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Abstract

Nanoparticles are one of the fundamental building blocks of nanotechnology.
Nanoparticles are used in a variety of fields like health care, electronics, biology,
catalysis, all of which require monodisperse nanoparticles as physico-chemical
properties like melting point, chemical reactivity change dramatically with par-
ticle size. As such their controlled synthesis is an important research and de-
velopment challenge. Nanoparticles are synthesized by two techniques; gas and
liquid phase techniques. Liquid phase technique provides better control over
the polydispersity of nanoparticles as compared to gas phase synthesis. For
continuous synthesis in liquid phase, microchannel reactors are typically used.
Currently, scaling up of microchannel reactors is hindered due to fouling as it
results in heterogeneous nucleation, thereby affecting the particle size. The ob-
jective of the present work is to study the effects of different engineering aspects
on nanoparticle synthesis in microchannel reactors. This report begins with a
brief literature review on nanoparticle synthesis in microchannel reactor. In the
next part various designed developed to control size dispersion in microchannel
reactors are discussed. In the final part of the report experimental results are

discussed.






Chapter 1

Introduction

Objective

Nanoparticles are defined as particles having diameter less than 100 nm (Kruis
et al., 1998). Nanoparticles have application in many industries like electron-
ics(José-Yacaman et al., 1998), photonic (Haus et al., 1993), chemical (Hepel,
1998), ceramics (Schmid et al., 1998), metallurgical(José-Yacaman et al., 1998),
pharmaceutical (Allémann et al., 1998) etc. Most of these applications are based
upon the size and shape dependent properties of nanoparticles and require highly

monodisperse particles, which have coefficient of variance (C.V.) < 5%.

There are two approaches towards synthesis of nanoparticles: “top down”
and “bottom up”. In top down approach, large size particles are broken into
smaller sizes using techniques like crushing, grinding, attrition. These methods
are highly energy inefficient and lead to poor control over the size distribution.
In bottom up approach, nanoparticles are synthesized from molecules (Mijatovic
et al., 2005). This can be further classified into gas phase synthesis and lig-
uid phase synthesis. Gas phase synthesis are high temperature processes that
can produce large particles in large quantity but require sophisticated equip-
ments which are difficult to control(Gutsch et al., 2002). In liquid phase synthe-

sis, redox precursors are mixed under different operating condition to produce



2 Introduction

nanoparticles.

Presently, with batch protocols ((Turkevich et al., 1951), (Brust et al., 1994),
(Slot and Geuze, 1985)) nanoparticles of desired size and shape can be synthe-
sized but scaling up requires overcoming issues like temperature control, con-
centration gradient etc (Mantzaris, 2005). Microchannel reactors, used for con-
tinuous synthesis, are basically three dimensional structures having one of the
dimensions in sub-millimeter scale. These reactors have high surface to volume
ratio and high heat transfer coefficient than conventional reactors. Also mixing
and diffusion time scales are very small, so, effect of mass transfer on chemical
reactions is negligible(Jahnisch et al., 2004). A problem with these reactors is
that nanoparticles deposit on the wall which causes heterogeneous nucleation
and affects the particle size being formed. Thus, formation of monodisperse
particles remain a challenge in microchannel reactor(Wagner and Kéhler, 2005).
This report begins with a brief literature review on nanoparticle synthesis in
microchannel reactor. In the next part different attempts made in our lab to
control size dispersion in microchannel reactors are discussed. In the final part

of the report experimental results are discussed.
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Literature survey

Gold nanoparticles have emerged as one of the building blocks of nanotechnology
because of the diversity in their applications. They have found applications in
areas like biology (Daniel and Astruc, 2004), electrochemistry (Guo and Wang,
2007), catalysis ((Haruta, 2002), (Tsunoyama et al., 2008)), electronics (Shipway

et al., 2000) etc.

2.1 Standard protocols of gold nanoparticle synthesis

In liquid phase synthesis, gold particles are synthesized by reduction of gold salt
using a reducing agent. Commonly employed protocols for synthesizing gold
nanoparticles are those developed by Turkevich et al. (1951), Slot and Geuze
(1985) and Brust et al. (1994).

Turkevich et al. (1951) synthesized gold nanoparticles by reducing chloroauric
acid with sodium citrate at 100 °C. This method is widely known as the 'Citrate
method’. Reaction time is typically 5 minutes and it increases with a decrease
in temperature. The mean diameter of the nanoparticles is typically 20 nm =+
1.5 nm with a C. V. 12.5%. The mean particle size decreases with an increase
in the molar ratio of sodium citrate to chloroauric acid. Slot and Geuze (1985)
synthesized gold nanoparticles using a mixture of sodium citrate and tannic acid

as the reducing agent at 60 °C. Particle size and reaction time both depend

3
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on the amount of tannic acid present in the reducing solution. Reaction time
changes from one hour to few seconds as the amount of tannic acid varies from
zero to maximum (5 ml of 1% tannic acid solution). So it can be concluded that
the kinetics of gold salt reduction by tannic acid is faster when compared to that
of sodium citrate. Average particle diameter varies from 17 nm to 3 nm with
variation in amount of tannic acid from 10 L to 5 mL (1% tannic acid solution).
Solutions formed are nearly monodisperse with C. V. values < 10%. Brust et al.
(1994) reduced the gold salt solution in a two-phase solution (water-toluene)
using tetraoctyl ammonium bromide as a phase transfer agent. Dodecanethiol
is used as the caping agent. Thiol coated particles having diameter from 1 to
3 nm are formed in the organic phase (toluene). Particles formed by the Brust
protocol are much smaller in size as compared to the two methods described

earlier.

2.2 Synthesis of gold nanoparticle synthesis in microchan-

nel reactor

Wagner et al. (2004) reported seeded growth approach for making gold nanopar-
ticles using ascorbic acid as reducing agent and polyvinylpyrrolidone (PVP) as
stabilizing agent in a microchannel reactor which is wet etched in Pyrex glass
and covered with a layer of silicon that is anodically bonded to the glass. In this
method gold nanoparticles with a mean diameter of 11.7 + 0.9 nm are used as
seeds. These seeds were synthesized by ‘Citrate Method’(Turkevich et al., 1951).
Particle size increases significantly in all the experiments conducted (mean diam-
eter 15 to 24 nm). Particles formed with PVP are more stable. Particles having
diameter up to 12 nm could be handled without clogging of channel. Kohler
et al. (2005) have synthesized gold nanoparticles in microchannnel reactor based
upon the design of Kirner et al. (2004). Reactor has three mixing zones and each

mixing zone has splitting, reshaping and recombination units. Syringe Pumps
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are used for pumping reactant solutions. Ascorbic acid and Ferrous sulphate are
used as the reducing agent. Sodium meta silicate and poly vinyl alcohol are used
as the stabilizing agents. Citrate is used as a buffering agent. Change in flow rate
ratios of different reactants results in different size distribution of gold nanopar-
ticles (5 nm at equal flow rate of all reactants 1 pL/min; large particles at 25
pL/min of ascorbic acid, 25 puL/min of poly vinyl alcohol, 25 uL/min of chol-
roauric acid, 5 uL/min of sodium meta silicate; aggregate particles at 25 pL/min
of ascorbic acid, 5 pL/min of poly vinyl alcohol, 25 pL/min of chloroauric acid, 2
pL/min of sodium meta silicate). Wagner and Koéhler (2005) performed the syn-
thesis of gold nanoparticles in a continuous flow microreactor designed by Kirner
et al. (2004) using ascorbic acid as the reducing agent. PVP is added to the
chloroauric solution as the stabilizing agent. Design of the reactor is such that
flow direction changed from horizontal to vertical and vice versa at reunification
and branching points to get efficient inter diffusion. Deposition of particles on
the wall was minimized by altering the chemical properties of internal surface of

the channel by any of the following two methods:

1. Maintaining the solution at pH 9.5 which makes the glass surface negatively
charged by reducing Si-OH to SiO~. The electrostatic repulsion between
surface and negatively charged gold particles suppresses the deposition of

gold nanoparticles.

2. Making the internal surface hydrophobic via silanization with trichloro-

perfluoro- octyl silane.

Mean particle size also decreases with increase in flow rate (35 nm at 100
pL/min. to 24 nm at 800 pL/min.), which is attributed to higher nucleation rate
at higher flow rate. They found that the concentration of gold particles increases
with an increase in flow rate, and that at higher flow rates deposition was higher,

which was attributed to higher shear stresses. An increase in ratio of ascorbic
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acid to gold salt solution decreases the particle size which is attributed to the fact
that the higher concentration of reducing agent results in higher number of nuclei
formed and a shorter growth phase. Also mean diameter of the particles decrease
with increase in pH (21 nm at pH 2.8 to 2.9 nm at pH 9.5);because at higher pH,
electrostatic repulsion avoids the deposition of the particles at the wall. Shalom
et al. (2007) synthesized thiol coated gold nanoparticles using ‘Brust method’ in
microchannel reactor design comprising of a radial interdigitated mixer. Channel
surface is silanised using trichloro-perfluoro-octyl silane. Particles synthesized in
microchannel are considerably smaller in size and have lower polydispersity as
compared to particles synthesized in batch mode. Furthermore, smaller size par-
ticles are obtained with increase in flow rate as residence time becomes smaller.
Tsunoyama et al. (2008) synthesized gold nanoparticles in a microchannel reac-
tor by reducing chloroauric acid with sodium borohydride, and using PVP as a
stablizing agent. Microchannel is made up of Hastelloy and has a counterflow
configuration consisting of 32 channels. The outlet is single channel having inner
diameter 0.5 mm. PVP stabilized monodisperse particles of size approximately
1 nm were synthesized. Particles are smaller in size as compare to particles syn-
thesized in batch system. The particles synthesized were also used as catalyst

for aerobic oxidation of p-hydroxybenzyl alcohol to p-hydroxybenzaldehyde.
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Initial work [performed by Inyan,
2009]

Preliminary experiments on utilizing an in-house developed, room temperature,
rapid protocol (Sankar et al., Manuscript under review, 2010) were carried out by
Iniyan (2009). These experiments were done with a Y shaped PDMS microchan-
nel reactor, which was designed in-house. Initially oscillations were observed at
the Y junction of the reactor. This was attributed to the continual stop-start
motion of the stepper motor used to drive syringe pumps. To dampen these oscil-
lations, PDMS reservoirs (figure 3.1) were deployed to act as capacitor between

the syringe and inlet tube.

Figure 3.1: Digital micrograph of PDMS reservoir
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Gold nanoparticles were synthesized following the protocol of Sankar et al.
(Manuscript under review, 2010). 0.57 mM gold chloride solution was injected at
the rate of 2x10™% m3/s through one arm of the Y-channel and 0.87 mM tannic
acid solution flowing at the rate of 2x107% m3/s was run through another arm.
One of the major issues with this set-up is the deposition of gold nanoparticle
on the wall of the reactor. This resulted in heterogeneous nucleation, leading to
polydisperse particles. It was observed that deposition occurred mainly on the

side of gold solution in the channel (figure 3.2). This was attributed to the acidic

pH present on chloroauric acid side which weakens the stabilization.

Gold nanoparticles
deposited on the wall

, initiating at the junction
moving toward chloroauric = -
acid side | g

-
o

Figure 3.2: Digital micrograph highlighting the deposition of gold nanoparticles

in Y-shape microchannel reactor

A reactor with concentric coaxial geometry (core flow) was designed to over-
come the problem of particle deposition on the wall. In the core flow, gold salt
solution (HAuCly) flows in the center (inner diameter = 360 pm) while reduc-
ing/stablizing agent (tannic acid) flows in the outer region surrounding the gold
salt solution. This geometry avoids contact between reaction interface and the

walls of the channel, however the design of inlet pathways becomes more in-
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volved. A core flow microchannel reactor with PDMS inlets was designed in two

steps (Appendix A).

The TEM micrographs showed the presence of highly polydisperse particles,
in contrast to bulk protocol (figures A.4, A.5, A.6, A.7 of Appendix A). A careful
analysis indicated that gold particles are formed at the interface, after which
particles can diffuse either into chloroauric acid solution or tannic acid, which
provide different stylizing environment. Particles in gold solution will be larger in
size as compared to particles in tannic acid solution, resulting in polydispersity.
This also reveals that the redox reaction is much faster than the time required
for diffusion of tannic acid into the core followed by adsorption and stabilization

of gold nanoparticles.

To overcome this issue we decided to design, a microchannel reactor with
‘core in core’ flow. In ‘core in core’ microchannel reactor, gold salt solution flows
in between two layers of the reducing agent (figure 3.3) and the design is such

that the effective separation length scale is of the order of 10’s of microns.

Figure 3.3: Schematic representation of the proposed ‘core in core’ flow mi-

crochannel reactor
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The blue colour regions depict the expected diffuse reaction zone in which
nanoparticles are formed. The desired interface evolution is also depicted. The
idea is to have minimal interfacial area between diffuse reaction zone and chloroau-
ric acid solution. This can avoid coagulation of nuclei/particles that leads to

polydispersity.
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Microchannel reactor designs

developed in this work

4.1 Materials used for fabrication of microchannel reac-

tor

Polydimethylsiloxane (PDMS), a silicon based organic polymer, is commonly
used for making microchannel reactors. It is inert, nontoxic, non-flammable and
optically clear. Its chemical formula is (H3C)3SiO[Si(CH 3),0],,SiCHs, where n
is the number of monomer units. It has hydrophobic surface which makes PDMS
structures compatible with polar solvents (such as water, alcohol) without defor-
mation. On the other hand, organic solvents will diffuse into the material and
swell it, making them incompatible with PDMS devices (Rolland et al., 2004).
Brust et al. (1994) showed that particles synthesized in organic phase are much
smaller in size in comparison with the particles synthesized in aqueous phase
synthesis. Thus, glasses and other materials (e.g. SU-8) which are compati-
ble with both aqueous and organic medium are also used for the fabrication of

microchannel reactors.

11
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4.2 ‘Core in core’ flow microchannel reactor

As glass is compatible with both aqueous and organic phase reactions, ‘core in
core’ flow microchannel was fabricated of the same with the help of glass blowing
facility at IISc (figure 4.1). Dimensions of ‘core in core’ flow microchannel reactor

are given in table 4.1. The length of the channel was 29 cm.

Inner most

Ccentral
tube

Figure 4.1: Digital micrograph of ‘core in core’ flow microchannel reactor

Table 4.1: Dimensions of ‘core in core’ flow microchannel reactor

Tube Inner diameter | Outer diameter
(mnm) (mm)
Inner most tube 1.3 2.5
Central tube 3.0 4.3
Outer most tube 7.0 10.0

Inlet connections to the channel were provided using PTFE tubes by heating
the glass inlets at the gas burner and then fitting PTFE tubes over them. To
avoid leakage silicone sealant was used. After applying silicone sealant, whole

setup was heated in the oven at 60 °C for 20 minutes (figure 4.2).
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Figure 4.2: Digital micrograph showing inlet connections to ‘core in core’ flow

microchannel reactor

Initial experiments were carried out with dye and deionized water to study
the flow patterns in the channel. Dye was injected into the annular region with a
flow rate of 0.02 mL/s and water was passed in the innermost and outer channels
with flow rates of 0.02 mL/s and 0.2 mL/s respectively. The optimum of flow
rates ratios to be used in different regions were found by simulating Navier-Stokes
equation using COMSOL Multiphysics software as discussed in chapter 5.

The following precautions were used to guide the experiments implementa-

tion.

1. Flow rates in three regions chosen so that the velocities should be of the

same order to avoid secondary circulation.

2. While filling the liquid in one inlet, other two inlets should be kept closed

to avoid back flow.

3. During cleaning of channel with aquaregia, all the inlets should be kept

closed to avoid excessive back flow into the sealant covered joints.
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< Direction
of length

Dye coming out form - 2

Dye touching the
puterwall

the annular region

Dye bouncing back
to the cente ‘ o

3
"-—-_—_—‘ 0

Figure 4.3: Snapshots of dye experiment performed in ‘core in core’ flow mi-

crochannel reactor

Figure 4.3 shows the snapshots of dye experiment performed in ‘core in core’
flow microchannel reactor. Flow pattern in the ‘core in core’ flow microchannel
reactor shows that dye was touching the wall and bouncing back. This flow pat-
tern can be attributed to swirling instabilities leading, which have been observed
in other situations (Dyke, 1988). This could not be avoided in fabricated channel,

so this was not pursued further as it leads to uncontrollable flow patterns.

4.3 core flow microchannel reactors with 50 and 100 mi-

cron core diameters

The idea of ‘core in core’ low microchannel reactor is to have a thin gold salt
solution layer so that particles formed at interface diffuse mostly in tannic acid,
leading to low polydispersity. This can also be achieved from core flow microchan-

nel reactor with very small size core. So, Core flow microchannel reactors with 50
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micron core diameter and 100 micron diameters were fabricated (after procuring

such thin capillary tubing).

4.3.1 Fabrication of microchannel reactor with 50 micron core

diameter

1. A glass tube of inner diameter approximately 2.5 mm and outer diameter

approximately 5.5 mm with side entry was fabricated using glass blowing

facility at IISc.

. A PEEK tube of inner diameter 50 micron and outer diameter 360 micron

was fitted in a micropipette.

. Now PDMS base and curing agent were taken in the ratio 10:1 by weight in
a petridish. Base and curing agent were mixed thoroughly by stirring the
mixture manually for 15 minutes. Then the petridish containing PDMS

was put in a vacuum desiccator for 5 minutes to remove air bubbles.

. PDMS was poured into the micropipette tip and heated in an oven for 30

minutes at 60 °C.

. The micropipette tip is then fitted on the end of glass while ensuring that
micropipette tip is in the center of tube. Silicone sealant was applied to
avoid leakage. Araldite is applied over silicone sealant to strengthen the

joint.

. To make inlet connection to outer region, PTFE tube was used while inlet
connection to core side was made using TEE interconnect (LabSmith, 360
pum single user kit). TEE connector has three openings. One is blocked
using One-piece plug (LabSmith, 360 um single user kit). Other two sides
are connected to syringe and 50 micron capillary using One piece fittings

(LabSmith, 360 pm single user kit) respectively (figure 4.4).
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7. To supply fluids syringe pumps were used. For core side supply, special
syringe was designed. Syringe was fitted with One piece fitting (LabSmith)
using a micropipette tip. Araldite was applied at the joints to avoid leakage

(figure 4.5).

|-—| Top View of
TEE

TEE interconnect

PEEK tube with LD.

interconnect
=50 micron ‘

0.D. = 360 microl
’> One —piece

One —piece
N
PTFE Tube with

fitting
1.D. = Imm o
0.D.=1.5 mm

J—

Figure 4.4: Digital micrograph of core flow microchannel reactor having core

diameter 50 micron

One-piece

fitting Micropipette with

Areldite over it

Figure 4.5: Digital micrograph of syringe used for supplying liquid in core side

Core flow microchannel reactor with core diameter 100 micron was fabricated

in same way as 50 micron core flow microchannel reactor was done.
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Initial experiments were carried out with dye and deionized water to study
the flow pattern in the 50 micron core flow microchannel reactor. Dye flowed
in the center at a flow rate of 0.01 mL/s and water flowed in the outer region
at a flow rate of 0.1 mL/s. This flow rate ratio was validated theoretically by

simulating Navier-Stokes equation which is discussed in chapter 5.

< Direction
of length

Dye Coming
out from
" thecenter

center

Figure 4.6: Snapshots of dye experiment conducted in 50 micron core microchan-

nel reactor

Figure 4.6 shows snapshots of the dye experiment performed in 50 micron
core flow microchannel reactor. This indicates that the desired flow pattern was

maintained in the channel.
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Flow simulations of microchannel

reactors

As the reaction between tannic acid and gold salt solution is very fast, the length
and time scales over which flow become fully developed are of importance to
understand the possible effects of transition flow on nanoparticle size distribution.
To estimate these lengths and time scales, we carried out simulation of Navier-
Stokes equation for desired geometry using COMSOL Multiphysics software.
COMSOL Multiphysics is software based upon finite element analysis which
is used for solving various physics and engineering problems. To validate our
implementation of COMSOL Multiphysics software, we simulated a core flow
microchannel geometry reported in literature by Andreev et al. (1999). They
modelled the coaxial jet mixer having similar geometry and dimensions (figure
5.1) as of core flow microchannel reactor and solved the Navier-Stokes equation
and diffusion-convection equation using finite volume method for two values of

the Reynolds number (10.9 and 32.7).

19
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Figure 5.1: Cross-section of coaxial jet mixer, where 2a= 580 pm, 2b= 350um
and 2c= 247 pm

In the present study COMSOL Multiphysics was used to solve Navier-Stokes
equation for the same geometry for Reynolds number 10.9. Traingular grid was
used for the simulation as shown in figure A.8 of Appendix A. A comparison of
stream line contours for three different ratios of inner to outer flow rates with
those given by Andreev et al. (1999) is presented in figure 5.2. The comparison
shows the similar kind of flow patterns, validating our implementation of the
COMSOL platform. Navier-Stokes equation was then simulated for ‘core in core’

flow microchannel reactor and 50 micron core flow microchannel reactor.
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Figure 5.2: Comparison of stream line contours for the three different values of
the ratio of inner to outer flow rate ((A)=Qu, : Qout = 1 : 11, (B) = Qin : Qout =
1:1,(C)=Qin: Qoue = 11: 1)
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5.1 Simulation of Navier-Stokes equation for ‘core in core’

flow microchannel reactor

Simulation of Navier-Stokes equation for ‘core in core’ geometry was carried out
to estimate the ratio of operating flow rates in different regions (figure 5.3, figure
5.4), so that steady laminar flow is achieved at the earliest. The grid used for

simulation is shown in figure A.9 of appendix A.

r=0

Innermost Outer
region Annular region
region

Figure 5.3: Schematic diagram of ‘core in core’ flow microchannel reactor
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Figure 5.4: Stream line contours for three different flow rate ratios inner to
annular to outer region (12.6:1:12.6, 6.25:1:12.6, 1:1:12.6)

when innermost region flow rate was higher, a vortex is formed near the inlet
which causes undesirable mixing. In the successive simulations innermost flow
rate was decreased so that vortex formation can be avoided. The best ratio was

found to be 1:1:12.6 and this guided one experimental program.

5.2 Simulation of Navier-Stokes equation for 50 micron

core microchannel reactor

For theoretical validation of the dye experiment, Simulation of Navier-Stokes
equation was done to find out flow patterns and operating flow rate rate ratios
of inner to outer region. Grid used for simulation is shown in figure A.10 of

appendix A.
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Figure 5.6: (A) Velocity profile at the center (r=0) as a function of axial distance

and (B) Velocity profile at the exit of the reactor
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Simulation results clearly suggest that outer region flow rate should be higher
as compared to core region flow rate (figure 5.5). Figure 5.6 shows that velocity
at center (r=0) became constant after 2 cm from the entrance. At the exit, the

velocity profile is parabolic.
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Results and discussion

After visualizing the flow patterns with dye experiments in 50 micron core flow

microchannel reactor (figure 4.6), experiments were carried out with gold salt

solution and tannic acid to synthesize gold nanoparticles. Tannic acid acts as

the reducing agent and stabilizing agent. Chloroauric acid was fed in the core at

a flow rate 3 mL/hr and tannic acid was fed in the outer region at a flow rate

36 mL/hr. Syringe pumps were used to pump the liquids. Figure 6.1 shows the

experimental setup.

Syringe
containing
Tannic acid

Microfluidic
pumps

Syringe containing
chloauric acid

Figure 6.1: Digital micrograph of experimental setup

Microchannel
reactor

27
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Samples were collected in deionized water stirred with magnetic stirrer con-
tinuously. The idea was to disperse the particles in water to avoid coagulation

(figure 6.2).

Sample collection in
Deionized water

Figure 6.2: Digital micrograph of sample collection in deionized water at the

outlet of microchannel

6.1 Experiments with 50 micron core flow microchannel

reactor

In these experiments chloroauric acid concentration was 0.0017 M and tannic acid
concentration was 0.0006 M. Figure 6.3 shows the UV-Visible spectra of samples
collected from 50 micron core flow microchannel reactor from three trails. Run
1 and 2 have similar behavior. Run 3 shows little hump from 480 nm to 580
nm. The different values of absorbance can be attributed to different dilution
factors in different runs. Bottommost curve (Run 3 with tannic acid background
subtraction) presents the absorbance and wavelength curve with tannic acid as
background subtraction. For this, tannic acid, used in the experiment, was
placed in the reference cell of UV-Visible spectrometry. The variation in run 3 is

attributed to the presence of an “unquantified” leak through the inlet connections
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of syringe pumps. The absence of a characteristic surface plasmon resonance
peak (expected around 520 nm for particles > 2nm) indicates that the gold
is either in the form of nanoparticles with diameter < 2 nm or that gold is
not completely reduced (which is unlikely given the long time duration between
mixing and characterization). Unfortunately, TEM imaging using Tecnai T20
were inconclusive due to limits on resolution. In a few places, some larger sized
particles (figure 6.4) were visualized, but these are not statistically representative

of the sample.

017 -

Run 2
012 -

Runl

Run 3 with Tannic
acid background
subtraction

007 -

Absorbance

0.02 -

450 500 550 600 650 700 7;0"»"/‘_‘-8‘00

003 -
Wavelength

Figure 6.3: UV-visible spectra of gold nanoparticles synthesized in 50 micron

core microchannel reactor core flow rate 3 mL/hr and outer flow rate 36 mL/hr
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Figure 6.4: Sample TEM images of some large size gold nanoparticles (Scale bar:
50 nm)

6.1.1 Confirmation of gold presence

To confirm the presence of gold nanoparticles in the solution, one experiment
was performed. A known amount of gold salt solution was added into tannic
acid or a mixture of tannic acid and seeds (sample collected from 50 micron
core flow microchannel reactor) by drop wise addition and mixed using a four
blade Rushton turbine set up. A difference in UV-Visible peaks (figure 6.5)
clearly indicates the presence of gold nanoparticles/precursors in the solution.
Size analysis of the SEM images (performed after phase transferring to organic
medium by thiol capping) of two samples also indicated a difference. Particle
size is larger in the experiment using mixture of tannic acid and seeds (5.2 + 2.1
nm) as compared to experiment having only tannic acid (4.3 £ 0.9 nm) (figure

6.6).
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Addition of gold salt in a

03 pool of tannic acid only

Addition of gold salt in a
mixture of tannic acid

02 and seeds

Absorbance

0.15 -

01 -

0.05

400 450 500 550 600 650 700 750 800

Wavelength

Figure 6.5: UV-visible spectra of gold nanoparticles synthesized by drop wise
addition of gold salt solution in a pool of tannic acid or a mixture of tannic acid

and seeds (Sample collected from 50 micron core flow microchannel)

5 6 7 8 9 10 11 12

Size (nm)

Figure 6.6: Representative SEM images (scale bar: 20 nm) and histograms for
gold nanoparticles synthesized by drop wise addition: (a) in a mixture of tannic

acid and seeds (b) in a pool of tannic acid only
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6.1.2 Stability of the sample from 50 micron core flow microchannel

reactor

Absorbance

v v T v
400 500 600 700 800
Wavelength

Figure 6.7: Comparison of UV-visible spectra of gold nanoparticles synthesized
in 50 micron core microchannel reactor core flow rate 3 mL/hr and outer flow

rate 36 mL/hr after different period of storage

Figure 6.7 shows UV-Visible spectrums of one sample collected from mi-
crochannel reactor on four successive days. All the curves are same and the
deviation in the curves can be attributed to polymerization of tannic acid with

time. It also shows that gold is in the form of particles of size < 1-2 nm.

6.1.3 Comparison with batch systems

Two batch experiments were done. In one, gold salt solution was added to
tannic acid at a constant flow rate of 3 mL/hr using 50 micron inner diameter
PEEK tube, while in another experiment gold salt solution was added to tannic
acid using micropipette in one shot. The total amount of gold salt solution added

was kept constant which was equal to gold solution pumped in microchannel
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experiment.
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Figure 6.8: Comparison of UV-visible spectra of gold nanoparticles synthesized

in 50 micron core microchannel reactor core flow rate 3 mL/hr and outer flow

rate 36 mL /hr; continuous addition of god salt solution to tannic acid using 50

micron inner diameter PEEK tube and addition of gold salt solution to tannic

acid using micropipette in a single shot

Figure 6.8 shows the UV-Visible spectra of two batch systems along with

sample collected from microchannel reactor. Batch systems clearly have large

size particles as compare to continuous system. In between batch systems, in-

stantaneous addition has larger size (5.5 & 1.2 nm) as compared to continuous

fed-batch addition (3.0 + 0.7 nm) (figure 6.9), while the C.V. is similar.
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Figure 6.9: Representative SEM images and their size analysis (scale bar: 20
nm) for addition of gold salt solution to tannic acid: (a) continuously using 50
micron inner diameter PEEK tube (b) tannic acid using micropipette in single

shot
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6.1.4 Growth experiments

Sample collected from microchannel reactor was used as seeds for two different
growth experiments a and b. Seeds formed in microchannel reactor were grown to
bigger size by drop wise addition of gold salt solution and using Rushton turbine
set up for mixing. In each growth experiment, addition of gold salt solution was
done in two subsequent steps. In first step, gold salt solution was added to a
mixture of seeds (synthesized in mcrochannel reactor) and tannic acid while in
second step, particles synthesized in the first step act as seeds and gold solution

was added to them .

Experimenta
15 mL gold salt
addition

4 mL gold salt
addition

Absorbance

400 450 500 550 600 50 FOO 750

Wavelength

Figure 6.10: UV-visible spectra of gold nanoparticles synthesized in 50 micron
core microchannel reactor with core flow rate 3 mL/hr and outer flow rate 36

mL/hr and for two subsequent steps of growth experiment a

Figure 6.10 represents the UV-Visible spectra for experiment a, where in first

step 4 mL of gold solution was added and in second step 15 mL of the same
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was added. The increase in absorbance of plasmon peak with gold salt addition

indicates a increase in the amount of gold present in particle form.

.8
EHT =10.00 kV' WD= 1.2mm 20 nm Date :16 Apr 2010
Signal A= InLens Mag=54200kx F—— Time :11:35:03

Figure 6.11: Representative SEM image (scale bar: 20 nm) and histogram for
gold nanoparticles synthesized by addition of 4 mL of gold salt solution into a

mixture of seeds (synthesized in microchannel reactor) and tannic acid

Figures 6.11 represents the SEM images and size distribution for first step of
experiment a. Mean size of the particles was 4.1 + 0.6 nm. Sample colour also
changed from colourless to reddish (figure 6.13). In second step of experiment a,
particle size increased from 4.1 &+ 0.6 nm to 7.4 £ 1.1 nm (figure 6.12). Sample

colour changed from reddish to deep red (figure 6.13).
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Figure 6.12: Representative SEM image (scale bar 20 nm) and histogram for

gold nanoparticles synthesized in second step of experiment a

Gold

nanopar_ticle_s Gold Gold _

sy_nthesued in nanoparticles nanopar_tlcles

microchannel synthesized by synt_hesued by

reactor adding 4 mL of adding 15 mL of
gold salt gold salt
solution solution

Figure 6.13: Digital micrograph of samples collected during growth experiment
done by adding 4 mL and 15 mL of gold salt solution in subsequent steps of

experiment a
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A similar trend was observed in the experiment b as shown in UV-Visible
spectra (figure 6.14), where size grows from 4.3 £ 0.8 nm (figure 6.15) in first

step to 6.9 £+ 1.6 nm (figure 6.16) in second step.

Experimentb

1.2 10 mL gold salt

/ addition

L 2 mL gold salt

0.6

Absorbance

oa -

07 -

00 50 500 550 ©00 50 100 150 #00

Wavelength

Figure 6.14: UV-visible spectra of gold nanoparticles synthesized in 50 micron
core microchannel reactor with core flow rate 3 mL/hr and outer flow rate 36

mL/hr and for two subsequent steps of growth experiment b

Counts

Size (nm)

Figure 6.15: Representative SEM image (scale bar: 20 nm) and histogram for
gold nanoparticles synthesized by addition of 2 mL of gold salt solution into a

mixture of seeds (synthesized in microchannel reactor) and tannic acid
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Figure 6.16: Representative SEM image (scale bar: 20 nm) and histogram for

gold nanoparticles synthesized in second step of experiment b

Mass balance calculations were done to find out the mean size of seeds syn-

thesized in microchannel reactor with the following assumptions.

1. All the seeds are of uniform size.
2. Growth is surface reaction controlled.
3. Gold atoms deposits on seeds uniformly.

4. There is no secondary nucleation and growth; only seeded growth takes

place.
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For experiment a

Table 6.1: Comparison of experimental mean size with theoretical mean size

calculated using mass balance for growth experiment a

steps theoretical size | theoretical size | Experimental size
assuming initial | assuming initial in nm

seed size 1 nm seed size 2 nm

4 mL addition of 2.0 3.9 4.1+ 0.6
gold salt solution
15 mL addition of 3.8 7.5 744+ 1.1

gold salt solution

For experiment b

Table 6.2: Comparison of experimental mean size with theoretical mean size

calculated using mass balance for growth experiment b

steps theoretical size | theoretical size | Experimental size
assuming initial | assuming initial in nm

seed size 1 nm seed size 2 nm

2 mL addition of 1.6 3.2 4.3 £ 0.8
gold salt solution
10 mL addition of 3.5 6.7 6.9 £ 1.6

gold salt solution

From mass balance calculations it looks like the seed size is close to 2 nm.
If that would be case then particles should be visible in TEM. So, it can be
concluded that particle size is less than 2 nm and along with seeded growth,

secondary nucleation also takes place.

6.2 Effect of gold salt concentration

To find out the effect of gold salt concentration on particle size, gold salt concen-
tration was increased 5 times keeping tannic acid concentration constant. Figure

6.17 shows the UV-Visible spectra of sample collected from microchannel reactor
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and tannic acid. The difference between two curves indicates the consumption

of tannic acid during the reaction in microchannel reactor.

1.8

16
Tannic acid
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127 Sample collected from

microchannel reactor
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Figure 6.17: UV-Visible spectra of gold nanoparticles synthesized with gold salt
concentration in 50 micron core microchannel reactor with core flow rate 3 mL/hr

and outer flow rate 36 mL/hr

Figure 6.18 shows the TEM image of sample collected from the reactor. Lat-
tice fringes with spacing of 0.29 nm were visible which corresponds to [110] planes
of cubic gold lattice. Although the size of these domains in plane is > 5 nm,
their thickness is on atomic scale. Hence, we couldn’t detect the presence of these
plates using UV-Vis spectroscopy as their surface plasmon resonance is known

to occur in the near Infrared region (Fan et al., 2010).
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Figure 6.18: Representative TEM images of sample collected from microchannel
reactor with gold salt concentration 0.0085 M with core flow rate 3 mL/hr and
36 mL/hr (scale bar: 5 nm)
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6.2.1 Confirmation of presence of gold

For further confirmation of presence of gold, 8 mL of ethanol was added to
6 mL of sample in a test tube and left for 20 hours. After that solution was
centrifuged at 3800 r.p.m. for 40 minutes. A red colour was obtained at the
bottom of test tube. Presence of red colour can be attributed to agglomeration
of nanoparticles, thereby conforming the presence of gold nanoparticles (figure

6.19).

Agglomerated gold
nanoparticles

Figure 6.19: Digital micrograph of gold nanoparticles agglomerated and collected
by centrifuging at the bottom of test tube

Atomic absorption spectra also gave a signal corresponding to presence of
gold atoms. However, quantification is not possible at the moment. All these
experiments confirm the reduction of gold salt and formation of gold nanostruc-

tures.
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6.2.2 Catalytic activity

Carregal-Romero et al. (2010) showed that gold nanoparticles affect the rate
of reduction of hexacynoferrate (IIT) by sodium borohydride in aqueous phase.
Hexacynoferrate has peak at 420 nm in visible range. To check the catalytic
activity of gold nanoparticles, two experiments were done. One was without
gold nanoparticles and another one was with gold nanoparticles synthesized via

microchannel reactor.
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Figure 6.20: Absorbance and time spectra at 420 nm for (1) pure potassium
hexacynoferrate (III) (2) potassium hexacynoferrate (III) on addition of sodium
borohydride (3) a mixture of hexacynoferrate (III) and gold nanoparticles on

addition of sodium borohydride (4) pure sodium borohydride
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Figure 6.20 shows the absorbance vs. time plot at 420 nm wavelength. Curve
1 represents the absorbance of pure potassium hexacynoferrate (I1T). Absorbance
remains constant with the time which shows that hexacynoferrate (III) is not
degrading itself. Curve 2 shows the absorbance of mixture of potassium hexa-
cynoferrate (III) and sodium borohydride. A decrease in absorbance shows the
degradation of hexacynoferrate (III). Curve 3 shows the absorbance of a mixture
of potassium hexacynoferrate (III), borohydride and gold nanoparticles. In pres-
ence of gold nanostructures, decrease in absorbance is much faster as compared
to the absence of nanostructures. Curve 4 shows the absorbance of pure sodium
borohydride. The inset shows the spectra of solutions used to determine curve
1 and used to determine curve 4 at time t = 810 s. Absence of peak at 420 nm

indicates the complete reduction of potassium hexacynoferrate (I11).

6.3 Experiments with 100 micron core flow microchannel

reactor

Experiment was carried out with gold salt solution and tannic acid to synthesize
gold nanoparticles in 100 micron core flow microchannel reactor. Chloroauric
acid flows to the core side with a rate of 3 mL/hr and tannic acid flows to outer
side at a rate of 36 mL/hr. Syringe pumps were used to pump the liquids (figure
6.1). The sample was collected in deionized water with continuous stirring by
magnetic stirrer. Along with microchannel reactor experiment, a batch exper-
iment was also done, in which gold salt was added in continuous manner to a
pool of tannic acid using 100 micron inner diameter PEEK tube. Amount of gold
added in batch experiment was equal to the amount pumped in microchannel

experiment.
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Figure 6.21: UV-visible spectra of gold nanoparticles synthesized in 100 micron
core flow microchannel reactor with core flow rate of 3 mL/hr and outer flow rate
of 36 mL/hr and continuous addition of gold salt solution to tannic acid using

100 micron inner diameter PEEK tube

Figure 6.21 represents the UV-Visible spectra of continuous as well as batch
system. Difference in surface plasmon peak indicates the large size particles for
continuous system as compare to batch system. SEM images have also confirmed
the same. Continuous system has larger size particles (4.1 + 1.5 nm) as compare
to batch system (2.9 £+ 0.7 nm) (figure 6.22). In this case, it appears, that the
size of nanoparticles synthesized in microchannel is larger, in contrast to the
findings using 50 micron core flow microchannel reactor. This aspect needs to

be probed in detail in future experiments.
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Figure 6.22: Representative SEM image (scale bar: 20 nm) and histogram for
gold nanoparticles synthesized (A) Batch system (B) 100 micron core flow mi-

crochannel reactor
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Conclusions and

recommendations

7.1 Conclusions

Diffusion length scale plays important role in determining size and shape of gold
nanostructures synthesized in microchannel reactor. At room temperature, gold
nanostructures were synthesized in 50 micron core flow microchannel reactor
which were different from corresponding batch systems. Nanostructures exhib-

ited catalytic activity in reduction of hexacynoferrate (III).

7.2 Recommendations for future work

The immediate future work can be focused to find the effect of gold nanostruc-
tures on the rate of reduction of hexacynoferrate. There are various parameters
like flow rate, molar ratio of precursors, presence of stabilizer, that affects the
particle size and polydispersity. Future work can be focused on the study of
these parameters on particle size, shape and polydispersity.

Microchannel reactor can also be fabricated using lithographic technique.
Spiral microchannel of SU-8 and PDMS has been made in our lab using litho-
graphic technique (Iniyan, 2009). The future work in this regard involves the

making of input and output structures in these channels and to further modify

49
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the SU-8 microchannel. After that, experiments can be carried out to synthesize

nanoparticles.
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Appendix A

A.1 Protocol for core low microchannel reactor

Figure A.1 represents the schematic diagram of core flow microchannel reactor

Micrepipette _ Inlets for pammic acid

Inlet for chlorcaaric acd

Figure A.1: Schematic diagram of core flow microchannel reator

A.1.1 Module for core flow PDMS microchannel reactor

A mould made up of glass pieces and a micropipette tip is shown in figure
A.2.

Steps in making mould:

1. A glass tube having outer diameter of 6 mm (approximately) was taken.

In one end of the tube a micropipette tip was fixed using Fevi-Kwik. At

55
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Micropipette hp

Figure A.2: Mould for core low PDMS microchannel reactor

the sides of the tube two glass capillaries having outer diameter of 1.7mm

and length of 3 cm (approximately) were attached using Fevi Kwik.

2. Glass tube structure made in 1st step joined with glass pieces other with

the help of Fevi Kwik to get the shape shown in figure A2.
3. To fill all the gaps in the mould silicone was used.

4. After filling with silicone, mould was heated at 60 °C for 20 minutes in an

ovel.

5. Mould was taken out from the oven and water was poured in it to check

the leakage.

A.1.2 Making of microchannel

PDMS base and curing agent were taken in the ratio 10:1 by weight in a
petridish. Base and curing agent were mixed thoroughly by stirring the mixture
manually for 15 minutes. Then the petridish containing PDMS mixture was put

in a vacuum desiccator to remove air bubbles. After removing the air bubbles,
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PDMS mixture was poured into the mould and allowed to rest for 20 minutes
so that air bubble formed during pouring float out. Mould was heated at 60 °C
for 2 hours in the oven and then taken out to cool down to room temperature.
Glass structures were removed manually. After removing glass mould, PDMS
structure was soaked in hexane to make it swell so that the internal capillaries
and the micropipette tip can be removed. Then the PDMS structure was placed
in ethanol medium so that it can shrink back to its original size. A micropipette
tip containing a glass capillary of diameter around 500 microns was inserted in
PDMS structure. To avoid the mixing of two liquids at the junction, glass capil-
lary was properly sealed within the micropipette. Core flow PDMS microchannel

reactor is shown in figure A.3.

Inlet for
core side
flow

3
cawwvveav AN

Figure A.3: Digital micrograph PDMS microchannel reactor
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A.2 TEM data analysis for gold nanoparticles synthe-

sized in core flow microchannel reactor

A.2.1 At core flow rate 20u L/s

Figure A.4: TEM representative of gold nanoparticle synthesized in core flow
microchannel reactor. Conditions: Chloauric acid (core side) at flow rate of 20

pL/s, tannic acid (outer side) at flow rate 12.6 times the core flow rate
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Figure A.5: Size distribution of gold nanoparticle synthesized in core flow mi-
crochannel reactor. Conditions: Chloauric acid (core side) at flow rate of 20

uL/s, tannic acid (outer side) at flow rate 12.6 times the core flow rate
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A.2.2 At core flow rate 50u L/s

Figure A.6: TEM representative of gold nanoparticle synthesized in core flow
microchannel reactor. Conditions: Chloauric acid (core side) at flow rate of 50

uL/s, tannic acid (outer side) at flow rate 12.6 times the core flow rate
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Figure A.7: Size distribution of gold nanoparticle synthesized in core flow mi-
crochannel reactor. Conditions: Chloauric acid (core side) at flow rate of 50

uL/s, tannic acid (outer side) at flow rate 12.6 times the core flow rate
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A.3 Grids used for simulation
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Figure A.8: Grid used for simulation of velocity stream line contours in core flow

type geometry reported by Andreev et al. (1999)
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Figure A.9: Grid used for simulation of velocity stream line contours in ‘core in

core’ flow type geometry



Chapter A 61

oz | |
019
017
015
013
011
0.0

0.07

0.5 {
0.8 |
0.01 |

Figure A.10: Grid used for simulation of velocity stream line contours in 50

micron core flow microchannel reactor

A.4 List of chemicals used

Gold (III) chloride hydrate, 99.999 % purchased from ALDRICH.

Tannic acid, ACS reagent purchased from ACROS.

Potassium carbonate, > 98 % purchased from MERCK

Sodium borohydride, 98 % purchased from ALDRICH

Deionized water from Mili-Q water purification system of MILIPORE



