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Abstract 

There are still technical challenges associated with surface fouling and clogging in 

microchannels when conducting multiphase catalytic reactions involving solid 

particles. In this study, a Pickering emulsion was employed to enhance the oxidation 

of benzyl alcohol (BNOH) catalyzed by Pd/SiO2 nanoparticles under Taylor flow in a 

microchannel reactor. The reaction characteristics of benzyl alcohol/water Pickering 

emulsion in a microchannel reactor were studied experimentally. The characteristic 

results showed that the O/W Picking emulsion system was superior to the W/O 

Picking emulsion system for the catalytic oxidation reaction. The influences of a wide 

range of operational variables were characterized on the conversion of reactants and 

the selectivity of the desired product. The optimized reaction conditions included: 

reaction temperature 403 K, CB 5 wt%, O2/BNOH (mol/mol) 0.76 and tube length 8 

m. Under the optimal operating conditions, the conversion of BNOH and the 

selectivity of benzaldehyde were found to be 86.53% and 99.79%, respectively. In 

addition, the interfacial transport-reaction mechanism in Pickering emulsions under 

Taylor flow in microchannels was proposed from the perspective of multiphase mass 

transfer. This development provided significant insights and guiding for effectively 

performing multiphase catalytic reactions involving solid catalyst particles in 

microchannel reactors. 
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Nomenclature 

CB mass ratio of catalyst to benzyl alcohol 

Ca capillary number 

U velocity, μm·s-1 

μC continuous phase viscosity, mPa·s 

σ12 oil-water phases interfacial tension, mN/m 

ε extension rate, s-1 

R maximum radius of droplets not broken, μm 

ΔV volume variation of a single droplet, mL 

VOil oil phase volume, mL 

VWater water phase volume, mL 

Vd dispersed phase droplet volume, mL 

Vd0 initial dispersed phase droplet volume, mL 

V single bubble volume, mL 

ρOil oil phase density, g/cm3 

ρWater water phase density, g/cm3 

ρp catalyst particle density, g/cm3 

MOil molar mass of oil phase, g/cm3 

MWater molar mass of water phase, g/cm3 

mp total mass of catalyst particle, g 

θ three-phase contact angle, ° 

τ coverage degree  

D microchannel diameter, μm 

Dp average diameter of catalyst particle, μm 

DD Pickering emulsion droplet diameter, μm 

DB bubble diameter, μm 

LB bubble length, μm 

LS liquid plug length, μm 

N number of droplets 

S surface area of the single bubble, cm2 

SOW oil-water interface area, cm2 

SA the specific surface area corresponding to unit volume of oil phase, cm-1 

x reaction conversion rate 

t resident time, s 

Q total volume flow rate, μL/min 

Vm the reactor volume, mL 

1. Introduction 

Over the past few decades, the microchannel reactor technology has advanced 

considerably, exhibiting remarkable performance in chemical process intensification 

[1-3]. Compared to conventional batch or semi-batch reactors on a macroscale, 

microchannel reactors possess numerous advantages, including a considerable 



specific surface area, rapid heat and mass transfer rates, minimal back-mixing 

(resulting in a plug flow reactor), intrinsic process safety, and scalability through 

numbering-up [4-11]. Despite these advantages, there are still some key challenges for 

wider applications of multiphase reactions involving gas-liquid-solid or solid-liquid 

systems, that are mainly associated with the significant fouling and clogging with 

microchannels caused by solid particulate materials [12]. This is of direct relevance to 

heterogeneous solid catalytic reaction processes which occupy a very large proportion 

of reactions in the chemical industry [13,14]. Therefore, enormous efforts have been 

made to improve continuous multiphase flow reaction systems involving solid catalyst 

particles in microchannels [15]. 

One of the most commonly employed strategies to solve the packing problem of 

solid catalyst materials is to have the solid particles adhered or coated to the inner 

wall of the microchannel [16,17]. Although the coated thin film is well suited for fast 

reactions due to the enhanced internal diffusion rate, there are some inherent 

drawbacks, such as the limited amount of catalyst loaded, easier washing away of the 

catalytic active components, and the difficulty of regenerating deactivated catalysts 

[18,19]. An alternative approach is to pack the microchannel with the solid catalyst 

particles having a diameter in the range of micrometers. This can be considered as a 

micro-packed bed reactor [20-22] having advantages such as simplicity for catalysts 

replacing and good catalytic performance. However, the drawback of this type of 

microreactor includes high pressure drops, severe wall effects, poor uniformity of 

catalytic bed and reproducibility [23-25]. To address these issues, the concept of 

micro-suspended reactor has been recently proposed [19,26], which also overcomes 

the problem of catalyst loading and transportation, opening up a new direction for 

handling solid particulate catalysts in microchannel reactors. However, the process is 

linked to several technical challenges, such as adhesion phenomena. This occurs when 

the catalyst particles come into contact with the channel wall, potentially leading to 

the obstruction of the channel in the most severe circumstances. This is largely 



attributed to the size of solid catalyst particles, which typically range in the nanometer 

scale and possess significant surface energy [27,28]. Furthermore, most of catalytic 

reactions require effective heat transfer in time through the wall of the microchannel 

in order to minimalize the possible heat transfer lags behind which can potentially 

lead to a surge with the temperature around the catalyst particles resulting in increased 

side reactions. 

Pickering emulsion is a novel colloidal system proposed recently, featured by its 

stabilization mechanism by using double-hydrophilicity solid particles that are located 

at the oil-water interface (e.g., see Fig. 1) [29]. Owing to its unique properties (e.g., 

the irreversible adsorption of solid particles in an oil-water interface), Pickering 

emulsion provides a promising platform to address the above-mentioned existing 

problems of micro-suspension bed reactors. Compared the conventional emulsions 

stabilized by organic chemical surfactants, Pickering emulsion has demonstrated 

significant performance especially for the resistance of droplets coalescence largely 

due to a dense layer of solid particles [30,31]. This is particularly beneficial for the 

emulsification of oil/water systems requiring high stability requirements, partial 

oil/water miscibility, and low interfacial tension between the oil and water phases. 

Within a microchannel, the surface energy of solid particles is largely released at the 

liquid-solid interface, which reduces the possibility of solid particles directly 

contacting the channel wall thus alleviating or eliminating the wall surface fouling 

[32].  

  

(a) (b) 

Fig. 1. Schematic diagrams of (a) O/W and (b) W/O Pickering emulsion. 



In the Pickering emulsion the intimate contact between the aqueous phase and the 

solid stabilizing particles is also beneficial for heat transfer, e.g. to effectively remove 

or input heat of/into the reaction system. Therefore, the reaction temperature can be 

accurately controlled, thus enhance the selectivity of the reaction. In addition, the 

Pickering emulsion system has a large oil-water interface area, enabling higher 

extraction rates to extract the target product from the reaction phase thus also 

contributing to the improvement of reaction selectivity [33]. However, in-depth 

understanding is still being sought about the heat/mass transfer in Pickering emulsions 

and associated heterogeneous catalytic reactions in microchannel, whilst overall there 

have been very limited studies on the interfacial catalysis in Pickering emulsions 

within microchannel reactors [34]. 

Based on our previous research on Pickering emulsions stabilized by SiO2 

nanoparticles and the hydrodynamics of Pickering emulsion within microreactors 

[35,36], the present study aimed to develop a regulation strategy for the interfacial 

catalysis in Pickering emulsions in a microchannel reactor, and gain insights into the 

mechanism of enhanced heterogeneous catalysis coupled with interfacial mass 

transfer. The oxidation of benzyl alcohol by O2 was selected as a model reaction in 

the oil-in-water (O/W) Pickering emulsion system in a microchannel reactor under 

Taylor flow, where Pd/SiO2 nanoparticles acted as both solid catalysts and Pickering 

emulsion stabilizers. Using the benzyl alcohol-water Pickering emulsion, the effects 

of a range of process parameters on the reaction conversion rate and target product 

yield were characterized. Furthermore, the interfacial catalytic mechanism based 

Pickering emulsion was investigated from the perspective of mass transfer across 

multiphase interfaces in microchannels.  

2. Experimental  

2.1 Chemicals 

SiO2 nanoparticles (10 nm) were purchased from Shanghai Yuanjiang Chemical 



Co., Ltd, China. Palladium acetate (99.9%), 3-aminopropyltriethoxysilane (98%), 

cyclohexylmethyldimethoxysilane (97%), benzaldehyde (≥ 99.5%), benzoic acid (≥ 

99.9%) and benzoic acid (≥ 99.9%) were obtained from Aladdin Industrial Co., Ltd, 

China. Benzyl alcohol (≥ 99.0%) was purchased from Sinopharm Chemical Reagent 

Co., Ltd, China. All chemicals and reagents were utilized without additional treatment 

or purification. 

2.2 Preparation of materials and Pickering emulsions  

Firstly, the SiO2 nanoparticles with interfacial activity were prepared with a method 

adapted from our previous research [35]. Briefly, to obtain the amphiphilic SiO2 

nanoparticles, 1 g of SiO2, a certain quantity of 3-aminopropyltriethoxysilane, 

cyclohexylmethyldimethoxysilane, and 30 mL of toluene were sequentially added into 

a homogeneous batch reactor. The reactor consisted of a rotating device (10 Hz) 

containing eight stainless steel vessels and a forced convection oven. The reaction 

temperature and time for the preparation of amphiphilic SiO2 nanoparticles were set to 

130 °C and 12 h, respectively.  

The Pd/SiO2 catalyst was then prepared by a conventional impregnation method 

[37]. Palladium acetate was dissolved in toluene to form a metal precursor solution 

with the concentration of 2.1 mg/mL. The prepared SiO2 nanoparticles and the metal 

precursor solution were added into the round-bottom flask, and the solution was 

stirred at room temperature for 5 h. Then, the Pd-containing solid particles were 

reduced with NaBH4 while stirred at room temperature for further 5 h. The suspended 

solid particles in the reactor were separated by centrifuge and washed with anhydrous 

ethanol. Whereafter, the obtained Pd/SiO2 particles were dried under vacuum at 40 °C 

for 12 h.  

Prior to adding the dispersed phase (water or benzyl alcohol), a homogenous 

suspension with the mixtures of Pd/SiO2 and the continuous phase (benzyl alcohol or 

water) was prepared through ultrasonic treatment. Finally, Pickering emulsion was 

prepared with the help of a vortex mixer (IKA T25 digital Ultra Turrax, S25N-18G, 



German). 

2.3 Characterization 

The contact angle of the solid nanoparticles was measured by an optical 

tensiometer (JC2000, Shanghai Zhongchen Digital Technology Equipment Co., Ltd.). 

The morphology and microstructure of the emulsion droplets were captured using an 

inverted microscope (Olympus IX73P2F, Japan) equipped with a high-speed digital 

camera (Phantom Miro R311, USA). The flow state of Pickering emulsion-O2 two-

phase system was recorded using a stereo microscope (Olympus SZX16, Japan) 

equipped with a high-speed camera. By processing the digital images captured by 

ImageJ, the length of the Pickering emulsion droplets and the distance between two 

liquid plugs or two bubbles were determined. 

2.4 Experimental setup and analysis 

Fig. 2 illustrates the experimental setup for the liquid phase oxidation of benzyl 

alcohol under Taylor flow in the microchannel. Pickering emulsion and O2 are 

injected into the FEP preheating tube (i.d. 500 μm, IDEX Health& Science) by a 

precision syringe pump (Harvard 11 ELITE Single, USA) and a high-pressure syringe 

pump (Longer pump LSP01-1BH, CHINA), respectively. The two phases were mixed 

at the PTFE T-mixer (i.d. 500 μm, IDEX Health & Science). The gas-liquid mixture 

flowed down the FEP reaction tube (i.d. 500 μm, 760 μm, 1000 μm, or 1590 μm; 

length 0.5-10 m; Nichias Corporation), where the two-phase fluids flowed in the slug 

flow pattern. The FEP reaction tube was heated through an oil bath. In this 

experiment, the inner diameter of the microchannel reactor was about 0.5 mm, the 

heat transport rate was very fast. Therefore, the set temperature of the oil bath was 

considered as the same as the reaction system. Additionally, in the Pickering system, 

catalytic particles were always in close contact with the aqueous phase, effectively 

reducing thermal lag. Except for special requirements, all reaction processes were 

performed under the pressure of 100 psi in the study. The residence time (t) can be 



calculated by the following equation:  

 t = 
Vm

Q
 (1) 

Where Vm is the reactor volume, Q is the total volume flow rate of gas-liquid phase. 

To mitigate the impact of unsteady state conditions on reaction performance, the 

double residence time was implemented for at least one run prior to collecting the 

sample. The reaction solution at the outlet of the microchannel reactor was collected 

in a gas-liquid separator prior to further chemical analysis. Each experiment was 

repeated independently more than three times to ensure data accuracy. All conversion 

and selectivity data are reproducible within an experimental error of ±3%. 

 

Fig. 2. Schematic of experimental setup for Pickering emulsion-catalyzed oxidation of benzyl 

alcohol in a microchannel reactor. 

Chemical analysis was carried out with HPLC (Waters e2695, USA) equipped with 

an UV-visible absorbance detector (Waters 2998PDA, USA) and a C18 column 

(Agilent Eclipse Plus, USA) where all liquid samples were dissolved in the mobile 

phase. The chromatographic column temperature was 308 K, and the mobile phase 

with a flow rate of 1.0 mL·min-1 was made of methanol (60 vol%) + water (40 vol%). 

The composition of samples was quantified using an external standard method. The 

total molar concentration of benzyl alcohol (ctotal BNOH) in the reaction solution was 

determined by the peak area normalization. The conversion of benzyl alcohol (xBNOH) 

was calculated using the following equation： 

 
xBNOH = (1 – 

cBNOH

ctotal BNOH

)  × 100% (2) 



where cBNOH is the molar concentration of benzyl alcohol in the sample. 

The selectivity of benzaldehyde (SBenzaldehyde) was expressed by： 

 
SBenzaldehyde = (

cBenzaldehyde

ctotal BNOH – cBNOH

)  × 100% (3) 

where cBenzaldehyde denotes the molar concentration of benzaldehyde in the sample. 

The yield of product benzaldehyde (Y) was obtained by the following equation： 

 Y = SBenzaldehyde × xBNOH (4) 

The catalyst to benzyl alcohol mass ratio (CB) was defined as: 

 
CB = 

mcatalyst

mBNOH

 × 100% (5) 

where mcatalyst is the mass of catalyst solid particles added, and mBNOH is the mass of 

benzene methanol. 

3. Results and discussion  

3.1 Properties of Pickering emulsions 

3.1.1 Characterization of Pickering emulsions 

The surface hydrophobicity of the nanoparticles was characterized by measuring 

the contact angle of water droplets on the surface of the flake, which was made from 

the raw SiO2 nanoparticles, modified SiO2 nanoparticles, or Pd/SiO2 nanoparticles. 

The contact angles of these three types of nanoparticles were measured to be 14.0°, 

18.8° and 19.6° (Fig. 3). As the contact angle of solid nanoparticles was mainly 

influenced by the adsorption of oil and water phases on their surfaces, with the 

increase of the oil phase polarity, the interfacial tension between oil phase and water 

phase decreased, thus the contact angle of water phase on the solid surface increased 

[38,39]. Based on the above analysis, the contact angle and wettability of the 

nanoparticles were regulated by concurrently grafting both hydrophilic and 

hydrophobic organic functional groups because benzyl alcohol, as a polar oil phase, 

tended to form W/O-type emulsions. 

javascript:;


   

(a) (b) (c) 

Fig. 3. Contact angles of different nanoparticles. (a) Raw SiO2, (b) modified SiO2, and (c) 

Pd/SiO2. 

To examine the emulsion morphology and stability with different solid-liquid 

composition, the added amount of catalyst solid particles and oil-to-water ratio were 

varied while the droplet diameter and stability of the emulsion were characterized. 

The results are shown in Fig. 4. It was found that there was a reduction in the 

emulsion droplet diameter when the added amount of catalyst solid particles 

increased. It was likely caused by the fact that the desorption energy of the solid 

particles desorbing from the biphasic interface was higher (typically by several times) 

than the thermodynamic energy. Therefore, an increase in the particle concentration 

improved the degree of surface coverage and prevented the coalescence between the 

emulsion droplets [40]. 

The effects of varying oil-to-water ratio were found to be in line with that observed 

in our earlier studies [35]. The volume change of continuous phase had little impact 

on the stability and size of the emulsion droplets [41], whilst in contrast the reduction 

of the dispersed phase volume increased the interface film densities of solid particles. 

Further, when the volume of the dispersed phase was reduced to a threshold level, the 

surplus solid particles started to break through the barrier of the interfacial adsorption 

energy thus enter into the continuous phase [42]. With a given amount of solid 

particles, therefore, the decrease in the volume of the dispersed phase had the same 

effect on the diameter of emulsion droplets as the increase in the solid particles did. 

   

CB = 2.0 wt%, VOil:VWater = 1:1 CB = 3.0 wt%, VOil:VWater = 1:1 CB = 4.0 wt%, VOil:VWater = 1:1 



   

CB = 5.0 wt%, VOil:VWater = 1:1 CB = 16.0 wt%, VOil:VWater = 1:4 CB = 8.0 wt%, VOil:VWater = 1:2 

  

CB = 4.0 wt%, VOil:VWater = 3:4 CB = 3.48 wt%, VOil:VWater = 2.3:2 
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Fig. 4. Microscopic images of Pickering emulsion droplets and mean droplet diameter changes 

under different conditions. 

The stability of the Pickering emulsions was evaluated by determining capillary 

number (Ca) [43], in a similar way used for conventional emulsions. 

 
Ca =

Uμ
C

σ12

=
(εRμ

C
)

σ12

 (6) 

where U is the velocity, μ
C

 is viscosity of the continuous phase, σ12 is the interfacial 

tension between the oil-water phases, ε is the extension rate, and R is the maximum 

radius of the drops that not broken, respectively.  

According to Eq. (6), Ca is proportional to the size of the dispersed phase droplet, 

R. It was also found that, when Ca exceeded a critical value, the stability of the 



emulsion was destroyed and the droplets of the dispersed phase coalesced [44]. In 

contrast, by decreasing the diameter of the dispersed phase droplet the stability of the 

emulsion can be increased [45], realized by either adding more solid particles or 

reducing the volume of the dispersed phase. 

3.1.2 Effects of O/W and W/O Pickering emulsions 

Depending on the continuous phase selected, Pickering emulsions can be generated 

in the form of either O/W or W/O configuration. Considering the effects of heat and 

mass transfer across phases on the reaction conversion and selectivity, the selection of 

a suitable emulsion type is crucial to match and enhance the multiphase reaction 

performance. For the oxidation of benzyl alcohol, the effects of both O/W and W/O 

emulsions were initially characterized on the interfacial catalytic reaction process in 

the Pickering emulsion system. Based on previous studies [46,47] on a similar 

reaction system, i.e. the Ru/CNT-TiO2-catalyzed oxidation of benzyl alcohol, two 

models of O/W and W/O emulsions were developed mapping the pathways for both 

reaction and mass transfer in the Pickering emulsion multiphase flow system, as 

schematically shown in Fig. 5.  

The reaction process can take place in both types of emulsions though through 

different pathways (Fig. 5). On the one hand, oxygen molecules enter into the 

continuous phase (either aqueous or oil phase) and subsequently reach the oil-water 

interface by diffusion. On the other hand, the benzyl alcohol spontaneously diffuses 

towards the surface of solid catalytic particles distributed at the oil-water interface, 

where the catalyzed oxidation reaction of benzyl alcohol occurs and the product 

benzaldehyde is generated. As the solubility of benzaldehyde in water is different 

from that in oil, the benzaldehyde generated is more favorably extracted into the oil 

phase [33].  



  

(a) O/W (b) W/O 

Fig. 5. Physical models showing pathways of mass transfer coupled with oxidation reaction of 

benzyl alcohol in (a) O/W and (b) W/O Pickering emulsion systems under Taylor flow. 

It was noted that in the W/O emulsion system, the diameter of the dispersed 

aqueous droplets increased along the microchannel with the increase of reactant 

conversion. That was believed to be resulted from the additional water generated from 

the reaction which was subsequently extracted into the existing water droplet (Fig. 

5(b)). To further quantify the water droplet change in the W/O emulsion system along 

with chemical reaction, a mathematical model was proposed to express the volume 

variation of a single droplet.  

 
∆V = 

VOilρOil
MWaterx

MoilρWater
N

 (7) 

where  V  and ρ  are the volume and density of a substance (either water or oil), 

respectively; M is the molar mass of a substance; x and N are the conversion of benzyl 

alcohol and the number of droplets, respectively. 

As found in previous studies [35], the coverage degree (τ) on the surface of the 

emulsion droplets is a relatively ideal evaluation index for the stability of Pickering 

emulsion, and index τ can be expressed by the following equation： 

 
τ = 

mpDd sin
2

θ

4ρ
p
DpVd

 (8) 

Vd is obtained by,  

 Vd = Vd0 + ∆V (9) 



where the subscripts d and p are the dispersed phase droplets and catalyst particles, 

respectively; m and D are the total mass and the average diameter of catalyst particles; 

θ is the contact angle between oil and water phases. 

Combined with Eqs. (7)-(9), the following equation can be derived. 

 

 τ = √
1

(MOilρWater
NVd0 + VOilρOil

MWaterx) 
2

3

H (10) 

where H is given by, 

 

H = √
6(M

Oil
ρ

Water
N

π

3 )
2
mp sin

2
θ

ρ
p
Dp

 (11) 

It can be clearly see from Eq. (10) that as the conversion rate increases, both the 

particle coverage degree (τ) on the surface of W/O emulsion droplets and the stability 

of the emulsion decrease. This may lead to the agglomeration of droplets in the 

process of internal circulation flow. At the same time, the specific phase interface 

subsequently decreases, which can result in the reduction of benzaldehyde yield in the 

W/O emulsion system, even demulsification and channel clogging.  

Based on the above analysis, the increase in conversion rate has little effect on the 

droplet size in the O/W emulsion system because the generated water is extracted into 

the continuous phase (Fig. 5(a)). The effects of products on the dispersed droplets 

could be ignored [35]. That explained the observation of the O/W emulsion system 

where there was little change in the oil droplet size. Therefore, the stability of O/W 

Picking emulsions can be considered significantly more beneficial than that of W/O 

Picking emulsions for the catalytic reaction process and, in turn, the yield of product 

benzaldehyde. 

To verify the above hypothetical models, experiments were carried out to measure 

the yield of product benzaldehyde in both O/W and W/O Picking emulsions. The 

results are shown in Fig. 6. As can be clearly seen from the figure, while both yields 

of benzaldehyde increased with the increase of temperature in the two types of 

Picking emulsion systems, the yield in the W/O Picking emulsions was always lower 



than that in the O/W Picking emulsion system. It was observed (Fig. 6(b)) that, under 

Taylor flow along the microchannel, the length of the liquid slug (0.34 mm) formed in 

the O/W Picking emulsions was shorter than that (0.43 mm) in the W/O Picking 

emulsion system. That was attributed to the difference of the continuous phase 

viscosity in the two types of Picking emulsion systems [36]. While the diffusion 

distance of O2 in the continuous phase became shorter, it further strengthened the 

oxidation of benzyl alcohol and increased the yield of benzaldehyde in the O/W 

Picking emulsion system. This demonstrated that the theoretical analysis results were 

largely consistent with the experimental observation in terms of benzaldehyde yield. It 

was clearly indicative that the oxidation reaction of benzyl alcohol in the O/W 

Picking emulsion system was superior to that in the W/O Picking emulsion system. 

Therefore, the O/W Picking emulsion system was employed in the subsequent 

experiments as detailed below. 
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Fig. 6. (a) Yield of benzaldehyde at varying temperature in O/W and W/O Pickering emulsions. 

(b) Comparison of liquid slug lengths in different Pickering emulsions in microchannels. 

VBNOH/VWater = 1, O2/BNOH (mol/mol) = 0.68, CB = 3.0 wt%, emulsion flow rate = 10 μL/min, 

reaction tube length = 5.0 m. 

3.2 Effects of operational conditions on reaction performance 

3.2.1 Effects of reaction temperature 

As expected, the conversion of benzyl alcohol increased with the increasing of 



reaction temperature (Fig. 7(a)) at all three CB levels of 3 wt%, 4 wt% and 5 wt%. 

That was mainly caused by the cleavage of alcohol OH bonds and the formation of 

alkoxy intermediates catalyzed by Pd promoted by the increased reaction temperature, 

thus intensifying the reaction process [47]. At a given temperature, the increased 

amount of catalyst (i.e., CB) resulted in a higher conversion, which was largely 

attributed to the increased numbers of active catalytic sites provided by the increased 

amount of solid catalyst particles.  

Fig. 7(b) shows the variation of benzaldehyde selectivity as a function of reaction 

temperature. At temperatures below 375 K, the selectivity remained remarkably high 

(approximately 100%) at all three CB levels. Above that critical temperature level, the 

benzaldehyde selectivity started to decline with the increasing of reaction 

temperature, though differed with different CB. Nevertheless, the overall selectivity 

was still high, greater than 99.6%, except for a single relatively low selectivity of 

92.8% under the reaction conditions of 413 K and CB = 3.0 wt%. This was likely 

caused by the small amount of catalyst added which gave the lowest stability of the 

Picking emulsion system among the three reaction systems.  

It was observed that, when the reaction temperature reached 413 K, the droplet of 

emulsion turned into coalescence, which consequently led to decrease in the 

interfacial area of the specific phase while increase in the mass transfer distance. As a 

result, it limited the mass transfer process for the benzaldehyde produced on the 

interface of solid catalytic particles to be effectively extracted into the oil phase in 

time, causing its excessive oxidation and, in turn, the decrease in product 

benzaldehyde selectivity. It is suggested that the remarkably high selectivity observed 

in the oxidation of benzyl alcohol can be mainly attributed to the large interface area 

and short mass transfer distance exhibited in the Pickering emulsion system [48]. 
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Fig. 7. Effects of reaction temperature on (a) conversion of benzyl alcohol, and (b) product 

selectivity for the oxidation of benzyl alcohol at three CB levels (3.0 wt%, 4.0 wt% and 5.0 wt%). 

VBNOH/VWater = 1, O2/BNOH (mol/mol) = 0.68, emulsion flow rate = 10 μL/min, reaction tube 

length = 5.0 m, residence time = 508 s. 

To understand the above-discussed demulsification phenomenon of the Pickering 

emulsion at high temperatures, the morphology of the Pickering emulsion droplets 

was characterized before and after the reaction under different conditions. As can be 

seen in Fig. 8, the diameter of the Pickering emulsion droplets after the reaction was 

generally larger than that before the reaction under all conditions applied. Particularly, 

it appeared to be more significant at the higher temperature of 413 K with a lower CB 

(3.0 wt%); the morphology of the droplets after the reaction changed significantly 

showing a violent flocculation (Fig. 8(b)). This further confirmed the above analysis 

that the decline of benzaldehyde selectivity was largely attributed to the 

demulsification and aggregation of the Pickering emulsion. 

 Before reaction After reaction 

(a) 

  



(b) 

  

(c) 

  

Fig. 8. Morphology changes of emulsion droplets before and after reaction under different 

conditions. (a) CB = 3.0 wt%, 403 K, (b) CB = 3.0 wt%, 413 K, (c) CB = 4.0 wt%, 413 K. 

3.2.2 Effects of the amount of catalytic solid particles 

As discussed above the amount of catalytic solid particles affected the Pickering 

emulsion and, in turn, the reaction performance. This was further examined in terms 

of benzaldehyde yield under wider conditions, at four CB levels (2.0-5.0 wt%) and 

four temperatures (383-408 K). The results are shown in Fig. 9. Overall, the product 

yield increased in approximately a linear way with the increase in CB at all four 

temperature levels. As also expected, a higher temperature produced a higher yield.   

In this reaction process, the solid catalytic nanoparticles of Pd/SiO2 played dual 

functions, namely catalyst and emulsifier, and accordingly had two main effects on 

the oxidation reaction. On the one hand, the number of catalytic active sites in the 

system increased significantly with the increase of CB, which accelerated the 

oxidation rate of benzyl alcohol under the other identical conditions. On the other 

hand, the increase of CB reduced the diameter of emulsion droplets, where increased 

both the interface area of the oil-water two phases and the mass transfer rate of 



substances across the interface. In addition, an increase in the number of catalytic 

particles allowed more Pd/SiO2 particles to enter the continuous phase, which further 

improved the stability of Pickering emulsion and reduced the coalescence of emulsion 

droplets in the multiphase reaction process. 

It should be noted that when the value of CB was below 2.0 wt%, the Pickering 

emulsion tended to undergo demulsification along the microchannel, resulting in a 

decrease in both the conversion and the selectivity. As it was above 5.5 wt%, 

nevertheless, a large number of catalytic solid particles entered into the continuous 

phase, which could be approximated as a suspension composed of solid particles and 

a continuous phase. Also, at high temperatures and low flow rates, the catalytic solid 

particles had more chances to adhere to the microchannel wall because the continuous 

phase of Pickering emulsion was in direct contact with the channel wall. Based on the 

above analysis, the CB range of 2.0 wt% to 5.5 wt% was considered to be appropriate 

for a stable operation in the given temperature range. 
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Fig. 9. Effects of the amount of catalytic solid particles on benzaldehyde yield. VBNOH/VWater = 1, 

O2/BNOH (mol/mol) = 0.68, reaction tube length = 5.0 m, emulsion flow rate = 10 μL/min. 

3.2.3 Effects of the volume of dispersed phase 

The volume of the dispersed phase in emulsions can affect on both mass and heat 

transfer and, in turn, the reaction process. This effect was characterized in terms of 

benzaldehyde yield as a function of the volume ratio of oil to water (VBNOH/VWater), by 

varying the volume of benzyl alcohol (i.e., dispersed phase), while the volume of 

aqueous phase and the amount of catalytic solid particles remained unchanged. Fig. 



10 illustrates the experimental results at different temperatures and varied CB.  

With the increase of VBNOH/VWater the yield of benzaldehyde decreased (Fig. 10(a)), 

which might be attributed to two main factors. On the one hand, with the increase of 

VBNOH/VWater, the average diameter of the emulsion droplets increased (Fig. 4), 

resulting in a decrease in the specific interface area between oil and water. It further 

led to an increase in the mass transfer distance of reactants, whilst a decrease in the 

diffusion rate of reactants on the interface of two phases. On the other hand, the 

relative number of catalytic active sites in the system decreased with the increase of 

VBNOH/VWater, inhibiting the conversion of benzyl alcohol to benzaldehyde. 

In order to compare the effects of the dispersed phase volume on the yield of 

benzaldehyde with the amount of catalytic solid particles, experiments were carried 

out to measure the product yield as a function of either the dispersed phase volume or 

the catalyst amount, individually, under comparable conditions. CB (The mass ratio of 

catalyst to benzyl alcohol) was used as abscissa to quantitatively compare the yield 

changes under two operating conditions. The experimental results depicted in Fig. 

10(b). It was observed that the effects of these two parameters were largely equivalent 

on benzaldehyde yield. The results suggested that both decreasing the dispersed phase 

volume and increasing the amount of catalytic solid particles can result in higher 

product yields under the reaction conditions examined. 
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Fig. 10. (a) Effects of oil phase volume on the yield of benzaldehyde at 393 K and 403 K. (b) 

Comparison of effects of oil phase volume and catalyst addition on benzaldehyde yield. Catalyst 



amount = 0.06 g; Reaction tube length = 5.0 m; Emulsion flow rate = 10 μL/min. 

3.2.4 Effects of varying reactor microchannel length 

The variation in the reactor microchannel length can affect the residence time of the 

fluid within the reactor and the pressure drop along the microchannel, thus altering the 

reaction time, mass transfer and, ultimately the reaction performance. These effects 

were characterized by varying the reactor microchannel (or tube) length in the range 

of 0.5-8.0 m under identical operating conditions. The experiment results are plotted 

in Fig. 11. The reaction conversion, selectivity and total (gas-liquid-solid) volumetric 

flow rate as a function of tube length at three temperature levels of 383 K, 393 K and 

403 K are investigated.  

As displayed in Fig. 11(a), the conversion of benzyl alcohol increased 

approximately linearly with the increase of the reactor tube length, though tending to 

level off with further longer tube. The overall profile trend appeared at all three 

temperature levels, where a higher temperature resulted in a faster reaction rate as 

expected. It was clearly found that the selectivity of benzaldehyde was mostly greater 

than 99.7%, although a very slight drop was seen in the longer lengths (Fig. 11(b)). 

Under the experimental conditions, the flow pattern of the gas-liquid two phases in 

the microchannel was generally maintained as slug flow, the most stable flow pattern 

in the gas-liquid multiphase microfluidics. 

The effects on benzaldehyde yield by increasing the tube length could be explained 

in threefold. Firstly, with the increase of tube length, the residence time of reactants in 

the microchannel increased, providing a longer reaction time for the benzyl alcohol to 

be converted into benzaldehyde. As the tube length increased with longer residence 

time and further progress of reaction, secondly, more gas phase oxygen was 

consumed, leading to a decrease in the total volumetric flow rate of the multiphase 

flow, as shown in Fig. 11(c). Finally, the pressure drop along the reactor microchannel 

exhibited an increase trend with the increase of tube length as expected. That was 

advantageous for the diffusion of oxygen molecules into a continuous aqueous phase 



and had a positive impact on the yield of benzaldehyde. Under experimental operating 

conditions, in general, the three factors discussed above actively interacted together to 

promote the conversion of benzyl alcohol and increase the yield of benzaldehyde in 

the microchannel reactor. 
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Fig. 11. Effects of tube length on (a) conversion of benzyl alcohol, (b) selectivity of benzaldehyde, 

and (c) total volumetric (gas-liquid-solid) flow rate. VBNOH/VWater = 1, O2/BNOH (mol/mol) = 0.68, 

CB = 4.0 wt%, emulsion flow rate = 10 μL/min. 

3.2.5 Effects of total volumetric flow rate  

With a given residence time and constant tube diameter, a longer tube is needed to 

achieve a higher total volumetric flow rate. However, varying total volumetric flow 

rate may have more complicated influence on hydrodynamics, mass transfer and 

ultimately the reaction. Therefore, this was more closely investigated. Fig. 12 depicts 

the profiles of product yield as a function of total flow rate at three temperature levels, 

and visual observation.  



As seen in Fig. 12(a), at a given reaction temperature the product yield profile 

changed through two stages, a rapid increase followed by leveling off at a relatively 

stable level, with the increase of total volumetric flow rate. The critical turning point 

was around the total volumetric flow rate of 820 μL/min in all three profiles. Also, a 

higher temperature resulted in a higher yield while all three profiles of product yield 

showed a similar trend.  

As discussed, in order to keep a constant residence time, different lengths of tubes 

with a given inner diameter were used at different total volumetric flow rates. It was 

observed that when the total flow rate increased at a given gas-liquid flow ratio, the 

length of gas bubbles decreased noticeably, from 2.51 mm to 1.95 mm in responding 

to the total flow rate increase from 550 μL/min to 1720 μL/min, as observed in the 

middle of the reactor tube (Fig. 12(b)). This reduction in gas bubble size further led to 

an increase in the interfacial area between gas and emulsion phases, thus enhancing 

interfacial mass transfer performance. This was in line with the above investigation on 

the effect of tube length (Fig. 11(c)). Furthermore, this flow pattern change enhanced 

the internal circulation of liquid plug and mass transfer across gas-liquid interface 

with the increase of the total volume flow rate. Therefore, the conversion of benzyl 

alcohol and the yield of benzaldehyde increased with the increase of the total volume 

flow rate (< 820 μL/min). When the volume flow rate was greater than 820 μL/min, 

the yield of benzaldehyde was almost unchanged with the increase of the total volume 

flow rate. This indicated that the effect of the mass transfer resistance on the 

conversion of benzyl alcohol could be neglected at the higher total volume flow rates 

(> 820 μL/min), and the oxidation reaction of benzyl alcohol was controlled by the 

intrinsic kinetics in the range of the total volumetric flow rate. 
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Fig. 12. (a) Effects of total volumetric flow rate on benzaldehyde yield at 383 K, 393 K and 403 

K. (b) Micrographs showing different flow states at total flow rates of 550 μL/min, 1090 μL/min 

and 1720 μL/min. VBNOH/VWater = 1, O2/BNOH (mol/mol) = 0.68, CB = 4 wt%. 

3.2.6 Effects of the volumetric flow rate ratio of gas/liquid two phases 

As demonstrated above, the variation of gas bubble size clearly affected the 

interfacial mass transfer area, and thus the reaction performance. This was further 

investigated by varying the volumetric flow rate ratio in a wider range of 81-117, by 

changing the gas volumetric flow rate in the range of 810-1170 μL/min whilst keeping 

liquid volumetric flow rate at 10 μL/min constant. Fig. 13 displays the profiles of 

product yield as a function of gas/liquid volumetric flow ratio at two temperature 

levels, and visual observation. The experimental results (Fig. 13(a)) showed that the 

yield of benzaldehyde increased initially with the increase of gas/liquid flow rate 

ratio, reached a maximum point at a flow rate ratio of 99, that was followed by a 

decline. This trend exhibited at both temperature levels, where a higher temperature 

resulted in a higher product yield as expected.  

There were two main factors contributing to the increase of benzaldehyde yield. On 

the one hand, the total volumetric flow rate became larger with the increase of gas 

flow rate, which enhanced the internal circulation in the liquid plug. This further 

accelerated the regeneration rate of the liquid film side of the gas-liquid interface, and 

led to enhanced mass transfer performance in the liquid phase. On the other hand, the 

gas bubble length increased with the increase in gas flow rate while the liquid plug 

length almost remained constant in the process (Fig. 13(b)), from 2.44 mm to 2.90 



mm corresponding to gas flow rate increased from 900 μL/min to 1170 μL/min, as 

observed in the middle of the reactor tube. This provided a larger interface area 

between the gas and liquid phases, and thus a higher mass transfer rate of O2 to the 

liquid phase.  

As the ratio of gas volumetric flow rate to liquid volumetric flow was higher than 

the critical value of 99, the yield of benzaldehyde started to decline slightly with the 

increase of the flow rate ratio (Fig. 13(a)). This was mainly a result of the fixed 

reactor tube length of 5.0 m in the experiments. With the given tube length the 

residence time of reactants in the microchannel reduced with the increase in gas flow 

rate, thus total flow rate. It was observed that under these operating conditions, the 

effects of the reduction in residence time on the yield of benzaldehyde were 

significantly stronger than that of the enhancement of mass transfer process, therefore, 

the yield of benzaldehyde decreased. Under these experimental conditions, the 

optimal yield of benzaldehyde was found at the gas-liquid volumetric flow rate ratio 

of 99 for both temperature levels of 393 K and 403K. 
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Fig. 13. (a) Effect of gas-liquid two-phase volumetric flow rate ratio on the yield of benzaldehyde. 

(b) Micrographs showing changes of the flow state with different flow rate ratios at gas flow rates 

of (1) 900 μL/min,(2) 990 μL/min, (3) 1080 μL/min, and (4) 1170 μL/min. VBNOH/VWater = 1, CB = 

4.0 wt%, reaction tube length = 5.0 m. 

3.2.7 Effects of the reactor tube inner diameter 

It is well known that the size of the reactor tube inner diameter has a great influence 

on the gas-liquid flow dynamics in the microchannel as the linear velocity of the fluid 



changes at a given volumetric flow rate, that further affect the mass transfer and 

ultimately the reaction outcomes. Fig. 14 depicted the influence of the reactor tube 

inner diameter on the yield of the benzaldehyde and the flow state within the 

microchannel operated at a constant volumetric flow rate. When the reactor tube inner 

diameter decreased from 1.59 mm to 0.5 mm, the yield of benzaldehyde increased 

approximately in linear from 14.67% to 35.39%. This was primarily due to the fact 

that the mixing process in the liquid phase and the mass transfer process between two 

phases were enhanced by decreasing the inner diameter of microchannel. Firstly, as 

the total volumetric flow rate and gas-liquid flow rate ratio were kept constant (e.g., 

99 μL/min), the overall apparent linear velocity increased with the decrease of the inner 

diameter. Subsequently, the internal circulation and mixing in the liquid plug were 

enhanced, as discussed above, which accelerated the regeneration rate of the liquid 

film side at the gas-liquid phase interface and enhanced the mass transfer in the liquid 

phase. Secondly, when the tube inner diameter decreased, the formation frequencies 

of bubbles and liquid plugs increased, on the contrary, the lengths of bubbles and 

liquid plugs decreased accordingly, as evidenced in the experiments with the inner 

diameters of 0.5 and 1.59 mm displayed in Fig. 14(b). In that case, the specific phase 

interface area between the gas and liquid phases and the mass transfer rate of O2 to the 

liquid phase increased, respectively. Finally, in order to keep the total volume of the 

microchannel constant, the length of the tube must be extended due to the reduction of 

its inner diameter. The pressure drop in the extended tube increased, and subsequently 

the pressure of dispersed bubbles in the microchannel increased, which further 

promoted the mass transfer of O2 into the liquid phase. Based on the combination of 

these above factors, the yield of benzaldehyde showed an increasing trend with the 

decrease of tube inner diameter. 
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Fig. 14. (a) Effects of reactor tube inner diameter on the yield of benzaldehyde. (b) Micrographs 

of different tube inner diameters showing different flow states with an inner diameter of (1) 0.5 

mm, and (2) 1.59 mm. VBNOH/VWater = 1, O2/BNOH (mol/mol) = 0.68, CB = 4.0 wt%, T = 393 K. 

3.3 Interfacial catalytic mechanism of Pickering emulsion in microchannels 

This is a complex system involving Pickering emulsion enhanced multiphase (gas-

liquid-solid) catalytic reaction under Taylor flow along microchannel, influenced by a 

number of factors as demonstrated above. In order to further understand the 

interaction between various factors on the catalytic oxidation of benzyl alcohol, the 

interfacial catalytic mechanism in Pickering emulsion was established in this study 

from the perspective of mass transfer between multiple phases in microchannels. 

Based on previous research on mass transfer process in related systems, a unit-cell 

model [49] was usually constructed including gas bubbles, liquid slugs & Pickering 

emulsion, and liquid films on channel wall. The model is schematically shown in Fig. 

15.  

On the one hand, there was the thin film between the bubble and the channel wall 

in the slug flow pattern, which provided a large phase interface area and intensified 

the mass transfer of O2 from gas phase to the continuous phase. On the other hand, 

there was an internal circulation in the continuous liquid phase of the multiphase flow 

system, which was presented as a centrally symmetrical distribution as shown in 

Supplementary (Video 1) that was consistent with the unit-cell model (Fig. 15). The 

internal circulation in the continuous phase accelerated the regeneration rate of the 



liquid film side at the gas-liquid phase interface and enhanced the mixture in the 

liquid phase body.  

 

Fig. 15. Unit-cell model of Taylor flow with Pickering emulsion along microchannel. 

In order to understand the mass transfer process and the control step of the catalytic 

oxidation of benzyl alcohol within the multiphase flow system, a schematic diagram 

of the mass transfer process for the Pickering emulsion-O2 system in a microchannel 

is shown in Fig. 16. Since the multiphase flow system contained gas phase, oil phase, 

water phase, and solid phase, the mass transfer process of the system was very 

complicated, involving multiple mass transfer paths. On the one hand, the catalytic 

oxidation reaction of benzyl alcohol mainly took place in the continuous aqueous 

phase. The mass transfer paths involved in this process included the oxygen 

molecules diffusing from the bubble into the continuous phase and the benzyl alcohol 

diffusing from the dispersed droplets of oil phase into the continuous aqueous phase. 

In the continuous phase, the benzyl alcohol reacted with oxygen catalyzed by Pd/SiO2 

catalyst particles, which were dispersed in the continuous phase because they were in 

excess during the preparation of the Pickering emulsion. Subsequently, the product 

benzaldehyde was extracted into the dispersed droplets of oil phase.  

On the other hand, the catalytic oxidation reaction of benzyl alcohol also occurred 

on the oil phase side of the oil-water interface. The mass transfer in this process 

mainly underwent through the following paths. (i) Oxygen molecules diffused from 

the bubble into the continuous phase and then entered the oil phase side of the oil-

water interface. (ii) On the oil-water interface, the oxygen reacted with the benzyl 



alcohol from the dispersed droplet catalyzed by Pd/SiO2 catalyst particles, which were 

dispersed on the oil-water interface to stabilize the Pickering emulsion. (iii) Water 

produced from the reaction was extracted into the continuous aqueous phase, while 

the benzaldehyde generated in the process remained in the dispersed droplets of oil 

phase. Since the catalytic oxidation of benzyl alcohol was a fast reaction, the reaction 

process was mainly controlled by the mass transfer process, as demonstrated by the 

above experiments. Based on the above analysis of the mass transfer paths, the mass 

transfer process involved two interfaces, i.e., the gas-liquid interface and the oil-water 

interface. Therefore, increasing the interface area of either or both of the two 

interfaces was beneficial for the intensification of the mass transfer process. 

 

Fig. 16. Schematic diagram of mass transfer process for the Pickering emulsion-O2 system in a 

microchannel. 

Then, the approaches to increasing the interface area were further analyzed, as 

follows. Since the oxygen was more excessive than the reactant benzyl alcohol in the 

reaction process, the bubble shape always remained ellipsoidal, namely keeping a slug 

flow in the flow system. In the study, the head and tail of the bubble were treated as 

hemispheres with the diameter of DB, and the body of the bubble was considered as a 

cylinder. Therefore, the surface area of the single bubble (S) can be expressed by: 

 S = πDBLB (12) 

where LB is the bubble length as shown in the above unit-cell model (Fig. 15). It was 

assumed that DB did not change when the bubble flowed along the channel. Thus, the 

volume of single bubble (V) was calculated from the following equation: 



 
V = 

πD2(L
S

– DB + LB)

4
 (13) 

where D is the microchannel diameter and LS is the liquid plug length. Because the 

film between the bubble and the channel wall in the slug flow pattern was very thin, 

the value of DB can be approximated to that of D. Finally, Eq. (13) can be rewritten 

as: 

 
V = 

πDB
2(L

S
– DB + LB)

4
 (14) 

Combined with Eqs. (12) and (14), the following equation can be obtained: 

 S

V
 = 

4LB

 DB(L
S

– DB + LB)
=

1

 DB

 
4

(1  + 
LS – DB

LB
)

 
(15) 

It can be seen from the above Eq. (15) that the larger 
S

V
 value is conducive to the 

mass transfer between gas and liquid phases, which is mainly controlled by both the 

lengths of the bubble and the liquid plug. The changes associated with the lengths of 

the bubble and liquid plug were influenced by various factors. Firstly, as the catalytic 

oxidation reaction of benzyl alcohol continuously progressed, the oxygen was 

consumed and the volume of bubble decreased. This resulted in a decrease in the 

length of the bubble, which in turn led to a decrease in the 
S

V 
. Secondly, the lengths of 

the bubble and liquid plug were influenced by the volumetric flow rate of gas phase. 

When the volumetric flow rate of liquid phase was fixed, the length of the bubble in 

the microchannel increased with the increasing of the volumetric flow rate of gas 

phase. In contrast, the length of the liquid plug decreased with the increasing of the 

volumetric flow rate of gas phase. Because the length of the liquid film between the 

bubble and the channel wall increased with the increasing of the length of bubble, if 

the volumetric flow rate of gas phase continues to increase, the liquid plug tended to 

disappear and the flow regime in the microchannel can become an annular flow, in 

line with our previous observation [50]. Thus, the value 
S

V
 increased with the 

increasing of the volumetric flow rate of gas phase. Finally, the lengths of the bubble 



and liquid plug were also affected by the volumetric flow rate of liquid phase. When 

the volumetric flow rate of gas phase kept constant and the volumetric flow rate of 

liquid phase increased, the experimental results were adverse to those associated with 

the increasing of the volumetric flow rate of gas phase. 

By varying operating variables, the interface area between oil and water phases can 

be regulated. The amount of catalyst particles played an important in determining the 

oil-water interface area. It was firstly assumed that the dimension of all oil droplets in 

the Pickering emulsion was uniform and owned the same diameter. Thus, the oil-

water interface area (SOW) in the Pickering emulsion can be expressed by: 

 
SOW = 

6VOil

DD

 (16) 

where VOil  is the volume of benzyl alcohol and DD  is the droplet diameter of the 

Pickering emulsion. 

By experiments to measure the droplet diameter with different amount of catalyst 

particles added, the oil-water interface area was obtained by Eq. (16). The results are 

shown in Fig. 17. It could be seen from the figure that when the volume of benzyl 

alcohol and water was fixed at 2.0 mL, the droplet diameter significantly decreased 

and the oil-water interface area sharply increased with an increase in the amount of 

catalyst particles. When the amount of catalyst particles increased from 0.04 g to 0.10 

g, the droplet diameter decreased from 206.93 μm to 54.19 μm, and the oil-water 

interface area simultaneously increased from 579.91 cm2 to 2214.43 cm2, respectively, 

which was equivalent to a four-fold increase in the oil-water interface area. In 

addition, a larger droplet diameter due to the lower amount of catalyst particles 

resulted in a poor stability of the Pickering emulsion, as demonstrated in the previous 

section. Once the demulsification and coalescence of droplets in the Pickering 

emulsion occurred, the interfacial area between oil and water phases decreased 

sharply. 
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Fig. 17. Effects of the amount of catalyst particles on droplet diameter and oil-water interface area 

Another important operating variable influencing the oil-water interface area was 

the volume of the dispersed oil phase. The experimental results (Fig. 18) indicated 

that by fixing the amount of catalytic solid particles and the volume of the water 

phase, the droplet diameter significantly increased with the increasing of the volume 

of the dispersed oil phase. This was mainly due to the fact that there were insufficient 

catalytic solid particles to cover the oil-water interface with increasing volume of the 

dispersed oil phase. Since the volume of the dispersed oil phase was not kept constant, 

it was difficult to only determine the oil-water interface area as an absolute quantity. 

Thus, the new parameter, namely, specific interface area (SA) was introduced to 

analyze the effects of the dispersed oil phase volume on the oil-water interface area, 

which was defined as: 

 
SA = 

SOW 

VOil

 (17) 

Combined with Eqs. (16) & (17), the final SA was expressed as: 

 
SA = 

6

DD

 (18) 

As shown in Fig. 18, the value of SA decreased when the volume of the dispersed 

phase increased, as expressed in Eq. (18), being inversely proportional to DD. Based 

on the above analysis, it can be concluded that the effects of reducing the dispersed 

phase volume on the oil-water interface area was equivalent to the effect of increasing 

the amount of catalytic solid particles on the specific interface area.  
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Fig. 18. Effects of dispersed oil phase volume on droplet diameter and specific interface area. 

4. Conclusion 

The fouling and clogging of microchannels caused by solid particles hinder the 

application of microchannel reactors for multiphase catalytic reactions involving solid 

particles. In this study, the Pickering emulsion assisted gas-liquid-solid multiphase 

catalytic oxidation of benzyl alcohol in microchannel reactors under Taylor flow was 

systematically investigated, both experimentally and theoretically. Effects of a wide 

range of operational parameters on flow hydrodynamics, mass transfer and reaction 

performance were investigated, including reaction temperature, amount of catalytic 

solid particles, oil-water phase volume ratio, reactor tube length, total flow rate, gas-

liquid phase volumetric flow rate ratio and microchannel reactor tube diameter. 

Furthermore, theoretical analysis was conducted to investigate the interaction of 

various factors on the catalytic oxidation of benzyl alcohol. The interfacial catalytic 

process mechanism was established from the perspective of mass transfer between 

multiple phases.  

(1) Compared to W/O Pickering emulsions, O/W Pickering emulsions showed better 

performance for the catalytic oxidation of benzyl alcohol in terms of product yield 

of benzaldehyde. 

(2) Higher catalyst to benzyl alcohol mass ratios (CB) provided higher stability of 

Pickering emulsion in the reaction process and higher product selectivity by 



eliminating droplet coalescences. 

(3) When CB was below 2.0 wt%, the Pickering emulsion tended to undergo 

demulsification during the continuous flow process, whilst higher CBs (above 5.5 

wt%) resulted in the catalytic solid particles to adhere to the microchannel wall, 

particularly at high temperatures and low flow rates. The optimal CB range was 

found to be is 2.0-5.5 wt% under the operation conditions. 

(4) The yield of product benzaldehyde increased with the increase of total volumetric 

flow rate before levelling off at 820 μL/min, indicating that the effect of mass 

transfer resistance on the conversion of benzyl alcohol was neglectable at the 

higher total volumetric flow rates (> 820 μL/min), where the reaction process was 

controlled by the intrinsic kinetics. 

(5) A mass transfer model was proposed mapping the mass transfer pathways in the 

Pickering emulsion assisted catalytic oxidation of benzyl alcohol in a Taylor flow 

microchannel reactor in order to gain insights into the mechanism of the 

multiphase transport-reaction system, involving mass transfer across both gas-

liquid and oil-water interfaces. Methods for regulating the interface areas of gas-

liquid and oil-water phases were further developed. 
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