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Abstract – In this paper, the optimal parameters of the 

process of silica surface functionalization in the microreactor 

were studied based on the developed mathematical model: the 

residence time distribution, the flow velocity, the concentration 

profile. Detailed investigation of fluid dynamics in the 

microvolume reactor channel was solved using CFD models. 
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I. Introduction 

The process of silica surface functionalization is the 
effective approach to receive new materials with 
predetermined parameters. Useful properties of such 
materials allow successfully use them as highly selective 
adsorbents that are able to extract different compounds 
depending on the grafted functional group. The basic 
method for the synthesis of functionalized structures is the 
sol-gel technology. Today it is known attempts to realize 
this process in the laboratory [1, 2]. But in this case there 
are many limits based on the organization and controlling 
of chemical transformations. So in this paper we consider 
the possibility of carrying out the reaction of sol-gel 
synthesis in the microreactor.  

Microreactors offer several opportunities to optimize 
the reaction systems due to high specific interfacial area 
improving heat and mass transfer, the smaller working 
volumes, continuous mode of operation, efficient 
operation, low wastage of chemicals and intrinsic safety 
[3]. Potential advantages of microstructured reactors 
(MSR) give the background to discuss the realization of 
the functionalization process using the microreactor. The 
solution of a wide range of issues related to the real 
experiment is achieved by modeling the test object with 
the help of special methods and tools.  

Detailed simulation studies conducted in different 
operation conditions provide important insights to the 
reaction behavior in a microsystem environment. 
Comparison of performances in theoretical and practical 
experiments has been presented in the literature for 
different types of reactions, which suggests the adequacy 
of computing and credibility of the calculated data when 
integrated process in a laboratory or industrial scale.  

Several definitions of methods and designing the 
principles of the theoretical study of microreaction 
systems can be found in the literature. For example, the 
evaluation of two different fluids molecular mixing within 
the microfluidic channels with grooved surface was 
carried out in [4] by the solving of incompressible Navier-
Stokes and convection-diffusion equations at the steady 
state using a CFD (computational fluid dynamics) 
functions of the COMSOL Multiphysics (version 3.1). 

In order to analyze the complex phenomena in reactive 

multiphase systems, in the work [5] was proposed a film-near 

model as well as a micromixing model in the bulk phase. Here 

was used the Euler-Lagrange approach implemented in the 

open-source CFD-package “OpenFOAM”. 

Vaccaro S. and Ciabelli P. [6] presented the comparison 

between countercurrent and concurrent flow patterns of 

endothermic and exothermic reactant streams in the 

combustion channel. The model was consisted of the 

material, energy and momentum balances equations for 

the system under examination and contained the 

constitutive equations for physical-chemistry properties of 

the reactants species and kinetic expressions for the 

reactions. The model solutions were carried out by the 

FEM software (COMSOL Multiphysics). 

Borovinskaya E. S. [7] developed a complex Kinetic 

program for the kinetic modeling of processes in the 

microreactor in case the limiting stage is the reaction kinetics. 

In the thesis [7] was presented the mathematical model of the 

phenylacetonitrile alkylation process and the modified 

methods of the kinetic parameters interval estimating. 

As for sol-gel process, Chokkalingam [8] presented a 

droplet-based microfluidic scheme to perform fast chemical 

reactions and demonstrated this scheme explicitly for the 

production of mesoporous silica particles and platinum 

doped silica particles from a sol-gel synthesis route for 

heterogeneous catalysis. However, there was experimental 

investigation without using any modelling tools. 

According to the investigations described above, the 

development of the adequate mathematical model of the 

process and its implementation in the professional 

software package allow us to describe the conversion of 

reactants at a real experiment. Based on modelling data it 

is possible to formulate clear guidelines for the directed 

synthesis of functionalized materials.  

Here we report on the application of the microreactor 

for synthesis of functionalized silica materials on the 

grounds of theoretical experiments. 

II. Numerical model 

The flow in the microchannel is laminar and given by 

the Navier-Stokes equations at steady state: 
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And the continuity equations: 

0)(  u ,                            (2) 

where ρ is the solution’s density, kg/m
3
; u – the velocity 

vector, m/s; µ – dynamic viscosity of the fluid, Pa·s; p – 

pressure, Pa; Т – the absolute temperature, К; І denote the 

identity matrix. 

The Transport of Diluted Species interface was used to 

set up and solve the appropriate stationary mass-balance 

equations: 

0)(  cucD .                     (3) 

In this equation, D denotes the molecular diffusion 

coefficient (m
2
/s) and c represents the concentration 

(mol/m
3
). In our model, the solving of Eq. (3) was studied 

for three different values of D – 1·10
−9

 m
2
/s, 1·10

−10
 m

2
/s, 

and 1·10
−11

 m
2
/s. 
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To include changes of concentration it was used a 
correction term in the viscosity that depends quadratically 
on the concentration: 

)1( 2

0 с  .                 (4) 

Here α is a constant of dimension (m
6
/mol

2
). 

An influence of concentration on viscosity is usually 
observed in solutions after the forming of oligomer 
particles. In this case the flow and mass transport 
equations have to be solved simultaneously. 

 
 

Fig. 1. Model domain boundaries. 

 
The boundary conditions (fig. 1): 

- At the inlets and outlets, pressure conditions are 
applied along with vanishing viscous stress: 
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- At the symmetry plane, using the symmetry boundary 
condition is set the velocity component in the normal 
direction of the surface to zero: 
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- At the walls, no slip conditions are stated that the 
velocity is zero: 
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- At the inlets, the concentration boundary condition is 
used with the following values: 
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where A – the three-functional silane 
((C2H5O)3Si(CH2)3NH2) in a mixture of methanol and 
water; B – solution of the silica precursor 
tetramethoxysilane (TMOS, Si(OCH3)4); continuous 
phase – perfluorodecalin oil (PFD, C10F18) with 20 wt.% 
fluorinated surfactant. 

Model of the symmetry plane and cell walls with the no 
flux condition: 
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III. Results and discussion 

T-microreactor was selected to implement the sol-gel 
synthesis of functionalized materials and the slug flow 
generation was produced in the microchannel. The geometry 

of the microchannel was chosen on the basis of quantum-
chemical calculations of molecules parameters and the size of 
structural units [9, 10]. The mixing zone was presented in 
zigzag form to achieve better stirring of the components  
(fig. 1). During the merging and mixing of droplets inside the 
microfluidic device, none of the reactive mixture gets in 
contact with the microfluidic channels which avoid any 
precipitation or sticking to channel walls. 

The theoretical experiment was performed by using 
CFD-modelling. The CFD models include all reactor 
hydrodynamic effects, heat transfer, mass transfer, and the 
reduced set of controlling heterogeneous and 
homogeneous reactions [11, 12, 13]. Meshing was 
performed by the default triangular and tetrahedral 
meshing algorithm with a mesh size of 0.001mm. 

To comparison the influence of the diffusion coefficient on 
the mixing it was performed modelling for three different 
values of D – 1·10

−9
 m

2
/s (fig. 2), 1·10

−10
 m

2
/s (fig. 3), and 

1·10
−11

 m
2
/s (fig. 4). Concentration distribution for the 

species on figs. 2 and 3 is virtually identical and indicates 
reduction of the target component in the output stream. So, 
based on modelling result the optimal value of D equals 
1·10

−9
 m

2
/s that corresponds to the value of the diffusion 

coefficient for liquid-liquid processes. 
 

 
 

Fig. 2. Concentration distribution for a species  
with diffusivity 1·10−9 m2/s 

 

 
 

Fig. 3. Concentration distribution for a species  
with diffusivity 1·10−10 m2/s 

 

 
 

Fig. 4. Concentration distribution for a species  
with diffusivity 1·10−11 m2/s 
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The final mixing on the molecular scale, where the 
reaction takes place, occurs only by molecular diffusion. 
Based on the diffusion coefficient value the mixing time 
in microchannels of the rectangular form with a hydraulic 
diameter of 0.2 mm is defined as [14] 
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where l – the thickness of the aggregate (in the case of 
single-channel microreactors without any complex 
internal structures, the characteristic dimension can be 
assumed to be equal to its diameter, l=dh=2·10

-4
 m); A – 

the form factor. 
Investigation of the mixing time as a function of 

microreactor diameters in the range of 0.1–1 mm considering 
rectangular and cylindrical shapes is depicted on the plot  
(fig. 5). As shown in fig. 5, the transformation of reactants in 
the cylindrical microchannel requires less time to achieve the 
homogeneous flow. Because the gel formation can occurs 
before the achievement of homogeneity of the solution, in 
our case it is desirable to slow the hydrolytic polycon-
densation reaction. That is why we were chosen the 
rectangular microchannel for the carrying out of the sol-gel 
synthesis of functionalized silica particles. 

 

 
 

Fig. 5. Diffusion time for liquid phase in rectangular  
and cylindrical channels 

 
So, the formation of monodisperse silicagel in the simulated 

microreactor takes about 3.3 s. Concentration profile shows 
that the homogeneity of the reaction stream in the 
microchannel is achieved on the length of 0.02 m. Meanwhile, 
the flow rate at the walls is 0 mm/s and a maximum flow rate 
(37 mm/s) is observed in the center (fig. 6). The reason is that 
the process of hydrolysis and polycondensation of three- and 
tetrafunctionalized silicon compounds occurs quickly and 
almost always simultaneously. 

 

 
 

Fig. 6. Flow velocity field 

The condensation reaction starts with the deprotonation of 
silanols by reacting with hydroxyl ions. The condensation of 
deprotonated silanols combined with the aggregation of the 
condensed species leads to a continual growth of the formed 
gel up to a point where the silica particles become too large 
to be solvated. Since the development of the gel network 
takes some time, the delay line after the zigzag mixing zone 
was predicted. The monodisperse silicagel particles formed 
in the delay line have to be collected outside of the 
microfluidic device in a beaker containing the same 
perfluorinated continuous phase. The final steps of the 
synthesis are aging, washing and drying of the hydrogel with 
subsequent formation of mesoporous silica xerogel with 
developed porous structure. 

IV. The possibility of industrial 
implementation of the investigation 

The use of micro- and mini-scale devices offers 
tremendous prospects for miniaturization of many kinds of 
chemical plants with the possibility of production sites 
organization in the desktop scale with the performance of 
conventional plants. The potential features illustrate that 
microreactors are promising tools for on-site and on-demand 
production. Unfortunately, there are no examples of 
industrial implementation of microdevices in Ukraine. But 
many well-known chemical and pharmaceutical companies 
actively implement the new advanced technology for large-
scale production, namely [15, 16, 17]: 

– Degussa, Germany (propylene oxide, 50 000 t/h); 

– Eurodyn G mbH, Germany (nіtroglіtserin, 16 000 t/h); 

– Xi’an Huian Chemical, China (nіtroglіtserin for 
medicine, 120 t/h); 

– Siemens Axiva, Germany (polyacrylate, 2000 t/h); 

– DSM Fine Chemicals, Austria (vitamin D, 100 t/h); 

– Synthacon GmbH, Germany (fine chemicals, 200 t/h); 

– Sigma Aldrich GmbH, Switzerland (fine chemicals,  
20 t/h); 

– Clariant, Germany (pigments, 10 t/h); 

– Schering, Germany (synthesis of steroids, 15 kg/day). 
There are a number of research projects involving joint 

collaboration between universities and companies in 
Europe and the Far East where robust MRT systems are 
being developed for various commercial applications. 
Some examples of these projects are [18]:  

– Strategic Research Project on Modular Micro Chemical 
Engineering (MicroChemTec, www.microchemtec.de);  

– Research Association of Micro Chemical Process 
Technology (MCPT, www.mcpt.jp/english/elink.html),  

– New Eco-efficient Industrial Process Using Microstruc-
tured Unit Components (NEPUMUC, www.nepumuc.info);  

– Towards Optimised Chemical Processes and New 
Materials by Combinatorial Science (TOPCOMBI, 
www.topcombi.org); 

– Integrated Multiscale Process Units with Locally 
Structured Elements (IMPULSE, www.impulse-project.net). 

In turn, the miniaturization of flow reactors is a 
decisive advantage in the synthesis of nano-sized 
particles. Due to the efficient heat transfer and optimal 
mixing, the full control of reaction parameters is affected. 
Ideal mixing in the microreactor technology determines 
undeniable benefits of the flow synthesis for carrier 
surface functionalization with active substances. There 
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are already developed and mastered the receipt and 
processing of polymer nanoparticles using microreactor 
units Wingspeed AG (Switzerland) [17]. The main 
advantage of polymers fabricated in microreactors is the 
homogeneous particle size distribution. Due to the exact 
and complete control of parameters of the functiona-
lization reaction in the microreactor (pressure, 
temperature, stoichiometry, reaction time and flow rate), 
it is possible to obtain a homogeneous particle size 
distribution. Thus, new horizons open up both in the basic 
research of nanomaterials and their mass production. 

The data of our calculations may be proposed for such 

companies as Reachemtrans LLC (Ukraine), Holding 

Company Menschen Group (Russian), IC "Artalia" (Russia), 

JSC Sorbent (Russia), United States Environmental 

Protection Agency EPA (USA), Pall Corporation (USA), 

AquaNano LLC (USA), Dunwell Group (Chinese National 

Republic) and others. All of them are engaged in 

manufacturing of sorbents for water purification. But even a 

partial implementation of microdevices entails significant 

financial and technical advantages for these enterprises as well 

as integrates the technology for producing substances with 

prescribed properties. Therefore, this study is a complete 

theoretical experiment that could prove perspectives of 

practical commissioning of microreaction devices for the 

synthesis of highly selective sorbents. As a result, innovative 

sorbents will bring in a serious contribution to the environ-

mental and economic well-being of people generation. 

Conclusion 

A computational fluid dynamics (CFD) model was 

developed to simulate the sol-gel synthesis of 

functionalized silica materials in the microreactor. The 

process parameters were investigated and recommen-

dations for laboratory chemical synthesis and large-scale 

production of functionalized sorbents was formulated. It 

was observed that the time for diffusion in the rectangular 

microchannel with a hydraulic diameter of 0.2 mm is 

about 3.3 s. An analytical solution of the flow velocity 

field and the concentration profile was calculated and 

presented in this work.  

The possibility of industrial implementation of the 

investigation was studied with an objective to reveal the 

practical assessment and commercial significance of the study. 
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