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Gold nanoparticles, with a size ranging from 1 to 50 nm, were synthesized in 

a microchannel reactor using a photochemical continuous two-phase flow 
method. Gold reduction was executed with a photoinitiator (Irgacure 2959) 

and by exposure to ultraviolet light. A numerical simulation, during which 

we used the Volume of Fluid method VOF in the software Ansys Fluent, was 

conducted as a preliminary study of the hydrodynamic behavior of the two 

phase flow (water-oxygen). 
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Introduction:- 
Gold colloid has been used for ages, from medical purposes and coloring glass in ancient history to many more 

applications in the modern world. Nanoparticles sizes ranging from 1nm to 100nm employed in diverse fields such 
as electronics, biology, medicine (MacMahon et al., 2008), data storage (Sun et al., 2000) etc. for they have such 

unique properties (Daniel et al., 2004), such as the optoelectronic and physiochemical properties, which are affected 

by the size and shape of the nanometals. For instance, for bio-sensing the size needed is ranging from 4 to 40 nm in 

diameter when 10nm are needed for immunostaining (Rosi et al., 2005).Such biological and medical applications 

notably require high stability of nanoparticles in high ionic strength and physiological conditions while maintaining 

their physical and chemical properties. 

 

Although with the emergence field of nanotechnology, the synthesis of nanoparticles with specific size and shape is 

of a huge importance, establishing a reproducible preparation method of prechosen size is difficult using the 

common chemical approaches. Turkevich proposed a simple method of synthesis in 1951 (Turkevich et al., 1951) 

which was refined later by Frens in 1970 (Frens et al., 1972).  It consists essentially of producingmonodisperse 
spherical gold nanoparticles suspended in water of around 10–20 nm in diameter. Larger particles can be produced, 

but this comes at the cost of monodispersity and shape. It involves the reaction of small amounts of hot chloroauric 

acid with small amounts of sodium citrate solution. The colloidal gold will form because the citrate ions act as both 

a reducing agent and a capping agent. However, there are some disadvantages. The particles cannot be isolated from 

solution without irreversible aggregation which restricts their biological application. The citrate-stabilized AuNPs 

are vulnerable to aggregation at high ionic strength due to the change of the particle’s surface charge. Therefore, the 

need for greater stability because of high sensitivity to the ionic strength and pH of the medium has driven 

researchers to explore alternative synthesis methods (Zhou et al., 2009). 

 

Form chemical to green synthesis, researchers have devoted their efforts to develop methods of controlled synthesis 

of nanometals varying in sizes and in shapes (Sun et al., 2002).  Sau et al. (2001) reported that controlling the size 

range of synthesized AuNPs by UV irradiation is an efficient, simple and fast technique with few control 
parameters. Experimental handling is easy and unlike the chemical reduction technique for seed preparation. Yang et 
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al. (2007) introduced a continuous method for size and shape controlled synthesis of gold nanoplates and spherical 

nanoparticles (single crystals and polycrystals) using UV irradiation to initiate the reaction and PVP in solution 

which leads to the formation of spherical gold nanoparticles, and the size control could be realized by adjusting the 

PVP concentration. Tsunoyama et al. (2008) did successfully synthesize PVP stabilized gold clusters using a 

micromixer. They showed higher catalytic activity in ascorbic acid than those prepared in batch which concludes 

that reducing the cluster size is a mean to enhance the catalytic activity. 
 

Continuous flow microreactors are able to improve the homogeneity of reactions and by extent the uniformity of the 

product (Jahn et al., 2008). Bollinger et al.(2006) reported that decreasing the channels diameter to the micrometer 

scale allows the easy change of experimental conditions within microseconds, as well as the reaction volume which 

will be greatly reduced for micrometers. An additional advantage of the continuous synthesis platforms is that 

numbering-up is simple and can be done by reactions taking place in parallel, thus shortening the development lab 

time to commercial production (Ying et al., 2008). Moreover, a continuous process is energy efficient due to the 

elimination of high energy consumption to repeat the heat and cooling in batch systems, and minimizes inventory of 

the overall process. 

 

In this paper, we report a photochemical continuous flow method to synthesis monodisperse spherical gold 

nanoparticles, as well as a 2D simulation of a gas-liquid Taylor flow using the VOF method. 

 

Material and Methods:- 
Gold (III) Chloride Hydrate, Irgacure 2959 (1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-

one), PVP (Polyvinylpyrrolidone), were purchased from Sigma-Aldrich. The micro-reactor is a capillary with 

1.0mm inner diameter made of FEP Tubing (Fluorinated Ethylene Propylene) exposed to a UV lamp with 

wavelength irradiation ranging from 370 to 415 nm. Distilled water was used in all the process. 

Herein, our microreactor has 1mm diameter and UV irradiation was introduced to initiate the photochemical 

reduction, where Irgacure 2959 is used as a photoinitiator, in a continuous segmented flow method. The flow in this 

procedure is a gas-liquid two phase flow composed of aqueous solutions, and Oxygen.  We study the effect of 

dissolved gas concentration on gold reduction. 

 

Table 1:- Experimental Conditions 

Solutions Flow rates (µL/min) Concentrations (mM) 

Au 50 0.165 

Irgacure 2959 40 4 

PVP 20 20 

The solutions are delivered using separate syringe pumps through fluorinated ethylene propylene (FEP) capillaries 

(inner diameter: 1016um).Irgacure-2959 and HAuCl4 solution are encountered by a poly (ether-ether-ketone) 
(PEEK) Y-connector. Oxygen is delivered from an oxygen cylinder and its flow rate is regulated by a mass flow 

controller. 
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Figure 1:- Experimental Setup 

 

Absorption measurements were done using a UV–Vis Jascospectrophotometer by placing adiluted sample in a 

quartz cuvette (1 cm path length). The spectra were analyzed to determine the Plasmon absorption peak wavelengths 

and band widths unique to gold nanoparticles in order to determine the NPs diameters. 

 

Transmission electron microscopy (TEM) was, as well, used to view the morphology and to determine the size of 

gold nanoparticles. 

 

Numerically, using the VOF method of Ansys Fluent, we simulated a 2D unsteady water-oxygen (liquid-gas) flow 
through a T-junction capillary reactor. Our microreactor consists of two vertical mixing channels (one for water inlet 

and one for oxygen inlet) with 1mm in diameter, as shown in figure 2.   

 

 
Figure 2:- Inlets of the Micro-channel. 
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In our channel, the length to diameter ratio of (L/d = 100) is enough to ignore the entrance and exit effect.  We 

generated 15108 cells using quadrilateral elements in Fluent meshing. 

 

Firstly, our microreactor was filled with oxygen.  Then, water and oxygen were fed from the two vertical mixing 

channels, respectively, at flow rates of 100µl/min for water (density equals to 998.2 kg/m^3) and 50µl/min for 

oxygen (density equals to 1.292 kg/m^3). The surface tension between water oxygen was set to 0.07 N/m.   The flow   
is   assumed   to   be   unsteady and laminar.  A no-slip boundary condition is imposed at the wall.    computational  

fluid  dynamics  package,  which  utilizes  the  finite  volume  method  for  the spatial discretization.   The VOF 

algorithm, which is a  numerical  technique  which  is  used  to  track  and  locate  the  shape  and  position  of  the  

interface   between   two   or   more   immiscible   fluids,  was implemented to model the Taylor flow through the 

microchannel reactor. 

 

Result and Discussion:- 
Gold nanoparticles (figure 3) were synthesized using a photochemicalcontinuous flow method. During the process 

of radical generation from the photoinitiatorIrgacure-2959, which would reduce gold ions into gold atoms and 

eventually to GNPs, the dissolved oxygen in the reaction media can play a significant role. Oxygen is trapped by the 

radical from irgacure-2959, which eventually produces carboxylic acid. While oxygen can influence the inherent 

reaction of radical generation, such carboxylic acid can also take part in stabilization of the incipient GNPs as 

capping agents onto the gold surface.  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure. 3:- Sample of AuNPs solution 

 
Figure 3 illustrates the AuNPs solutionwe collected. Using the UV-vis spectrophotometer, we obtained the 

absorbance spectrum of the solutions (Figure 4) which shows the absorbance curve. Haiss et al. (2007) established 

that it is possible to determine the size and concentration of GNPs directly from the UV-vis spectra data. This 

conclusion was based on a quantitative description of the absorbance of GNPs in the size range from 5 to 100 nm of 

the mean free path corrected Mie theory which was found in good agreement with experimental data. Although the 

Haiss equations were valid, the UV-vis spectroscopy is not the most precise way to determine size of AuNPs.TEM 

observations (figure 5),and the study of the size distribution (figure 6), show that forour sample the size ranges from 

1 to 50 nm. 
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Figure 4:- Absorbance Spectrum of AuNPs obtained 

 

 
Figure 5:- TEM observation of AuNPs 

 
Figure 6:- Size distribution of our sample 

 

However, as gold can easily deposit on the microreactor channel (figure 7), we opt to use later on an inert liquid 

component as a lubricating layer between aqueous phase and wall. 
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Figure 7:- Gold deposition on the inner surface of the capillary 

 

The hydrodynamic behavior of the two-phase (water-oxygen) flow throughthe T-junction microchannelwas    
investigated numerically. The 2-D simulations were performed with fixed flow rates at the water and oxygen inlets. 

Figure 8 shows contour plot ofthe density of the two fluids inside the microchannel.It is in good match with Figure 

9, showing the flow from the experiments. 

 

 
Figure 8:- Density mixture in the T-junction microchannel at 3s  

 

 
Figure 9:- Hydrodynamic behavior of the two-phase flow in the microchannel 

Conclusion:- 
We were successful in reducing gold chloride hydrate into nanoparticles,not exceeding 50 nm in size. Our method 

involved a continuous two-phase flow (gas-liquid) in a microchannel reactor with a T-junction mixing zone. A part 

of the microreactor was exposed to UV light with wavelength ranging from 370 to 415 nm. Although this 

photochemical method was a success, we report a serious deposition problem on the inner surface of the capillary, 

which can reduce the length of the microchannel exposed and by extension the residence time in the microreactor. 

To solve this problem we will introduce a third more viscous phase into the capillary to avoid the contact between 

the gold solution and the wall of the microchannel. 

The preliminary numerical study shows matching to the experiments. This will allow us to further our hydrodynamic 

investigation to determine the pressure drop, the gas holdup along with the flow quality.  
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