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Abstract 1 

 2 

Dense and porous nanostructured carbon particles were successfully synthesized via spray 3 

pyrolysis of phenolic resin and polystyrene latex. An approach to estimate the size and 4 

size-distribution of the synthesized carbon particles is presented here. The size of dense carbon 5 

particles was found to be mainly determined by the concentration of phenolic resin in the 6 

precursor. Meanwhile, the size and morphology of porous carbon particles were found to be 7 

affected by the concentration of the polystyrene latex particles used as the template. A residual 8 

ratio was introduced as a variable to represent the shrinkage due to phenolic resin decomposition. 9 

New correlations were developed that permit estimation of the mean diameter and 10 

size-distribution of the synthesized carbon particles from the phenolic resin concentration. Good 11 

agreement was observed between predicted values and experimental results. 12 

 13 

Keywords: Particle size, Size-distribution, Nanostructurization, Carbon particle, Sprayed 14 
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 1 

1. Introduction 2 

The aerosol process allows scalable synthesis of functionalized, ultrafine particles with 3 

particular physical and chemical properties from molecular precursors [1, 2]. In this method, 4 

particles are produced by either a droplet-to-particle or a gas-to-particle conversion process [3]. 5 

Spray drying is one of the droplet-to-particle methods for a wide range of applications, e.g. 6 

pharmaceuticals, foods, ceramics or catalysts [4-6]. Here, structured particles are produced from 7 

a particle suspension or a colloidal mixture that is atomized to form ultrafine droplets whose 8 

volumes are mostly occupied by solvent. The solvent is then evaporated by heating, causing the 9 

remaining components to precipitate after the mixture reaches a super-saturated state. This whole 10 

process can be carried out in several seconds [7]. The produced particles may exhibit a range of 11 

sizes and morphologies according to the characteristics of precursor, the size of the droplets and 12 

other operating conditions. Particles with a narrow size-distribution are preferable to obtain 13 

homogeneous properties, for example for understanding flow and dispersion [6, 8, 9]. In light of 14 

this preference, ultrasonic atomization—rather than two-phase atomization—tends to be used for 15 

droplet production since it can produce tightly-controlled, micrometer-sized droplets [10]. 16 

Ultrafine particles with a narrow size-distribution and controllable morphology can also 17 

be synthesized by spray pyrolysis. Although the basic principle is similar to that for spray drying, 18 

the presence of chemical decomposition at elevated temperatures differentiates spray pyrolysis 19 

[11], as shown in Figure 1. The precursor of the spray pyrolysis process is usually metal salts or 20 

simple organic materials [12]. For example, phenolic resin was successfully used as the starting 21 

material for carbon particle synthesis by pyrolysis [13-16], and also has potential for scaled-up 22 

carbon particle production as it is a relatively low-cost raw material.  23 

 24 
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 2 

Figure 1.Illustration of spray drying (a) and spray pyrolysis (b) 3 

 4 

In the scaled-up production of nanostructured carbon particles, the particle surface area is 5 

a key quality objective. For example, for particles used as catalysts a higher surface area is 6 

desired because it is one of the factors that determine catalytic activity. Because particle size and 7 

morphological structure are among the determining factors of particle surface area, a number of 8 

works have studied these factors. Morphological control of carbon particles, including control of 9 

the pore size and structure, has been carried out using a number of techniques, such as employing 10 

a template and using different derivations of phenolic resin [17, 18]. Controlling the particle size 11 

requires an adequate understanding of the factors that contribute to the particle size and the 12 

correlation between them. Through such correlation, the concentration of phenolic resin that is 13 

required to attain certain particle size can be determined.  14 

Correlation between the final particle size and the starting material in the case of spray 15 

drying has been studied with the particle size found to be predicted by the following equation [19, 16 

20]. 17 
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ρ,,,, ,, MCDD vdvp  denote the average particle diameter, the average droplet diameter, the 1 

droplet concentration, the molecular weight of droplet and the particle mass density, respectively. 2 

The subscript  corresponds to the component sequence. Although some disagreements were 3 

reported at certain levels of starting material concentration [19], most of experimental data for 4 

both dense and porous particles showed good agreement with the correlation in terms of particle 5 

size and particle size distribution [7, 20].  6 

Although Equation (1) demonstrates the correlation for spray drying, to the best of our 7 

knowledge a correlation between particle size and precursor properties specifically applicable to 8 

nanostructured carbon particle synthesis by spray pyrolysis has not yet been developed. Indeed, 9 

Equation (1) may not be applicable for carbon particles derived from phenolic resin using spray 10 

pyrolysis because the equation only considers water evaporation during particle generation. 11 

However, in the spray pyrolysis of phenolic resin, several gases are also released through 12 

polymeric reactions which have important implications for predicting particle size [21]. Notably, 13 

the loss of these gases will decrease the mass of the synthesized particles, causing the particle to 14 

shrink after carbonization. Understanding the decomposition stoichiometry is one approach to 15 

evaluate the particle size but this is difficult for the phenolic resin decomposition where the 16 

stoichiometry is difficult to determine. Therefore, another approach is needed toevaluate the 17 

carbon particle size. 18 

This paper aims to define an approach to establish new correlations to estimate the size 19 

and size-distribution of dense and porous carbon particles formed by spray pyrolysis. The 20 

correlations include a parameter to represent phenolic resin decomposition in spray pyrolysis and 21 

pores formation due to the addition of a template molecule.  22 

 23 

2. Material and Methods 24 

2.1.  Carbon particle synthesis 25 

Two types of carbon particles—dense and porous—were prepared. Dense carbon 26 

particles were prepared from an aqueous solution containing resole-type phenolic resin 27 

(Sumitomo Bakelite Co., Ltd., Tokyo, Japan) as the precursor. Five concentrations of the 28 

phenolic resin were used; 0.06, 0.125, 0.25, 0.5 and 1 wt%. A mixture of phenolic resin and 29 

negatively-charged polystyrene latex (PSL; particle size of ~230 nm) was prepared for porous 30 
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carbon particle production. The phenolic resin concentration was maintained at 0.25 wt% while 1 

the mass ratio of PSL to phenolic resin was studied at 0.8, 1.6 and 3.2. 2 

Spray pyrolysis experiments were carried out using the setup shown in Figure 2. The 3 

apparatus consists of an ultrasonic nebulizer (1.7 MHz, NE-U17, Omron Healthcare Co., Ltd., 4 

Kyoto, Japan) for droplet production, a tubular furnace (length: 1100 mm; inner diameter: 13 5 

mm) and a filter where sample was collected. The furnace was divided into low- and 6 

high-temperature zones, with each zone including two sections. The upper and lower sections in 7 

the low-temperature zone were maintained at a temperature of 350 and 150 °C, respectively. The 8 

temperature in the high-temperature zone was determined following the preliminary experiments 9 

detailed below. Nitrogen (N2), flowing at 0.8 L min
−1

, was used as the inert carrier gas. 10 

 11 
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Figure 2. Schematic of spray pyrolysis experiment 13 

 14 

2.1.1. Preliminary experiments 15 

Preliminary experiments were carried out to determine the optimum temperature 16 

configuration for the high-temperature zone. According to thermogravimetric analysis of 17 

phenolic resin decomposition in an inert environment [22], water evolution from condensation 18 

reactions start when temperatures increase above 350 °C. Methylene scission leading to drastic 19 
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decomposition then occurs at approximately 500°C. At a temperature of 800 °C the weight-loss 1 

curve showed relatively small changes, indicating that carbonization nears completion at this 2 

temperature [23]. Further analysis with the furnace shown in Figure 2 operating at different 3 

temperatures resulted in the various particles presented in Figure 3. After spray pyrolysis at 4 

350 °C, yellow-colored particles were obtained with no major decomposition assuming to have 5 

taken place (Figure 3a). Spray pyrolysis at 500 °C resulted in the brown-colored particles (Figure 6 

3b) confirming the onset of significant decomposition. At 850 °C, black-colored particles were 7 

obtained, as shown in Figure 3(c), indicating that the carbonization process was almost complete. 8 

Figure 3(d) also shows black particles, which resulted from temperatures of 1000 °C. 9 

Considering the short residence time during spray pyrolysis, the potential for a non-uniform 10 

temperature distribution and some, albeit small, changes in the weight-loss curve at 800 °C, it 11 

was decided to perform spray pyrolysis at the higher temperature of 1000 °C. 12 

 13 

 14 

Figure 3. Color of captured material prepared at (a) 350 ºC, (b) 500 ºC, (c) 850 ºC and (d)  15 

1000 °C. 16 

The temperature distribution inside the furnace was then modeled using a heat transfer 17 

simulation (Flex PDE 6.0) using the following equation. 18 
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z  and r  are the axial and radial directions, respectively. Figure 4 shows the furnace 1 

temperature distribution for temperatures of 150 and 350 °C for the low-temperature zone, and 2 

1000 °C for the high-temperature zone. At the N2 flowrate of 0.8 L min
−1

, the heating rates of 3 

zone I, zone II, and the combination of zones III and IV, was estimated to be 45, 50 and 145 °C 4 

s
−1

 respectively. These values for heating rate and temperature distribution were considered 5 

acceptable for performing spray pyrolysis. 6 
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Figure 4. Furnace temperature distribution 8 

2.2.  Droplet characterization 9 

Droplet diameter was measured using the laser diffraction technique (Spraytec, Malvern 10 

Instrument Ltd., Malvern, UK) while the surface tension of the precursor solutions was measured 11 

using a Wilhelmy Plate Tensiometer (Kyowa Interface Science Co. Ltd., Saitama, Japan). 12 

 13 

2.3. Particle characterization 14 

The physical morphology of the particles was observed using a field-emission scanning 15 

electron microscope (SEM; S-5000, 20kV, Hitachi High-Tech. Corp., Tokyo, Japan), while the 16 

porosity of the particle was estimated using topological observation. Number-average particle 17 
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diameters ( npD , ) were determined by measuring the diameter of more than 300 1 

randomly-selected particles. The obtained npD ,  were then converted to volume-average 2 

diameters ( vpD , ) using Equation (2). 3 
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All of the experiments, including spray pyrolysis, droplet characterization and particle 4 

characterization, were conducted three times. Average value was taken from three separate sets 5 

of data. 6 

 7 

3. Results and Discussion 8 

3.1. Morphological structure 9 

After spray pyrolysis at 1000 °C, spherical dense particles were obtained from the 10 

phenolic resin precursor, as shown in the single-particle SEM images in Figure 5. Che et al. [24] 11 

and Lenggoro et al. [25] stated that dense particles could be formed if simultaneous precipitation 12 

took place within the droplet, with this process dependent on the solute concentration profile 13 

inside the droplet [26]. The concentration profile of the phenolic resin depends on the diffusion 14 

rate of phenolic resin within the droplet and rate at which water evaporates. Taking these two 15 

parameters into consideration, we hypothesize that simultaneous precipitation in the spray 16 

pyrolysis of phenolic resin-water system occurs due to the very rapid diffusion of phenolic resin 17 

within the droplet relative to the water evaporation rate. Rapid diffusion of the phenolic resin 18 

allows faster self-assembly, which results in the higher phenolic resin concentration at the center 19 

of the droplet (negative concentration gradient). Rapid phenolic resin diffusion may be attributed 20 

to the low heating rate in the water evaporation stage [25]. 21 

 22 

150 nm150 nm 150 nm 150 nm

(a) (b) (c) (d) (e)
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 23 

 24 

Figure 5. SEM images of single, dense particles generated from phenolic resin at a concentration 25 

(wt%) of (a) 0.06, (b) 0.125, (c) 0.25, (d) 0.5, and (e) 1.0. 26 
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 1 

According to Figure 5, all of the obtained particles were completely spherical with no 2 

trace of particle explosion. Particle explosion usually occurs due to a pressure build up inside the 3 

crust [27], with the crust formed when the solute at the droplet surface reaches its 4 

super-saturation state. The absence of a crust in these images supports the hypothesis that the 5 

self-assembly process of phenolic resin was more rapid than the water evaporation rate. 6 

At similar operating conditions, the addition of negatively-charged PSL particles allows 7 

the formation of pores, as seen in Figure 6. Here, both phenolic resin and PSL self-assembled 8 

within the droplet. Because both phenolic resin and PSL were negatively charged, phenolic resin 9 

and PSL particles repelled each other causing both sets of particles to be independently 10 

distributed throughout the droplet. When exposed to high temperatures the PSL particles 11 

decomposed leaving pores in the structure. As the concentration ratio of PSL to phenol resin was 12 

increased, PSL particles occupied a greater proportion of the droplet with their decomposition 13 

giving rise to a synthesized carbon with a higher porosity, as shown in Figure 6. 14 

 15 

(a) (b) (c) (d)

150 nm 150 nm 150 nm 150 nm

 16 

 17 

Figure 6. SEM images of single, porous particles produced from PSL: phenolic resin precursor 18 

mixtures of (a) 0, (b) 0.8, (c) 1.6 and (d) 3.2. For all cases the phenolic resin concentration was 19 

0.25 wt% 20 

 21 

3.2. Trends of final particle size 22 

3.2.1. Dense particles  23 

Figure 7 shows the increase in particle size with increasing concentration of phenolic 24 

resin. This result aligns with the trend predicted by Equation (1) despite the significant deviation 25 

in the predicted particle size. Because the phenolic resin was homogeneously mixed, a uniform 26 

phenolic resin concentration can be assumed across the droplets. At higher concentrations of 27 

phenolic resin, more phenolic resin was available in the droplet to precipitate during the spray 28 
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pyrolysis. Particle formation was assumed to follow the one-droplet-one-particle principle. 1 

Therefore, higher phenolic resin concentration is expected to result in large particles. 2 

However, Figure 8 (a) shows that the trend in the droplet size is inversely proportional to 3 

the trend of the particle size. This is likely explained by the fact that the addition of phenolic 4 

resin acts to decrease the surface tension. Here, according to the correlations proposed by Lang 5 

et al. [28] and Rajan et al. [10], a decrease in surface tension leads to a decrease in the size of the 6 

droplets produced by the ultrasonic nebulizer, as shown in Figure 8 (b). Nevertheless, the 7 

experimentally-derived relationship between the droplet and particle diameters seems to disagree 8 

with Equation (1), in which particle diameter is proportional to both droplet diameter and 9 

phenolic resin concentration. This disagreement emphasizes that the concentration of the solute 10 

is more important than the droplet size in determining the final particle diameter. 11 
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 2 

Figure 7. SEM images and size-distributions of particles generated from various wt% of phenolic 3 

resins: (a) 0.06, (b) 0.125, (c) 0.25, (d) 0.5 and (e) 1.0. 4 
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  3 

Figure 8. Effect on droplet diameter of (a) phenolic resin concentration and (b) surface tension. 4 
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3.2.2. Porous particles 1 

In the case of porous carbon, Figure 9 shows that the particle enlarged when the PSL to 2 

phenolic resin ratio was increased from 0.8 to 1.6, but that little change was observed when the 3 

ratio was further increased to 3.2. The enlargement of the particles is proportional to the 4 

porosities, which were observed to be 0.21, 0.38, and 0.47 for PSL to phenolic resin mass ratio 5 

of 0.8, 1.6, and 3.2, respectively. Because the phenolic resin concentration was held constant, 6 

this may be explained by limited particle shrinkage during the earlier stage of carbonization 7 

where PSL particles should have started to decompose. The remaining PSL particles during the 8 

early stage may have acted as a barrier to shrinkage, which was then only driven by the phenolic 9 

resin. Significant shrinkage of the particle only then occurred when PSL particles had completely 10 

decomposed. At high PSL concentrations, this barrier to shrinkage becomes more dominant and 11 

results in insignificant changes to the overall particle size. 12 

 13 
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Figure 9. SEM images and size distributions of particles generated from PSL: phenolic resin 2 

concentrations of (a) 0.8, (b) 1.6, and (c) 3.2. For all cases, the phenolic resin concentration was 3 

0.25 wt%. 4 

 5 

3.3. Developing a correlation for dense particles 6 

A number of factors were then considered in the development of the correlation to predict 7 

particle size. The dimension of a particle can be estimated if the mass and the mass density of the 8 

particle are known, but in spray pyrolysis the starting material decomposes into a number of 9 

decomposition products [21, 29]. Determining the conversion of a precursor is simpler if the 10 

stoichiometry of the decomposition is well understood, but this is not the case for the pyrolysis 11 

of phenolic resin. Jiang et al. [30] used a simulation approach to determine the number of gas 12 
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molecules released during the spray pyrolysis of phenolic resin. However, their simulation did 1 

not fully represent the complete pyrolysis process and the stoichiometry cannot be extracted 2 

from it.  3 

Because a representative reaction model is not available, another approach to 4 

approximate the phenolic resin to carbon ratio by measuring the pyrolysis yield was carried out.  5 

Pyrolysis yield was obtained by measuring the mass of the obtained particles divided by the mass 6 

of consumed phenolic resin. The average yield of carbon from phenolic resin using spray 7 

pyrolysis in our experiments was 21.63% (mass basis) and remained constant at phenolic resin 8 

concentrations between 0 and 1 wt%. Assuming that the measured particles were obtained from a 9 

complete decomposition reaction, this value is hereafter referred to as the residual ratio (α ), 10 

which is defined as the mass ratio between the yield and the main precursor component. The 11 

mass of the converted phenolic resin ( phX ) is explained by Equation (4) as follows: 12 

αρ phddph CVX =  

(4) 

where 
d

V  is the droplet volume, 
d

ρ  is droplet density, and phC  is the concentration of the 13 

phenolic resin. According to the mass conservation law, the value of phX  is equal to the mass 14 

of the final particle, hence: 15 

cpphdd VCV ραρ =  (5) 

where pV  and 
c

ρ  are the particle volume and carbon mass density, respectively. Both the 16 

droplet and the particle are assumed to be perfectly spherical with a volume defined as (4/3)πr
3
. 17 

Equation (5) then becomes:  18 
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While rearrangement of Equation (4) gives: 19 
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Figure 10 (a) compares the mean particle diameters predicted by Equation (7) with 20 

experimental measurements. Equation (7) demonstrates a good fit to the experimental data, lying 21 

within the measurement standard deviation, and shows a significant improvement from Equation 22 

(1) (inset). 23 
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Figure 10. Comparison of experimental results with predicted mean diameters for (a) 3 

dense carbon particles using Equations (1) (inset) and (7), and (b) porous carbon particles using 4 

Equation (11).  5 
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Equation (7) was then used to predict final particle size distribution from the droplet size 1 

distribution data. The results shown in Figure 7 indicate that the predicted modal mean of the 2 

particle distribution largely coincides with that measured experimentally. However, the measured 3 

particle size distribution was wider than predicted by Equation (7). This suggests some of the 4 

particles failed to satisfy the one-droplet-one-particle formation principle with a small amount of 5 

droplets either segregating or aggregating. A detailed explanation of the formation mechanism 6 

merits further study, although a preliminary, speculative mechanism using a momentum balance 7 

is proposed here. Using the principle of the conservation of momentum, the velocity profile 8 

inside the tube was approximated by Equation (8). 9 
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The velocity profile of the fluid inside the tube (based on FlexPDE simulation results) is shown 10 

in Figure 11 where the velocity at the center of the tube was higher than at the edge. The 11 

difference in velocity causes the droplets at the center of the tube to be displaced faster than 12 

those at the edge resulting in inter-droplet friction. Such friction could either lead droplets to 13 

agglomerate or segregate, as illustrated in Figure 11. 14 

 15 
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 17 

Figure 11. Schematic of velocity profile inside the tube at distance of 5 cm from the tube inlet 18 

illustrating the impact of friction between droplets with different velocities.  19 
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The difference between the predicted and measured particle size distribution, although 1 

small, suggests the possibility of producing particles with a relatively wide size distribution from 2 

droplets with narrow size distribution.  3 

 4 

3.4. Developing a correlation for porous particles 5 

While Equation (7) can successfully predict the size of dense carbon particles, further 6 

improvement is required for determining the size of porous particles. The addition of the 7 

template PSL created a number of pores in the particles. Although shrinkage of the particle still 8 

occurred following carbonization, the existence of the pores resulted in an increased size 9 

compared to the dense carbon particle. At higher PSL concentrations more pores were formed, 10 

further increasing the particle size. The number of pores is represented by the porosity ( ε ), 11 

which is defined as the ratio of pore to particle volume. Here, both α  and ε  are important in 12 

determining the final size of porous carbon particle. 13 

Since porosity is defined as the ratio of pore to particle volume, the fraction of the solid 14 

phase in the particle will be equal to ( )ε−1 . According to the topological measurement, the 15 

solid fractions of carbon particles were 0.79, 0.62, and 0.53 for PSL to phenolic resin mass ratio 16 

of 0.8, 1.6, and 3.2, respectively. In developing the correlation, it is assumed that the solid phase 17 

in the porous particle is entirely carbon and that the mass of the phenolic resin that decomposes 18 

into carbon is equal to the mass of the solid phase of the particle. Therefore, the mass balance 19 

equation is rewritten as: 20 

( )εραρ −= 1cpphdd VCV  (9) 

Modeling both the droplet and carbon particle as spheres yields: 21 
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which can then be rearranged to the form shown in Equation (11). 22 
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Figure 10 (b) shows that Equation (11) can estimate the average particle size while the 23 

equation also shows good agreement with experimental data for the particle size distribution 24 
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(Figure 9). Similar reasons for slight deviations between experimental and modeled results exist 1 

for the same reasons as detailed for the dense particle case.  2 

From the results here, a PSL to phenolic resin ratio of 3.2 is considered to be the 3 

maximum applicability limit of Equation (11) as well as the upper limit for synthesis of porous 4 

carbon particles as at higher ratios the particles tend to become brittle due to the very high 5 

porosity. As a result, a number of particles break apart and can no longer be treated as spherical. 6 

A further limiting factor is that the particle structure of PSL during self-assembly tended to be 7 

polygonal or polyhedral [31, 32]. Hence, at high PSL concentration the particle morphology 8 

would follow the structure of PSL again making spherical morphologies less common.  9 

 10 

4. Conclusions 11 

Correlations to predict the final particle size of dense carbon particles derived from 12 

phenolic resin and porous carbon particles derived from phenolic resin and a PSL template, 13 

synthesized via spray pyrolysis, have been developed. A residual ratio was introduced as a 14 

variable to represent the shrinkage during phenolic resin decomposition. In the porous carbon 15 

particle correlation, both residual ratio and porosity were considered in determining the particle 16 

size. Using the correlations to predict mean particle diameters showed good agreement with 17 

experimental results. The size of dense carbon particles was found to be strongly influenced by 18 

the concentration of the phenolic resin. Up to a limiting concentration, the addition of PSL also 19 

influenced the size of porous carbon particles. The predicted particle size distributions were 20 

narrower than experimental results, possibly due to the segregation and agglomeration of the 21 

droplets inside the tubular furnace, but particle size distribution was still well-predicted by the 22 

developed correlations. 23 
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Highlights: 1 

• Droplet diameter was measured using laser diffraction technique 2 

• Pyrolysis conversion of phenolic resin to nanostructured carbon was evaluated 3 

• New equation to predict carbon particle size was developed from mass balance 4 

• Shrinkage of carbon particle is included in the proposed equation  5 

• Particle diameters from proposed equations and measurement are in good agreement 6 

 7 

 8 


