described. Chapter 5 

demonstrates the use of zero valent iron for dechlorination of chlorinated organic compounds 

especially TCE. Chapter 5 contains a short literature review of methods used for dechlorination 

of halogenated organic compounds with special emphasis on zero valent iron based materials 

followed by results on dechlorination of TCE using the synthesized iron loaded SMSPs. 

Chapter 6 is overall conclusion and future work is proposed in it. 
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Chapter 2 - Materials and methods 
 

This chapter covers materials used, method of synthesis for spherical mesoporous silica 

particles (SMSPs), method of synthesis for iron loaded spherical mesoporous silica particles 

(Fe-SMSPs), and experimental conditions of the instruments used for characterization and 

analysis.   

2.1 Materials  

Hexadecyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), ammonium 

hydroxide (29%), ethanol (absolute, anhydrous), ammonia (28-30%), 

iron(III) nitrate nonahydrate, iron(III) chloride hexahydrate, iron(II) chloride tetrahydrate and 

sodium borohydride are procured from Sigma-Aldrich. Deionized water (18.2 MΩ.cm) 

obtained from MilliQ water purification system is used throughout the experimental work. For 

run on HPLC, HPLC grade water is used as eluent.  

Filter membrane 0.22 Nylon 47 mm, vacuum filtration assembly, calcination crucibles with 

lids, serum seal glass vial (50 mL) were obtained from Van Waters and Rogers (VWR).  

 

2.2 Synthesis of spherical mesoporous silica particles (SMSPs) 

The present investigation is an attempt to synthesize spherical mesoporous silica particles 

abbreviated as SMSPs.  Stober’s method (Wu, Mou, & Lin, 2013) is adapted for synthesis with 

modification of keeping concentration of the surfactant (CTAB) below critical micelle 

concentration (CMC) i.e, 9 × 10-3 molL-1. The general scheme of synthesis is outlined below: 
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A round bottom flask (100 mL) was charged with magnetic stirrer, deionized water (7.24 mL), 

ethanol (18.02 mL) and ammonia (2.12 mL). The mixture was stirred for complete dissolution. 

To this solution, 100 mg of CTAB was added followed by dropwise addition of 306 µL of 

TEOS. The mixture was again stirred for 60 minutes at room temperature. For the synthesis of 

SMSPs, molar ratio of the reagents TEOS: CTAB: NH3: C2H5OH: H2O was 1:0.2:19:230:370, 

respectively.  

The transparent solution mixture turned cloudy after 20 minutes of reaction, indicating 

initiation of formation process for silica particles. The solution turned completely white 

towards the end of reaction. The solution was filtered on 47 mm Nylon filter having pore size 

of 0.2 µm using vacuum filtration assembly. The filtered particles were washed repeatedly with 

deionized water (18 MΩ.cm) and absolute ethanol to remove unreacted reactants including 

water. The filtered white powdery product obtained was dried at 70 °C in vacuum oven for 

3 hours. The product was then transferred to alumina crucibles with lid and calcined at 550 °C 

for 05 hours in calcination chamber to ensure complete removal of organic template. The final 

product was weighed and stored in vacuum desiccator till further analysis and characterization. 

The above-mentioned synthesis procedure was repeated at varying temperatures of 20 °C, 

30 °C, 40 °C, 50 °C, 60 °C and 70 °C to determine the effect of temperature on the diameter, 
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surface area and pore size of mesoporous silica particles. The desired temperatures were 

maintained using hot plate and monitored through the thermometer inserted in reaction round 

bottom flask.  

2.3 Synthesis of iron loaded spherical mesoporous silica particles (Fe-SMSPs) 

Two approaches were adapted to introduce iron in the pores of mesoporous silica particles. The 

product obtained was termed as iron loaded spherical mesoporous silica particles (Fe-SMSPs).  

1. In the first approach, incorporation of iron into silica particles was achieved by 

dissolving different amounts of iron (III) nitrate nonahydrate in the sol-gel reaction mixture 

before adding TEOS to the solution. Other steps of synthesis followed the same pattern as 

outlined in general scheme (section 2.2). Fe(NO3)3 decomposes into Fe2O3 during calcination 

process. Theoretical percentage of iron loaded in the synthesized particles (Fe-SMSPs) and 

varying amount of iron (from 0.05 mmol to 2 mmol) used during the synthesis is presented in 

Table 2.1.  

2. In the second approach, pre-calcined SMSPs are suspended in aqueous solution of 

0.5 M Fe (NO3)3.9H2O and 1 M Fe(NO3)3.9H2O, separately. The suspension process follows 

the pre-heating of 100 mg of SMSPs at 60°C and then adding the particles to the solution. The 

mixture was then subjected to ultrasonic bath for 30 minutes. It was expected that pre-heated 

particles allow maximum absorption of iron salt.  

Table 2.1 Amount of Iron added and Iron loaded (theoretical) in SMSPs 

Si/Fe 

(ratio) 

Fe(NO3)3.9H2O (g) 

added  

Fe(NO3)3.9H2O (mmol) 

added   

 

Fe (Atomic %)  

loaded 

(theoretical) 

1:0 0.00 0.00 0.00 

10:1 0.20 0.05 5.29 

1:1 0.30 0.50 8.00 

1:1.5 0.40 0.75 9.98 

1:2 0.50 1.00 12.49 

1:2.5 0.60 1.25 14.23 

1:3 0.80 1.50 15.35 

1:4 1.10 2.00 22.28 
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2.4 Synthesis and reduction of iron nanoparticles  

For the synthesis of iron nanoparticles, 0.36 g of FeCl2.4H2O salt was dissolved in a mixture 

of ethanol: deionized water (4:1 v/v). This was followed by reducing the particles with freshly 

prepared 1 molar sodium borohydride solution inside the ‘Atmos bag’ under nitrogen.  Excess 

NaBH4 was used to ensure complete reduction till no hydrogen gas bubbled out. 

The solution turned black with formation of reduced iron particles. The particles were filtered 

with 47 mm Nylon having 0.2 µm pores using vacuum filtration assembly. The synthesized 

particles were washed with ethanol, dried under vacuum at room temperature and stored in 

desiccator for analysis and further use.  The product was named as nano zero-valent iron 

(nZVI). 

2.5 Reduction of iron loaded SMSPs to ZVI- SMSPs: 

The iron loaded mesoporous silica particles synthesized contained oxidized iron (i.e., 

Fe3+ state). To obtain reduced Fe-SMSPs, the loaded particles were subjected to reduction 

using sodium borohydride (NaBH4). For this purpose, Fe-SMSPs (100 mg) were suspended in 

a mixture of ethanol: water (7:3). To this solution, NaBH4 (1 M) solution obtained (by 

dissolving 3.87 g sodium borohydride in 100 mL water) was added dropwise with continuous 

stirring on shaker. The bubbling of hydrogen gas indicative of reduction started immediately 

and ceased upon completion of reaction. The reduced product known as ZVI-SMSPs particles 

were filtered, washed, dried under vacuum and stored in desiccator till further use.   

2.6 Trichloroethylene dechlorination studies 

A 25 ppm test solution of TCE in water was used to study dechlorination of TCE in water by 

the synthesized iron loaded SMSPs. For this purpose, a stock solution of TCE 10000 ppm was 

prepared in methanol by dissolving 100 mg of TCE in 10 mL of methanol. This 10000 ppm 

solution was diluted in water to obtain 625 ppm of TCE in water.  For dechlorination Fe-SMSPs 

synthesized in a 0.50 mmol solution of Fe(NO3)3 were employed 

2.6.1 Batch experiments  

Batch experiments for dechlorination of TCE were conducted in 50 mL serum bottles. 100 mg 

of the reduced ZVI-SMSPs were suspended in 48 mL of deionized water. 2 mL of 625 ppm 

was then added to the vial, resulting in 25 ppm TCE solution in the reaction mixture. The flask 

was then sealed with Teflon miniinerts and placed on shaker (40 rpm) at room temperature.  
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Samples were drawn (2 mL) at 0 min, 20 min, 40 min, 60 min, 80 min, 100 min and 120 min 

using syringe and filtered through 0.22 µm nylon syringe filters into vials. For HPLC analysis 

the samples were used as such while for mass spectrometry the samples were extracted in 2 mL 

of n-hexane. The vials were then shaken for 15 min, for extraction of organic compounds into 

n-hexane. The hexane was then separated using separation funnel and stored in air-tight vials 

for further analysis with mass-spectrometer. 

2.7 Experimental conditions and instrumentation 

The synthesis of silica based materials carried out in the present research work is subjected to 

a series of characterization techniques. A number of standardized analytical techniques were 

employed and based on the characteristics features of the synthesized materials; each 

instrument was adjusted to certain conditions. The technique, description of the instrument and 

employed experimental conditions are as follows: 

2.7.1 ATR-FTIR spectroscopy 

Fourier transformed infrared (FTIR) spectroscopy is the most common tool used to characterize 

functional groups and bonds present in a material. It makes use of the fact that chemical bonds 

vibrate with a frequency similar to Infrared region of the electromagnetic spectrum. 

Characterization of the materials is based on absorption pattern of IR waves by the target 

material. ATR is an accessory of total internal reflectance from a material (commonly a 

diamond window) resulting in evanescent wave. The sample in contact with the window 

absorbs the evanescent waves that incident on the sample and penetrate only up to few 

micrometres (2 µm in case of diamond). The reflection of total internally reflected beam from 

the crystal falls on detector and IR absorption spectrum is recorded (Burkett, Sims, & Mann, 

1996; Nakamura & Frei, 2006).  

The ATR-FTIR spectra for the present investigation were recorded on Thermo Nicolet Nexus 

670 FTIR with a ATR sampling accessory and diamond window, with wavenumber from 

4000-400 cm-1.  For all samples, 16 scans were run for each spectrum with air as background 

medium. Powdered samples of SMSPs and Fe-SMSPs were placed directly on the diamond 

window for spectra recording. ATR-FTIR data obtained was analysed on ‘OMNIC software’ 

of Thermo Fisher. 
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2.7.2 Raman spectroscopy 

Raman spectroscopy is another tool to study vibrational modes and functional groups in 

materials. It is based on inelastic scattering of light (in the form of laser, visible, near infrared 

or near ultraviolet) from a material. The Raman shifts of the scattered light give information of 

atoms and their arrangement in the material. The bands are observed at same position as in 

FTIR, but intensity is increased by many folds. Further, few new bands may also appear in 

Raman spectra due to different selection rules. Direct introduction of sample (usually no 

sample preparation) and insensitivity towards moisture (water does not show peak in Raman 

spectrum) have made Raman spectroscopy a preferred tool to study materials.  

For the present investigation, Raman spectra were recorded on Renishaw RM1000 Raman 

Microprobe working in Raman shift range of 200-1200 cm-1 and equipped with 785 nm solid 

state diode laser. The samples were introduced into Leitz microscope attachment with x50 

objective lens. GRAM32 (software of Thermo Scientific) and OMNIC (software of Thermo 

Fisher Scientific) was used for data acquisition and data processing.  

2.7.3 Scanning electron microscopy (SEM) 

In scanning electron microscopy, surface of the sample scanned with a beam of electron in 

raster mode and recorded on a detector to make image in grey scale. The electrons are 

accelerated toward sample using high voltage, Electrons (depending on energy) are reflected 

toward detector with and without interaction with the sample. These reflected electrons can 

also provide information about the composition of the sample (commonly referred as energy 

dispersive X-ray spectroscopy and termed as EDX or EDS).  In comparison to conventional 

microscope that has lower contrast and low resolution, SEM allows sharp images with high 

magnifications. Direct observation of topography (Lawes, 1987) and 3D images of samples is 

also possible with SEM.  

The accelerating voltage, aperture size of the electron beam and vacuum are important 

parameters in order to obtain a high quality image on SEM. Since electrons bombardment on 

the sample results in accumulation of charge thus conducting samples are best observed. 

Non-conducting samples, on the other hand, give distorted images. This limitation is often 

overcome by coating the sample surface with a very thin layer of gold, platinum or carbon.  

The SEM images presented in this thesis were recorded using Hitachi SU-70 Analytical UHR 

FEG-SEM equipped with EDX to determine elemental composition of the sample surfaces. 
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The samples were prepared by dispersing in ethanol and dispensed on double sided carbon tape 

mounted on aluminium studs. The sample particles were coated with a layer of carbon, after   

evaporating ethanol.  

2.7.4 Transmission electron microscopy (TEM) 

Transmission electron microscope (TEM) makes use of high energy electrons beam (usually 

50-100 kV) that deflects through a sample mounted on a grid. The amount of deflection and 

intensity of the deflected beam is detected on detector to reconstruct a high resolution image. 

TEM is accepted as a powerful tool for recording images of materials structure at or near atomic 

scale (William and Carter, 1996).  

To record TEM images of the synthesized samples, the powder was suspended in ethanol and 

sonicated for even dispersal. The material was mounted on copper grid (Agar Scientific) and 

ethanol was evaporated, leaving behind only the synthesized particles.  

In the present investigation, grid mounted in a JOEL JEM-2100F field emission gun 

transmission electron microscope (FEG-TEM) was used. High coherence electron beam and 

high brightness of the instrument made it possible to record images of high spatial resolution.  

2.7.5 X-ray diffraction 

X-ray diffraction (XRD) is non-destructive (Suryanaryana, 1998) technique to determine 

arrangement of atoms in solids through diffraction of X-rays from layers of atomic structure. 

As a result, diffraction pattern based on spacing between the atoms is observed and is used to 

re-construct atomic arrangement in the material (Nuffield, 1996). XRD can be recorded for 

powder (polycrystalline) or single crystals (Giacovazzo, 1992; Ladd and Palmer 1985). 

Powder XRD (Philips PW-1830) equipped with Cu anode was used for recoding diffraction 

pattern of the samples synthesized. Each sample was loaded in a cavity of an alumina holder 

and scanned for 2θ angles between 10° - 80°.  

2.7.6 X-ray photoelectron spectrometry (XPS) 

X-Ray photoelectron spectroscopy (XPS) is a highly sensitive technique used to determine 

elemental composition of a sample surface usually a few atomic layers closer to the surface 

i.e., about 5 nm. The surface of the sample is irradiated with X-Rays (usually aluminium K-

alpha is used as X-ray source) under high vacuum (typically < 10-9 millibar). Due to interaction 

of materials surface with X-rays, number of electrons and kinetic energy is measured as they 
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escape from the surface. The energy of the electron provides information about the elements 

present. In XPS spectrum is plotted for electron count versus kinetic energy. Each element 

emits electron of a particular energy/energies, and intensity of the peak provides quantitative 

information about that element.  

The XPS spectra presented in this thesis were recorded on Kratos AXIS 165 spectrometer 

having hemispherical analyser (165 mm diameter) and eight channel detection system. The 

system offered high sensitivity and better energy resolution. It also had capability of charge 

neutralization for analysing insulating materials. 

2.7.7 BET surface area analysis 

Brunauer-Emmett-Teller (BET) theory is based on the physical adsorption of gases on solid 

surfaces (Zheng, Pang, Qiu, & Wei, 2000). BET extends the adsorption onto multilayers rather 

than monolayer adsorption as proposed in Langmuir model. The BET equation (Do, 1998) is 

given below: 

𝑝𝑝
𝑞𝑞(𝑝𝑝𝑠𝑠 − 𝑝𝑝) =

1
𝑞𝑞𝑚𝑚𝑐𝑐

+
𝑐𝑐 − 1
𝑞𝑞𝑚𝑚𝑐𝑐

�
𝑝𝑝
𝑝𝑝𝑠𝑠
� 

Where p and ps are defined as equilibrium saturation pressure of the gases being adsorbed, c is 

BET constant, qm is the quantity of gas adsorbed in a monolayer and q is total adsorbed 

quantity.  

The surface area of the synthesized materials in the present study was determined through N2 

adsorption-desorption isotherm at 77 K and P/P0 of 0.05-0.3 using Micrometrics ASAP 2020 

porosimetric test station. For this purpose, each sample was degassed thoroughly for 3 hours 

prior to measurement. Pore volume was determined by P/P0 from the isotherm linear plot. 

2.7.8 High performance liquid chromatography (HPLC) 

HPLC is used for separation and quantification of compounds from a liquid mixture. HPLC 

works on the principle of column chromatography i.e., affinity of the compound being 

separated for the stationary phase under applied pressure. It allows use of stationary phase with 

very high surface area and analysis is completed in very short time, thus improving 

performance. In this technique, a mixture of compounds is dissolved in a suitable solvent and 

injected into the HPLC column which separates the mixture as it passes through a UV-Vis 

detector. A plot of time versus absorption gives characteristic peak for each compound at 

specific retention time.   
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For high precision, HPLC instruments are equipped with pumping and injection systems, auto 

sampler and sensitive UV-Vis diode array detectors. The use of system is very simple and 

provides high quality analysis (Snyder, Kirkland et al. 2012). 

In this study, HPLC (Shimadzu, Japan) fitted with a symmetric reverse phase C-18 (250 mm x 

4. 6mm) column and UV-Vis detector at 210 nm was used for degradation of trichlorethylene 

(TCE) is batch mode as a function of time.  The mobile phase comprised of gradient mixture 

of acetonitrile and water initially at ratio of (10 %:90 %) for 1 minute, (40%:60%) for next 3 

minutes, and (95%:05%) for next 4 minutes. Initial conditions were then restored between 8-10 

minutes.   

Calibration curves were constructed between peak area and concentration of the compound. 

The concentration of dechlorinated TCE was calculated from the calibration curve.  

Upon phase separation, the extract was analysed for TCE using GC/MS QP 5050 A model, 

Schimadzo Lab Scale Series 17A. Control experiments without the addition of Nano particles 

were carried out in parallel. All the experimental points were duplicated 

2.7.9 Mass spectrometry 

In Mass spectrometers, injected chemical species are ionized and accelerated through a 

magnetic field that separates the ions based on mass to charge ratio. The molecules break down 

into smaller fragments during ionization and each fragmentation pattern is usually 

characteristic of a particular compound. This provides information about the structure of the 

compound present in the mixture. Quadrupole mass spectrometers are commonly used in 

laboratory analysis. Sample is introduced in liquid form by electrospray ionization (Biemann, 

1962).     

In the present study, samples extracted in n-hexane from TCE batch dechlorination experiment 

(described in Section 2.3) were injected into quadrupole mass spectrometer (GCMS-QP5050A 

Shimadzu, Japan). The mixture was ionized at 70 eV and scanned for m/z 40-340 Daltons at 

scanning rate of 0.6 s/scan. The spectrometer was operated in SIM (selected ion monitoring) 

mode at a resolution of 5000 FWHM (full width at half maximum). 
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Chapter 3 - Synthesis of spherical 

mesoporous silica particles (SMSPs) 
3.1 Introduction 

Synthesis of new porous materials have been an area of interest due to number of applications 

in catalysis, sensors, separation and adsorption. There are a few challenges associated with 

synthesis of porous materials as compared with non-porous materials. For this reason, new 

techniques for the synthesis of porous materials are in continuous development (Karakassides, 

Bourlinos, Petridis, Coche-Guerènte, & Labbè, 2000; Kresge, Leonowicz, Roth, Vartuli, & 

Beck, 1992; Monnier et al., 1993; Naik, Chiang, & Thompson, 2003; Parida & Dash, 2009; 

Trewyn, Slowing, Giri, Chen, & Lin, 2007). The interesting and diverse application window 

of mesoporous materials (pore size between 2 nm and 50 nm) is characterized by the specific 

pore size.   

Silicates are the important class of mesoporous materials that are based on MCM-41 (mobile 

crystalline materials) and commonly obtained by liquid templating and hydrothermal 

mechanisms (Karakassides, et al., 2000; Kresge, et al., 1992; Monnier, et al., 1993; Naik, et 

al., 2003; Parida & Dash, 2009; Trewyn, et al., 2007). These materials have ordered pores with 

well-defined shapes and sizes.  Porosity of such materials can be as high as 80% of their original 

volume, while walls of the channels are amorphous (J. Beck et al., 1992; Karakassides, et al., 

2000; Monnier, et al., 1993) and surface area can reach as high as 1000 m2/g. MCM-41 based 

mesoporous materials show excellent hydrolytic, hydrothermal and thermal stabilities 

(Alothman & Apblett, 2010a; J. Beck, et al., 1992; Jiang et al., 2008; Song, Guan, Wang, Xu, 

& Kan, 2009; Yang et al., 2004).  

The choice of materials used in the synthesis is known to affect the properties of mesoporous 

materials. The length of the molecule used as surfactant (cationic, anionic or neutral) or 

non-surfactant template defines the diameter of the pore (channel). Further, arrangement of 

different surfactants due to difference in size, structure and concentration in the solution results 

in formation of different phases of the mesoporous materials.  Hexagonally packed arrays 

results in formation of hexagonal phases of mesoporous materials (Lawrence, 1994). Cylinders 

are arranged in parallel to lamellar phases. In some cases, a cubic phase also forms before 
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formation of lamellar phase. Cubic phase is normally complex with networks of cylindrical-

shaped aggregates (Fromherz, 1981; Myers, 2005).  

Formation of particular phases also depends on reaction parameters such as temperature, 

solvent and pH etc. Cylindrical micelles and hence hexagonal mesophase is favoured at low 

temperature, high pH, high surfactant concentration and lower degree of polymerization of 

silicate (Broekhoff, 1979; Lowell, Shields, Thomas, & Thommes, 2012).  

At low surfactant concentration, mesoporous materials grow as independent molecules, 

however, thermodynamically favourable (Broekhoff, 1979; Steel, Carr, & Anderson, 1994; X. 

S. Zhao, Lu, & Millar, 1996) micelles form on increasing concentration. When concentration 

of surfactant is increased beyond a certain threshold value called critical micelle concentration 

(CMC), the molecules start arranging in the form of micelles.  In a micelle, alkyl chains of 

molecules join together to form a sphere that have hydrophilic surface but hydrophobic core 

(Lawrence, 1994; X. S. Zhao, et al., 1996).  

The other contributing factors for different mesoporous systems include sources of silica (e.g., 

tetraethylorthosilicate, colloidal silica, and fused silica), surfactants (e.g., 

cetyltrimethylammonium bromide, hexadecylamine) and reaction conditions (temperature, 

solvent, aging time, molar ratio of reactant, pH of the reaction solution). These parameters also 

have effect on mechanical and hydrothermal stability of the materials (J. Beck, et al., 1992; 

Karakassides, et al., 2000; Kresge, et al., 1992).  

However, new chemical and physical properties can be introduced into mesoporous materials 

by surface functionalization with different inorganic and organic groups (Alothman & Apblett, 

2010a). The functionalized mesoporous can find diverse applications in adsorption, packaging 

of chromatographic column and catalysis (Al Othman & Apblett, 2009; Alothman & Apblett, 

2009, 2010b). 

3.1.1  Development of porous materials: Historical perspective  

The discovery of zeolites by a Swedish scientist in 1756 defines the materials as silica based 

porous materials that upon heating released steam. By nineteenth century zeolite minerals got 

well documented but lack of interest prevented further research. In 1932, McBain discovered 

a mineral ‘chabazite’ or ‘molecular sieve’ (McBain, 1934) having a selective property of 

adsorbing smaller molecules and rejecting the larger molecules. Later,  Barrer  (Barrer & 

Brook, 1953) found that sorption abilities can be altered to separate oxygen and nitrogen if 
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these porous materials are treated. In early 1950s Breck  (Breck, Eversole, & Milton, 1956) 

was able to prepare new range of zeolites termed as type A, X and Y. Synthetic zeolites have 

been used in production of oxygen from normal air, purification and separation of molecules. 

The materials such as  alumina-phosphates and silico-alumino-phosphates introduced more 

complex porous structures (Lok et al., 1984; Wilson, Lok, Messina, Cannan, & Flanigen, 

1982). 

The discovery of silicate/alumina-silicate based mesoporous materials named as MCM-41 

series or M41S was reported in 1992 after research conducted at Mobil Corporation.  These 

materials exhibited uniform pores (J. S. Beck et al., 1992; J. Chen et al., 2009) and phases like 

hexagonal (MCM-41), cubic (MCM-48) and lamellar (MCM-50) (J. C. Vartuli, Roth, & 

Degnan, 2004). This realization attracted researchers to synthesis of mesoporous materials (J. 

Beck, et al., 1992; Karakassides, et al., 2000; Kresge, et al., 1992; Monnier, et al., 1993). 

Among these, MCM-41 has been widely studied due to its convenient synthesis and good 

thermal stability (J. Vartuli et al., 1994). The diameter of the channels or pores is normally 

between 1.5-10 nm and depends on the structure of template and other parameters used during 

synthesis (Alothman & Apblett, 2010a; J. Beck, et al., 1992; Jiang, et al., 2008; Song, et al., 

2009; Yang, et al., 2004). Pore size of these materials is larger when compared with zeolites, 

thus offering their use in variety of applications such as chemical separation, high-tech 

composite materials, adsorption and catalysis (J. Chen, et al., 2009; Song, et al., 2009; J. C. 

Vartuli, et al., 2004).  

The developed mesoporous materials  (D. Zhao, Huo, Feng, Chmelka, & Stucky, 1998) known 

as SBA-15 (Santa Barbara amorphous 15) was reported in 1998 and exhibited larger pores than 

those of MCM-41.  Ordered SBA-15 with hexagonally arranged uniform pores of 30 nm was 

synthesized utilizing amphiphilic triblock copolymers as templates in acidic media (Colilla, 

Balas, Manzano, & Vallet-Regí, 2007; Puputti, Jin, Rosenholm, Jiang, & Lindén, 2009; D. 

Zhao, Sun, Li, & Stucky, 2000). Further, SBA-15 has better chemical resistance, improved 

mechanical and thermal stability that makes it a preferred choice for catalytic applications.   

3.1.2 Synthesis of mesoporous silica nanoparticles (MSN) 

The thermodynamics and kinetics of the reaction control preparation of mesoporous silica with 

specific structure and pore size. The interaction between silica species and surfactants depends 

on pH, temperature and water content of the reaction mixture. The desired morphologies and 

size of the pores can be obtained by precise control of self-assembly of surfactants and 
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condensation rate of silica for their application in catalysis (Mihalcik & Lin, 2009) and drug 

delivery (Z. Li, Barnes, Bosoy, Stoddart, & Zink, 2012). 

Mesoporous silica with size of the order of nanometers containing arrays of uniform pores 

introduced as ‘MSN’ (Mesoporous Silica Nanoparticles) by Victor Lin (Lai et al., 2003). MSN 

were first synthesized and reported by Cai (Cai et al., 2001; Fowler, Khushalani, Lebeau, & 

Mann, 2001), Mann (Fowler, et al., 2001) and Ostafin (Nooney, Thirunavukkarasu, Chen, 

Josephs, & Ostafin, 2002). During the last decade, MSN with various pore structures, pore size 

and morphologies have been reported. MSNs have also been functionalized to obtain materials 

that are useful in many applications (F. Li & Stein, 2010; Linares et al., 2011).  

Recently, synthesis of monodispersed spherical mesoporous silica particles (MSMSPs) with 

controllable mean particle diameters and pore sizes (having standard deviation < 10%), is 

desirable due to large number of applications including catalysis and bioremediation (Yamada 

& Yano, 2006; Yano & Fukushima, 2003, 2004).  

Synthesis of MSMSPs using n-alkylamines as template and tertramethyl orthosilicate (TMOS) 

or tetraethyl orthosilicate (TEOS) as silica precursor at concentration less than CMC in a 

mixture of water-methanol is reported by(Yano & Fukushima, 2004) (Yamada & Yano, 2006). 

The mechanism follows the formation of pre-micellar associates of silica precursor with free 

surfactant molecules.  The associates then aggregate in a radial arrangement and surfactant 

forms the core resulting in MSMSPs. The size of particles ranges between 400 nm to 1200 nm 

having low standard deviation (< 5%) (Yamada & Yano, 2006; Yano & Fukushima, 2003, 

2004). The main contributing factors in the controlled synthesis of MSMSPs include hydrolysis 

of silica precursor, condensation of hydrolysis products on hydrophilic end and interaction 

between the formed premicellar associates (Q. Chen, Han, Gao, & Che, 2010; He, Cui, Cui, 

Guo, & Shi, 2009; Lu, Wu, Hung, & Mou, 2009; Nakamura, Mizutani, Nozaki, Suzuki, & 

Yano, 2007; Shimura & Ogawa, 2007). Whereas, hydrolysis of silica precursor and aggregation 

of pre-micellar associate (H. Chen et al., 2010; Q. Chen, et al., 2010; He, et al., 2009; Lu, et 

al., 2009; Yano & Fukushima, 2003, 2004; Zong, Zhu, Yang, & Li, 2011) is affected by reagent 

concentration, pH, temperature,  surfactant type (linear alkyl, co- or gemini), nature and 

concentration of co-solvent (Q. Chen, et al., 2010; He, et al., 2009; Yamada & Yano, 2006). 

To promote spherical particles formation, methanol as co-solvent is reported in number of 

synthesis studies (L. S. Li, Wang, James Young, Ng, & Tan, 2010; Ng, Vasiliev, & Bergström, 

2008; Shimura & Ogawa, 2007; Yamada & Yano, 2006; Yano & Fukushima, 2003, 2004; Yano 



20 
 

& Nishi, 2012).  However, methanol vapours are highly toxic (Shimura & Ogawa, 2007). It is 

desirable that some non-toxic solvent must be used.   

In the present investigation, synthesis of mesoporous silica particles with spherical geometry 

termed as ‘spherical mesoporous silica particles’ (SMSPs) was attempted. During the 

synthesis, TEOS as silica precursor and CTAB as templating agent are used. Ethanol was 

selected as co-solvent due to its low toxicity (Trofimova et al., 2013) and ammonia as catalyst. 

The detailed procedure is explained in Chapter 2 (Materials and Methods). Further, the 

synthesis was investigated at varying temperatures of 20 °C, 30 °C, 40 °C, 50 °C, 60 °C and 

70 °C to determine its effect on average particle size of SMSPs and its standard deviation.  The 

synthesized particles were characterized for their size, chemical composition, nature of 

chemical structure and porosity using SEM, ATR- FTIR, EDX, XRD, TEM and BET. 

3.2 Results and discussion 

3.2.1 Synthesis of spherical mesoporous silica particles (SMSPs) 

The method used in the present research is an adaption of Stober method (H. Chen & He, 2007; 

Stöber, Fink, & Bohn, 1968; Wong et al., 2011) for the synthesis of spherical mesoporous silica 

nanoparticles (SMSPs). The formation process includes hydrolysis of TEOS in 

ethanol-ammonia-water medium. As a result, (SiOH)4 is formed that condenses initially to 

form primary particles of 3-5 nm (LaMer & Dinegar, 1950; Masalov, Sukhinina, Kudrenko, & 

Emelchenko, 2011) followed by aggregation into larger particles (Van Blaaderen, Van Geest, 

& Vrij, 1992). The size of particles can go as high as 20 nm depending upon pH, temperature 

and concentration of reagent before coagulation (Masalov, et al., 2011; Matsoukas & Gulari, 

1989). 

It is also known that formation of primary particles is rate limited step and their radius is 

inversely proportional to standard deviation, whereas, stability of the aggregates and  surface 

charge on particles is determined by ammonia concentration (Van Blaaderen, et al., 1992).  

The present research is also directed to investigate the effect of varying temperature on the size 

of synthesized particles. Initially, the mesoporous particles based on Si are synthesized at room 

temperature (20 °C) as control/reference particles and characterized. The SEM images at 

different magnifications are recorded and shown in Figure 3.1.  It is evident that morphology 

of the particles is uniform and is regarded as ‘spherical’. Further, the mean diameter of particles 

is determined to be 627 nm with standard deviation of 140 nm.  
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It is widely reported in literature (Fan et al., 2005) that temperature plays a critical impact on 

size of the synthesized particles. The effect of variable temperatures (20 °C to 70 °C with an 

increment of 10 °C) in the present investigation is explored. The results of scanning electron 

microscopy are presented through Figure 3.1 (A-C) and Figure 3.2 (A-C).  

It is interesting to note that morphological character of being ‘spherical’ is maintained at higher 

temperatures as well. This can be concluded that spherical formation of silica particles is 

independent of temperature. It may be attributed to the fact that spherical form is the preferred 

orientation of relatively smaller particle sizes (meso- and nano- range). On the other extreme, 

temperature turns out to be a significant parameter affecting the ‘size’ of the synthesized silica 

particles.  The results are tabulated in Table 3.1. 

It is generally identified that the size of particles is relatively lower at higher synthesis 

temperatures. On comparison with room temperature (20 °C), an increase of only 10 °C results 

in lowering the particle size significantly (91 nm). This trend is carried by even higher 

temperatures from 40 °C till 60 °C with incremental decrease of particle size by almost same 

(40 nm and 38 nm respectively). The lowest particle size is achieved at 60 °C followed by 

attainment of equilibrium at 70 °C.  

It can be hypothesized that at 20°C, reaction kinetics is slower with formation of more nuclei, 

whereas the rate of reaction steadily increased from 30 °C to 60 °C. It can also be concluded 

that reduced particle size can optimally be obtained till 60 °C.  

Table 3.1 Diameter of SMSPs synthesized at different temperatures 

Temperature (°C) Mean Particle size (nm) Standard deviation (±nm) 

20 627 140 

30 536 141 

40 492 167 

50 454 166 

60 408 156 

70 414 166 
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Figure 3.1 SEM images of synthesized SMSPs at varying temperatures (A) 20 °C (B) 30 °C 

and (C) 40 °C. 
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Figure 3.2 SEM images of synthesized mesoporous silica nanoparticles at varying 

temperatures (A) 50 °C (B) 60 °C (C) 70 °C. 

The effect of temperature on the particle size can be examined considering the fact that the 

particular reaction temperature controls the coagulation process which results in the particle 

formation of various sizes. The increase in temperature is likely to increase the number of 

nucleation centres, thus, facilitating the reaction to go faster. The similar trend is witnessed in 

the present investigation up to temperature increase of 60 °C.  
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The relationship of particle size with reaction temperature is graphically presented in 

Figure 3.3.  The initial significant effect of temperature in reducing the size of particles is 

depicted followed by a gradual further decrease till it becomes almost stagnant after 60 °C.  

It is interesting to note that standard deviation in particle size becomes slightly broader with 

increase in temperature (see Table 3.1). It may be deduced that size of particles within the 

cluster are dissimilar and not in good agreement to each other resulting in higher standard 

deviation.   

The study concludes that a variation in reaction temperature could be used to control diameter 

of synthesized silica particles as per particular needs for specific applications.  

 

Figure 3.3 A plot of particle size versus reaction temperature. 

3.2.2 ATR-FTIR 

The synthesized particles are subjected to ATR-FTIR to identify the specific functional groups 

available on the surface. The result is reproduced as spectrum in Figure 3.4. An absorption 

band at 1070 cm-1 can conveniently be assigned to asymmetric vibration of Si-O bond. Band 

at 990 cm-1 is due to asymmetric vibration of Si-OH and band at 800 cm-1 arises from 
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symmetric vibration of Si-O. Absence of absorption bands around 2900 cm-1 indicates absence 

of unreacted TEOS in the synthesized silica particles. Similar results are reported in other 

studies (Beganskienė, Sirutkaitis, Kurtinaitienė, Juškėnas, & Kareiva, 2004). 

 

Figure 3.4 ATR-FTIR spectrum of synthesized mesoporous silica particles 

 

3.2.3 Energy dispersive X-ray spectroscopy (EDX) 

The composition of elements in the synthesized silica particles is determined through energy 

dispersive X-ray spectroscopy. The spectrum is recorded at two scanning areas of the sample 

and result is calculated as mean of two. The presence of oxygen and silicon as two major 

elements in the composition of silica is identified in Figure 3.5. 
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Figure 3.5 EDX spectrum of synthesized mesoporous silica particles 

3.2.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy was also applied to identify surface elemental composition 

of the synthesized particles as shown in the Figure 3.6 (A). It is revealed that silicon, oxygen 

along with carbon is present on the surface of the particles. The results are in conformation 

with the EDX.  

For further insight, high resolution scans (1s for oxygen and carbon; 2p for silicon) of 

synthesized particles are conducted to obtain core level spectra. The results are shown in Figure 

3.6 (B-D).  It can be seen that single band each for oxygen and silicon appears with core binding 

energy at 533 eV and 104 eV in respective order. These signals are indicative of silica 

formation during hydrolysis of TEOS. The single contribution for O 1s and Si 2p reveals that 

only one form of both elements is present. On the other hand, much reduced intensity of C 1s 

at 285 eV depicted in the spectra is attributed to small amount of Carbon due to some trapped 

CTAB in pores of the particles.  
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Figure 3.6 High resolution photoelectron spectra of SMSPs (A) General survey scan; (B) 

Oxygen 1s; (C) Silicon 2p; (D) Carbon 1s 

Elemental composition of synthesized particles is calculated from XPS spectrum as atomic 

percentage and is presented in Table 3.2. It is noted that oxygen is the most abundant element 

(>66%), whereas silicon stands second with atomic percentage of 30.70%. It is interesting that 

ratio of Oxygen: Silicon is 2:1, respectively, revealing that each Si atom is linked to two O 

atoms in an arrangement of SiO2.  

Table 3.2 Atomic percentage (%) of oxygen, silicon and carbon calculated from XPS  

Element Oxygen (%) Silicon (%) Carbon (%) 

Atomic percentage 66.23 30.70 3.07 
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3.2.5 X-Ray diffraction 

In the present investigation, the synthesized mesoporous silica particles are freshly calcined 

and subjected to powder x-ray diffraction method. The diffraction pattern is shown in 

Figure 3.7.  It is observed that a strong reflection peak appears at shorter angles (~10°). This is 

true of the materials belonging to MCM-41 family (J. Beck, et al., 1992; Kresge, et al., 1992). 

However, a broad peak observed at larger angles (between 20-25°) indicates the amorphous 

nature of synthesized material.  

 

Figure 3.7 XRD scan of synthesized mesoporous silica particles  

3.2.6 Transmission electron microscopy 

To probe further into the internal structure of the synthesized mesoporous silica particles, 

transmission electron microscopy is employed at high resolution to record the image of single 

particle of synthesized material (Figure 3.8). The regions of lighter shade in contrast to edges 

of the particles illustrate that the material is of lower density. While such a contrast is not visible 

in the middle of the particles due to maximum thickness of the particles. The tiny pores (2-5 

nm) typical of mesoporous silica can be seen as white dots closer to circumference.  
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Figure 3.8 TEM image of a single SMSP 

3.2.7 Surface area analysis 

The surface area and pore volume of synthesized mesoporous silica particles is determined 

through BET adsorption-desorption N2 experiment. The parameters calculated during surface 

area analysis are presented in Table 3.3. The surface area is found to be relatively higher 

(672 m2/g) that exhibits the potential use of synthesized material as good adsorbent.  This also 

places the synthesized silica particles in the class of mesoporous materials. The  results are in 

good agreement with surface area of mesoporous silica reported in literature (Tang, Li, & Chen, 

2012; Vivero‐Escoto, Slowing, Trewyn, & Lin, 2010). The adsorption-desorption isotherm 

shown in Figure 3.9 draws its close resemblance to ‘Type-IV’ isotherms (ALOthman, 2012) 

explaining that adsorption reaches an asymptotic value as the saturation pressure is approached. 

Further, the hysteresis curve reflects that adsorption is a capillary condensation process 

inducing the incoming particles into the pores (>10 nm) of the mesoporous  silica particles 

(Trofimova, et al., 2013). BJH pore size for adsorption and desorption is calculated to be of 

2.1 nm and 2.2 nm respectively. 
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Table 3.3 BET Surface area analysis of synthesized mesoporous silica particles 

Sample Single point surface 

area at P/Po (m2/g) 

External surface 

area (m2/g) 

BET surface 

area (m2/g) 

Pore volume 

(cm3/g) 

SMSPs 886 623 672 0.1407 

 

 

Figure 3.9 BET adsorption-desorption isotherm curve of synthesized mesoporous silica 

particles.  
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Chapter 4 - Synthesis of iron containing 

silica particles 
4.1 Introduction 

Synthesis of metal and metal oxides particles has gained vital interest due to their specific and 

characteristic magnetic, optical, electronic, chemical and mechanical properties. These 

properties can vary greatly from that of bulk materials (Goesmann & Feldmann, 2010; Patzke, 

Zhou, Kontic, & Conrad, 2011). Due to unique chemical and physical properties, these 

materials have been studied widely in catalytic reactions and environmental separation (Bell, 

2003). More catalytic sites are available due to high surface area to volume ratio of such 

particles. Iron particles are useful in many potential applications and a number of recent studies 

are focused on the synthesis and use of these particles in emerging area such as drug delivery 

(Qiang et al., 2006) carbon dioxide reduction (Tamaura & Tahata, 1990), information storage 

(X. Zhang et al., 2001) and remediation of ground water (Nurmi et al., 2005). 

Over the years, research have led to development of synthetic routes for obtaining particles of 

many materials with good control over size distribution and shape (Niederberger, 2007; Park, 

Joo, Kwon, Jang, & Hyeon, 2007). However, these particles tend to agglomerate due to 

interactions between colloids and increased surface to volume ratio. A challenging task, 

therefore, is to avoid agglomeration and obtain stabilized colloidal particles, which may result 

in loss of peculiar properties (Sperling & Parak, 2010).  

The particles having small size and higher surface area exhibit high surface to volume ratio and 

tendency to agglomerate due to reduced surface energy. The reduction in particle size is 

attributed to Brownian motion and collision of particles due to increase in Van der Waals 

attractive forces (Iijima & Kamiya, 2009) tending to agglomerate (Garnweitner, 2012; Shukla 

& Seal, 2004).  

A challenge to generate a potential barrier to prevent aggregation of the particles (Iijima & 

Kamiya, 2009; Kamiya & Iijima, 2016) is thoroughly explained in the literature. Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory explains that charge on particles provide stability 

against agglomeration in aqueous system. Due to surface charge, particle attracts counter ions 

in the dispersing medium resulting in formation of electrical double layer that induces   
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repulsion between particles (like charges repels). However, a balance between electrostatic 

repulsion and attractive forces is required for the stability of the particles in a given medium.  

Another limitation of DLVO theory is that it is only applicable to aqueous colloidal systems 

and not on hydrophobic systems.   

Following this, other postulates introduced the term ‘steric stabilization’ (Garnweitner, 2012; 

Shukla & Seal, 2004) to explain colloidal stability. A steric barrier is introduced when a large 

molecule such as polymer is adsorbed or attached to two different particles. For effective steric 

stabilization, one end of the polymer molecule must have affinity for the particle surface and 

other end for the solvent molecule to have better solvation. Due to this steric stabilization, 

particles tend to stay apart and less prone to agglomerate. Block copolymer having two blocks 

of different chemical nature (Shukla & Seal, 2004) are effective for steric stabilization of 

particles.   

Another way to achieve stable colloidal particles is to use small molecules, rather than 

polymers. However, the mechanism of stability for small molecules is similar to that of 

polymers. As an example, the colloidal gold particles capped with citrate are successfully 

synthesized by Turkevich (Turkevich, Stevenson, & Hillier, 1951). In addition, stabilization of 

the colloidal system (Sperling & Parak, 2010) can be made further effective by a highly dense 

layer of organic molecules.  Immobilization of precursor salt on functionalized support 

membranes is another way to stabilize particles. For instance, polyvinylidene fluoride (PVDF) 

coated with poly-acrylic acid has been reduced to obtain particles (Xu & Bhattacharyya, 2008).  

Activated carbon as support has also been demonstrated to stabilize particles (Sunkara et al., 

2010). 

Recently use of silica as platform or support for catalyst is proven beneficial than activated 

carbon and polymer membranes. The synthesis of SBA-15 (mesoporous silica) is reported 

recently by (Lim, Zhong, & Borgna, 2009) and (Benoit et al., 2009) for producing cobalt and 

bismuth containing particles by incorporation and subsequent reduction of the incorporated 

precursor salt in the pores. Platinum (Seger, Kongkanand, Vinodgopal, & Kamat, 2008), gold 

(Wallace, Stroud, Pietron, Long, & Rolison, 2004) and titanium (S. Zhang, Wang, Liu, & 

Wang, 2008) by co-precipitation on surface of colloidal silica particles is also attempted.  

4.2 Synthesis of iron and iron-oxide particles 

Various methods for iron particle synthesis are described in literature (X. Li, Yang, Gao, & 

Zhang, 2015; Nurmi, et al., 2005), the most common being the reduction of inorganic iron salts 
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using sodium borohydride (C.-B. Wang & Zhang, 1997). The stabilized particles are also 

synthesized through chelating ligands which impede particle agglomeration (Smuleac, Varma, 

Sikdar, & Bhattacharyya, 2011). The decreased agglomerate size and the presence of the 

adsorbed polyligands may enhance nanoparticle transport in some important applications such 

as groundwater remediation (He, Zhao, Liu, & Roberts, 2007). Various ligands like polystyrene 

sulfonate (Phenrat et al., 2008), and polystyrene sulfonate block copolymers (Sirk et al., 2009) 

have been successfully implemented for the stabilization of Fe particles.   

The mechanism of ligands interaction is also known. Polysugars  interact through hydroxyl 

groups, whereas, carboxymethyl cellulose (Liu, He, Durham, Zhao, & Roberts, 2008) interacts 

through both hydroxyl and carboxylate groups. A review by (Laurent et al., 2008) summarized 

variety of strategies for iron oxide stabilization.  ((Mirkhalaf, Paprotny, & Schiffrin, 2006) 

demonstrated the use of metal-carbon bonds for stabilization in non-aqueous solvents, wherein 

decylbenzene attached to the surface acts as phase transfer agent from the aqueous phase (in 

which particle is synthesized) to the organic phase (in which it is used). Further, non-metal 

homogeneous (D. Li & Kaner, 2006) particles are stabilized by lack of shear forces during 

particle formation.   

The synthesis of iron oxide particles is a fairly simple and straightforward process. While many 

methods of iron oxide synthesis are known, reduction of iron oxide at high temperature  

(Antony, Qiang, Baer, & Wang, 2006) and chemical methods are most commonly used 

techniques for synthesis of Iron nanoparticles (Cabot et al., 2007; Peng & Sun, 2007; Peng, 

Wang, Xie, & Sun, 2006). Co-precipitation method is popular for the production of large 

quantities with a moderate degree of particle uniformity.  

The mechanism of formation of iron oxide particles by co-precipitation is also fairly well 

understood.  The initial aqueous solution consisting of iron sources (such as FeCl3 or organic 

complexes) dissociate forming Fe cations that react in basic environment to form iron oxide, 

as shown in the equation below.  

Fe2+
 + 2Fe3+

 + 8OH- → Fe3O4+ 4H2O 

The quality of the final product depends on a quick burst of nucleation followed by a growth 

phase where two phases have little or no overlap. If the phases are not well separated, control 

of particle size will be severely hindered. The synthesis of hydrophobized silica particles 

loaded with Fe nanoparticle by direct co-condensation of silane precursors and simultaneous 

evaporation of iron salts in an aerosol-assisted heating process is published by (Zheng et al., 
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2008).  The iron salts are subsequently reduced to iron particles using borohydride. Another 

study indicated the enhanced transport of these materials through simulated aquifers due to 

decreased aggregation (Zhan et al., 2008). 

The major disadvantage of co-precipitation is the lack of fine particle size control as size is 

primarily determined by kinetic factors. These reactions are typically preformed in aqueous 

environments and utilize a base to initiate the reaction. 

Other than co-condensation of silanes, the silica surface may be covered with silanol (SiOH) 

moieties (typically~3SiOH/nm2) and can be functionalized easily using well-known silylation 

chemistry. A number of research papers reviews the silane chemistry, silica functionalization 

(Impens, Van Der Voort, & Vansant, 1999), extent of functionalization (Meeks, Rankin, & 

Bhattacharyya, 2010) and application of tetra sulphur functionalized silica particles for 

mercury vapour sorption (Meyer et al., 2008) in which sulfonate groups provide a strong ion 

exchange platform for ferric/ferrous ions. Alternatively, a weak ion exchanger such as 

carboxylate or multiple functional groups could also be used for the synthesis of particles with 

hydrophobic/hydrophilic domains. The ability to incorporate multiple functional groups onto a 

single platform is a further advantage of silica.  

4.3 Characteristic properties of iron nanoparticles 

Though the particle size, size distribution and morphology of iron nanoparticles strongly 

depends on the process used for synthesis (C. M. Wang et al., 2007), the particles are oxidized 

on exposure to oxygen or air (Cabrera & Mott, 1949), no matter  which method is used for 

synthesis of iron nanoparticles. This results in formation of core-shell nZVI having a very thin 

layer (usually ∼2-3 nm) of iron oxide (C. M. Wang et al., 2005). Properties of such core-shell 

nZVI depends on the shape and size of the iron core and nature of the iron oxide shell (Nurmi, 

et al., 2005). For instance, oxide shell on the surface of nZVI determines biocompatibility of 

the iron/iron oxide core-shell particle (Qiang, et al., 2006). On the other hand, dehchlorination 

of carbon tetrachloride using nZVI is influenced by type of the oxide layers on the core-shell 

system, which changes in solution with time (Baer et al., 2007; Nurmi, et al., 2005). 

Attempts have been made to characterize features associated with iron/iron oxide core shell 

nanoparticles but the exact structure or the phase of the oxide layer is not easy to determine. 

However, it is now established that the composition of oxide layer strongly depend on distance 

from centre of ZVI core (Fe0) to the outer surface of the oxide shell and usually the progression 

is from Fe0-FeO-Fe3O4-Fe2O3 for thick oxide layers (Khanna, 2002). Single crystal iron 



43 
 

(Fe100)  studied under ultrahigh vacuum (UHV) and room temperature revealed  that shell is 

composed of Fe3O4/γ-Fe2O3 (Ruckman, Chen, Strongin, & Horache, 1992). Figure 4.1 adapted 

from (C. M. Wang, et al., 2007; C. M. Wang, et al., 2005) shows a typical iron/iron oxide core 

shell particle.  

 

Figure 4.1 HRTEM images of iron nanoparticles showing different structures (a) faceted core-

shell (b) spherical and (c) oxidized particle with a cavity in the centre (Image taken from (C. 

Wang et al., 2009) 
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4.4 Environmental applications of iron and iron oxide particles 

It is understood that particles aggregation and surface deactivation (through oxidation or 

passivation) during synthesis are few of the several difficulties that limit their catalytic and 

environmental applications. This is especially true for magnetic and electropositive zero-valent 

metal particles such as iron (Lu, Salabas, & Schüth, 2007).  

Zero-valent iron particles have a significant contribution in environmental applications 

specifically detoxification of chlorine containing compounds. Halogenated organic compounds 

can be dechlorinated by iron particles in two ways, either degradation of the toxic compounds 

by reductive pathway (C.-B. Wang & Zhang, 1997; Xu, Dozier, & Bhattacharyya, 2005; W.-

x. Zhang, 2003) and/or by oxidative pathways and it depends on the valence state of iron (Laine 

& Cheng, 2007; Pignatello, Oliveros, & MacKay, 2006). The reductive dechlorination involves 

electron donation that is more effective when iron is nano-sized. In certain cases, bimetallic 

system (Fe/Pd or Fe/Ni) are used that catalyses generation of hydrogen during reductive 

dechlorination (Tee, Bachas, & Bhattacharyya, 2009) resulting in the formation of iron oxide 

particles. On the other hand, oxidative dechlorination usually involves generation of ferryl ions 

or hydroxyl radicals depending upon the mechanism involved. The oxidants mineralize the 

organic pollutants (Keenan & Sedlak, 2008) and is widely applied  for remediation of water 

(Costa, Moura, Ardisson, Fabris, & Lago, 2008; Huang, Lu, & Chen, 2001; Yeh, Chen, & 

Chen, 2004).  

Both macro-scale and micro-scale zero-valent iron (ZVI) is currently used in remediation of 

sites that are contaminated with chlorinated organic compounds. A permeable reactive barrier 

(PRB) that contains ZVI mostly in the form of granular iron is usually used as reactive medium 

to dechlorinate chlorinated organic compounds either to non-toxic or less toxic de-halogenated 

compounds. However, for improved dechlorination efficiency and cost effectiveness, it is 

desirable to use nano particles of iron in its zero valent i.e., nZVI state rather than Iron in its 

granular form or at macro/micro scale. Surface area, size, porosity of the particle, catalyst for 

hydrogenation, method of synthesis, crystalline structure, morphology, coating, nature of 

impurities  (Cook, 2009) etc. are few factors that determine reactivity of nZVI. Laboratory 

studies suggest that nZVI can be used to dechlorinate a number of chlorinated organic 

compounds (chlorinated benzenes, methanes, ethanes and poly chlorinated biphenyls (US 

EPA, 2007).  
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Various physical and chemical oxidation-reduction methods have been applied for 

detoxification of trichloroethylene (TCE). It is a known toxic, persistent and prevalent 

groundwater pollutant.  A common physical strategy is air stripping (Miyake, Sakoda, 

Yamanashi, Kaneda, & Suzuki, 2003) which may or may not be followed by TCE sorption 

onto known adsorbents. Oxidative strategies include biological oxidation, photocatalytic 

oxidation (Serrano, Calleja, Sanz, & Pizarro, 2007) or in situ chemical oxidation (ISCO) 

techniques, such as Fenton's reaction (De Laat & Gallard, 1999). Modified Fenton's reaction 

using citrate as a chelating agent for the ferrous/ferric ions has also been demonstrated to 

overcome difficulties of conventional Fenton's reaction (Lewis et al., 2009). 

Iron is commonly used as an electron-transfer catalyst for reduction of TCE in direct electron 

transfer (Jin, Fallgren, Morris, & Edgar, 2008) or through hydrogenation (Xu & Bhattacharyya, 

2005) in preference to traditional hydrogenation catalysts such as Pd, Ni, Pt.  Because the 

supply of hydrogen to contaminated underground field sites is generally considered 

impractical, bimetallic catalysts have recently been developed, where a primary metal such as 

Fe reduces water to hydrogen through corrosion, thus supplying the needed reactant for a 

nearby hydrogenation catalyst located on the particle surface. Fe/Pd and Fe/Ni (Tee, Grulke, 

& Bhattacharyya, 2005) bimetallic particles have been shown to be most efficient among 

various bimetallic combinations (He & Zhao, 2008). The higher surface to volume ratio and 

prevalence of edge defects demonstrates particles to be more effective catalysts (X. Wang, 

Chen, Liu, & Ma, 2008). 

 

4.5 Results and discussion 

The iron loaded mesoporous silica particles are successfully synthesized using during 

formation of mesoporous silica particles and post-modification of pre-formed mesoporous 

silica particles. In the first approach, mesoporous silica particles are synthesized by FeNO3 

sol-gel solution resulting in incorporation of Iron salt in silica particles. The iron is further 

reduced to zero-valent iron (ZVI) in loaded silica particles. In the second approach, solution of 

FeCl3 and Fe(NO3)3 is absorbed onto pre-formed and calcined mesoporous silica particles and 

reduced to obtain ZVI-SMSPs. The synthesized particles are characterized in detail using SEM, 

ATR-FTIR, Raman spectroscopy, XRD, TEM, EDX, XPS and BET analysis.   
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4.5.1 Synthesis of the iron nanoparticles: 

The synthesis of the iron nanoparticles is described in Chapter 2 (see Section 2.4). The 

characterization of the synthesized particles through scanning electron microscopy 

successfully demonstrates that particles are in nanoscale (below 100 nm).  The mean particle 

size using ‘Image J software’ is calculated to be of 57 nm. SEM is used to determine the. Most 

of the nZVI particles are in nanoscale (can be seen on the scale bar at the bottom left of the 

SEM image). The morphology depicted in SEM image (Figure 4.2) shows very clearly the bead 

like structure of nZVI.  

 

 

Figure 4.2 SEM of nZVI synthesized by reduction of a solution of FeCl2.  

 

4.5.2 Synthesis of iron loaded spherical mesoporous silica particles (Fe-SMSPs) 

The synthesis and characterization of mesoporous silica particles is described earlier 

(Chapter 3). For the incorporation of iron in these particles, two major routes are adopted. In 

the first route, Iron as Fe(NO3)3 is dissolved in the reaction mixture before addition of silica 

precursor (TEOS). On the other hand, Iron is reduced from its salt and suspended in calcined 

mesoporous silica particles in second approach 

The first mechanism proposes that Fe3+ ions are trapped during formation of particles and 

subsequently reduces to zero-valent iron (ZVI).  The synthesis is repeated by varying the 

amount of iron Fe(NO3)3 in solution.  The eight varied concentrations 0.05, 0.50, 0.75, 1.0, 

1.25, 1.5, 2.0 and 2.5 mmol.  

The effects of varying Fe concentration on synthesized particles are captured under scanning 

electron microscope. To obtain high resolution SEM, a very small aperture (2-10 nm) is used. 
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Electron beam of shorter wavelength reduces beam intensity that reaches the sample, thus 

reducing strength of the signal. As a result, the image is often distorted due to charging of non-

conducting samples. To avoid this, the sample is coated with a thin layer of conducting material 

such as gold.  

The morphological features of Iron loaded silica structures are presented in Figures 4.3 (A-D) 

and 4.4 (A-D). It is noticed that mean particle diameter and number of particles decreases as 

the amount of Fe increases. This effect is more pronounced at Fe concentration in the range 

from (0.05-1.0 mmol). At relatively higher concentrations, the decrease in particle size 

becomes insignificant (see Table 4.1). It is also noticed that spherical structure also deteriorates 

at higher concentrations.  

These observations and results may be explained by taking in account the mechanism of 

mesoporous silica structure formation. As the process start with formation of micelles from 

surfactant (i.e., CTAB), the subsequent addition of silica precursor (TEOS) results in 

hydrolysis and formation of silica shell on micelles. Since water soluble head of surfactant is 

cationic in nature, it is likely that interaction with NO3
- anion inhibits formation of silica shell 

on micelles. This is consistent with the observation that number of particles is reduced with 

increasing Fe(NO3)3 amount. Beyond a certain amount of the salt, which in this case is 

1.25 mmol and above, no formation of micelles, and hence no significant silica particles are 

observed.  
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Figure 4.3 SEM images of iron loaded silica particles at varying Fe(NO3)3 (A) 0.05 mmol 

(B) 0.50 mmol (C) 0.75 mmol (D) 0.10 mmol 
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Figure 4.4 SEM images of iron loaded silica particles synthesized with varying Fe(NO3)3 

(A) 1.25 mmol (B) 1.50 mmol (C) 2.00 mmol (D) 2.50 mmol 
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Table 4.1 Particle size of iron loaded silica as a function of Fe(NO3)3 concentration  

Fe(NO3)3 in (mmol) Mean particle size (nm) Standard deviation 

(±nm) 

- 627 140 

0.05 545 138 

0.50 337 100 

0.75 266 80 

1.00 227 77 

1.25  229 68 

 

 

Figure 4.5 A plot of particle size versus Fe(NO3)3 concentration. 

The second route adapted for the incorporation of iron makes use of pre-formed and calcined 

mesoporous silica particles, in which Fe is reduced from 0.5 M and 1 M Fe(NO3)3 and 

1 M (FeCl3) solution followed by suspension in silica. This results in deposition of ZVI on 

SMSPs. It is generally found that second approach led to higher yield of ZVI deposited 

particles. SEM images of iron containing mesoporous silica particles are presented in 

Figures 4.6 and 4.7.  
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Figure 4.6 SEM of iron loaded silica particles deposited by reduction of Fe(NO3)3 (A) 0.5 M 

(B) 1 M 

 

Figure 4.7 SEM of iron loaded silica particles deposited by reduction of 1.0 M FeCl3  
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4.5.3 ATR-FTIR 

In order to determine the loading of Fe from (Fe(NO3)3 and FeCl3) in silica, ATR-FTIR spectra 

were recorded for representative samples.  The spectra of synthesized Iron loaded mesoporous 

silica particles are presented in Figure 4.8 (A-D).  

A strong absorption band (at 1070 cm-1) is evident in each spectrum. This is assigned to 

asymmetric vibration of Si-O bond (Beganskienė, Sirutkaitis, Kurtinaitienė, Juškėnas, & 

Kareiva, 2004). This confirms that silica is present as major component in each sample. In 

addition, presence of Fe-O-Fe bond around 650 cm-1 indicates successful loading of Fe in silica.  

 

Figure 4.8 ATR-FTIR of iron loaded silica particles (A) without Fe (B) 0.05 mmol Fe(NO3)3 

(C) 0.5 mmol Fe(NO3)3 (D) reducing 1M FeCl3 
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4.5.4 Raman spectroscopy 

The spectra recorded with ATR-FTIR (discussed in the earlier section) have the limitation to 

determine presence of iron/iron oxides at wavenumbers lower than 400 cm-1. Further, the 

strong absorption band exhibited by silica diminishes further iron oxide bands. Raman 

spectroscopy is a powerful tool to overcome the limitations of infrared spectroscopy. 

Representative samples are recorded and results are presented in Figure 4.9 (A-D).     

Absorption peaks at 220 cm-1, 241 cm-1, 288 cm-1, 404 cm-1, 493 cm-1 and 605 cm-1 are 

exhibited in the recorded spectra. This is in conformity with the absorption patterns of α-Fe2O3 

(hematite) and Fe3O4 (magnetite) cited in the literature (Oh, Cook, & Townsend, 1998). The 

presence of iron oxides in the synthesized silica particles is attributed to oxidation of reduced 

iron likely due to exposure of the samples to air during transfer to analytical facilities.  

 

Figure 4.9 Raman spectra of Iron loaded silica particles (A) 0.05 mmol Fe(NO3)3 (B) 0.5 mmol 

Fe(NO3)3 (C) reducing 1mmol FeCl3 and (D) reducing 1M FeCl3. 
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4.5.5 Energy dispersive X-ray spectroscopy (EDX) 

To determine the amount of iron present in the synthesized silica particles, EDX spectra is 

recorded for samples containing (0.05, 0.5, 0.75, 1.0, 1.25 and 2.5) mmol of Fe(NO3)3 in the 

reaction mixture and shown in Figure 4.10 (A-C) and 4.11 (A-C).  The summary of elemental 

composition in Fe loaded mesoporous silica particles is presented in Table 4.2. The data 

analysis discloses a direct relation of Fe induced and Fe incorporated. This signifies that as the 

amount of iron in the reaction solution is increased, more iron content is loaded in the 

synthesized materials. The Fe content (atomic percent) varies from 0.8% – 35%.   

EDX spectra obtained for samples synthesized by route 2 where the calcined SMSPs are 

subjected to deposition and subsequent reduction of iron by 0.5 M Fe(NO3)3, 1 M Fe(NO3)3 

and 1 M FeCl3 are presented in figures 4.12 (A-C). The results are summarized in Table 4.2. 

Contrary to the above mentioned results, these samples show presence of iron between 

3-3.5 atomic percent. This represents that adsorption of salt on the synthesized silica particles 

is similar in all cases and does not vary with concentration of the solution.  

The choice of two approaches for the synthesis and its effect on elemental composition can 

also be postulated. It is noteworthy that atomic percent of silicon and oxygen is consistent when 

route 2 is adopted. This reveal that variable amount of Fe plays no role in changing the 

composition of basic framework of silicon and oxygen atoms. This can be justified as Fe is 

added on pre-formed calcined silica particles with less accessible pore sites. On the contrary, 

material synthesized by route 1 shows contribution of Fe amount added in reaction solution on 

atomic percent of Si and O. This effect is more manifested at induced concentration of 

2.5 mmol (see Table 4.2). The content of Fe increases (by 35%) and hence reduces the 

Si (20.8% to 15.7%) and O (from 78% to 49%) amount in the framework. This reveals that Fe 

has been more effectively loaded into silica particles by adopting route 1.   

The mapping of synthesized materials is also undertaken to represent picture of elemental 

distribution as shown in Figure. The elemental maps shown in Figure 4.13 (A and B) represent 

the individual elements (oxygen, silicon, Iron) and the subsequent conversion of these elements 

into synthesized iron loaded silica particles. This clearly demonstrates the successful 

impregnation/ loading of iron onto silica particles. It is also noted that higher is the induced 

amount of Fe(NO3)3, more is the contained Iron in the synthesized product. This is obvious 

when concentration is increased from 0.05 mmol to 2.5 mmol Fe(NO3)3. It is also noted that 

filling up of void pores/ spaces results in homogenous distribution. 
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Table 4.2 Elemental composition (in atomic percent) of Fe loaded silica particles at varying 

Fe concentration  

Fe concentration Oxygen  

(atomic %) 

Silicon  

(atomic %) 

Iron  

(atomic %) 

Iron loaded silica particles synthesized by Route 1 

0.05 mmol 78.4 20.8 0.8 

0.5 mmol 71.2 20.7 8.1 

0.75 mmol 71.2 17.0 11.8 

1 mmol 64.5 25.7 10.1 

1.25 mmol 64.8 21.9 13.3 

2.5 mmol 49.3 15.7 35.0 

Iron loaded silica particles synthesized by Route 2 

0.5 M Fe(NO3)3 71.6 25.4 3.0 

1.0 M Fe(NO3)3  71.1 25.7 3.2 

1.0 M FeCl3  70.4 26.1 3.5 
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Figure 4.10 EDX of iron loaded silica particles at varying Fe(NO3)3 (A) 0.05 mmol 

(B) 0.5 mmol (C) 0.75 mmol 
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Figure 4.11 EDX of iron loaded silica particles at varying Fe(NO3)3 (A) 1.0 mmol 

(B) 1.25 mmol (C) 2.5 mmol 
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Figure 4.12 EDX of iron loaded silica particles by reducing (A) 0.5 M Fe(NO3)3 

(B) 1 M Fe(NO3)3 (C) 1 M FeCl3  



59 
 

 

Figure 4.13 Elemental mapping for silica (red), oxygen (green) and iron (blue) at varying 

amount of Fe(NO3)3 (A) 0.05 mmol (B) 2.5 mmol 
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4.5.6 X-ray photoelectron spectroscopy 

In EDX analysis the information is obtained throughout the material due to high penetrative 

depth of the X-rays. In order to identify surface elemental composition of the synthesize Iron 

loaded SMSPs XPS spectra were recorded. For all the XPS spectra high resolution scans were 

performed for O 1s, Si 2p and Fe 2p to obtain core level spectra. The core level spectra for both 

O 1s (533 eV) and Si 2p (104 eV) shows a single contribution representing that both elements 

are present in only one form. 

The XPS spectra of samples where the sol-gel process was performed in presence of 0.05 

mmol, 0.5 mmol and 1.5 mmol Fe(NO3)3 in the reaction mixture are presented in figure 4.14, 

4.15 and 4.16 respectively. Atomic percentages of Oxygen, Silicon and Iron on the surface of 

prepared materials are summarized in Table 4.3. The analysis shows that as amount of iron was 

increased in the solution, it did not result a similar increase in deposited iron material on the 

surface of the prepared material and was restricted to less than 2 atomic percent in all samples. 

This represents that iron is mostly loaded inside of the particles and is not present on their 

surface. 

The XPS spectra obtained on samples where the calcined SMSPs were subjected to deposition 

and subsequent reduction of iron by 0.5 M Fe(NO3)3 1 M Fe(NO3)3 and 1 M FeCl3 are presented 

in figures 4.17, 4.18 and 4.19 respectively. The results are summarized in Table 4.3. Contrary 

to the above mentioned results, these samples shown presence of iron between 3.6-20.9 atomic 

percent. This represents that reduction of salts resulted in high amounts of deposition of iron 

on the SMSPs. 

Table 4.3 Atomic percent of oxygen, silicon and iron, calculated from XPS spectrum 

Sample Oxygen  

(at. %) 

Silicon  

(at. %) 

Iron  

(at. %) 

Fe-SMSPs (0.05 mmol) 65.9 22.5 0.5 

Fe-SMSPs (0.5 mmol) 65.5 28.1 1.4 

Fe-SMSPs (1.5 mmol) 67.2 22.9 1.9 

Fe(NO3)3 0.5 M 63.2 21.3 3.6 

Fe(NO3)3 1 M 63.6 16.0 6.9 

FeCl3 1 M 52.6 - 20.9 
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Figure 4.14 High resolution photoelectron spectra of SMSPs synthesized in solution 

containing 0.05 mmol Fe(NO3)3 and reduced subsequently (A) General survey scan; 

(B) Oxygen 1s; (C) Silicon 2p; (D) Iron 2p 
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Figure 4.15 High resolution photoelectron spectra of SMSPs synthesized in solution 

containing 0.50 mmol Fe(NO3)3 and reduced subsequently (A) General survey scan; 

(B) Oxygen 1s; (C) Silicon 2p; (D) Iron 2p 
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Figure 4.16 High resolution photoelectron spectra of SMSPs synthesized in solution 

containing 1.50 mmol Fe(NO3)3 and reduced subsequently (A) General survey scan; 

(B) Oxygen 1s; (C) Silicon 2p; (D) Iron 2p 

 



64 
 

 

Figure 4.17 High resolution photoelectron spectra of SMSPs deposited with iron by reduction 

of 0.5 M solution of Fe(NO3)3 (A) General survey scan; (B) Oxygen 1s; (C) Silicon 2p; (D) Iron 

2p 



65 
 

 

Figure 4.18 High resolution photoelectron spectra of SMSPs deposited with iron by reduction 

of 1 M solution of Fe(NO3)3 (A) General survey scan; (B) Oxygen 1s; (C) Silicon 2p; 

(D) Iron 2p 

 



66 
 

 

Figure 4.19 High resolution photoelectron spectra of SMSPs deposited with iron by reduction 

of 1 M solution of FeCl3 (A) General survey scan; (B) Oxygen 1s; (C) Silicon 2p; (D) Iron 2p 

 

4.5.7 X-ray diffraction 

To determine phases of the Iron material present in or on the surface of synthesized SMSPs 

powder X-ray diffraction of the particles was carried out. The XRD scan of the particles 

synthesized by carrying out sol-gel process in presence of 0.50 mmol of Fe(NO3)3 shown that 

the particles are amorphous in nature. At shorter angles (2θ ≈ 10°) a strong reflection peak was 

observed, which is normally observed in materials that belongs to MCM-41 family (Beck et 

al., 1992; Kresge, Leonowicz, Roth, Vartuli, & Beck, 1992). A broad peak as observed at larger 

angles (2θ ≈ 25°), that shows that nature of the material is amorphous (Figure 4.20).  
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Figure 4.20 XRD scan of SMSPs synthesized in solution containing 0.50 mmol Fe(NO3)3 and 

reduced subsequently 

Based on information obtained from Raman spectroscopy that the material contains iron in 

form of Fe2O3, XRD scan was also performed on a physical mixture of calcined SMSPs and 

0.5 mmol of Fe2O3 (Figure 4.21) (Farahmandjou & Soflaee, 2015). The scan reveal presence 

of both amorphous SMSPs and crystalline α-Fe2O3. This shows that if the Fe2O3 present in the 

Iron containing SMSPs presented in figure 4.20 was in crystalline nature then it should have 

shown a scan similar to figure 4.21. This means that during formation of SMSPs in presence 

of Fe(NO3)3 iron was trapped in the pores in such a way that it could not arrange in crystalline 

order and formed an amorphous material. 
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Figure 4.21 XRD scan of a mixture of SMSPs and 0.50 mmol of Fe2O3 

 

Figure 4.22 XRD scan of SMSPs deposited with iron by reduction of 1 M solution of Fe(NO3)3 
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XRD scans of SMSPs deposited with Iron reduced from 1 M Fe(NO3)3 and 1M FeCl3 are 

presented in figures 4.22 and 4.23 respectively. The reduced particles that were deposited with 

Fe(NO3)3 shown an amorphous structures while the particles that were deposited with FeCl3 

shown some peaks representative of α-Fe2O3.  

 

Figure 4.23 XRD scan of SMSPs deposited with iron by reduction of 1 M solution of FeCl3 

Finally XRD scan of the iron nanoparticles synthesized by reduction of FeCl3 was also recorded 

(Figure 4.24). The scan shows a reflection at 2θ of 45° and no other signals, which show 

presence of only iron nanoparticles and absence of any iron oxide (Soleymanzadeh, Arshadi, 

Salvacion, & SalimiVahid, 2015). Now the results of formation of iron oxide particles observed 

with Raman spectroscopy from Iron nanoparticles can be explain on the basis of the fact that 

the samples were kept for some time before get transferred to Raman spectroscopy facility. 

This might have resulted in oxidation due to exposure of the samples to air.  
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Figure 4.24 XRD scan of iron nanoparticles synthesized by reducing a solution of FeCl3 

 

4.5.8 Transmission electron microscopy 

To see internal structure of the iron containing SMSPs that were synthesized in presence of 

0.50 mmol of Fe(NO3)3 in the reaction mixture, images were recorded with TEM (figure 4.25). 

In contrast to the TEM image of SMSPs presented in chapter 3, regions of lighter contrast were 

not found in this case and shows that a similar microporous structure may not be present in this 

case. A high magnification TEM image presented in figure 4.25 also revealed absence of 

porous structure. A closer look near the edges of the particles shows presence of rough surface 

similar to that of SMSPs. It is believed that the porous structure is filled with material consisting 

of iron (presence of iron in particles was confirmed by XPS in section 4.5.6).  
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Figure 4.25 TEM image of a single SMSP that was synthesized in presence of 0.5 mmol of 

Fe(NO3)3 in the reaction mixture 

4.5.9 Surface area analysis 

To observe effect of presence of iron, BET analysis was carried out in order to determine 

surface area and pore volume of iron containing SMSPs. Adsorption and desorption of nitrogen 

was studied to investigate important characters of the synthesized particles. A representative 

adsorption and desorption isotherm for Iron containing SMSPs that were synthesized in 

presence of 0.50 mmol of Fe(NO3)3 in the reaction mixture, is presented in figure 4.26. The 
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adsorption isotherm BET analysis revealed surface areas of 417 m2/g and 29 m2/g for the 

SMSPs synthesized in presence of 0.05 mmol and 0.50 mmol of Fe(NO3)3. Which shows that 

on increasing amount of iron present in the solution during synthesis of SMSPs, the surface 

area is reduced (Table 4.4). There is little hysteresis present in adsorption and desorption 

isotherm curves, which indicate a small capillary condensation in large pores (usually larger 

than 10 nm) (Trofimova et al., 2013). Other parameters calculated during surface area analysis 

are present in Table 4.4. 

BET surface area analysis was also carried out on SMSPs deposited with iron reduced from 

1 M Fe(NO3)3 and 1M FeCl3 and are presented in figures 4.27 and 4.28 respectively. The 

surface area analysis reveal that deposition of iron materials on SMSPs have resulted in 

decrease of BET surface area of the SMSPs to 327 m2/g and 71 m2/g for SMSPs deposited with 

Iron reduced from 1 M Fe(NO3)3 and 1M FeCl3 respectively. The result is also in agreement 

with XPS analysis which show presence of more iron content on the surface of SMSPs 

deposited with iron reduced from 1M FeCl3.  

The above results prove that although deposition and incorporation of higher amount of iron in 

the SMSPs resulted in greater reduction of surface area of the particles, but where the iron was 

present in lower amounts the surface area of the particles was still reasonably high 

(300-400 m2/g). 

Table 4.4 Summary of surface area analysis of iron loaded SMSPs 

Sample Single point surface 

Area at P/Po (m2/g) 

External surface 

Area (m2/g) 

BET Surface 

Area (m2/g) 

Pore Volume 

(cm3/g) 

SMSPs 886 623 672 0.1407 

Fe-SMSPs 

(0.05 mmol) 

553 885 417 0.12 

Fe-SMSPs 

(0.50 mmol) 

33 32 29 0.0009 

Fe(NO3)3 1 M 437 311 327 0.076 

FeCl3 1 M 68 68 71 0.0006 
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Figure 4.26 Adsorption and desorption isotherm obtained for surface area analysis of SMSPs 

that were synthesized in presence of 0.5 mmol of Fe(NO3)3  in the reaction mixture 

 

Figure 4.27 Adsorption and desorption isotherm obtained for surface area analysis of SMSPs 

deposited with iron by reduction of 1 M solution of Fe(NO3)3 
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Figure 4.28 Adsorption and desorption isotherm obtained for surface area analysis of SMSPs 

deposited with iron by reduction of 1 M solution of FeCl3 
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Chapter 5 - Dechlorination of 

trichloroethylene using iron loaded 

SMSPs 
5.1 Introduction 

Chlorinated organic compounds constitute an important class of hydrocarbons in which one or 

more hydrogen is substituted with chlorine atom.  These compounds are toxic if released to 

environment and their increasing quantity in environment is of great concern (Justicia-Leon et 

al., 2014; Krol et al., 2003; Moran, Zogorski, & Squillace, 2007; Pecoraino et al., 2008; 

Siegrist, Urynowicz, West, Crimi, & Lowe, 2001). Such compounds are volatile and very stable 

in the environment (e.g., carbon tetrachloride can stay up to 35 years), which results in 

transportation of these contaminants over large areas (Walker, Weiss, & Salameh, 2000). 

Chlorinated organic compounds are used in wide spread applications such as solvents in dry 

cleaning, metal degreasing, manufacture of pesticides, pharmaceuticals, refrigerants and 

adhesives (Doherty, 2000). The have been widely introduced in the environment mostly during 

production, use and inappropriate disposal  (Beamer et al., 2012; Hunkeler, Laier, Breider, & 

Jacobsen, 2012; Moran, et al., 2007; Scheutz, Durant, Hansen, & Bjerg, 2011; Siegrist, et al., 

2001). For instance, a number of natural organic compounds in water, get chlorinated during 

chlorination process, and result in formation of chlorinated organic compounds (Hunkeler, et 

al., 2012; Lourencetti et al., 2012; Zeng et al., 2013). Many such factors result in accumulation 

of chlorinated organic compounds in air, soil and water sources including lakes and ground 

water (Krol, et al., 2003; Pecoraino, et al., 2008). Humans are thus exposed to such compounds 

in variety of ways such as drinking, bathing, swimming, food and laundering. A link between 

reproductive problems (e.g low birth weight, abortion and birth defects) and exposure to 

trihalomethane is identified in a number of studies (C.-Y. Yang, Xiao, Ho, Wu, & Tsai, 2007; 

Zeng, et al., 2013). Further, exposure to tetrachloroethylene, trichloroethylene and carbon 

tetrachloride is associated with occurrence of different forms of cancer (Lynge, Anttila, & 

Hemminki, 1997; Malaguarnera et al., 2012; Siegel Scott & Jinot, 2011).  
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Few chlorinated organic compounds such as perchloroethylene (PCE) and trichloroethylene 

(TCE) are also listed as high priority pollutants by international environmental protection 

agencies (Substances, 2008). The department of health and human services places PCE and 

TCE among top 33 hazardous substances that are at the priority list (B. Huang, Lei, Wei, & 

Zeng, 2014). Exposure to TCE and PCE at low levels has been linked with cervical cancer, 

oesophageal cancer and non-Hodgkin’s lymphoma (Lynge, et al., 1997). Disorders of 

endocrine system and central nervous system in adults (Gash et al., 2008), occurrence of skin 

rashes, liver problems, hearing impairments, blood and urinary tract disorders (Beamer, et al., 

2012) are also reported. 

5.1.1 Trichloroethylene (TCE) as water contaminant 

Chloroethylenes are used and synthesized at large scale due to their low fire explosion and 

good solvent properties for resins, waxes, rubbers, fats, paints, oils, metal degreasing and dry 

cleaning since 1920s (Beamer, et al., 2012; Lash & Parker, 2001; Organization, 2014). 

According to an estimate, annual production volume of trichloroethylene in USA was 145,000 

tonnes and 250,000 tonnes in China in years 2007 and 2011, respectively (B. Huang, et al., 

2014). However, spills, leaks and improper disposals have resulted in large amounts of TCE 

and PCE in the environment and due their stability they are among major pollutants (Beamer, 

et al., 2012; Moran, et al., 2007).  Due to toxic nature, chloroethylenes are strictly regulated in 

drinking water by environmental protection agencies of various countries (B. Huang, et al., 

2014). Different researchers (Z. He, Yang, Lu, & Zhang, 2013; Shao et al., 2011) detected TCE 

as common pollutant in China   

5.1.2 Methods of dehalogenation for chlorinated compounds 

Keeping in view the harmful effects on environment and humans, a number of remediation 

methods to remove and decompose chlorinated organic compounds from soil, air and water 

have been developed (Alapi & Dombi, 2007; Chan et al., 2012; Justicia-Leon, et al., 2014; Li, 

Lin, Zhang, Lu, & Liu, 2012; Meng, Huang, Wu, Wang, & Qian, 2002; Randazzo, Scialdone, 

Brillas, & Sirés, 2011; Rodríguez et al., 2005; Tsai, Kao, Surampalli, Weng, & Liang, 2009; 

Wei & Seo, 2010; J.-S. Yang, Baek, Kwon, & Yang, 2009; Yokosuka et al., 2009).   

A few methods are non-destructive in nature and rely on removing the compounds by 

adsorption and air stripping (Li et al., 2013; Wei & Seo, 2010; J.-S. Yang, et al., 2009). 

However, the methods that decompose the contaminants by breaking C-Cl bonds are most 
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commonly used. Thermal incineration employs use of high temperature (1000 °C) (Mabrouk, 

Lemont, & Baronnet, 2012; Tseng, Chu, & Hsu, 2003) in a contained chemical waste to destroy 

and decompose these compounds.   

Some anaerobic and aerobic bacteria are also found to convert chlorinated organic compounds 

into hydrocarbons (Gander, Parkin, & Scherer, 2002; Grostern & Edwards, 2006; Henry & 

Warner, 2003). But due to toxic nature of such compounds, microorganisms can only consume 

limited amount e.g chloroform was found be inhibit microbial processes (such as 

methanogenesis) and dechlorination of chlorinated compounds (Chan, et al., 2012; Justicia-

Leon, et al., 2014). Phytoremediation have successfully been shown to remove carbon 

tetrachloride but it suffers from limitation such as incomplete metabolism and slow removal. 

It also results in increased bio-availability of contaminants (Van Aken, 2008).  

The chlorinated organic compounds can directly be oxidized by ozonation (Ikhlaq, Brown, & 

Kasprzyk-Hordern, 2013). Although this has resulted in complete removal of chlorinated 

contaminants but ozone suffers from disadvantage of insolubility in water, that restricts use of 

this process in many real life applications  (Alcántara-Garduño, Okuda, Nishijima, & Okada, 

2008; Strokova et al., 2013). Photocatalytic oxidation generates hydroxyl radical by irradiation 

of light on zinc oxide and titanium dioxide. This hydroxyl radical then decomposes chlorinated 

compounds (Hoffmann, Martin, Choi, & Bahnemann, 1995; Meng, et al., 2002). Fenton 

oxidation makes use of iron oxides and Fe3+ in addition to H2O2 as a source of hydroxyl ions. 

A catalyst is usually used with the reaction in either neutral or acidic conditions. (Tsai, et al., 

2009). Due to its efficiency and simplicity, Fenton process is widely used for destruction of 

chlorinated compounds (Chen et al., 2001; Grčić, Vujević, Šepčić, & Koprivanac, 2009). 

Electrochemical oxidation techniques such as anodic oxidation and Electro-Fenton oxidation 

have shown higher efficiency under milder condition with lower associated costs (Beteta, 

Cañizares, Rodrigo, Rodríguez, & Sáez, 2009; Canizares, Paz, Sáez, & Rodrigo, 2009).  

Reductive dechlorination methods have gained more attention in recent years as the products 

formed during the process are non-toxic or relatively less toxic than those formed during 

oxidation (C.-C. Huang & Lien, 2010; Sriwatanapongse, Reinhard, & Klug, 2006; Wang, 

Chen, Chang, & Liu, 2009). Electrochemical reduction has also been employed to de-

halogenate the chlorinated compounds and is successfully demonstrated in non-aqueous and 

aqueous phases. (Costentin, Robert, & Savéant, 2003; Farrell, Melitas, Kason, & Li, 2000; B. 
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Huang, Isse, Durante, Wei, & Gennaro, 2012; Isse, Huang, Durante, & Gennaro, 2012; 

Rondinini & Vertova, 2004). 

The discovery that zero valent iron (ZVI) and iron fillings (Dries, Bastiaens, Springael, 

Agathos, & Diels, 2004; F. He, Zhao, & Paul, 2010; Kohn, Livi, Roberts, & Vikesland, 2005; 

Liu & Lowry, 2006) are able to dechlorinate the chlorinated organic compounds (Gillham & 

O'Hannesin, 1992) has attracted a considerable attention. Iron in its zero valent state act as 

reducing agent and donates electron for reductive dechlorination of the chlorinated 

contaminants and convert them to non-halogenated products and chloride ions. However, this 

technique suffers from disadvantage of low reactivity and passivation of the surface of metals 

due to oxide formation. One promising solution to prolong the activity (Cwiertny, Bransfield, 

Livi, Fairbrother, & Roberts, 2006; C.-C. Huang & Lien, 2010) is shown by incorporating 

another metal (e.g Pt, Pd and Ni). The bimetal catalyst system has shown fast kinetics and high 

reactivity toward destruction of chlorinated organic compounds (H.-L. Lien & Zhang, 2005; 

Wang, et al., 2009). The problem of agglomeration in this method due to magnetic effect is 

again encountered with surface modification of catalyst with surfactants or polymers (Kustov, 

Finashina, Shuvalova, Tkachenko, & Kirichenko, 2011; Tiraferri, Chen, Sethi, & Elimelech, 

2008). High cost of noble metals, however, limits the use of such bimetallic systems. 

Laboratory studies have proved that ZVI can effectively remediate and dechlorinate a large 

number of chlorinated organic compounds and most of them will be reduced to obtained non-

chlorinated hydrocarbons (H.-L. Lien, 2000; H. Lien & Zhang, 1999; Zhang, Wang, & Lien, 

1998). Iron particles have been tested in field to treat subsurface water (Comba, Di Molfetta, 

& Sethi, 2011; Gheju, 2011). Key benefits of using ZVI are summarized below: 

• Iron particles are easier to synthesize from their precursor salts.  

• The particle can be active up to 8 weeks toward contaminants in water and soil  

• Application to soil and underground aquifer is relatively convenient than other 

methods. 

• The particles can spread over wide area in underground water 

• Dechlorination action of ZVI is very fast and reduction in most of the chlorinated 

contaminants occurs in just few days.  

In addition to above mentioned benefits offered by ZVI, use of mesoporous silica as support 

can offer additional advantages for remediation of the contaminated soil and water. Silica, 
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being stable and unreactive platform, not only avoids the iron particles from agglomeration but 

also encourages adsorption of the contaminant and its conversion into dechlorinated products.  

In current chapter, dechlorination of TCE is demonstrated using the prepared Iron loaded 

spherical mesoporous silica particles (Fe-SMSPs). The dechlorination is monitored using mass 

spectrometer (MS) and high performance liquid chromatography (HPLC).             

5.2 Results and discussion 

The Fe-SMSPs are employed in 25 ppm TCE aqueous solution to demonstrate removal of 

trichloroethylene in time dependent batch experiments ranging from 0-120 minutes with 

regular interval of 20 minutes. A calibration curve (Figure 5.1) is constructed on HPLC using 

concentrations of TCE ranging between 20-50ppm to quantify the residual TCE. 

 

Figure 5.1 HPLC Calibration curve of TCE  

The percentage reduction is calculated using equation 1 and presented in Table 5.1 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟 𝑟𝑟𝑜𝑜 𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐶𝐶𝑖𝑖− 𝐶𝐶𝑡𝑡
𝐶𝐶𝑖𝑖

×100     Equation 1 

Where 

Ci is initial concentration of TCE before start of reaction 

Ct is concentration of TCE at time t 
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Table 5.1 Removal (percentage) of TCE from a 25 ppm TCE solution by Fe-SMSPs 

Time (minutes) Removal of TCE (in %age) 

0 0 

20 55 

40 84 

60 96 

80 98 

100 99 

120 100 

 

It can be seen that removal of TCE is relatively faster initially followed by progressively slower 

rate. Upon contact of 60 minutes, most (96%) of TCE is removed from the solution, whereas, 

the water sample is completely free from TCE in 120 minutes.  

 

Figure 5.2 Plot showing first order kinetics for removal of TCE.  
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A linear decrease in concentration log of TCE is observed with increasing reaction time 

(Figure 5.2). The results reveal the situation when iron is present in excess to TCE following 

pseudo first order kinetics (Farrell, Kason, Melitas, & Li, 2000; Liu, Majetich, Tilton, Sholl, & 

Lowry, 2005). The surface area normalized rate constant (kSA) is calculated to have a value of 

4.6 x 10-2 L.h-1.m-2. 

The information/data gathered from HPLC for removal of TCE by Iron loaded spherical 

mesoporous silica particles (Fe-SMSPs) suggest that this removal may be due to 

dechlorination. This hypothesis is further tested through run on GC-MS to identify the 

dechlorination products and mechanism of dechlorination. The fragmentation pattern (Schrick, 

Blough, Jones, & Mallouk, 2002) is summarized in Table 5.2. The spectra of reaction mixture 

at series of reaction times are presented in Figures 5.3(A-C) and 5.4 (A-C). Major products of 

time series are identified in Table 5.3. 

Table 5.2 Common dechlorination products produced during reductive dechlorination of TCE. 

Name Formula Mass to charge ratio (m/z) 

Trichloroethylene 

(TCE) 

 

 C2HCl3 60,62.95,97, 99, 130,132, 134 

 

1,2-dichloroethylene 

 

C2H2Cl2 61,63,96,98,100 

Vinyl Chloride C2H3Cl 62,64 

Hexane C6H14 39, 41, 42, 43, 56, 57, 71, 86 

Pentane C5H12 39, 41, 42, 43, 57, 72 

Butane C4H10 39, 41, 42, 43, 58 

Propane C3H8 44 

Tri-chloromethane CHCl3 47, 48, 83, 85, 87, 118, 120, 122 

Methylene chloride CH2Cl2 59, 51, 84, 86 

  

 

 



 
89 

 

 

Figure 5.3 Mass spectra of TCE solution treated with Fe-SMSPs for different contact time 

(A) 0 min, (B) 20 min (C) 40 min. 
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Figure 5.4 Mass spectra of TCE solution treated with Fe-SMSPs for different contact time 

(A) 60 min (B) 80 min (C) 100 min.  
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Table 5.3 Major chlorinated and dechlorinated products of TCE treated with Fe-SMSPs at 

different contact times. 

Contact time (min) Major Compounds detected 

0 trichloroethylene 

20 trichloroethylene, trichloromethane, dichloroethylene,  

C3-C6 hydrocarbon compounds 

40 trichloroethylene, dichloroethylene, trichloromethane, 

C3-C6 hydrocarbon compounds 

60 trichloroethylene, dichloroethylene, trichloromethane, 

C3, C4, C6 hydrocarbon compounds 

80 C3, C4, C6 hydrocarbon compounds, trichloroethylene 

(traces), Trichloromethane (in traces) 

100 C4-C6 hydrocarbon compounds, trichloroethylene (in 

traces), trichloromethane (in traces) 

 

It is known previously that ZVI dechlorinate TCE through reductive mechanism involving 

beta-elimination. The electron transfers from ZVI (acts as reducing agent) to the chlorinated 

compounds result in formation of chloride and Fe2+ ions. This beta-elimination is a dominant 

pathway for dechlorination of more than 95% of chloroethenes (Arnold and Roberts, 2000). It 

can be concluded that majority of TCE decomposes and hydrocarbons with carbon at ≤ C6 are 

formed by coupling of the reaction intermediates (Arnold & Roberts, 2000; Orth, Dauda, & 

McKenzie, 1998). Hydrogenolysis also occurs to an extent of < 5% and results in formation of 

dichloroethylene and vinyl chloride which then undergo beta elimination (Arnold & Roberts, 

2000). 

Since dechlorination with Fe-SMSPs have displayed reaction kinetics of pseudo first order in 

the given system of 25 ppm TCE, it means that there are one of two possibilities. Both TCE 

was not initially adsorbed completely on reaction sites and the reactive sites were in excess at 

all times during the reaction.  Or reaction was limited by formation of a Fe3O4 shell around 

ZVI and thus controlling electron transport across the shell in turn controlling the rate of 

dechlorination of TCE. The surface normalized rate contact (kSA = 4.6 x 10-2 .L.h-1.m-2) was 

found to be higher than what was reported for iron fillings and for nZVI in literature (Liu, et 

al., 2005; Reisner & Pradeep, 2014; Stewart, 2005). This high dechlorination rate can possibly 
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be due to adsorption of TCE in mesoporous silica in vicinity to embedded nZVI, thus 

encouraging interaction of TCE with the reaction sites as compared with nZVI without silica.  

 

 

Figure 5.5 Possible reaction pathway for dechlorination of TCE  
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Chapter 6 – Summary, conclusions and 

future prospects  
6.1 Summary  

The present research work is pivoted on the synthesis of silica based material and its 

development as efficient adsorbents that can also offer in-situ remediation of chlorinated 

compounds.   

The successful synthesis of spherical mesoporous silica particles is clearly established by a 

series of characterization techniques. The mean particle size of 627 nm shows narrow 

distribution of their sizes (standard deviation ±140 nm). The reaction temperature is found to 

affect the size of particles that is reduced (to approximately 400 nm) on increasing 

temperature.  

The presence of amorphous silica structure with silicon and oxygen as major elemental 

components was demonstrated when synthesized particles were subjected for characterization 

to ATR-FTIR, XRD, EDX and XPS.  The smaller amount of carbon found might be 

attributed to remaining CTAB in the pores. Surface area analysis of such mesoporous 

structures is of vital importance. A high resolution TEM image of single SMSP indicated 

presence of porous structure which was further confirmed by surface area measurement by 

adsorption and desorption isotherms of nitrogen. The adsorption isotherm revealed that the 

synthesized SMSPs have high surface area with pore size of ~2 nm. These results also 

confirmed presence of mesoporous structure along with high available surface area, which is 

characteristic of such materials. The results further established that SMSPs can be used as 

support for catalysts with enhanced activity due to high available surface area. Adsorption of 

target molecules on SMSPs will be further facilitated.  

The focus of synthesizing iron and/or iron oxide silica particles is rested on the potential of 

these materials to be used for in situ dechlorination of chlorinated organic compounds such as 

trichloroethylene (TCE). 
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6.2 Conclusions 

The present research arrives at following conclusions:  

 Method of synthesis for a silica based support with large surface area was 

successfully developed.  

 The zero-valent iron and its loading on SMSPs using two different approaches is 

clearly demonstrated and further supported catalytic activity for dechlorination of 

trichloroethylene (TCE). 

 The amount of salt in the sol-gel solution is increased; iron content of the particles is 

also increased.  XPS results revealed that most of the iron is trapped inside the 

structure of the particles. Further, presence of iron as α-Fe2O3 by Raman spectroscopy 

is attributed to decomposition of Fe(NO3)3 during calcination or by oxidation due to 

exposure to air.  

 SMSPs exhibited high surface area (417 m2/g), when amount of iron salt during 

synthesis of was kept low. This has a significant role in catalytic decomposition of 

chlorinated organic compounds and facilitates decomposition by localizing the target 

molecules through adsorption in porous structure.  

 The application of synthesized materials as adsorbent is demonstrated for removal of 

TCE through batch experiments.  More than 90% of TCE was removed during the 

first 60 min and a complete removal was observed in 120 min.  

 The fragmentation pattern obtained from mass spectra shown that dechlorination of 

TCE occurred progressively ending up in the formation of hydrocarbons as dominant 

final product.  

 Increased rate of dechlorination, lower toxicity of Iron and inertness of silica structure 

establishes that the synthesized iron loaded spherical mesoporous silica particles 

(Fe-SMSPs) are suitable candidates for in situ remediation of TCE contaminated 

water.  

 Although in this study Fe-SMSPs demonstrated dechlorination of TCE only, but it is 

expected that these particles may be used to treat soil and water contaminated with 

other chlorinated organic compounds. 
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6.3 Future research directions 

The present research demonstrates use of novel iron loaded SMSPs for dechlorination of TCE 

on bench scale experiments.  There is need of pilot ex-situ experiments on contaminated sites 

to study behaviour of these materials in real world situations (Clement, Johnson, Sun, Klecka, 

& Bartlett, 2000). It is expected that further modification of the presently synthesized 

materials need to be explored in future for wider applicability and better efficiency.  

It is understood that systems that are employed for dechlorination of TCE can be extended as 

good candidate for other halogenated compounds including furans, dioxins, PCBs, and 

halogenated solvents (He, Zhao, & Paul, 2010). Therefore, iron loaded SMSPs presented in 

this thesis can also be studied for dehalogenation of compounds other than TCE, and possibly 

in the actual contaminated sites.  

Recently bimetallic systems gained attention for dechlorination of chlorinated organic 

compounds (He & Zhao, 2005). The developed method for synthesis of iron loaded SMSPs 

may also be elaborated to include a second metal or a combination of metals. The 

mesoporous structure will not only act as support to stabilize the catalyst system but also the 

high surface area of the materials will improve efficiency of the supported catalysts.  
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