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Abstract

Zero-valent iron nanoparticle was accepted asga Iperformance material to
degrade a wide variety of chlorinated contaminambsyever its catalytic activity towards
1,2-dichloroethane has been known insignificahiswork, it is demonstrate for the first
time that 1,2-dichloroethane was significant ddgdhup to 14% by Pd modified CMC
stabilized F& bimetallic nanoparticles (Pd/CMC-Fenanoparticles). Zero-valent iron
nanoparticles (Fenanoparticles) were synthesized in the presenddiffgfrent types of
stabilizers (CMC and soluble starch) and supporteres (mesoporous silica and
activated carbon) to prevent nanoparticles fromregaftion. Discreate Beanoparticles
with the patrticle size in range 12-75 nm were ot&diby control synthesis at different
conditions. Pd/CMC-Fenanoparticles were prepared by mixing colloidaipgnsion of Fe
nanoparticles and Pd nanoparticles before using eatalyst. Particle size, morphology
crystal structure and surface structure of all lsggsized samples were characterized by
various techniques. Dispersion stability and phetimobility of the synthesized Fe
naoparticles were also monitored. In addition, secgtudy of the dechlorination efficiency
of contaminants groundwater collected from 3 comitiesinearby Map Ta Phut industrial
estate was also investigated.

Keywords : Dechlorination, 1,2 dichloroethane, zero-valenhinanoparticle, bimetallic

nanoparticle



CHAPTER 1
INTRODUCTION

Chlorinated organic compounds (COCs) are widespreamvironmental
contaminants found both in groundwater and soilnyna which are toxic, persistent and
poorly biodegradable to biota. They can accumudaaelually in the environment and turn
to be a threat to human and ecosystem long-stan@ivegremediation of groundwater and
soil contaminated by COCs has an extensive corarans becoming a significant priority
(Wang et al., 2009).

Since the late 1990s, the use of zero valent ioorgfoundwater remediation has
been investigated for its potential to reduce stfbsa contaminants such as chlorinated
solvents and heavy metal. Currently, nanoscal® zaelent iron particles shows
tremendous promise in the environmental sectortdués high reactivity. With a large
surface-to-volume ratio of nanoscale materials,ox&lent iron nanoparticles can
effectively oxidize many robust toxic contaminaimsa short time (Li et al., 2006). In
addition, the degradation can work well in bothda@mnd base conditions. The aggregative
toxic compounds such chlorinated hydrocarbon caeither decomposed or transformed
to non-toxic forms by the iron nanoparticles. Moreg the catalytic performance of iron
nanoparticles can be significantly improved by Hieg with a small quantity of
additives/promoters or with the use cost-effectinngh performance support materials.
Therefore, the employment of nanoscale zero-valem nanoparticles in environment
remediation is a promising technology which maywsaome challenge problems in water

cleanup facing Thailand.

In addition to reactivity, the stability of nanotearon particles is also of a major
concern. Nanoscale iron particles exhibit high d@n Waal attractions also have high
magnetic properties which cause the particles ghoagerate are not stable in suspensions
for long period of time (Cirtiu et al.,, 2011). Thsedimentation and agglomeration of
nanoscale iron particles impede the delivery of osaale iron particles into the
contaminated zones during the in-situ applicatidisus, the preparation of zero-valent

iron nanoparticles with high dispersion stabilitpydahigh mobility is still challenge.



Researchers have been trying to modify the sudéatiee nanoscale iron particles to make
them more stable in suspension and ensure adegeedavity as well as mobility to
deliver into the contaminated subsurface zonesh@etL. et al., 2009). A wide variety of
stabilizers have been proposed to modify zero-valeon nanoparticle surface
characteristics. In addition, increasiefforts have been directed on the dispersion of iro
nanoparticles on support materials which can effelst protect iron core from being
oxidized (Petala et al., 2013). Simultaneously, simeuld consider that modified nanoscale
iron nanoparticles should be able to transportuginathe soils while maintaining adequate

reactivity with the target contaminants under sutase conditions.

1,2-Dichloroethane is a raw material used for thenufiacture of vinyl chloride
monomer (VCM) and therefore has very often beeadatet! in the groundwater nearby the
VCM manufacturing plant (Huang et al., 2011). Itoise of the most stable chlorinated
hydrocarbons with categorized as a very recalditggpundwater contaminant. Although,
zero-valent iron is capable of degrading a widayaof highly chlorinated contaminants
such as trichloroethylene, vinyl chloride, carbetrachloride, and tetrachloroethane, its
catalytic activity towards 1,2-dichloroethane issignificant. Thus 1,2-dichloroethane
remains a challenging compound for the remediatommunity and one of the great

research interests.

For this proposed research, development of higlopeance surface modified iron
nanoparticles to treat 1,2- dichloroethane (DCAjhtaminated in groundwater will be
focused. The experiments will first be carried mutaboratory scale by using standardized
water but at later stage, contaminated water sarfpden the community nearby Map Ta
Phut industrial estate will be studied such thaious factors can be identified to meet
high activity, stability and mobility under the litad conditions of cost effective and

environmentally friendly iron nanoparticles,

For the development of high performance zero-valemt nanoparticles, the
preparation of iron nanoparticles will be focused o

1. High surface to volume ratio of active sites

2. High stability; stable in air and remain in seispions for long period of time

3. High mobility, high ability to pass through pasomedia.



Objectives

1. To synthesize zero-valent iron nanoparticles ak paggformance (reactivity,
stability and mobility) catalysts fordechlorinatioh1,2 dichloroethane
contaminate in groundwater.

2. To systematically study the important parametershsas catalyst formulation,
composition and structures as well as reaction itiond that affect to the
dechlorination efficiency.

3. To study the contaminated water samples from tinenwonity nearby Map Ta Phut
industrial estate such that various factors caiiéetified and treated.



CHAPTER 2

RESEARCH METHODOLOGY

The experiments were carried out in an aqueoudisolunder N atmosphere.
Deionized water was purged with, l§as to removed dissolved oxygen. Bare and coated
zero-valent iron nanoparticles were prepared. titach, zero-valent iron nanoparticles on

mesoporous silica and carbon material support wexgared.
Section I: Synthesis of Zero-valent Iron Nanopartites

2.1 Synthesis of Bare Zero-valent Iron Nanoparti@s

Bare iron nanopatrticles were prepared by mixingegual volume of an aqueous
solution of 2.0 M NaBH and 0.01M FeGl The sodium borohydride solution was slowly
added into the iron chloride solution underdimosphere and stirred for 2h. The colour of
solution will be changed slowly from yellow to bkac The obtained iron nanoparticles
were separated from the mixture by centrifugatiwashed several times with deionized

water and ethanol before used or stored in dry ameth

2.2 Synthesis of Polymer-Stabilized Zero-valent tn Nanopatrticles
Sodium carboxy methyl cellulose (Na-CMC) and watauble starch were used as

green-polymer stabilizer to protect®fenoparticles from aggregration.

2.2.1 Synthesis of CMC-Stabilized Zero-valent Ine Nanopatrticles
(CMC-Fe° Nanoparticles)

In the typical experiment, CMC 2.5 g was dissolwedl0O0 mL of water. FeGl
0.162g was dissolved in 100 ml of water (ratio CKE* is 10:1). The above prepared
solution was mixed and stirred at room temperattfé. NH,OH solution was slowly
dropped to keep the solution at pH8. Approximately 20 mL of 4.0M an aqueous NaBH
solution was added dropwise underatimosphere and stirred for desired time. The ¢olou
of solution will be changed slowly from yellow tdaelok. The obtained iron nanoparticles
were separated from the mixture by centrifugatwashed several times with deionized

water and ethanol before used or stored in dry ameth



The effect of reaction temperature, reaction ticwcentration of Fé precursor
and ratio of Fe to CMC stabilizer was studied. Reactemperature was study at room
temperature and 6C. Mole ratio of Fe precursor to CMC (monomer) wsaglied at 1:5
and 1:10 (CMC). Concentration of ¥eprecursor was studied at 0.01 M and 0.02 M.
Reaction time was studied between 4-48 h.

2.2.2 Synthesis of Starch-stabilized Zero-valentdn Nanoparticles
(STR-F&) Nanoparticles)

The same preparation method of CMC-FRanoparticles was applied to prepare
starch-stabilized colloidal Penanoparticles. However, the amount of Re@as 0.162g
and water soluble starch was 1.620 g dissolvedihrhl of water at 6@ (ratio starch-
Fe’" is 10:1). The above prepared solution was mixetlsgirred at room temperature. 5%
NH4OH solution was slowly dropped to keep the solutrpH~ 8. The mixture was
stirred at room temperature. 20 mL of 4.0M NaBidueous solution was added dropwise
under N atmosphere and stirred in oil bath at@@or 2h. The color of solution will be
changed slowly from yellow to black. The obtainezhinanoparticles were separated from
the mixture by centrifugation, washed several timath deionized water and ethanol
before used or stored in dry methanol.

2.3 Synthesis of Zero-valent Iron Nanoparticles oiMaterial Supports
2.3.1 Synthesis of Mesoporous Silica Nanoparticles

0.5g of CTAB was dissolved in 240 mL of deionizeatar. 1.75 mL of an
aqueous solution of 2M NaOH was added into thetmmluThe temperature was adjusted
to 80°C and 2.5 mL of TEOs was added dropwise édfldsk under stirring. The reaction
was continued heating for 2h at 80°C. The resulivhge precipitate was filtered, washed
with water and ethanol, dried at 100°C for 4h aaldined for 4h at 600°C.

2.3.2 Synthesis of Zero-valent Iron Nanoparticlesupported on Mesoporous

Silica Nanoparticles (F&/SiO, Nanoprticles)

Mesoporous support zero-valent iron nanoprticless warepared by wet

impregnation. In typical experiment, 0.6 g of paegdl mesoporous silica was dispersed in
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30 ml of 0.01 M FeGl The suspension was heated &G evaporate water until nearly
dry. 20 ml of water was added and filtration. 50 ahwater was added in £éSiO, and
sonicate. Then, 20 mL of 4.0M NaBtqueous solution was added dropwise under N
atmosphere and stirred stirred for 4 hr. The obthimesoporous silica support zero-valent
iron nanoprticles were separated from the mixtyredntrifugation, washed several times
with deionized water and ethanol before use oestor dry methanol

2.3.3 Synthesis of Zero-valent Iron Nanoparticleson Activated Carbon
Supporting (F€”/C Nanoparticles)

Pretreatment of Activated Carbon: Activated Carbasm support was
pretreated before using. 1.00 g of activated caxkas refluxed in 200 mL of 35% HNO
for 2 h. The obtained pretreated carbon was thetrifiegation, washed with water until

water washing is neutral pH and dried at 100°Gsfar

2.3.4 Carbon support Zero-valent Iron Nanoprticles(Fe”/C)

0.6 g of pretreated carbon was dispersed in BD.eAM FeC} (10% Fe on carbon
support). The suspension was mixed and stirredaah temperature. 5% NBH solution
was slowly dropped to keep the solution at pH. 20 mL of 4.0 M NaBkl aqueous
solution was added dropwise under &mosphere and stirred for 4h. The obtained iron
nanoparticles were separated from the mixture riéegation, washed several times
with deionized water and ethanol before use oestor dry methanol.

2.4 Synthesis of Pd-Modified CMC-stabilized Iron Naoparticle (Pd/CMC-Fe°
Nanoparticles).

Pd modified Iron nanoparticles were prepared biagaation and nano-palladium
deposition method.

2.4.1 Palladization Method

0.028g of Pd(NG). in 15 ml of watemwas added in the colloidal iron nanopatrticles
suspension prepared from 3.3.2 section. The mixta® stirred at room temperature for 1
h. The obtained iron Pd/Fe nanoparticles were s&g@r from the mixture by
centrifugation, washed several times with deioneter and ethanol before use or stored
in dry methanol. Various ratios of Pd loading werepared ab.1, 0.2, 0.3, and 0.5 %

loading



11

2.4.2 Nano-palladium Deposition
Pd-Modified CMC-stabilized iron nanoparticles werepared in 2 steps. CMC-Fe
nanoparticles and Pd nanoparticles were separptelyared and chemically mixing in

colloidal form.

Preparation of Pd Colloidal Nanopatrticles
In a 100 mL round bottom flask, 0.0280g of Pd@yCand 0.24 g (2.16240°
moles) of PVP were dissolved in 15 mL of diethylgqodyol under stirring. The solution

was then heated at 9D. After 2 h at 90C, a transparent dark brown colloidal solution of

PVP-Pd nanoparticles was obtained.

Preparation of Pd/CMC-F€® nanoparticles by Nano-palladium Deposition

Pd colloidal nanoparticles were added in the cd#biiron nanoparticles
suspension prepared from 3.3.2 section. The mixta® stirred at room temperature for 1
h. The obtained iron Pd/Fe nanoparticles were ségédr from the mixture by
centrifugation, washed several times with deion@ter and ethanol before use or stored
in dry methanol. Various ratios of Pd loading werepared at 0.1, 0.2, 0.3, and 0.5 %

loading.

2.5 Characterization of Zero-valent Iron Nanopartides
The synthesized zero-valent iron nanoparticles Rdadnodified zero-valent iron

nanoparticles were characterized by various tecksidgelectron microscope (TEM and
SEM) was used to indentified particle size, shapd dispersion of the synthesized
samples. The samples preparation for charactenzatas performed by dispersion into
absolute ethanol using ultrasonication. TEM samplerge prepared by placing a drop of
colloidal dispersion of the synthesized Fe nandgas onto a carbon-coated copper grid
followed by natural evaporation of the solvent.lédst 100 nanoparticles were considered
for reporting the mean diameter with standard dena The samples were prepared by
pacing a drop of colloidal suspension of the sysitesl Fe nanopatrticles on stubs and let it
dry at room temperature. EDX was connected to SEM dlemental analysis and
elemental mapping. Structural characterizationhaf $ynthesized Fe nanoparticles was
carried out by X-Ray powder diffraction. Surfacenguosition of the particles was
analyzed by Scienta X-ray photoelectron spectromdtiee prepared iron nanoparticle
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samples were packed in aluminium foil bag undemuuat and then transferred into the
sample cell. Hydrodynamic diameter of the synttessiE@ nanoparticles was measured
by dynamic light scattering method. The amount &f$amples dispersed in water was 2
g/L. The measured temperature is@3°C. The colloidal stability of the synthesized’Fe

nanoparticles was analyzed from zeta potential.

2.6 Mobility and Stability of the Synthesized ZeroValent Iron
Nanoparticles

2.6.1 Dispersion Stability

The ability of colloidal iron nanoparticles suspeddin the solution was
preliminary monitored. 0.05 g of iron nanopartscieas dispersed in 10 ml ok durged
deionized water by ultrasonic bath. The colloidagmension was kept in 10 mL vial in
close system without headspace. Then, time thgidhecles start to segregate and settle at

the bottom of vial was recorded.

2.6.2 Mobility

Mobility was determined by sand column experimenthe transport test of
colloidal suspension was carried out with 10 cnhtsgnd bed in a 10 mL syringe column.
0.05 g of the synthesized zero-valent iron nanapestwas dispersed in colloidal form in
10 mL N, purged deionized water and filled on top of thd bed. The eluent was
collected at the bottom of the syringe column.

Section Il Dechlorination of 1,2 Dichloroethane

Catalytic performance of the synthesized Ranoparticles and Pd/feimetallic
nanoparticles toward dechlorination of 1,2 dich&h@ne contaminant in water was

investigated in laboratory scale.

Batch experiments were conducted to test reactofitthe laboratory synthesized
nanoscale particles for the dechlorination of Ji¢hldroethane. The 5 ppm stock solution
of 1,2-dichloroethane were prepared in the mixeldesd of less methanol and adding
water for 1,2 dichloroethane at 5 ppm. The 20 nmidspace vial was filled with a
suspension of desired amount of zero-valent iraroparticles (g of catalyst to a liter of
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water; g/L). A cold solution of 5 ppm 1,2- dichbonethane was spiked in to into the
catalyst suspension. Then, water was filled ihi® lhottle with no headspace and sealed
immediately with septum screw cap. The vial waecetl on a rolling shaker for desired
time. The speed of rolling and temperature weretrotad at 70 rpm and 27£C,
respectively). After rolling for desired time, thal was cooled to 4. 10 ml of the
solution was transferred by pipette to 20 ml headspvial and immediately sealed with
septum cap. Static headspace-solid phase micmacéwh technique was applied to
extract the remaining 1,2 dichloroethane. Polydiylsiloxane (PDMS) was used as
SPME fiber coating. The optimum extraction time swatudied at 23+2°C. The
dechlorination reaction was studied at various @@t such as reaction time, the amount
of catalyst (g/L) and concentration of 1,2 dichletttane.

The concentration of 1,2 dichloroethane was detezthibyHewlett Packard HP
5890 series Il gas chromatographhe GC was equipped with a flame ionization clete
(FID) and aHP-5MS Ul capillary column, 30mx0.32mm 1.D.x 0.28n film thickness
(Agilent). Ultrapure helium (99.999%) was used fas tarrier with a flow rate 3 mL/min.
Ultrapure nitrogen was used as make-up gas alifibw rate 3 mL/min. Hair zero were
used as fuel gas. The column oven temperature veastamed at 90C. The detector

temperature was fixed at 280 The injection port temperature was fixed at°Zl0

Section Il A Case Study of Using Zero-Valent IronNanoparticles for
Groundwater Remediation

Contaminant water samples were collected from Jigptwvater wells in Map ta
Phut town, Muang District, Rayong Province. Sanfplas collected from groundwater
well in Map Ya community. Sample 2 and sample 3eneollected from groundwater
wells in Neon Pha Yom community and Nong Nam Yemmguwnity, respectively. The
collected samples were kept in plastic bottlesstaced at 4C. The chemical and physical
quality of the groundwater such as pH, dissolvegger (DO) salinity were monitored

and the amount of 1,2 dichloroethane was analyzed
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CHAPTER 3

RESULTS AND DISCUSSION

Zero-valent iron nanoparticles and palladium-medifi zero-valent iron
nanoparticles were synthesized by different methddsir particle size, morphology and
composition were characterized by various techriquene catalytic activity toward
degradation of 1,2 dichloroethane was investigate@ddition, their dispersion stability,
oxidation stability and the ability to transport porous media was also explored. The
results and discussion for all studied are showhischapter.

Section | Synthesis and Characterization of Zero-Vant Iron

Nanoparticles

In general, there are two strategies for nanosoaiéhesis: top-down and bottom-
up approaches. Top-down starts with large sizeafigar or microscale, the generation of
nanoparticles via mechanical and/or chemical stapkiding milling, etching, and/or
machining. Bottom up, the nanostructures were dgroatbm-by-atom or molecule-by-
molecule via chemical synthesis, self-assemblirdy@ositional assemblingCarroll et al.
2013).This work, zero-valent iron nanoparticles were synthesizetdiyom-up approach
via a chemical reduction method. Metal ion was used precursor and was reduced to
metal atom by using a reducing agent. Normally, Na#as used due to strong reducing
property. In addition, this method has been accepaseone of the most cost effective and a
very simply methodlt can be safely done in most chemistry laboraterth simple

chemical reagents (He et al., 2005)
3.1 Synthesis of Bare Zero-valent Iron Nanoparticle

Zero-valent iron nanoparticles were synthesizeddqueous solutiomlue to the
environmental purpose#s zero valent nanoparticles are highly air-sewnsiand easily
oxidized to hydroxide or oxide forms, therefore tleduction reaction was carried out in
nitrogen atmosphere. In addition, deionized watas wurged with purified Nfall to the
level below 3mg/L £30 min). Hydrated FeGlas use as Beprecursor. Dissolving the

precursor in water, the hydrated iron (lll) solutivasformed. After, BH, is introduced
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into Fe* solution, metallic iron was generated. The chemical reactioshown in the

following equation;
Fe(HO)s>" + 3BH, + 3H,LO —>  F&+ 3B(OH) + 10.5H (3.1)

Due to the high charge density of*Fén aqua complex, the O-H bonds became
weakened and hydrolysis occurred (eq.3.2). Theimddasolution is acidic. From the

experiment, the pH of 0.01 M of Fe@h aqueous solution was 2.69.

[Fe(HO) ** (ag) + BO(l) —» [Fe(HO)(OH)I*"(ad) + HO"(aq) (3.2)

In acid solution, it is possible that some of NaBHtroduced in the aqua iron
complex will be consumed by *Hreduction (eq.3.3) because of the higher electrode
potential of 2H/H, (eq.3.4) over that of B¥Fe’ (eq. 3.5).

BHs + H" + 3H,0 — H3BOs3 + 4H,1 (3.3)
2H" +26 —— H E=0.00V (3.4)
Fe€* +3¢6 —> Fe B=-0.04V (3.5)

After an aqueous solution of NaBMWas added, gas bubbles immediately appeared,
and the solution mixture turned from light yellow lack.The non-stabilized Fe particles
agglomerated angrecipitated nearly completely in a few minutes.eTdenerated iron
particles were harvested by centrifugation and wdshkith a large volume of nitrogen
purged deionized water and ethanol. The obtainedp&icles were stored in dry

methanol. SEM images of the particles are showkigare 3.1

Figure 3.1 SEM images of bare iron nanoparticlepared in the absence of stabilizers,

using NaBH as reducing agent.
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According to the images, it can be seen that enahsence of the stabilizer, the
resultant particles do not appear as discrete rmat®garticles but most particles formed
chain-like aggregate. The diameter of the wires arasind 60-140 nm and the length was
more than 2.5 micron. In general, aggregation ajmeéic metal nanoparticles takes place
primarily through direct inter-particle interact®rsuch as van der Waals forces and
magnetic interactions (Sakulchaicharogeinal., 2010). Therefore, it is possible that after
NaBH,; was slowly added and Fe nuclei are continuoustynéal, the large magnetic
interaction among Fe nuclei and /or the nanospheoesd overwhelm the growth process
of nanosphere, resulting in the formation of namewr hus controlling rate of adding BH
can prevent or decrease agglomeration of nanofeartitt is well-known that zero-valent
iron particle have a core—shell architecture whichsists of metallic iron (Beform at the
core while oxides and hydroxides form the shek assult of oxidation of the iron surface
(Carroll et al. 2013). Lu and co-workers showed the-FeO; core-shell nanowire and
nanonecklace were obtained simply through contrglithe reduction rate of Eeions by
sodium borohydride. Nanowire was obtained whenN.(1.52 g in 20 ML) of NaBH
was added in the aqua iron complex with rate 0.3smthile nanonecklace was obtained
when the adding rate was decreased to 0.02 mL/sré&3ults, adding 2.0 M of NaBH
solution with flow rate 2 mL/s into 0.01 M of aqueoof F&*, nanowire structure was
obtained. It can be seen that, although slowly ddsles and the concentration of £e
precursor used extremely low, agglomeration anthsaroxidation of the particle cannot

avoid. Further improve surface area and surfad®lisyas necessary (Lu et al., 2006).
3.2 Synthesis of Polymer-Stabilized Zero-valent Iron Naopatrticles

Nanoscale zero valent iron particles are colleidnature and exhibit a strong
tendency to aggregate. It can adhere to the swrfaiceatural materials such as soil and
sediment. To overcome this limitation and to im@rdheir transport in porous media,
researchers have used electrostatic and steriglizatibn by adding stabilizers. An
effective stabilizer should be able to specificafiteract with the nanoparticles and hence
suppress their growth. In addition for environmerpplications, it should be benign,
cost-effective and mobile in soils (B.Y. Yoo et, &007). In this work, CMC and water-
soluble starch were selected as green-polymerigeisi for the preparation of zero-valent

iron nanoparticles.
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3.2.1 Synthesis of CMC-Stabilized Zero-valent IrofiNanoparticles
(CMC-F& Nanopatrticles)

CMC-stabilized zero-valent iron nanoparticles wemepared under nitrogen
atmosphereDeionized water was purged with purified before usingAfter mixing of an
aqueous solution of Fe£and sodium methylcellulose (Na-CMC), an orangesorcolor
of carboxymethyl cellulose complex (CMC¥ecomplex) was obtained. Adding an
aqueous solution of NaBHnto the mixture resulting in slowly changed tldoc to black
of metallic F&. This experiment, 40 times by mole of borohydtide=e¢* was applied to
accelerate the synthesis reactibne obtained CMC stabilized Fe nanoparticles (CME-F
nanoparticles) are colloidal dispersion withoutisehtation to the bottom of reactor for
longer than a week. The obtained CMC-Feanoparticles were separated by
centrifugation. The excess CMC was washed out byuxged deionized water. In order to
avoid further oxidation, the obtained samples wstied in colloidal form under dry

methanol. The precipitated particles were easHgispersed in water by sonication.

CMC is a cellulose derivative with carboxymethybgps (-CH-COOH) bound to
some of the hydroxyl groups of the glucopyranosenonaersof the cellulose backbone
(Bajpai., 2015) (Fig. 3.2). Itis an anionic lingaolyelectrolyte, soluble in cold water.
CMC is low-cost and environmentally friendly. Themr® number of literatures reported on
using of CMC as stabilizer for the preparationrohinanoparticlesL{n et al., 201). The
reports indicated that both carboxylate group (-G#dd hydroxyl group (-OH) of CMC
can interact strongly complexes with *Feions in solution, thereby preventing
agglomeration of Fenanoparticles (Cirtiu et al., 2011).

o]
r

ﬂm H\ Jm "VLM

Z

'\
o]

Figure 3.2 CMC structure based on Rl —=4)-D-glucopyranose polymer oéllulose
(Chaplin, 2014).
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Although, the structure of CMC consists of carldaiey group which can strongly
interact with F&" precursor. However, the level of interaction defseon media system
such as pH and basic strength. From the experirttemtpH of CMC-F& complex with
contains 0.01M of P& was about 4.5. The mixture was a yellow solutibtowever, 5%
of NH4OH solution was slowly added into the mixture tanttol pH of the reaction, the
color changed to orange and slightly turned to geaorown at high pH. The interaction
between CMC and Béwould indicate the stability of further obtaineanoparticles. UV-
visible spectroscopy of CMC-Fe complex was used to study interaction of the

complexes. The results are shown in Fig. 3.3

1
——CMC- Fe3+ (pH4.5)
0.8 1 ——CMC- Fe3+ (pH6)
Q CMC- Fe3+ (pH7)
c 0.6
_cg ——CMC- Fe3+ (pH8)
3 ——CMC- Fe3+ (pH9)
o 0.4 1
< CMC- Fe3+ (pH10)
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Figure 3.3 Absorption spectra of CMC3Feomplexs at different pH.

From Figure 4.3, a broad peak with maximum wavelerg 298 nm is assigned to
hexa-coordinated aquo complexes of various formgh sas of Fe(kD)s*",
Fe(H0)s(OH)?*, Fe(OH)Y(OH)," and Fe(HO);(OH): . The pH of the solution was 2.69.
When CMC was mixed, CMC-Ee hydrate complexes were form. pH of the mixture
changed to about 4.5. The absorption spectrum ef rtfixture displayed a nearly
exponential decaying profile as the wavelengthaases. This observation indicates the
intermolecular hydrogen bond betweer’'Faqua complex and COOH / OH species on
CMC-F€"* complex. An increase pH of CMC-Fecomplex by adding N§DH, the
intensity of the absorption spectrum increased.sTBMC-F&* complex concentration is

function of pH.
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As the pKa value of CMC has been reported to be3~(Me, 2007)Thus, at pH
lower than 4.3 the most of CMC ligand remain prated (OH dominant) and only few
binding sites might be available for*féons. Whereas, increasing the pH above 4.3, the
deprotonation (-O- dominant) increases, providimgenbinding sites for B& Cross-link
network would be formed. It was suggested the rstable complexes will be obtained in
basic solution due to stronger interaction betweefi and COO than acid solution,
resulting in high stability of CMC-P& complex. From Fig. 3.3, at pH 5-7, a shoulder at
298 nm of the remaining Fe-aqua complex was stilbderved but the intensity was
decreased. At pH 8, this shoulder peak disappealted. implied that, all or almost free
aqua complex of Pé would be formed complex with CMC at this pH. Téfere, the
carboxylic groups of CMC are expected to be alnfast disassociated and strongly bind
with Fe—O—. According to Hosny et al. (1997), CM&-Fcomplex can be described by a
single general chemical formula [(CMC)FeGI®{CI.2H,0. At higher pH (9 and 10), the
color of solution started to change from orangeetidish brown. It is possible that at high
concentration of OH the formation of hydroxides species such as CMte-(OH)
occurred. These species would diminish the rednaif F€* and nucleation of Fe atom.
A suitable pH which CMC strongly interact with tRe** ions and low hydroxide complex
formation should be controlled. Thus, suitable phick CMC strongly interact with the

Fe’* ions in the solution and low hydroxide speciesrfation should be around 7-8.

The particle size and morphology of the obtainddGzFe nanoparticles were
characterized by electron microscopy technique. TE#M images obtained from the
samples prepared at 5 (Fig. 3.4) and pH 8 (Fig. && shown. Reaction conditions were

carried out at room temperature for 6 hour, theceatration of F& precursor is 0.01M.

Figure 3.4 TEM images of CMC-Eenanoparticles prepared at pH 5 a) at lower
magnification b) at higher magnification expandniremall particle areas. The reaction
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was carried out at room temperature for 6 h. Comagon of F&" precursor was 0.01M.
Mole ratio of F&": CMC (monomer) was 1:10. Mole ratio of BHo F€* was 1: 40

as 40 50

Size (nan)

Figure 3.5 TEM images of CMC-Fenanoparticles prepared at pH 8 a) at lower
magnification b) higher magnification c) higher médgation expand from small particle
areas and d) particle size distribution histogrdime reaction was carried out at room
temperature. Concentration of *erecursor was 0.01M Ee Reaction time was 6 h.
Mole ratio of BH, to F€* was 1: 40. Mole ratio of Bé&to CMC (monomer) was 1:10.

From the images in Figure 4.5, there are 2 gradiarticle sizes were obtained.
The larger particles are 3374196 nm in diameter while the smaller sizes ofiplad are
8.20t1.38 nm. It is possible that during the preparatioethod CMC solution and Ee
solution were not homogeneous mixing due to higleagity of CMC. It can be confirmed
that CMC played an important role in stabilizing ironnogarticles Clearly discrete and
well-dispersedbarticles were obtained, although some agglonmrat chain like particle
was still observedin comparison, the sample prepared in acid medpHaaround 5 has
wide range of particle size distribution than thenples prepared at pH = 8. It is possible
that a large particle of Fe formed at low pH duewéak CMC-F& interaction.

To elucidate the stabilization mechanisms of CM€-Ranoparticles, further
insight into the interactions between the CMC aglrfanoparticles, infrared spectroscopy
was studied. The FT-IR spectra of CMC and CME+kamoparticles are shown in Fig. 3.6
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Figure 3.6 FT-IR spectra of CMC and CMC?Panoparticles.

From the spectrum of bare CMC, the wide band oleseat 3527 ci can be
attributed to O-H stretching of glucopyranose asdnidth was ascribed to the formation
of inter and intramolecular hydrogen bonds (Lin et2010). The bands at 2958 ¢were
attributed to the asymmetric stretching of C-H. Baed at 1632 cthand 1436 cm was
ascribed to —-COGsymmetric stretching and symmetric stretchingpeetively. The C-O
ether bond shows stretching at 1265awhile the C-O alcohol bond shows stretching at
1127 cni. In comparison between the spectrum of CMC and (FéGyanoparticles, the
absorption bands of CMC-Fe nanoparticles are shafpes stretching frequenciest
symmetric and a symmetric —COO- are shift to lowawelength. TheeCOO asymmetric
stretching and symmetric stretchim@s found athe band at 1632 chand 1436 cm,
respectively.In addition, it is interesting that the band aRZXni' becomes very weak.
These changes indicate strong interaction betweesnB hydroxyl and carboxylate group
of CMC which imply to the stability of CMC-Baanoparticles.

The structure of CMC contains abundance-OH groups. This type of hydrogen
bonding could be important in binding CMC onto Faaoparticles although the individual
bond strength may not be as strong as that betWeeand the carboxylate groups. For
carboxylate groupghree modes of adsorption configurations such mentade chelating,
bidentate chelating and bidentate bridging carob@éd with Fe as shown in Fig. 3.7.
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Figure 3.7 Mode of adsorption of carboxylate gro(ips et al., 2010).

It is difficult to identified mode of adsorptionhich depends on their particle size
and surface structure. The separation of the symonand asymmetric carboxylate
positions (v) for pure stabilizer and stabilized zero-valenhayzarticles could help to
identify the adsorption configurations. A = 200-320 crit, the binding is governed by
monodentate interaction. Kv <110 cni, it is bidentate chelating interaction, andhif
=140-190 crit, it is by bidentate bridging. As shown Figure 4.6 it is evident for CMC
that there is no carbonyl stretch (C=0, at 1720*tmlong the spectrum. However, there
is a slight asymmetric COO-strength shift from 1624603 cmi® and a symmetric COO-
strength shift from 1436 to 1367 cnThe Av stabilized F&is 236 cm* (1603-1367 =
236 cni?). From the results, it is possible that the bigdinode between CMC and ¥e

should be monodentate chelating as shown in Fig&e
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Figure 3.8 Proposed of interaction between CMCRmdtom on CMC-Fenanopatrticles.
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Our results are consistent with the reportHef and co-worker (He et al., 2007)
which reported that monodentate chelating is thgny mechanism for binding CMC
molecules to Fe nanoparticles. However, the resulbot consistent with the results
reported from Lin and co-workers (Lin et al., 201@)ich proposed bidentate bridging.
The reason for this differs may be possibly duth&influence of pH and ionic strength of

the solution

3.2.3 Synthesis of Starch-stabilized Zero-valent ¢m Nanoparticles
(STR-F€’) Nanoparticles)

Zero-valent iron nanoparticles were also synthesigeusing soluble starch as
a stabilizer. Soluble starch is a low-molecularglie carbohydrate produced by the
hydrolysis of starch. The structure is made upwd types of polymers: amylose and
amylopectin. Amylose is a linear homopolymeroef,4 —linkaged glucose. Amylopectin
is highly branched form amylose. The linearl,4 —linkaged glucose backbone is
branched by amx-1,6 —linkaged (Jane et al., 1999). The structoireamylase and
amylopectin are shown in Fig. 3.9.

OH

OH

Amylase Amylopectin o

Figure 3.9 structures of amylose and amylopectin.

It is expected that when exposed starch into & gblution of ferric ions, the
hydroxyl groups extensively present in starch ¥atilitate the complex of ferric ions to
the molecular matrix. Starch hydroxyl group wouled éxpected to become increasing
ionized with an increasing pH. As pKa of starch~i, thus at pH lower 12, most of
hydroxyl groups will be in protonate form. The optim pH for the preparation of Fe
nanoparticles with different pH was studied by UgHvle spectroscopy. The results are

shown in Fig. 3.10.
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Figure 3.10 UV-visible spectra of starch®Feomplexes at various pH.

According to Fig. 3.10, a broad peak at maximunvelength 298 nm is assigned
to hexa-coordinated aqua complexes. The pH measfrom the mixture of Fé solution
and starch solution is 2.9. The absorption banti@sample at this pH showed monotonic
decaying profile of hydrogen bonding between areazpmplex of F& and OH group on
starch. As a shoulder peak at 289 nm wavelengthgested the free Eehydro complex.
At higher pH than 3 this shoulder disappeared.

TEM images of starch-Fe iron nanoparticles prepatesbom temperature and at
60°C are shown in Figure 3.11- 3.12.
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Figure 3.11 TEM images of STR-feanoparticles prepared at room temperature.
Concentration of F& precursor was 0.01M. Reaction time was 6 h. Mat®rof BH, to
Fe™* was 1: 120. Ratio of Beto starch (monomer) was 1:10.

Figure 3.12 TEM images of STR-Feanoparticles prepared at 8D. Concentration of
Fe’* precursor was 0.01M. Reaction time was 6 h. Mat®rof BH, to F€* was 1: 40.
Ratio of F&" to starch was 1:10.

Figure 3.11 demonstrated that the obtained STRrmoparticles are discrete
particles without chain like aggregation. The agergarticle size was 83.72).56 nm.
From the study of starch-Fecomplex, deprotonation of OH group and coordination
between Fe and —CO- in starch would not occur aBpHhus, the stability of starch-Fe
nanoparticles may from the formation of intramolacinydrogen bonding of its structure.
Hydroxyl groups of starch may act as the passigatontacts, thereby preventing the
resultant nanoparticles from agglomeration (He &&2005).

Figure 3.12 showed many finer nanopatrticles witles of 17+5 nm were packing
together into larger particles with sizes of 70A90. It is possible that the primary iron (17
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nm) assembled itself into spherical secondary irf90 nm) due to the excess of
stabilizer and Ostwald ripening (Zhong et al., 2008 he formation of intra-starch iron

clusters played a fundamental role in nanoparticdpersion and stabilization. Thus the
preparation at high temperature (at®)) smaller particles will be obtained but more

tendency to aggregate.

From the experiment, it was noticed that usingchtas stabilizer, higher ratio of
NaBH, to Fe3+ was requireith order to complete reductioh.is possible that at pH 8, OH-
Fe’*- intramolecular hydrogen bonding was formed. Twisuld diminish rate of the
reduction reaction. Thus, the reduction of HG*Re F& required plenty amount of BH
and take longer time compare to reduction of f&MC complex. In order to elucidate the
stabilization mechanisms of STR%eanoparticles, infrared spectroscopy was studied.

The FT-IR spectra of starch and STR-Ranoparticles are shown in Fig. 3.13.
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Figure 3.13 FT-IR spectra of pure starch and STRaBaoparticles.

According to the spectrum of pure starch, the viided observed at 3348 ¢roan
be attributed to the O-H stretching of glucose asdvidth was ascribed to the formation
of inter and intramolecular hydrogen bonds. Thedsaat 2935 and 2887 chwere
attributed to the asymmetric stretching of C-H, levtihe band at 1656 ¢hwas ascribed
to adsorbed water and the bands at 1421 and atct8570 the angular deformation of C-
H. The C-O ether bond shows stretching at 1174 warhile the C-O alcohol bond shows
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stretching at 1027 cim Compared with the spectrum of STR!Reanoparticles, the
strongest band at 1174 and 1027'checomes a very weak signal. These indicated the
interaction between Beand hydroxyl group. There has been reported sfudie the
interaction between alkoxy groups on starch and’ Eerough electron paramagnetic
resonance (EPR) and conductivity measurements iéGkiset al., 2003). The results
suggest that the iron-starch interactions and faonaof intra-starch. Fe clusters play a
fundamental role in dispersing and stabilizing itlo& nanoparticlesOH group on starch
was not only adsorbed to the °Bairface but also formed a gel network through bgen
bonding so that the gel network structure can #&lap colloidal particles to stabilize
dispersions The interaction between starch and Fe atom on-B&Ranoparticles are

shown in Fig. 3.14.

Figure 3.14Proposed of interaction between STR and Fe atoBiTétF& nanopatrticles.

3.2.4 The Effect of Reaction Parameters

As, the properties of nanoparticles depend on tpaiticle size. Thus controlled
synthesis of the particle size and distribution iamportant. Particle size and morphology
of nanoparticles can be controlled by changing tr@acparameters such as reaction
temperature, time, heating rate, concentrationhef metal precursor and the stabilizer
ratio. This work, the effect of reaction temperatureaction time, concentration of’Fe
precursor and ratio of Fe to CMC stabilizer waslistd. Reaction temperature was studied
at room temperature and €l Mole ratio of Fe precursor to CMC (monomer) \saglied
at 1:5 and 1:10 (CMC). Concentration of Ferecursor was studied at 0.01 M and 0.02 M.
Reaction time was studied between 2-10 h. TEM irmagiethe samples obtained at

different reaction parameters are shown in Figut&-3.19.
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Figure 3.15 afEM images of CMC-Fenanoparticles synthesized at room temperature for
4h, 0.01 M Fé*, 1:5 mole ratio of CMC (monomer)/Eeb) high magnification image of Fig. a)

focusing on the small particle areas.
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Figure 3.16a) TEM images at low magnification and b) at higagmification of CMC-F&
nanoparticles synthesized at room temperatu@for0.01 M F&*, 1:5 mole ratio of CMC

(monomer) to F& ¢) histogram of particle size distribution.
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Figure 3.17a) TEM images of CMC-Fenanoparticles synthesized at room temperdture
10 h 0.01 M F&*, 1:5 mole ratio of CMC (monomer)/He) histogram of particle size

distribution
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Figure 3.18a) TEM images and histograms of particle sizeriiston of CMC-F&
nanoparticles synthesized at'60for 2 h, 0.01 M F& 1:10 mole ratio of CMC (monomer)/Fe

b) histogram of particle size distribution
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Figure 3.19a) TEM images of CMC-Fenanoparticles synthesized of 0.02 M3*Fe
precursor. The reaction was carried out at@G®@r 2 h,mole ratio of CMC (monomer)/Ee

was1:10b) histrogram of particle size distribution

Reaction time was clearly affected to the partisiee of F& nanoparticles as
shown in Figure 4.15-4.17. At the reaction timeldf. the obtained particles seem tcabe
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amorphous structure with poor crystallinghile leaving to 6 h, larger size of particles
with clear boundary of crystalline structure wadaaied. However, some amorphous
particles with no clear boundary were still obtaintncreasing the reaction time to 10 h,
the small particle of amorphous seems to grow ftgstaline spherical particles. In
addition, it can be noticed that longer reactionetithe particles tend to aggregate to chain

like particles.

It has been known that stabilizer not only plays important role in protect
nanoparticles from aggregation but also in sizetrob synthesis (He & Zhao, 2007). For
CMC-Fenanoparticles prepared from molar ratio 1:5 and 1Fig. 4.15 and 4.16), | was
found that an increase in the ratio to 1:10, theraye particle size was significantly
decrease and less aggregration. In additioms clearly showed that increase reaction
temperature from room temperature t®QFig 4.15 and 4.18), smaller in size of the
particle was obtained. Only 2 h of reaction timleady spherical particles was obtained.
This effect is due to an acceleration of the growdte with an increase in reaction

temperature.

The images in Fig. 3.18 and 3.19 clearly showed tha particle sizes and
morphology depend on the ion precursor concentrafidne average particle size was
increase when the concentration of ‘Herecursor was increased. As the results, it can be
concluded that the optimum ¥eprecursor for the preparation of zero-valent iron

nanoparticles is the 0.01M.
3.3 Synthesis of Zero-valent Iron Nanoparticles oMaterial Support

Immobilizing of zero-valent iron nanoparticles im on supports provides an
alternative solution to overcome the stability. Sheésearch, zero-valent iron nanoparticles
were synthesized in the presence of mesoporous: siinoparticles and activated carbon

as support materials.

3.3.1 Synthesis of Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles were synthesizddwing the report of Shi, et
al., 2010 (Shi et al., 2010). The reaction wasi@a out in an extremely dilute solution
and extremely low concentrations of TEOS (4.42 Mid aCTAB (0.0057M). The
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morphology and particle size of the synthesizetasihanoparticles were analyzed by

transmission electron microscopy as shown in E@0.3
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Figure 3.20 a-c) TEM images at different magnifimas and histogram of particle size

distribution of mesoporous silica d) histogram aftle size distribution

According to the images in Fig. 3.20 monodispessieerical particles with porous
structures were obtained. The average particle dimmeter was 5810 nm. The pore
diameter estimated from the images is about 3.3Regular arrangement of cylindrical
mesoporous that form a one-dimensional pore of gna arrays was obtained. These
results indicated the typical MCM-41 structure. IBodop and side views obtained from
TEM images indicated the three dimensional imadesystallized mesoporous silica. The
highly ordered mesoporous silica consists of thegang of rod-like silicates. The cross
sectional patterns showed hexagonal structure wischthe distinctive feature of
mesoporous silica.

Schematic diagram synthesis of mesoporous silgcashown in Fig. 3.21.
cetyltrimethylammonium bromide (CTAB) as surfactémplate was used to form liquid
crystalline micelles in an aqueous solution undssid conditions. TEOS was added to
this micellar solution to make, upon hydrolyses aoddensation, a silica network around
the micelles. Under these conditions the ionic atants form spherical micelles which
form supramolecular aggregates of micellular rdu#t fact as templates. The hydrolysis
and condensation of silica precursors, TEOS fornssla silicate mesostructure around

the template due to electrostatic interactions betwthe negatively charged silica species
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and positively charged of the surfactant. Removathe organic template by thermal
treatment yields a mesoporous silica, hexagonatigred silica framework was formed.

hexagonal array co-assembly template mesoporous 5i02

surfactant micelle ~ Micellar rod
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Figure 3.21 Proposed mechanism of mesoporous &iiczation(Alahmadi, 2012).

3.3.2 Zero-valent Iron Nanoparticles on MesoporouSilica

Nanoparticles (F&/SiO, Nanoprticles)

Nanoscale zero-valent iron supported on mesopasitica was synthesized via a
wet-impregnation route followed by the chemicalugtibn of F&" with NaBH,. Particle
size and morphology of the obtained/&0, nanoparticles were characterized by TEM

techniques. The obtained images are shown in E2g3. 3

Figure 3.22 a) SEM image b-c) TEM image at diffén@agnifications of the synthesized
F€'/SiO, nanoparticles with 10% Fe loading.d) histograrparticle size distribution
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According to the images in Figure 3.22, collap$e¢he structure of mesoporous
silica after adding Fe particles were observed. fiean diameter of the obtained/=0,
particles was 60910 nm. A few chains like of bare Fe particles wetsserved. This
experiment, 10% of Fe loading on silica was obt@i(EeDX analysis). At this % loading,
the destruction of MCM-41 can be noticed. This magults from the dissolution of
MCM-41 framework due to low pH of Besolution or from the reaction between NaBH
and water. There are only few literatures repodedoading Fe on MCM-41. Petala and
co-worker synthesized nanoscale zero-valent irgpaeted on mesoporous silica (Petala
et al., 2013). The synthesis method was based hpdride reduction and use of a FeCl
impregnating silica mesoporous matrix of MCM-41 enel in ethanol medial. This TEM
images showed, at 9.3% Fe loading, the ellipticahape of Fe particles with a maximum
size of about 80 nm randomly distributed and imrodid on the mesoporous silica
surface. MCM-41 structure retains its ordered $tma¢ characteristics. Although, the
preparation method is similar, however the obtaineahes are different. It is possible that

the concentration of Fe added in our experimehigh resulting in leaching of silica.

4.3.3 Zero-valent Iron Nanoparticles on Activated @rbon (F€’/C

Nanoparticles)

Activated carbon is a well known adsorbent dudddigh surface area and porous
structure. It can be used to adsorb gases and aordpdalispersed or dissolved in liquids.
As, the efficiency of the adsorption is stronglypdedent on their surface chemical
features, therefore, the surface chemical modiboabf carbon is required. This work,
modified activated carbon was prepared by HNi®atment. There surface structure was

characterized by FT-IR spectroscopy. The FT-IR speare shown in Figure 3.23.
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Figure 3.23 FT-IR spectra of a) activated carboafter pretreatment with HNO
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Infrared spectroscopic analyses of the HNt@eated carbons showed strong
absorption at approximately 1719 ¢r¢C=0), 1536 cnf (-COO), 1250 cnit (-C-O) and
3380 cn (-OH) which can be assigned to carboxylic acidugs In comparison between
the activated carbon, much high intensity of C@@s obtained.

Zero-valent iron nanoparticles on activated carlsopport were prepared by
chemical reduction-deposition method. It involvesing of activated carbon and metal
precursor with stirring to ensure maximum metapedrsion in the solution. The oxygen
groups on the carbon surface are expected resutftiran increase loading and further
improving the Fe dispersion. As a delicate optimaa of carbon surface chemistry is
needed to achieve optimal interaction between #rban support and Fe precursor, this
work, pH of the mixed solution Eeand carbon was adjusted to 8. After slowly added a
aqueous solution of NaBHF€™ ions were reduced into Felusters deposited on carbon

support.

Morphology and particle size distribution of thetaihed carbon supported Fe
nanoparticles was analyzed by TEM and SEM techsiqliee images are shown in Fig.
3.24.
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Figure 3.24 a), b) SEM images c) TEM image ofsfiethesized PAC nanoparticles d)

histogram of particle size distribution of ¥@ nanoparticles.
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From SEM images, a spherical in shape of the Feperticles on the carbon
support surface was obtained. The particles ard wispersed with narrow size
distribution. From TEM images, the average dimemsi@s 75+13 nm. After treatment,
the polar functional groups on carbon surface sschydroxyl are more accessible td'Fe
precursor during reduction from aqueous solutitm$asic solution (pH 8), deprotonation
of hydroxyl group and carboxylate group enhancethteraction of F& precursors or Fe
nanoparticles with the carbon support and thusmmae the metal sinterin@.he particles
size and morphology of the synthesized zero vaiemt nanopartiles for all reaction

parameters are shown in Table 4.1.

Table 4.1 Average particles size and morphologythef synthesized zero-valent iron

nanoparticles.

Average patrticle size
Sample TEM (nm) Morphology
Width 60-140 nm -
Bare F& length 2.5 micron Chain-like aggregate.
CMC-F€
(prepared at room 8.2-45nm Discrete particles
temperature)
CMC-F€
12 nm Discrete particles
(prepared at 6(C) ! part
STR-F& 17 nm . 70-90 nm Discrete particles with .some
clusters agglomeration
FE'/SIO, 60 nm embedded in Silica
FOIC 75 nm discrete partlcle. with some
aggregation

3.4 Synthesis of Pd-Modified CMC-stabilized Iron Naoparticle (Pd/CMC-Fe°

Nanoparticles)

In general, bimetallic nanoparticles can be pregdry successive reduction and
simultaneous reduction. Successive reduction isexutive reduction of the second metal
ions and subsequent deposition onto the first mptaticle while co-reduction is
simultaneous reduction of two metal ions. This rodthresults in the formation of
core/shell structure nanoparticles, while the stamdous reduction, the formation of alloy

structure nanoparticles was obtained. In this émpt, Pd-modified Fe bimetallic



36

nanoparticles were prepared by 2 two step reactiamely palladization and nano-

palladium deposition.

3.4.1 Palladization Method

CMC-Fé nanoparticles were firstly prepared. Then, knowardities of Pd(NG),
was loaded into to the aqueous suspension 8f Hamoparticles. Autocatalytic reduction
of Pd*and oxidation of F& was happened due to differ in reduction poter{gal 3.6-
3.8). Pd* ion which higher reduction potential than’Fwill be reduced while Featom
will be reduced. Pd atoms are continuously genérafeer reducing and growth on the
surface of iron. The general mechanism of palladiaduction can be represented by the

following equation34.6-3.8 (Wang et al., 2009).

Pd+Fé —> Pd + Fé (3.6)
Pf*+26 > Pd F = 0987V (3.7)
Fé"+3¢ > Fé F = -004V (3.8)

This work, palladization was performed in aquesolsition and used Pd nitrate as
metal precursor. While most of the literatures Feswharged into ethanol solution of
palladium acetate (Chen et al., 2011). Differentmietal ion precursor and medium may
result to different in Pd dispersion on Fe particle

An example SEM image of Pd modified CMC-stabilizéa® bimetallic

nanoparticles are shown in Fig. 3.25.

Figure 3.25 TEM image Pd modified CMC-stabilized Benetallic naoparticles prepared

by palladization method. The reaction was carriedad at room temperature for 10 h, the
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concentration of F& ion was 0.01 M. The mole ratio of ¥d¢o CMC was 1:5 ratios. The

percentage of Pd loading was 0.2%.

From the image in Fig.3.26, there was no diffefartontrast between Pd and Fe
particle observed. However, it can be noticed thatobtained particles after reduction of
Pd over iron has clear boundary than unmodifieds&eples. It is possible that the
modified sample prepared by palladization methodviging an indication of the

core/shell structure. However, it is difficult tordfirm due to very low loading of Pd.

3.4.2 Preparation of Pd Colloidal Nanoparticles

Pd nanoparticles were prepared in colloidal forrmgigpolyol process. This
method, metal salts should soluble in polyol solwarch as ethylene glycol which acts as
a solvent for the metal salts, as well as a redueaigent, and a growth medium for the
metallic products. This work, Pd colloidal nanojdes were prepared by following the
literature of Tedsree et al., 2011. Pd@Owas used as Pdprecursor, ethylene glycol
was used as both polyol solvent and reducing agah{polyvinyl(pyrrolidone) (PVP) was
used as stabilizer to prevent Pd nanoparticles faggregation. Particle size, shape and
distribution of the obtained PVP-Pd nanoparticlesrevcharacterized by transmission

electron microscope. TEM images are shown in FigL.2é.
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Figure 3.26 a) TEM images of Pd colloidal nanogtet b) particle size distribution

histogram.

From the image in Fig. 3.27, the obtained Pd padidisplay nearly spherical in

shape with the average particle size 3.5+0.7 nm.
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3.4.3 Nano-Palladium Deposition

This preparation method, both monometallic ® Franoparticles and Pd
nanoparticles were separately synthesized andpedisd in water in colloidal suspension.
After mixing of the both suspension and stirring 1d, the obtained Pd/Eeolloidal
nanoparticles were separated from the solution bwptrifugation and wash with
ethanol.The obtained samples was characterizedBd, The images are shown in Fig.
3.27.

Figure 3.27 TEM images of Pd stabilized CMC-Fenoparticles prepared by nano-
palladium deposition method; a) low magnificatigrhigh magnificationPd nanoparticles
are shown in the circle. CMC-Fe nanopatrticle waslssized at room temperature. The
concentration of & ion was 0.01 M. Mole ratio of Beto CMC was 1:5 ratios. Reaction

time was 10 h and the percentage of Pd loadingdvw2as

From the images in Fig. 3.27, smaller spots whitdrker in contrast were
observed. These spots were assigned to the parGEPd metals. It is difficult to confirm
that there is interaction between Fe and Pd pestiahd bimetallic particles were formed
or both particles formed separately in monometaglbeticles. However, it seems likely
that there is interaction between Pd and Fe pestidue to no Pd particles dispersion
outside Fe particles were observed from the imageaddition, due to strong metal-metal
interaction, it is more likely that mixing of bottmonometallic Pd and Fe causing an
interaction between Fe and Pd. The model of thailndéd Pd/Fe bimetallic nanopatrticles
was proposed a shown in Fig. 3.29 a. While thendslaurface structure of the sample

prepared by palladization was proposed in Figuzé b)
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Figure 3.28 possible interactions of Pd and FedfCRIC-Fe nanoparticle prepared by a)

nano-palladium deposition b) palladization.

TEM Images of the Synthesized Pd Modified Zero Vale Iron Nanoaprticles

TEM images of various % mole Pd modified zero mal@on nanoaprticles
(analysis by EDX) prepared by various stabilizerd aupport materials are shown in Fig.
3.29-3.31.

c)

Size (nm)

Figure 3.29 TEM images of Pd modified STR-Fe nanoges prepared by nano-
palladium deposition method recorded a) at low nifexgion b) high magnification c)

histogram of particle size distribution.

Size (nn)

Figure 3.30 TEM images of Pd modified Fe nanopiation SiQ support prepared by
nano-palladium deposition recorded a) at low macgtibn b) high magnification c)

histogram of particle size distribution.
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Figure 3.31 a) SEM image and b) TEM image of Pd ifrextiFenanoparticles on carbon
support prepared by nano-palladium deposition ntetbp histogram of particle size

distribution

According to the images in Figure 3.30-3.32, itaclg showed that adding Pd
nanoparticle on Fe nanoparticles by mixing both ametallic particles is not affect to the
particle size and morphology of the Fe nanopagiaidile the interaction between Pd
nanoparticle and Fe nanoparticles was generatedroinmg in their properties was

expected.

3.5 Crystal Structure and Surface Compositions offte Synthesized Zero-

valent Iron Nanoparticles

3.5.1 X-Ray powder diffraction (XRD)
X-Ray powder diffraction (XRD) was used to identiyystals structure of the

synthesized zero-valent iron nanoparticles. XRDtgpat of the synthesized CMC-Fe
measured at room temperature and 60 °C are showigume 4.32.The obtained XRD
pattern reveals the existence of an amorphous ptfasen. For the sample prepared at
60-C, an apparent peak at 3%:8 a characteristic peak aero-valent iron ¢-Fe)
represent bcc (body-centered cubic crystal} Rgtice planes (110). For the sample
prepared at room temperature, apparent peaks @tbe44.50° and 35.80° indicate the
presence of botli-Fe and iron oxideRe;O4 andy-Fe,O3) crystalline phases.
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Figure 3.32 XRD patterns of the CMC-Fe nanopasigeepared at room temperature and
60C.

The results indicate that preparation of zero-vaieon nanoparticles at room
temperature is less tend to generated oxide. dinselikely that preparation at high

temperature is more suitable although it is venyetconsuming and the particle size is
larger

3.5.2 X-Ray Photoelectron Spectroscopy (XPS)

Important information about the surface moleculad &lectronic structure of the

iron nanoparticles was provided by X-ray photoetattspectroscopy. Wide scan or
survey spectrum of CMC-E@anoparticles is shown in Fig. 3.34.
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Figure 3.33 Wide scan XPS spectrum of the syntkdStMC-F& nanoparticles.
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XPS spectra of Fe 2p, O1s and C1s of the syntlte§§8C-F€ nanoparticles are
shown in Fig. 3.33. XPS spectra of Fe 2p, Ols afd & as synthesized CMC¥e
nanoparticles are shown in Figure 3.34.
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Figure 3.34 XPS spectra of a) O1s b) Cls and @praf the CMC-F&nanoparticles.

According to the spectra in Fig. 4.35a, the phacebn peaks at around 709, 718,
and 724 eV represent the binding energies of eXhake-up satellite 2p, and 2py,
respectively (Sun et al., 2006). Curve-fitting as&éd presented 2 oxidation states of iron
components. By referring to the literatures, a patlowest binding energy (709.2 eV)
corresponding to ferrous iron which may in formsoirface hydroxide while a peak at
higher energy (711.0 eV) suggests the presencerdt firon. Fé&" is the first form of
surface oxidation in the presence ofddd water.

According to the spectra in Fig. 3.34b) The Olsodgmosed into four peaks at
530.7, 531.7, 532.7 and 533.7 eV which peaks atitgnenergy 530.7, 531.7, and 533.7
eV corresponding to ©, OH, and chemically or physically adsorbed watespectively
(Sun et al., 2007) while the peak at 532.7 is dtarsstic of oxygen bonding to carbon

which suggest the presence of oxygen of CMC coatdthon Fe nanoparticles (Nurmi et
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al., 2012). The examination of the peak area ratfd@H /O?” suggest that the oxide shell
is composed of mainly iron hydroxides or iron oxgtgxide; FeO(OH). The surface
oxidation probably occurred during the sample ti@ng the vacuum chamber for the
XPS measurement (Guo et al., 2006). According éosgbectra in Fig. 3.34c, the peaks at
binding energy 282.9, 284.8 and 286.7eV are cheniatit of the C-H, C-O and C=0,
respectively (Sun et al., 2007).

4.5.3 Elemental Analysis of the Pd Modified Zero-Vient Iron Nanoparticles

In order to confirm the elemental composition atelental distribution of the
obtained Pd modified zero-valent iron nanoparticbe®rgy-dispersive X-ray spectroscopy
(EDX) was connected to scanning electron microscdpgys technique detects x-rays
emitted from the sample during bombardment by actein beam. The x-ray energy is
characteristic of the element from which it was w&di. Thus, the elemental composition
was determined. In addition, characteristic x-ratemsity can be measured relative to
lateral position on the sample. Variations in x-ratensity at any characteristic energy
value indicate the relative concentration for tpplecable element across the surface. The

data of an elemental mapping was obtained.

EDX spectra of Pd/FESiO, and Pd/F¥C nanoparticles are shown in Figure 3.35-
3.36. The data of elemental compositions of altisysized Fenanoparticles are shown in
Table 2.

Figure 3.35 a) SEM image of Pdf®iO, nanoparticles b) EDX spectra



44
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Figure 3.36 a) SEM image of Pd¥@ nanopatrticles b) EDX spectra

Table 3.2 Elemental compositions of the syntheszard-valent iron nanoparticles.

Fe’ Theoretical calculation Elemental Analysis
nanoparticles Fe Pd Si C Fe Pd Si C
Pd/CMC-F€ | 99.90| 0.1 - - 99.00 | 1.00 - -
Pd/CMC-F€ | 99.80 | 0.2 - - 98.92 | 1.02 - -
Pd/CMC-F€ | 99.70 | 0.3 - - 98.33 | 1.67 - -
Pd/CMC-F& | 99.60| 0.4 - - 98.51 | 1.49 - -
Pd/CMC-F€ | 99.50| 0.5 - - 98.02 | 1.98 - -
Pd/STR-FE | 99.80 | 0.20 | - - 94.17 | 5.83 - -
FE'/SIO, 10 - 90 - 9.93 - 90.07 -
Pd/ F8/SiO; | 10 0.20 | 89.80 - 10.17 | 2.98 | 86.85 -
Pd/Fé/C 20 0.20 | 79.80 | 79.48 | 19.81 | 0.36 - 79.83

According to the results in Table 3.2, it can beticed that the elemental
compositions of analyzed from EDX analysis are close to the theoretical calculation.
The reason of the error can be proposed in diffecases. In case of using CMC as
stabilizer, it is interesting that the obtainedgeertage of Fe contents for all samples are
lower while Pd contents are higher than theoretedtulation. It is possible that there is
leaching of Fe atoms due to oxidation reactionwadhed out. In case of using starch as
stabilizer, much lower in the percentage of Fe eohbbtained. It is possible that lost of
Fe and gain of Pd resulting from incomplete reducof FE" to F€ due to forming of
Fe’* hydroxide complexes in basic solution (pH 8). bmparison between CMC and
starch stabilizer, CMC was strongly bond with*%&& pH 8 and CMC-F& was fully
reduced by NaBldat room temperature while STR¥stabilized by intra hydrogen bond.
Thus, much different in Fe and Pd contents betwsdculation and preparation mainly
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resulted from reduction process. In case of loadi@gn mesoporous pore of silica by wet
impregnation. 20% of Fe content was loaded on n@sog silica while excess amount of
Fe* was washed out before reduction. It clearly stibttat only about 10% of Fe could

be load. In case of using carbon support, no proldémass lost during the preparation,
precipitation and separation method, thus the péage of the elements is close to the

theoretical.

3.6 Stability and Mobility of the Synthesized ZeroValent Iron
Nanoparticles

3.6.1 Dispersion Stability

Strong magnetic interaction between particles cawsgglomeration which can
limit colloidal stability and cause reduction ofrface (Cook, 2009). This work, dispersion
stability of the synthesized zero-valent iron naartiples were characterized in aqueous
medium by visual inspection of settling behaviotaking pictures at specific times to
monitor the settling process). 0.01 g of the pregaron nanoparticles was suspended in
10 mL of deoxygenatediater and kept in close system. Dispersion stghilitthe zero-
valent iron nanoparticles prepared with and witrewface modification is shown in Fig.
3.37-3.38.

Initial time 25 min

Figure 3.37 Dispersion stability of zero-valentingarticles prepared without stabilizer.
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Initial time after leaving for 7 days

Figure 3.38 Colloidal dispersion of the synthesizetb-valent iron nanopatrticles a) STR-
Fe b) CMC-F@& c) Fé€/SiO, d) FE/C nanoparticles compared between initial time and

after leaving for 7 days. The concentration of F@noparticle is 1 g/L.

From Figure 3.37, bare iron nanoparticles whiagppred without stabilizer settled
to the bottom in less than 30 min while iron namtpkes prepared in the presence of
stabilizer or support materials remain suspend avenger time. (Fig 3.38) After leaving
for 7 days, STR-Fenanoparticles complete settled at the bottom WhR#4SIO, sample
started to aggregate and settle out of the aquemsum while CMC-F2 nanoparticles
and Fe/C nanoparticles remain in colloidal formhwito noticeable of sedimentation or

floccation. These suggest the formation of stakefenBnoparticle stable.

The dispersion stability of CMC-Eaanoparticles compare to Fe/C nanoparticles
was further studied for 1 month; the results amnshin Figure 3.39
a) CMC-Fé nanoparticles b) %€ nanoparticles

=5 s

Initial time 15 days 30 days Initial time 15 days 30 days

Figure 3.39 Dispersion stability of a) CMC-stal®liz zero-valent iron nanoparticles b)

carbon supported zero-valent iron nanoparticlemfat different recorded time;

initial time, after leaving for 15 days and 30 days

Figure 3.39 a) the prepared CMC-stabilized zeremairon nanoparticles remains
in suspension over an extended period of time (3mdnths) with no noticeable
sedimentation or flocculation. The results indicdétat both electrostatic and steric
hindrances of CMC are very important in the stabiion. The improvement of
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nanoparticle stability is due to strong complexatid F€* precursor with the carboxylate
groups of CMC in basic solution. Complexation cégl ions during the reduction process
does not only prevent nanoparticles growth to lasge but also promote CMC strong
attachment to the iron nanoparticle surfaces, whigvents particle agglomeration. Fe/C
nanoparticles has lower dispersion stability in panson with CMC-Fe nanoparticles. It
can remain in colloidal suspension less than 15%.daperefore, the order of colloidal
stability was CMC-Fe nanopatrticles >’ nanoparticles > Fe/Si®anoparticles > STR-

F€’ nanopatrticles.

3.6.2 Mobility

A critical issue for the future development iof situ remediation technology
involves zero-valent iron nanopatrticles is delivefythe treatment to the contamination in
the subsurface environment (Carroll et al., 20Z8)o-valent iron nanoparticles should be
able to transport through the soils while maintagnadequate reactivity with the target
contaminants under subsurface conditiombere is a little information available on the
transport of zero-valent iron nanoparticles. Inolabory soil column experiments, the
mobility of pure iron nanoparticles showed limitati due to the colloidal nature. Data
from some recent field tests indicate that the in@anoparticles may migrate only a few

inches to a few feet from the point of injection €t al., 2006).

This work, the mobility of all synthesized zerdar iron nanoparticles was
preliminary test in laboratory by sand column expent. Photographs showing sand
column and the mobility of CMC-stabilized zero-valearon nanoparticles through the

column of sand are shown in Fig. 4.40a-d.

| il e ) e )

Figure 3.40 Photographs showing mobility of CMChitaed zero-valent iron
nanoparticles through sand column recorded atsapP10 s and c) 20 d) 30 s.
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From Fig 3.40, it can be seen that all of the edilbsamples passed through the
column in 30 min. Approximately 10 mL of deionizegter was allowed to pass through
the sand bed to elude the suspension. Most ofdtteles were able to pass through while
only a small amount of particles remained on toghaf sand bed. It is imply that the
CMC-stabilized zero-valent iron nanoparticles hhigh mobility to transport in soil. The
mobility of other synthesized zero-valent iron naauicles was also examined. Bare Fe
nanoparticles cannot pass though the sand columig, abear aqueous solution passed
through the porous of sand and most of the pastialere observed to accumulate on the
top of the sand column. Adding stabilizer or suppzearly showed enhanced in their
mobility. The colloidal dispersion of CMC-Fe and’& nanoparticles can fully pass
through the column. The results suggested thatatienic surface charges of CMC
stabilizer and carbon support materials on theaserimodified iron samples can enhance
its transport whereas bare iron nanoparticles agdeeand impede the flow of water
through the column. In case of STR2Rad F&/SiO,, some of the colloidal suspension
can move along the column but only clear solutiassed through the column. The results
from stability and mobility test clearly demonsththat CMC-Fe nanoparticles and Fe/C

nanoparticles are suitable for in-situ remediabbnontaminant groundwater.

3.6.3 Particle Size and Zeta Potential Analysis

Particle size of nanoparticles can also be detexchby dynamic light scattering
(DLS) technique, which utilized the random chanigehe intensity of light scattered from
a suspensianThis technique, the particle size diameter wagonted in term of
hydrodynamic diameter which contains of protectiager of stabilizer. In additionn
order to confirm the potential stability of the #yesized zero-valent iron nanoparicles,
zeta () potential was analysis. This work zeta poteniials measured in an agueous
medium atpH 7. The results from dynamic light scattering aath potentiaare shown in
Table 3.3.
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Table 3.3 Zeta potential analysis of the colloidal dispen of zero-valent iron

nanopartilces.

Samples Hydrodynamig Zeta Polydisper- Mobility  Coctiluty
CMC-F¢ 696+2.5 35.#1.0 0.320.2 -2.5@0.1 0.04
STR-Fé 1053t13.1 -16.31.1 0.450.1 -0.870.1 0.48
FE/SIO, 1054+27.9 -20.60.4 0.78 -1.62+0.2 0.13
FeiC 706+2.2 -37.22.4 0.330.1 -2.920.2 0.02
Pd/CMC-Fé 447+5.0 -42.51.6 0.52 -3.34:0.1 0.02
Pd/STR-F& 4196+148.3 -21.8%1.2 1 -1.710.1 0.5
Pd/FE/SIO, 1332+40.5 -26.360.5 0.480.1 -2.040.1 0.11
Pd/Fé/C 856t4.5 -32.860.7 0.330.2 -3.260.1 0.01

The particle size determined by TEM compared witiLSD technique,
hydrodynamic sizes of the synthesized fanoparticles analyzed by DLS are larger. The
main differences between the measured diametarstiiese two techniques are due to the

presence of an adsorbing layer on the surfaceegbdinticles.

Zeta potential is the potential difference betwésn dispersion medium and the
stationary layer of fluid attached to the disperpaticle. A high zeta potential will confer
stability, dispersion will resist aggregation. Whtre zeta potential is low, attraction
exceeds repulsion and the dispersion will break feowtulate while high zeta potential
(negative or positive than 30 mV) are electricaitgibilized while colloids with low zeta
potentials tend to coagulate or flocculate. Frobiete8.3, it can be seen that using CMC
and activated carbon to prevent aggregation of ramoparticles, the obtained CMC%Fe
nanoparticles and B€ nanoparticles showed zeta potential value meggative than 30
mV which considered as stable colloids. While ustaych as stabilizer and SiGupport,
the zeta potential of the obtained STR;Fed/STR-F& FE/SiO, and Pd/F¥SiO, is less
negative than 30 mV which considered as unstableidal particles. It means that these
particles are unstable and can become immobileniacueous solution. These particles
may adhere to negatively charged minerals or nlamnganic matter surfaces before

reaching target contaminants (Cirtiu et al., 2011).
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Polydispersity index (PDI) is the square of thendtard deviation / mean diameter
It is related to the colloidal stability and shoddd less than 0.3. Samples with very broad
size distribution have polydispersity index valze6.7. If the PDI valués equal and/or
greater than 1, the solution occur visual predigita (nano.indiana.edu/Zetasizer_faq.,
2015). From table 3.3, the PDI of the synthesizellfanoparticles was found ranging
from 0.3 to 1.0 that reflecting agglomeration oé tparticles. It can be noticed that the
average hydrodynamic radius and polydispersity xndereases in the case of Pd
modified F& samplesIn addition, a direct correlation existing betwereta potential,
particle size and polydisersity index was foundghtir negative zeta potential, °Fe
nanoparticles are smaller in size with low polydigity index. Smaller size of the
particles, the mobility of particles increases whibnductivity of the particles decreases.
These results are consistent with preliminary t€NC-F€ nanoparticles and B€
nanoparticles. CMC-Peaand F&C nanoparticles showed high-ability materials $e inin

situ remediation technology.

Section Il Dechlorination of 1,2 Dichloroethane

3.7 GC analysis of 1,2 Dichloroethane

Volatile organic compound analysis is typicallyndoby either purge and trap
(P&T) or headspace (HS) technique (Barani et al., ODBis work, head space—solid-
phase microextraction (HS-SPME) and gas chromgbbgrawere used for the

determination of 1,2 dichloroethane contaminantarter.

3.7.1 Head Space Solid Phase Microextraction

The HS-SPME is an equilibrium process of analystsvben the vapor phase and
fiber coating. In order to optimized HS-SPME coiaths, the extraction parameters such
as extraction time, magnetic stirring, the volurator of sample to headspace, extraction

temperature and desorption time were investigated.

Effect of Extraction Conditions
Typically, SPME is considered complete when thalges concentration

has reached distribution equilibrium between the@a matrix and the fiber coating. Thus
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it is important to determine the time that analytemch equilibrium. This work,
polydimethylsiloxane (PDMS) was used as SPME fit@ating. In order to evaluate the
extraction efficiency, extraction times, headspaaeme, magnetic stirring and desorption
time was studied. Different extraction times fromtdl 10 min were examined. The
temperature was studied at°€3 The relationship between extraction time andlyda

absorbed on the fiber is shown in Figure 3.41.
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Figure 3.41 Effect of time on 1,2 dichloroethan&aotion.

The optimal time for the extraction was achieved anin which was the time of
equilibrium between analyst and the polymeric phafsthe fiber.As the volume of the
gaseous phase in the HS-SPME should be minimizedi@her recoveries according to
the SPME theory, the ratio of sample to headspateme was studied. The best result
was obtained at 10/10 mL volume ratio of samplédadspaceln addition, stirring rate
was found affected to extraction efficiency, beeas8rring can speed up the transfer of
the compounds from water to headspace. From tlaiestuthe best recoveries for all
compounds were observed at 1000 rppesorption time was also studied. The results

showed that all compounds were completely desoab&dmnin at 200C.

3.7.2 Determination of 1,2 Dichloroethane by Gast@omatagraphy

The amount of 1,2 dichloroethane was analyzed étewlett Packard HP 5890
series Il gas chromatograph with FID detector. abafjion of the 1,2 dichloroethane was
obtained on a HP-5MS Ul column (30 m x 0.32 mm, i0d25um film) using helium as

carrier gas (flow-rate, 3 ml/min). The GC condiBowere; column temperature °@)
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injector temperature 200°C; detector temperatui@@5 The obtained GC spectrum of

1,2 dichloroethane is shown in Fig. 3.42
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Figure 3.42 GC spectrum of 1,2 dichloroethane.

From the chromatogram, a peak at retention time3 1 assigned to 1,2
dichloroethane while the small peak at 1.07 isgaesi to methanol contaminant from
stock solution.

To ensure optimization of the methods in light bé tstandardization rules, the
developed methods were validated in terms of libggprecision, accuracy, LOD, LOQ.
Five calibration solutions in the range 1 -5 ppnraevprepared by suitable dilution of
water. Linearity curve is plotted with peak areagaiast the concentration of 1,2
dichloroethane. The HS-SPME extraction was perfdrametriplicate. The relative area

was plotted against the relative concentratiorhasve in Fig. 3.43.
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Figure 3.43 Calibration curve of 1,2 dichloroethane
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Linearity equation observed for 1, 2-dichloroethasmy = 1576.1x + 1028.7. The
correlation coefficient values observed is 0.9968cW is a good linearity in the tested
concentration range. The limit of detection wasdatned using a 3SD/slope ratio and the
limit of quantification using a 10 SD/slope, wh@&BB is the standard deviation of the mean
value of fortified blank at 0.001 ppm. LOD and LOg&ere 0.06 ppm and 0.2 ppm
respectively. 10 samples of 5 ppm of 1,2 dichldraee were analyzed on the day tested,
the % RSD was found less than 5.0%, and accura@tigre error) was better than 1.5%

3.8 Dechlorination of 1,2-Dichloroethane Contaminanin Water

This work, catalytic performance of the synthegife® nanoparticles and Pdffe
bimetallic nanoparticles towards dechlorinatiorlf dichloroethane contaminant in water
was investigated in laboratory scaldne samples were prepared in 20 mL headspace vial
by spiking agqueous solution of 1,2 dichloroethandeoxygenated distillated water which
contained F&colloidal nanoparticles. The solution was filledtheut a headspace. The
vial was rolled on the roller bottle at room tengiare for desired time. The control
samples were prepared by the same process buatthlgst was not added. Dechlorination
efficiency was reported in term of relative concation of final concentration and initial

concentration (C/g) and also reported on the percentage of dechtayma

3.8.1 Dechorination Efficiency of 1,2-dichloroethae by CMC-
Fe’Nanoparticles

The catalytic performance of CMC-stabilized °Fenanoparticles toward
dechlorination of 1,2 dichloroethane was invesgdai an aqueous colloidal dispersion.
As, dechlorination reaction happens on the surtdaatalyst thus the degradation process
requires many steps; a) movement of 1,2 dichtbeoee from the solution to the surface
of the Fe particles; b) adsorption on the surfgceeductive dechlorination on the surface
d) desorption of the reduced products from theas@rfand e) transfer products to the bulk
solution (Reddy et al., 2010). Therefore, thereraamy factors affected to the degradation
efficiency. This work, the effects of an initialr@entration of 1,2 dichloromethane and the

ratio of catalyst to solution were studied.
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Effect of Initial Concentration of 1,2 Dichloroethane

The initial concentration of substrate plays an omgnt role in degradation
process. This work, the effect of concentrationtlb@ dechlorination efficiency of 1,2
dichloroethane by CMC-Baanoparticles was studied at 1 and 5 ppm. Thécfeasize of
CMC-Fé€ nanoparticles was 46 nm. The reaction time was varied in range 1 tdh24

The results are shown in Figure 3.44.
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Figure 3.44 the effect of initial concentration df 2 dichloroethane on the relative

concentration of 1, 2 dichloroethane at differezdation times. The ratio of catalyst to

solution was 1 g/L.

According to the graph in Fig. 3.44, it is demoatgd that there is only a little
change in the concentration of 1,2 dichloroethanmpared to the control samples.
Although the initial concentration concentration1o? dichloroethane was decreased from
51to 1 ppm. Only 4% dechlorination (G/G 0.946) was obtained at 24 h. In order to
determine the maximum efficiency, further studywddobe carried out to determine the

optimum conditions by varyingeaction parameters affected to the catalytic iefficy.

Effect of Ratio of Catalyst to Solution

Degradation efficiency could increase with an éase amount of Beanoparticles
(Cho et al., 2010). An increase ratio of Ranoparticles would be expected to increase the
guantity of reactive Fe sites resulted in an enbatexhlorination efficiency. This work,
the effect of catalyst addition on dechlorinationl¢? dichloroethane was investigated.

The amount of CMC-Fenanoparticles to solution was studied between git4 The



55

particle size of CMC-Fenanoparticles used for this testing was@%m.The results are

shown in Figure 3.45.
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Figure 3.45 Effect of ratio of CMC-Renanoparticles to solution to dechlorination
efficiencies of 1,2 dichloroethane. Initial conagatibn of 1,2 dichloroethane was 5 ppm,

Reaction time was 24 h.

The results from Fig 3.45 showed that the conedéiotr of 1,2 dichloroethane
slightly decreasese when the ratio of CMC/Ranoparticles to solution was increased
from 1 to 2 gFe/L. The maximum percentage of deatddion was 5.5 (C/g= 0.945). At
higher concentration, the dechlorination efficietepds to decreases. This showed that
the dechlorination efficiency of 1,2 dichloroethanight not be increased unlimitedly with
increasing the addition of CMC/Eenanoparticles. It is possible that high conceiumeof
iron nanoparticles causes the particles tendenag¢domerate and aggregate resulting in
severely limit of surface area. Moreover, high @ncation of CMC stabilizer caused
limitation of 1,2 dichloroethane transportation.tAe ratio of F&nanoparticles to solution
higher than 4, too viscous CMC stabilized Ranoparticles were found due to limited
space of vial. In addition, excessive hydrogen magpressed the continuation of both
corrosion of iron and reduction reaction of 1,2htlicoethane by act as site blocker. These
are major limiting factors for the occurrence ofclderination in a small limited area

rather than using in natural groundwater.

From the results, much lower in catalytic perfonceof F& nanoparticles toward
1,2 dichloroethane compare to other chlorinatediredk Song and co-worker prepared

nanosized iron particles (80-100 nm in diameter)nd aused it as catalysts for
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dechlorination of 8 chlorinated ethanes; hexacldtirane (HCA), pentachloroethane
(PCA), 1,1,2,2-tetrachloroethane (1,1,2,2-TeCA)21,1,2-tetrachloroethane (1,1,1,2-
TeCA), 1,1,2-trichloroethane (1,1,2-TCA), 1,1,kchioroethane (1,1,1-TCA), 1,2-
dichloroethane (1,2-DCA), and 1,1-dichloroethangl{@CA)) in batch reactors. The
results showed that all chlorinated ethanes extgptlichloroethane were transformed to
chlorinated ethanes or ethenes (Song, and Carr2@95. The results was clearly
confirmed the high structural stability of 1,2 dmtoethane. It is possible that the particle
sizes of F&nanoparticles used in this work (45 nm) and thevatreport (80-100 nm) are
too large. Thus, the effect of particle size ofdagalyst on the dechlorination efficiency

was further explored.

Effect of the Particle Size of F&Nanoparticles

Decreasing the particle size, increasing the amotian active surface sites and
enhancing the catalytic properties were expecledo different particle sizes of CMC-Ee
nanoparticles were prepared at different ratios®fto CMC stabilizer. The 45 nm of
CMC-F€ sample was prepared with 1:5 ratio for 10 h. while sample with 12 nm
diameter was prepared at 1:10 Fe to CMC ratio6fdr. The effect of particle sizes of
CMC-F€ nanoparticles toward dechlorination of 1,2 dicblthane was studied. The

results are shown in Figure 3.46
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Figure 3.46 Effect of particle size of CMC%ranoparticles on the dechlorination

efficiency of 1, 2 dichloroethane. The ratio ofatgst to solution was 2 gFe/L.

Decreasing of the particle size of CMC Renoparticles from 45 to 12 nm,
enhance in catalytic activity was obtained. It destmated that the activity of iron
nanoparticles depends on their particle size. Tsms|ler in size of Fenanoparticles with
high surface area is required. However, only al28atdechlorination increasing after was
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obtained from this experiment. In addition, it istioced that there is continuously increase
in % dechlorination at first day while a little aige was obtained in the next day. It may

be caused by catalyst deactivation.

3.8.2 Reaction Mechanism of Dechlorination of 1,2iEhloroethane by F&

Nanoparticles

In the process with containing Feanoparticles in water, the chemical reaction is
shown in Eq 3.9.
Fe + 2pD — F&* + H, + 20H (3.9)

Fe and F& species play a role in reductive dechlorinatiorchibrinated hydrocarbon. In
case of the reaction contain @ water, F&" and F&" species are formed on the surface as
shown in Eq 3.10.

2Fe + @+ 2H,0 — 2F€* + 40H (3.10)

Fe* can be further oxidized to Fe
AFE* + 4H + O, — 4F€" + 2H,0 (3.11)

Fe’* reacts with OH or H,O and to yield hydroxide or oxyhydroxide:
F& + 30H — Fe(OH) (3.12)
F& + 2H,0 — FeOOH + 3H (3.13)

Fe(OH) can also dehydrate to form FeOOH:
Fe(OHH 3H — FeOOH + HO (3.14)

The reductive dechorination of 1,2 dichloroethanay involve either direct or
indirect reduction or both. Direct reduction, decimation of 1,2 dichloroethane
processes by direct reduction at Fe atom on thfacirof F& nanoparticles. While
indirect reaction, dechlorination reduction by &ers ion involved reduction of water by Fe
atom. Fé" species generated from oxidation reaction by whteher reacted with 1,2

dichloroethane. The reaction pathways are shoviaign3.47.
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(B) Reduction by Ferrous Iron

(A) Direct Reduction at the Metal Surface

Fe3t CICH,-CH,CI + H*
Fert X
Felt CH;-CHLCl + CIF

CICH,-CH,Cl1

CH;-CH,C1 + CI

Figure 3.47 Possible dechlorination pathways ofdigBloroethane by CMC- Be

nanoparticles.

From both pathways, it can be seen that thererigetition between water and 1,2
dichloethane for adsorption on the surface of F&noparticles. Reduction of water is
more likely to occur than 1,2 dichloroethane whicbntaminated in water at low
concentration. Thus, the dechlorination processlibgct reduction on FPeatom of the
surface is less opportunity. The reduction bydesrion seems to play more important
role than direct reduction. As reduction potentiélferrous ion is not strong as e
dechlorination of 1,2 dichloroethane (highly stablelecule) may not degrade via this
process. One possible way to increase the perfarenahF8 is decreasing their particle
sizes. Due to it is not only increase surface ame@ active sites but also change their
electronic properties affected to absorption anchlibgination ability. It is possible that
decreasing the particle size resulted in strongiijjva sites of Fe for adsorption and
decompose of 1,2 dichloroethane. The dechlorinatieaction processed via direct
reaction.

From reduction by ferrous ion pathway; ¢s was generated, thus another way to
use H as reducing agent is making it adsorption on metialace. An increase rate of
dechlorination of 1,2 dichloroethane by using bialet F€ nanoparticles will be further
explored.
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3.8.3 Dechlorination of 1,2-dichloroethane by Bimeilic Pd-

modified Fe’ Nanocatalyst

Palladium is known as a good catalyst for hydragjen reactions (Cho et al.,
2010). Pd modified Fe nanopatrticle has been acdegdehigh performance catalyst for
dechlorination reduction of chlorinated hydrocarlfgviang et al., 2009). This work, the
catalytic efficiency of Pd modified Fe nanopartscleward dechlorination reaction of 1,2
dichloroethane will be investigated. Important paeters such as surface structure of

bimetallic and the effect of Pd loading was studied

Effect of Surface Structure of Bimetalic Catalyston the Dechlorination
Efficiency

Different preparation methods of bimetallic casalyesulted in the difference of
surface structure and compositions. This workgiffect of Pd modification method on the
catalytic activity of bimetallic Pd/Penanoparticles was studied. The catalytic perforrean
of Pd/F@ nanoparticles synthesized by palladization andosmailadium deposition
toward dechlorination of 1,2 dichloroethane werplesed. The results are shown in Fig.
3.48.
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Figure 3.48 The effect of Pd modification method aechlorination efficiency of 1,2
dichloroethane. Initial concentration of 1,2 dmfdethaane was 5 ppm. Catalyst to

solution ratio was 2 g/L. %Pd loading was 0.2%.
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By adding Pd on FPenanoparticles, the dechlorination efficiency wamiicantly
increased. Rate of dechlorination of CMC-P8/Ranoparticles is much higher than
CMC-Fe nanoparticles at first 4 h. It means Pd;aalyst, plays, an important role in this
reaction. The CMC stabilized Pdffeanoparticles prepared by nano-palladium depwsitio
exhibited nearly two times greater reactivity todvaechlorination of 1,2 dichloroethane
than the Pd/Fenanoparticles prepared by palladization. There rammerous literature
studied on the dechlorination of chlorinated hydrbon by using Pd/Fe bimetallic
nanoparticles prepared by palladization method (&hkicharoen et al., 2010). Their high
performance catalytic activity for dechlorinatiorasvconfirmed for almost chlorinated
hydrocarbon. Some reports studied on dechlorinaifazhlorinated hydrocarbon by using
the mixture of monometallic Pd and Fe particlesatalyst. From the report of Zhang and
co-worker,the Pd and Fe nanoparticles are separately adddu isample solutionThe
result was found no better than adding Fe aloneleMoping Pd on the surface of Fe to
form integrated bimetallic complexes (Pd/Fe), emednreactivity toward trichloroethane
degradation was obtained (Zhang et al., 1998). MeweHe and co-worker reported on
trichloroethane degradation that the mixture of Gkt@bilized monometallic Fe and Pd
nanoparticles exhibited a nearly two times greatactivity than the Fe-Pd bimetallic
nanoparticles. For separately mixing, the highlgcteve F8 nanoparticles can undergo
rapid corrosion reaction with water to give off. Hherefore, the observed highly effective
degradation of trichloroethane is attributed touctobn by B with the Pd nanoparticles as
catalysts. For the bimetallic Fe-Pd nanopartidies, presence of Pd on the Fe surface is
expected to catalyze trichloroethane reduction @i =€ and H. However, the slower
overall trichloroethane degradation rate with tiradiallic nanoparticles indicates that the
overall trichloroethane degradation rate is nottkoh by the Fe corrosion, but rather by the

catalytic activity of Pd.

This work, Pd and Fe nanoparticles were firstlyxediin colloidal form and the
product was centrifuged out. It is possible thweré is physical interaction between Pd
nanoparticle and Benanoparticle at interface. When they are in cdntelectron will
transfer from Fe to Pd due to different in elecégattivity resulting in higher electron
density of Pd, enhanced adsorption and reductidityatsf H, gas to hydrogen atom. For
the sample prepared by palladization, the surfA¢eavas covered by Pd atoms resulting

in decrease of Fe active surface. In comparisah R@l particle deposited on Fe surface,
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surface area of Fe is not covered as prepared lbgdzation. Thus higher in catalytic
activity was obtained. It is confirmed that surfateicture of bimetallic play an important

role in catalytic activity.

3.8.4 Effect of Pd Loading on the activity of Pd/€ Nanocatalyst toward

Dechlorination of 1,2 Dichloroethane

The dechlorination efficiency of Pdff&imetallic nanocatalysts depends on the
percentage Pd loading on’Feanoparticles. Addition of Pd enables the dechédion rate
increasing rapidly, but cost of treatment also @éased. Therefore, the lowest level of Pd
loading that can be still effective to dechlorindt® dichloroethane is economically
desired.This work, effect of Pd loading on the catalytiafpemance of Pd/Fe bimetallic
nanoparticles toward dechlorination of 1,2 dich&thane was explored. The relationship
between % dechlorination and % Pd loading of thmeallic samples prepared by

palladization and nano-palladium deposition is shawfig. 3.49.
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Figure 3.49 The effect of Pd loading on dechlororatefficiency of 1,2 dichloroethane
with various percentage of Pd loading on Pd/CME-Remetallic prepared by

palladization and nano-palladium deposition. Ihiieancentration of 1,2 dichloroethaane

was 5 ppm. Catalyst to solution ratio was 2 g/L.

For the Pd/CMC-Fenanoparticles prepared by nano-palladium depwositibe
optimum catalytic efficiency is obtained at Pd lwad(0.2%) while the sample prepared
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by palladization, need higher Pd loading (0.3%). he Tmaximum percentage of
dchlorination reaction was 14%. Further increasoigPd loading, the dechlorination

activity become continuously decrease.

As the dechlorination of 1,2 dichloroethane ocaumse they are adsorbed on the
Pd/Fe surface, it is possible that increase Pdingachuse decreasing of Fe atom at the
surface resulting in lower in catalytic activity2d on the surface of Fe particles plays the
role of a collector of hydrogen gas that resultsrfrthe oxidation of Fe particles. An
increase in Pd content with bimetallic could proentite iron oxidation and consequently
the rate and extent of dechlorination. A higherlydic metal loading could increase the
number of catalytic metal ‘islands’ on the iron fage. The increased amount of Pd
coating on F&might hinder the formation of +by F€ corrosion. Dechlorination reaction
depended on an active iron surface, and presunthblynumber of active sites on the
surface was not large enough for effective dechédion, thus the dechlorination
efficiency decreased when Pd loading was more €hamole%. For colloidal mixing of
Fe and Pd monometallic nanoparticles, the percentdgdechlorination increase with
increasing the amount of Pd adding. The maximunviactvas 14 percent dechlorination
at 0.2% Pd loading. Further increase the amourib&ting, percentage of dechlorination

the decrease the same as PUtagalyst prepared by palladization.

3.9 Dechlorination Efficiency of the Synthesized Qalysts

Degradation efficiency of the all synthesized Ranoprticles and Pd/Fe bimetallic
nanoparticles toward dechlorination of 1,2 dichteeie was explored and shown in
Figure 4.51.
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% Dechlorination

Surface-modified Fe nanoparticles

Figure 3.50 Dechlorination efficiency of Fe nanetgdtts and Pd/Fe bimetallic
nanocatalysts prepared by different polymer stadiliand support materials toward
dechlorination of 1,2 dichloroethane. Concentratid catalyst was 2g/L, reaction time
was 24 hour and initial concentration of 1,2 dicb&ihane was 5 ppm, %Pd loading was

0.2% (wiw).

According to the results in Fig 3.50, it was clgahowed that modification of Fe
nanoparticles with polymer stabilizers or suppodtenials resulting in much increase in
dechlorination efficiency. All of the synthesized/Pe bimetallic nanocatalysts have much
higher in the catalytic activity than monometaliatalysts. Pd/CMC-Fenanoparticles in
comparison with CMC-Fenanoparticles, modified with Pd particles resulted® times
increase in dechlorination efficiency. The dechiation activity reached 14% (12 nm of
the F8 samples). The catalytic dechlorination of 1,2htiethane are consistent with their
colloidal dispersion stability and oxidation stalyil Zero-valent iron nanoparticles
coating by CMC showed the highestficiency due to its high colloidal stability and
oxidation stabilityto prevent formation of particle aggregates andh h&gistance particles
to oxidation (long term using)n the case of using soluble starch as stabilikaver
activity was obtained due to its low both dispensamd oxidation stability. It is prone to
forming large particles by agglomeration, leadingatdecline in its specific surface area

and eventually reducing its dispersibility and teaty. Due to the large surface area of Fe
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nanoaparticles and the catalytic function of PdFEdimetallic nanoparticles possess an
effective dechlorination capability. Enhanced oatalreaction was most likely ascribed to

the ability of Pd to facilitate hydrogen adsorptenmd hydrodechlorination reaction.

In case of F¥C nanoparticles which the results from characiion section
showed high colloidal stability and oxidation stdii high catalytic activity toward
dechlorination of 1,2 dichloethane was expectecbwéler, HS-SPME techniques was
found limited for extraction of 1,2 dichoroethamewater containing activated carbon due
to electrolyte effect. The addition of an elegttelin the sample matrix decreases the
solubility of hydrophobic analytes in the aqueobage. From the results, much increase in
GC signal was detected compare to the control samprhis may cause from high
negative charge of activated carbon contaminantreases volatile rate the 1,2
dichloroethane resulting in shifting the equilibridzoward the fiber.

3. 10 OReaction Mechanism of Pd/P&imetallic Nanoparticles Toward

Dechlorination of 1,2 Dichloroethane.

To identify intermediates and final products frogechlorination of 1,2
dichloroethane, the headspace gas generated frerdetthlorination reaction was drew
and identified by gas chromatography. HP 5 capiltalumn and FID detector was used.
The column temperature is maintained &t@0dnjector and detector temperature were set
at 200C. and 250C, respectively. The flow rate was 1 mL/min. A Omatogram of the
headspace gas from generated from degradatiorafidhloroethane is shown in Figure
3.51.
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Figure 3.51 GC-FID chromatogram of headspace sample from dagced of 1,2
dichloroethane by Pd/CMC-Eeanoparticles.
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Figure 3.52GC-FID chromatogram of standard ethane (ethanewges obtained from
electrolysis of acetic acid).

From Figure 3.51, In comparison to the standardasf could be generated from
the dechlorination reaction, a peak at retentioretll.07 is assigned to ethane. Typically,
chloro group of 1,2-dichloroethane can be degraaiedtwo reaction mechanisms; namely
reductive dihaloelimination and hydrogenolysis. &delimination involves the removal
of two halogen atoms that are adjacent on the salkene molecule, leading to the
formation of an additional carbon-carbon bond. dichkloroethane will be transformed to
ethylene in single step (Eqg.3.15). Hydrogenolysisemuential degradation pathway is the
replacement of the halogen atom with a hydrogematioloroethane (Eqg.3.16) and ethane
(EQ.3.17) in second step will be formed.

CIHC —CHCI + 2¢ —  CH=CH+2CT (3.15)
CIHC -CHCI +H +2¢é — CH-CHCI+CI (3.16)
HC-CHCl +H +2¢ —  CH-CH=+CI (3.17)

From GC analysis, the main product from the radactlechlorination of 1,2
dichloroethane was ethane. Therefore, it is inditathat the dechlorination follows
hydrogenolysis reaction. The effectiveness of Pdfireetallic particles was most likely
ascribed to the ability of Pd to facilitate hydragadsorption. The catalytic reduction of
1,2 dichloroethane by Pd/CMC-Fbimetallic nanocatalyst should followed these step
(I) the corrosion of iron leads to the emergencelof(Il) Pd and H are combined to form
a transitional compound Pd-H with &lom embedded in Pd crystal lattice; (lll) Pd-H
dechlorinates 1,2 dichloroethane. The reactioridcba depicted by Egs. (3.18) — (3.22).

The schematic illustration of hydrodechlorinationgess is shown Figure 3.53.



66

Fe + 2HO —  Fé' +H, +20H (3.18)
Pd + H —  Pd-H (3.19)
Pd + CICH-CH,CI —  Pd- - -Cl- - -GFCH,-CI (3.20)
Pd-H + Pd- - -Cl- - -GHH,-Cl —» CICH2-CH; + CI + 2Pd (3.21)
Pd-H + Pd- - -Cl- - -Gi€Hs — CHg-CHs + CT + 2Pd (3.22)

CH3-CH2-Cl + CI-
Pd-CI-CH2-CH2-CI

Cl-CH2-CH2-CI

Figure 3.53 Reaction schemes for reductive transdtions of 1,2 dichloroethane.

From the reaction mechanism, hydrogen formatiah aasorption is an important
factor in hydogrenolysis reaction. It has been pssg that atomic hydrogen adsorbed on
the reductant surface £k is responsible for bimetal reactivity (Cook et, &009).
However, it was also suggested tlahsorbed atomic hydrogen (k) within the metal
additive lattice, rather than surfaadsorbed atomic hydrogen i), represents the
reactive entity in iron-based bimetallic systemsdK et al., 2009). in our work, better in
activity of Pd/CMC-F& nanoparticles prepared by deposition of nanopaiadon the
surface of Fe nanoprticles than prepared by pakgidin support the concept albsorbed
atomic hydrogen (kb9 within the Fe lattice than surface 4. Thus, it is possible that
hydrogen atoms are more solubility of atomic hy@mgn Pd noparticles rather than Pd

forming an island on the surface of Fe nanopasicle
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Section Il A Case Study of Using Zero-Valent IronNanoparticles for

Groundwater Remediation

Contaminant water samples were collected from d@igpiwater wells in Map ta
Phut town, Muang District, Rayong Province. Sanfpl@as collected from groundwater
well in Map Ya community. Sample 2 and sample 3emenllected from groundwater
wells in Neon Pha Yom community and Nong Nam Yemeunity, respectively. The
collected samples were kept in plastic bottlessioced at 4C. The chemical and physical
quality of the water such as pH, dissolved oxyge@®) salinity and the amount of 1,2
dichloroethane contaminant in collected water sesplere measured compared to the N

purged deionized water. The results are shown eTa 4.

Table 3.4 the properties of the contaminant watenmes collected from groundwater

wells in Map ta Phut town

Water sample pH DO Salinity (ppt) | 1,2 dichloroethane
1 6.34 248 0.614 non detectabld
2 5.34 2.23 0.141 non detectable
3 5.74 1.94 0.351 non detectable
N, purged 5.49 3 0.014 non detectable
deionized water

According to table 4.6, the pH of groundwater sk®as in range 5.74-6.34
which more acidic than the groundwater quality dtads (7-8.5) (ref). In addition,
dissolved oxygen was also lower than the groundwatlity standards (6 mg/L). For
salinity, the dissolved salt content in the wateswneasured by conductivity method at
25°C. The more salt that is dissolved in the wates,higher the water conducts electricity
was obtained. The salinity of sample No.2 and 3 feasd lower than the groundwater
quality standards (0-0.5 ppt) while the sample Nwak found higher than 0.5 ppt. These
parameters can affect to the stability mobility autivity of F€ nanoparticles. This work,
the dispersion stability, oxidation stability, mbiyi and activity of F& nanoparticles
dispersed in different water samples were furtlxptared. The results are shown in Table
3.5.
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Table 3.5 Stability and mobility activity ahe colloidal Pd/CMC-F&8 nanoparticles in

groundwater samples collected from different area.

Groundwater sample 'Dispersion stability *Mobility
1 12 0.51
2 9 0.58
3 5 0.44
N2 purged Deionized water >30 0.30

! Dispersion stability was monitored byllecting the time (days) that the aqueous codlbaf Pd/ time and
after addingor 7 days. The ratio of the nanoparticle to watas 2gFe/L
*Mobility was determined by sand column experimempended time for all colloidal suspension samples

pass through the sand column was measiRate of flow (min/ 10 ML)

From table 3.5, it showed that the quality of grdwater affected to the stability
and mobility of the colloidal Fenanoparticles. The ability of Feanoparticle thatemain
in suspension in theolloidal formand the ability to transport to soil layers weyevér than
deionized water samples. These may effect to thehldenation efficiency of FeO
nanoparticles. In order to determine the dechltiona efficiency of Pd/CMC-Fe
nanoparticles, all collected ground water samplesevadded with 1,2 dichloroethane and
the concentration was adjusted to 5 ppm. The ptagenof dechlorination is shown in
Table 3.6.

Table 3.6 % dechlorination of 1,2 dichloroethanetaminant in groundwater samples

Water sample No. % dechlorination of
1,2 dichloroethane
Sample 1 5.24
% Sample 2 6.19
Sample 3 9.71
N2 purged dionized water 13.77

Dechlorination of 1,2 dichloroethane was measurethe following parametres: the initial conceritmatof
1,2 dichloroethane was 5 ppthe ratio of Pd/CMC-Fe nanacatalyst to solution ®ag1000 ml reaction

time was 24 h.



69

It can be seen that the dechlorination efficientyPd/CMC-F& nanacatalyst in
groundwater is lower than in deionized water. #h860% decrease in activity was
obtained. It is possible that pH, dissolved oxyged salinity of ground water may limit
the effectiveness of nanoparticles because thdigorgtrength and agglomeration. pH is
an important factor affected to degradation efficie of Pd/CMC-F& nanopartices. It is
strongly influences the redox reactions occurringtre F& nanoparticle surface by
accelerating corrosion at low pH and passivathmg iron surface at high pH through the
formation of ironhydroxidesThe corrosion of Fe nanoparticles to produce Wwhich is
more favored at lower solution pH; and the hydrddlaenation of 1,2 dichoroethane by
H. (or atomic hydrogen) at the Pd surface, which Is® davored at lower pH since

lowering pH produces morexiWang et al., 2009).

The effect of dissolved oxygen in water is an imgat factor indicated the
catalytic performance of Benanocatalyst. At lower level of dissolved oxygehe
oxidation stability was clearly increased and thercpntage of dechlorination was
significant No. 3. Although the pH of the samplember 1 is lower but the oxygen
dissolved is higher, the dechlorination efficierfysample 3 becomes higher than sample
1.

In groundwater, there are some monovalent catgrch as Naand K and
divalent cations such as €aand Md* contaminant The divalent cations have greater
effects on zero valent iron nanoparticles mobithgn monovalent cationd.if et al.,
2010) The mobility of Fe nanoparticles is generally dased when ion concentrations
increases respectivelyhis work, sanility and conductivity were usednonitor the effect
of ionic strength to the ability of Benanoparticles to transport in ground water. Higher
conductivity and salinity of sample 1 cause andase aggregation of Feanoparticles

resulting in decrease in rate of mobility.
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CHAPTER 4
CONCLUSIONS AND SUGGESTIONS

Surface modified zero-valent iron nanoparticlesenvgynthesized in an agueous
solution by chemical reduction method. Sodium bgdrside was used as reducing agent.
Different polymer stabilizers and support materiaése used to investigate their ability to
protect F& nanoparticles from aggregration. Sodium carboxihyieellulose (CMC) and
water soluble starch were used as green-polymiitizéa.

CMC stabilized zero valent iron nanoparticles werepared at pH 8. The results
from UV-visible can be used to confirm the stronteraction on CMC-Fé complex. At
this pH 8, the carboxylic groups of CMC are fullisassociated and strongly bind with
Fe—O-. The stabilization mechanism of CMC-Ranoparticles was eludicated by infrared
spectroscopy technique. The sharper of peaksaietthing frequencies symmetric and a
symmetric —COO- are shift to lower wavelength iadc strong interaction between Fe
and hydroxyl and carboxylate group of CMC which iynf the stability of CMC-F&
nanoparticles.Binding mode between CMC and °Fevas assigned to monodentate
chelating.The soluble starch was also used as stabilizepHAB, deprotonation of OH
group and coordination between Fe and —CO- inlstisraiot occurred. Most of hydroxyl
groups are in protonate form, the stability of ctaFe nanoparticles resulted from the
formation of intramolecular hydrogen bonding inrskastructure. Hydroxyl groups of
starch may act as the passivating contacts, thgyedenting the resultant nanoparticles
from agglomeration. TEM and SEM were used to stildy particle size and dispersity.
The particle size of the synthesized CMC-Ranoparticles and STR-Feanoparticles are
in range between 12-75 nm. The particles are diescparticles without chain like
aggregation. Different parameters affected to theigle size of CMC-Fenanoparticles
were studied such as reaction temperature, reatities concentration of Be€and mole
ratio of F€* to stabilizer. The results showed that the partsize of F& nanoparticles
decrease when the initial concentration of ‘Feas decreased and the ratio of CMC

increase. Increasing in reaction temperature, ti@med particles tend to smaller.

Zero-valent iron nanoparticles were also synthelsirethe presence of support
materials. Mesoporous silica nanoparticles wereessfully synthesized. Monodisperse

spherical particles with porous structures with #verage particle size diameter 580
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nm were obtained. Nanoscale zero-valent iron saegoon mesoporous silica was
synthesized via a wet-impregnation route followgate chemical reduction of Eewith
NaBH,. 10% of Fe loading on silica was obtained (EDXlgsia) however the destruction
of mesoporous structure can be noticed. Activatatban was also used as support
material. Activated carbon was pretreated with HNI@frared spectroscopic analyses of
the HNQ treated carbons showed strong absorption of cghisoacid groups and
hydroxyl groups. Zero-valent iron Nanoparticles activated carbon supporting (@
nanoparticles) were prepared by chemical reduatepnsition. pH of the mixed solution
Fe’* and carbon was adjusted to 8. The results from EBM SEM clearly showed ¥e
particles deposited on carbon support. The avepaggcle size of F&nanoparticles on

carbon support was 75 nm.

Pd-modified F& bimetallic nanoparticles were prepared by 2 twep steaction;
namely palladization and nano-palladium depositld/CMC-F& nanoparticles were use
as a representative sample. For palladizationsthed surface structure of the sample was
proposed while nano-palladium deposition, smalf@ts which darker in contrast from
TEM images were assigned to the particles of Pdmetin addition interaction between

Pd and Fe atoms was proposed.

The synthesized zero-valent iron nanoparticles Rddnodified zero-valent iron
nanoparticles were characterized by various teclasig he results from XRD reveal the
existence of an amorphous phase of .irdhe sample prepared at low temperature, a
characteristic peak afero-valent irond-Fe) represents bcc (body-centered cubic crystal)
Fe lattice planes (110) while at elevate temperatheepresence of boti-Fe and iron

oxide FeO, and y-FeO,) crystalline phases was indicatedhe results from X-ray

photoelectron spectroscopy showed that the shefl wmainly ferrous ion. Energy-

dispersive X-ray spectroscopy (EDX) was used talstihe elemental composition of
Pd/Fe bimetallic nanoparticles. The results shos@ue variation between the value of
the element contents obtained from calculated dD¥ Bnalysis. Leaching of Fe atoms

due to oxidation reaction and washed out was pexghos

Stability and mobility of the synthesized zeroerdl iron nanoparticles was
preliminary test. For dispersion stability, barenimanoparticles settled to the bottom in

less than 30 min while iron nanoparticles prepanetthe presence of stabilizer or support
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materials remain suspend over a longer time. Tlepgred CMC-stabilized zero-valent
iron nanoparticles remains in suspension over denebed period of time (> 1 months)
with no noticeable sedimentation or flocculatior/® nanoparticles have lower dispersion
stability in comparison with CMC-Fe nanoparticléscan remain in colloidal suspension
less than 15 days. The order of colloidal stabilitgs CMC-Fe nanoparticles > %@
nanoparticles > Fe/SiOnanoparticles > STR-Benanoparticles. The oxidation stability
increases in the sequence/Be> CMC-F&8 > F&/SiO, > STR-F&. For mobility test by
sand column experiment, only the colloidal dispETsif CMC-Fe and P&C nanoparticles
can fully pass through the columpParticle size and potential stability in colloidal
suspension was analyzed tdynamic light scattering (DLS) anzkta () potential. The
hydrodynamic size measured by DLS more than 10stilmgher than TEM. For zeta
potential analysiSCMC-F€ and F&C nanoparticles showed more negative value than 30
mV which considered as stable colloids.CMC-Fe nanioges and Fe/C nanopatrticles are

high-ability materials to use im situ remediation of contaminant groundwater.

Catalytic performance of the synthesized Ranoparticles and Pd/feimetallic
nanoparticles toward dechlorination of 1,2 dich&dh@ane contaminant in water was
investigated in laboratory scal€éhe amount of 1,2 dichloroethane was analyzed on a
Hewlett Packard HP 5890 series Il gas chromatogweifth FID detector. Head space—
solid-phase microextraction (HS-SPME) and gas chtography were used for the
determination of 1,2 dichloroethane contaminanwater. The best extraction efficiency of
1,2 dichloroethane at 2@ was achieved at adsorption time of 7 min. Thanmonh
volume ratio of sample to headspace was 10/10 e optimum desorption time was 7
min at 23°C.

The catalytic performance of Fenanoparticles toward dechlorination of 1,2
dichloroethane was found depend on their partide. Decreasing the particle size of
CMC-Fé nanoparticles from to 45 to 12 nm, the dechloimagctivity was increased
from 1 to 5 percent. For Pd modified bimetallic oparticles, different techniques of
adding Pd on Thee’ nanoparticles were found effect to the dechloiimaéfficiency. The
CMC stabilized Pd/Fenanoparticles prepared by nano-palladium deposiérhibited
nearly two times greater reactivity toward dechiation of 1,2 dichloroethane than the
Pd/F& nanoparticles prepared by palladization. The marinpercent dchlorination was
reach to 14 at 0.2% Pd loading on Fe partices. ddtalytic dechlorination of 1,2
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dichloethane are consistent with their colloidapdirsion stability and oxidation stability.
CMC-Fe nanoparticles with particle size 12 nm shibwvike highestdechlorination
efficiency due to its high surface area, high dispersionilgiahigh oxidationresistance.
The main product from the reductive dechlorinatminl,2 dichloroethane was ethane

which indicated that the dechlorination followsdhggenolysis reaction.

From the study of groundwater collected from 3 camites nearby Map Ta Phut
industrial estate, 1,2 dichloethane was not foumdtaominated in the collected water. A
known quantity of 1,2 dichloroethane was added.hemation efficiency of Pd/CMC-
Fe€’ nanoparticles toward dechlorination of 1,2 dich&hmne was significant lower than
artificial contaminant water. pH, dissolved oxygerd salinity of ground water was found
limit the effectiveness of Fe nanoparticles dudess dispersion stability and oxidation

stability.

Suggestions for Future Work

This research described method to develop catglgtitormance of zero-valent
nanoparticles by design and controlled synthesese Hseveral suggestions for
further investigations are proposed. In summamy ére:

1. Density function calculations for studying the natetion at surface between
different size of Fe and 1,2 dichloroethane shd@dtudy to support experimental
results.

2. From the characterization, Pd/Fe/C nanoparticléd@ianother promising catalyst
to degrade 1,2 dichloethane however, we have nidtsesbout their acitivity due to
the limitation of extraction by HPME fiber. Activad carbon could not be
separated out from the reaction cause the effectatifng. Other extraction
techniques should be applied.

3. In laboratory testing, there are many limitatioasige the condition different from
the nature. The model study or a field case studglexhorintion efficiency should

be performed.
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