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Abstract 

 The effects of the addition of n-butanol on the formation of hydrocarbons and 

polycyclic aromatic hydrocarbons (PAHs) of n-heptane combustions were investigated using 

a micro flow reactor (MFR) with a controlled temperature profile. The concentrations of small 

and large hydrocarbons, as well as PAHs were measured at a maximum wall temperature of 

1,100 K and atmospheric pressure. The values obtained from several mechanisms were 

compared to the measurement values at equivalence ratios of 2.0 - 5.0. The CRECK mechanism 

was in fair agreement with the measurements under similar parametric settings. 

 The computational results confirmed that the concentration of the PAHs and soot 

precursors’ decreased, while that of CO and CO2 increased due to the addition of butanol. These 

trends were also shown by the measurement values. The reaction path and rate of production 

analyses were carried out to identify the major reactions contributing towards species 

concentrations (146 words/150 words). 
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Introduction 

 Polycyclic Aromatic Hydrocarbons (PAHs) and soot emission are known to be harmful 

to humans (Barfknecht 1983; Nielsen et al., 1996), the environment (Andreae 2001; Bond et 

al., 2013) and engines (Green and Lewis 2007; Mahmood 2011). Soot is produced from the 

accumulation of hydrocarbons and PAHs (Haynes and Wagner 1981; Glassman 1988; Randall 

et al., 1997; Ruiz et al., 2007), which renders the reduction of hydrocarbons and PAHs 

extremely important in the context of solving the aforementioned associated problems. 

 Alexandrino et al. (2016) posited that one method that can be used to reduce soot 

emission from engines is mixing the main fuels with additives, such as oxygenated fuels. 

Westbrook et al. (2006) came up with and used a chemical kinetic model to elucidate the effects 

of the addition of oxygenated hydrocarbons on soot emissions from diesel engines. He reported 

that most of the oxygen atoms in oxygenated fuels produce increased amounts of CO and CO2, 

and the stagnation of the content of CO and CO2 in the emission reduced the subsequent 

concentration of soot precursor. Esarte et al. (2012) analyzed the pyrolysis of acetylene as a 

baseline, mixed with methanol, ethanol, iso-propanol, and n-butanol in a flow reactor. Their 

results and subsequent conclusion were similar to that of Westbrook et al. (2006), reporting 

that alcohol reduced the concentration of soot in the emission. The mixed fuel mostly forms 

into CO and CO2, which then remove the carbon from alcohol, negating soot formation 

pathways in this case, resulting in reduced soot formation. 

 Butanol, which is an oxygenated fuel, is a promising alternative fuel and is regarded as 

a second generation biofuel (Jin et al., 2011; He et al., 2013). Butanol is being studied due to 

its superior properties relative to methanol and ethanol (Merola et al., 2012; Yang et al., 2014), 

such as its higher energy density (Merola et al., 2012), excellent intersolubility relative to base 

fuels such as gasoline and diesel (Rakopoulos et al., 2010), and lower corrosion ability (Grana 

et al., 2010) and vapor pressure (Sarathy et al., 2009; Grana et al., 2010). Moreover, butanol, 

as an oxygenated fuel, is known for its capability for reducing soot. This increased interest in 

soot reduction via the application of butanol as a fuel additive. n-butanol was selected for use 

in this study, while n-heptane was selected as the base fuel, due to its status as being one of the 

components of primary reference fuel (PRF) for verifying gasoline octane number and also an 

element of commercial gasoline.  

 Overview of previous studies involving heptane and butanol are tabulated in Table 1, 

encompassing parametric conditions, measured properties, and experimental devices. 
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Table 1 Previous studies on n-butanol and n-heptane. 

Fuel Temperature [K] Equivalence 

ratio 

Pressure  Measured properties Experimental device Reference 

n-butanol Flame: 400 to 

2,000 

JSR: 850 to 1,250 

0.25 to 2 1 [atm] Species measurement 

and chemical kinetic 

mechanism 

JSR, counterflow 

diffusion flame with 

FTIR and GC 

(Sarathy et al. 

2009) 

n-butanol 1,100 to 1,800 0.5, 1.0 and 

2.0 

1, 2.0 and 8 

[atm] 

Ignition delay times  Shock tube (Black et al. 2010) 

n-butanol/O2/Ar 1,200 to 1,650 0.5, 1.0 and 

2.0 

2, 5 and 10 

[atm] 

Ignition delay times Shock tube (Zhang et al. 2012) 

Butanol isomer 500 to 2,000 0.7 to 1.6 1 to 80 [atm] Chemical kinetic 

mechanism 

JSR, MBMS, Shock tube 

and RCM 

(Sarathy et al. 

2012) 

n-heptane/n-

butanol 

1,200 to 1,500 0.5 and 1.0 2 and 10 [atm] Ignition delay times Shock tube (Zhang et al. 2013) 

n-butanol/n-

dodecane 

1,200 to 1,600 2.2 1 [atm] Sooting behaviour A two-stage burner with 

SMPS 

(Ghiassi et al., 

2014) 

n-heptane Ignition delay 

times: 726–1,412  

Species: 500–

1100 

0.25, 2.0 and 

4.0 

1 [atm] Ignition delay times Shock tubes (Zhang et al. 2016) 

Diethyl ether 

(DEE) and n-

butanol/n-butane 

400 to 2,500 

 

1.75 and 1.8 4 [kPa] 

 

Hydrocarbons related 

to soot precursor 

Measurement 

Laminar premixed 

flame, EI-MBMS-GC 

and SVUV-PI-MBMS 

(Tran et al. 2017) 

Toluene/n-

butanol 

400 to 2,000 1.75 

 

30 [torr] 

 

Flame species such as 

radicals, isomers and 

PAHs 

Synchrotron beamlines 

and SVUV-PIMS 

(Li et al. 2018) 

n-heptane/n-

butanol 

1,300 1.5 to 4 1 [atm] Sooting limits Micro flow reactor with 

a controlled temperature 

profile 

(Hafidzal et al., 

2018) 

Jet stirred reactor (JSR), fourier transform infrared spectroscopy (FTIR), gas chromatography (GC), molecular-beam mass spectrometry (MBMS), 

scanning mobility particle sizer (SMPS), rapid compression machine (RCM), electron ionization (EI), synchrotron vacuum ultraviolet (SVUV), 

photoionization (PI) 
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Sarathy et al., (2009, 2012) proposed a chemical kinetic mechanism for butanol isomers, 

and validated it using measurement values obtained from jet-stirred reactors (JSR), shock tubes, 

and rapid compression machines (RCM). Black et al. (2010) and Zhang et al. (2012, 2013, 

2016) investigated ignition delay using shock tubes at multiple temperatures, equivalence ratios, 

and pressures. Tran et al. and Li et al. conducted species measurements vis-à-vis PAHs, while 

Ghiassi et al. investigated sooting behaviors. (Hafidzal et al., 2018) analyzed the influence of 

the addition of butanol on the sooting limit of n-heptane at a maximum wall temperature of 

1,300 K, 1 atm, and equivalence ratios of 1.5 - 4.0, as per Table 1.   

To gain a more detailed insight into the parameters outlined in previous studies, a three-

dimensional graph of fundamental studies involving multiple equivalence ratios, temperatures, 

and pressures for heptane and butanol were plotted, and is shown in Fig. 1.  

 

 

Figure 1. Parameter ranges of pressure, equivalence ratio, and temperature studied for (a) 

heptane and (b) butanol. Data were from Ingemarsson et al. (1999), Davidson et al. (2007, 

2010), Smallbone et al. (2009), Yao et al. (2009), Akih-kumgeh and Bergthorson (2010), 

Yamamoto et al. (2011), Herbinet et al. (2012), Sileghem et al. (2013), Hakka et al. (2015), 

Seidel et al. (2015), Tekawade et al. (2016), Loparo et al. (2017) and Savard et al. (2018)  

studied for (a) heptane and Dagaut et al. (2009), Sarathy et al, (2009), Black et al. (2010), Togbé 

et al. (2010), Oßwald et al. (2011), Cai et al. (2012), Zhang et al. (2012), Hansen et al. (2013), 

Braun-unkhoff et al. (2017) and Tran et al. (2017) for (b) butanol. 

 

Previous studies mostly evaluated equivalence ratios of under 2.0. This could be due to 

the difficulty associated with handling stable premixed flames at higher equivalence ratios. 

This work explored the usage of higher equivalence ratios (2.0 - 5.0), which sets it apart from 

previous studies. This avenue was pursued in this work due to the capability of the MFR in 

carrying out experiments at wider equivalence ratios relative to other reported methods. 

Previous studies reported significant progress in covering an approximate range of 

temperatures (500 – 2,000 K) and pressures (1 - 10 atm). A maximum wall temperature of 1,100 

(b) butanol(a) heptane
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K and atmospheric pressure were the parameters used in this study, which takes advantage of 

the MFR, where soot formation could be prevented even at higher equivalence ratios, which 

would allow for the investigation of the formation of PAHs and soot precursors at atmospheric 

pressures and under 1,100 K for extremely fuel rich conditions.  

(Hafidzal et al., 2018) conducted an experiment involving the critical sooting 

equivalence ratio for heptane, heptane and butanol, and butanol using MFR to determine their 

respective sooting tendencies. The critical sooting equivalence ratio was defined as the lowest 

equivalence ratio where soot is evident. The experimental results confirmed that the critical 

sooting equivalence ratio for n-heptane is 2.0, which is further extended with the addition of 

butanol, implying that the addition of butanol does indeed reduce sooting tendencies. This work 

involved the continuous measurements of intermediate species related to soot formation, 

encompassing small and large hydrocarbons, as well as PAHs species. As per (Hafidzal et al., 

2018), the MFR was equipped with a sampling device to elucidate the effect of the addition of 

butanol on multiple intermediate species and equivalence ratios, including fuels in rich 

conditions.  

MFR is a simple device that was the product of micro-combustion research. Initially, it 

was used to examine the weak flames of various fuels and identify the fuels’ reactivity and 

ignition-related characteristics, such as dimethyl ether (DME) (Oshibe et al., 2010), n-heptane 

(Yamamoto et al., 2011), gasoline primary reference fuel (PRF) (Hori et al., 2012), n-heptane/n-

toluene (Hori et al., 2013), diesel surrogate (n-cetane, n-decane, n-heptane, iso-cetane, and α-

methylnaphthalene) (Suzuki et al., 2013), natural gas components (methane, ethane, propane 

and n-butane) (Kamada et al., 2014), and syngas (Nakamura et al., 2016). Previous studies also 

confirmed that the radical quenching effect(s) of the quartz tube is indeed negligible (Saiki and 

Suzuki, 2013; Kizaki et al., 2015). Subsequently, MFR was used to determine the sooting 

behavior of the tested fuels at higher equivalence ratios (Nakamura et al., 2014; Nakamura et 

al., 2015; Dubey et al., 2016; Hafidzal et al. 2018). A significant advantage of MFR is its ability 

to distinguish three separate zones, corresponding to the flame, PAHs growth, and soot 

formation.  

The objective of this study is to determine the effects of n-butanol blends on the 

formation of hydrocarbons and PAHs from fuel-rich n-heptane combustion in an MFR 

equipped with a controlled temperature profile. 



7 

 

Experimental setup and method 

 A schematic of the MFR and the wall temperature profile measured in the experiments 

are shown in Fig. 2. It consists of a quartz tube with a 2 mm inner diameter, which is smaller 

than the quenching diameter. A quartz tube is employed as its reactor channel. An external heat 

source (hydrogen/air burner) is located below the reactor channel to form a stationary 

temperature gradient in the reactor channel in the flow direction. The wall temperature along 

the inner surface of the reactor is measured using a K-type thermocouple by inserting the TC 

from the downstream end of the quartz tube.  

All of the experiments were conducted at atmospheric pressure. This study used an 

oxygenated-gasoline/diesel surrogate fuel, consisting of an n-heptane/n-butanol mixtures with 

different mole percentages, which are 100/0 (hp100), 50/50 (hp50bt50), and 0/100 (bt100). The 

fuel mixture in this study are denoted as hp100, hp50bt50, and bt100. The purities of n-heptane 

and n-butanol exceeds ~99% (Wako Pure Chemical Industries, LTD). The fuels are pumped 

using a 500 μL syringe (1750; Hamilton Co.), and the flow rate of the fuels are controlled by a 

stepping motor. A calibrated mass flow controller (3200; KOFLOC Co.) is used to control the 

air flow rates. The fuels are vaporized by air that had been heated by an electric heater, located 

on the upstream side of the quartz tube. 

Two types of gas analyzers were used for the MFR sampling experiment: 1) Gas 

Chromatography-Thermal Conductivity Detector (GC-TCD) for small hydrocarbon (C1 to C2) 

measurements, and 2) Gas Chromatography/Mass Spectrometry (GC/MS) for larger 

hydrocarbons and PAHs (C6 to C10) measurements. Fig. 2 shows a schematic diagram of the 

MFR setup equipped with GC-TCD or GC/MS.  

For the first experiment, the small hydrocarbon measurements were conducted at higher 

equivalence ratio, ϕ, of 2.0 - 5.0. The inlet mean velocity, U0, was set to 10 cm/s, and the 

maximum wall temperature, Tw,max, was set to 1,100 K. This temperature was selected after 

conducting several trial experiments to ensure the absence of soot formation during species 

measurement. The measurements target the gas phase of small and large hydrocarbons, as well 

as PAHs prior to the formation of soot.  

 To measure the small hydrocarbon species, the exit portion of the MFR was connected 

to a gas sampler. The sampling gas volume was 250 μL, with the sampling line temperature, 

Ts, maintain at 393 K via electric heaters to prevent condensation. The sampler gas was used 

to ensure that the volume of the sampling is constant prior to it flowing to GC-TCD. The GC 

(GC-2014; Shimadzu Corp.) is a model equipped with a thermal conductivity detector and TCD, 
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with helium acting as its carrier gas. Two types of columns were used: SHINCARBON ST, 

measuring 2.0 m in length with a 3.0 mm inner diameter for the sampler gas; and Shimalite Q, 

measuring 0.5 m in length and an inner diameter of 3.0 mm as its reference. The column 

temperature was set to 150 °C, while the injection temperature and TCD temperature were both 

set to 210 °C. Six species were identified, which are ethylene (C2H4), acetylene (C2H2), ethane 

(C2H6), methane (CH4), carbon monoxide (CO), and carbon dioxide (CO2). 

 

Figure 2. Schematic diagram of the MFR connected to a gas sampler and GC-TCD or GC/MS. 

 

 The second experiment measures large hydrocarbons and PAHs species measurement 

using GC/MS (Agilent 7890/5975) instead of GC. The temperature for the sampling line, Ts, 

connected to the sampler gas and GC/MS was kept at 393 K to prevent condensation. Agilent 

DB-5 ms Ultra Inert column measured 60 m in length, 250 µm in its inner diameter, and a film 

0.25 µm thick was used, with helium as its carrier gas. The temperature of the column was set 

to 325 K for 10 minutes, then increased to 473 K at 20 K/min for 2 minutes. Seven sampled 

gases, which were benzene (C6H6), phenol (C6H5OH), benzaldehyde (C7H6O), toluene (C7H8), 

styrene (C8H8), and napthalene (C10H8) were measured. The concentration of benzene were 

determined by standard calibration gas, while the concentrations of other species were 

calculated using the relative response factor. 

Computational method 

The computational method used in this work is similar to the one reported in Kamada 

et al. (2014), Kikui et al. (2015), and Dubey et al. (2016). The flow inside the reactor was 

modeled as a one-dimensional reactive steady flow with heat convection between the gas phase 

and the inner wall (Maruta et al., 2005), as shown below. 
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In this case, the PREMIX code was modified to include the energy equation. The wall 

temperature profile, pressure, and mean inlet velocity parameters used in this case is similar to 

the ones used in the experiment. Several chemical kinetic mechanisms were used for 

comparisons with the experimental results. In the case of hp100, the following mechanisms 

were used: the CRECK mechanism developed by the Chemical Reaction Engineering and 

Chemical Kinetics (CRECK) modeling group (Frassoldati et al., 2010, 2012), the Wang 

mechanism by the Engine Research Center, University of Wisconsin, Madison (Wang et al., 

2013), the reduced Livermore (Seiser et al., 2000), the KUCRS (Miyoshi, 2011),  and the 

detailed Livermore mechanisms (Curran et al., 1998; Mehl et al., 2011) developed by Lawrence 

Livermore National Laboratory. In the case of hp50bt50, the computations for the measured 

species were performed using the CRECK mechanism and Wang mechanism, while in the case 

of bt100, the CRECK, the Wang, the Sarathy Sarathy et al. (2012), and the Veloo mechanisms 

Veloo et al. (2010) were used.  

Results and discussion 

 

Species measurement of small hydrocarbons, CO and CO2. 

 

Fig. 3 shows the dependence of the measured and computed small hydrocarbon 

species’ mole fractions. The capabilities of the reaction mechanisms were examined by 

comparing its experimental results. This section details the formation of six species (C2H4, 

C2H2, C2H6, CH4, CO, and CO2), which represents the overall primary reactions from the 

pyrolysis of hp100, hp50bt50, and bt100 at multiple equivalence ratios. The measurement 

results were divided into two behaviors; the first consists of species that are directly 

proportional to the equivalence ratios, which are C2H4, C2H2, C2H6, CH4, and CO, while the 

second consists of species that are not proportional to the equivalence ratios, which is CO2. 

 The behaviors of C2H4, C2H2, C2H6, CH4, and CO will be discussed in the context of 

the first group. For hp100, KUCRS and reduced Livermore mechanism under-predicted the 

measurement of C2H4, especially at equivalence ratios of 3.0, 4.0, and 5.0. However, Wang, 

CRECK, and detailed Livermore mechanisms reported fair agreement with the measurement 

results. The capability of Wang and CRECK mechanisms for hp50bt50 were tested, and they 

reported adequate prediction. In the case of bt100, Sarathy, CRECK, and Veloo mechanisms 
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reported similar trends, with the measurement results directly proportional to the equivalence 

ratios.  

 For C2H2, most of the mechanisms under-predicted the experimental concentrations, 

but for bt100, the Veloo mechanism over-predicted the measurement results relative to the 

experimental results. The computations reported a trend similar to that of the measurement 

results of C2H6, but most over-predicted the measurement results, especially at higher 

equivalence ratio for the reduced Livermore and Wang mechanisms at hp100. It is also readily 

apparent that at an equivalence ratio of 2.0 for bt100, C2H6 cannot be detected due to its signal 

being too weak. 

 For CH4’s mole fraction, the measurements show that it is directly proportional to the 

equivalence ratios, which is a trend evident in all of the mechanisms. The computation of CH4 

mole fraction using the detailed Livermore mechanism reported better agreement in the case 

of hp100, while the CRECK mechanism reported better agreement for hp50bt50 and bt100 

relative to the other mechanisms. The highest measurements among the species are shown in 

the CO mole fraction for bt100 at ϕ = 5.0, ~20%. However, the computational results failed to 

agree with the measurements, where the mechanisms under-predicted the experimental results. 

The mechanism reporting the values closest to measurement values is CO calculated using the 

Reduced Livermore mechanism in the case of hp100. Unfortunately, this mechanism does not 

include butanol reactions, and is unavailable for hp50bt50 and bt100. The CO mole fraction 

computed by the Wang mechanism reported a completely opposing trend with the experimental 

results, which is directly proportional to the equivalence ratio. Generally, the computation 

results reported by the CRECK mechanism have a trend similar to the measurement results in 

the case of all fuels.  
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Figure 3. Experimental and computational results of a) C2H4 b) C2H2 c) C2H6 d) CH4 e) CO 

and f) CO2 for hp100, hp50bt50 and bt100 at U0 = 10 cm/s, ϕ = 2.0 to 5.0, and Tw,max = 1100 K. 
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 The second behavior shows that the CO2 is inversely proportional to the equivalence 

ratios, with all of the mechanisms reporting a similar trend to that of the measurement results 

in the case of all fuels. For hp100, the KUCRS mechanism reported the best agreement with 

the experimental results. The Detailed Livermore and Reduced Livermore mechanisms under-

predicted the concentration of CO2. However, for hp50bt50 and bt100, the CRECK mechanism 

reported better agreement with the measurements, especially at higher equivalence ratios. In 

these conditions, the Wang, Sarathy, and Veloo mechanisms under-predicted the measurements.  

 Overall, in the case of the small hydrocarbons species measurements, the CRECK 

mechanism reported fair agreements with all of the measurements. The next section details the 

application of the CRECK mechanism for the elucidation of the effect of the addition of butanol 

to n-heptane for the C1 and C2 species at equivalence ratios of 2.0 - 5.0.  

 

Effect of butanol addition on C2H2 and C2H4 as well as CO and CO2. 

 

As detailed previously, (Westbrook et al., 2006; Esarte et al., 2012) outlined that most 

of the oxygen atoms available along with the oxygenated fuels produce CO and CO2. Since 

both molecules are strongly bonded, they do not form soot, which means that the concentration 

of soot precursors such as C2H2 and C2H4 can actually be decreased. However, these studies 

did not detail the major reactions involving the targeted species. This work intends to elucidate 

the effects of the addition of butanol on C2H2, C2H4, CO, and CO2.  

Figure 4 shows a comparison of the experimental and computational results of C2H2 

and C2H4 mole fractions at ϕ = 2.0 - 5.0 and Tw,max = 1,100 K. It is apparent that the C2H4 mole 

fraction in the experiments are inversely related to the mole percentage of butanol. This trend 

was simulated using the CRECK mechanism, although there are quantitative differences 

between the measured C2H4 mole fractions and modelled predictions at ϕ = 2.0–4.0. A similar 

trend was observed for C2H2. The computation of C2H2 concentration shows excellent 

agreement with the measurement results in the case of all equivalence ratios. Here, the 

decreasing C2H4 and C2H2 concentrations confirm the capability of butanol in arresting soot 

formation.  

The effect of the addition of butanol on CO and CO2 at ϕ = 2.0 to 5.0 and Tw,max = 1,100 

K is shown in Fig. 5. A significant increasing trend is evident for CO and CO2 concentrations 

due to the addition of butanol at higher equivalence ratios (3.0, 4.0, and 5.0) relative to the 

equivalence ratio of 2.0. Overall, the CRECK mechanism reported excellent prediction for the 

CO2 mole fraction. In the case of the CO mole fraction, the trend remained consistent with the 
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measurement results, but require some modification to its mechanism.  

 
Figure 4. Effects of the addition of butanol on C2H2 and C2H4 at U0 = 10 cm/s and Tw,max = 

1,100 K. 

 
Figure 5. Effects of the addition of butanol on CO and CO2 at U0 = 10 cm/s and Tw,max = 1,100 

K. 
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The results shown in Figs. 4 - 5 confirm that increasing the mole percentage of butanol 

decreases the concentrations of C2H4 and C2H2 and increase the concentrations of CO and CO2. 

This can be due to the fact that carbon plays an important role in CO and CO2 formations as 

opposed to C2H2 and C2H4 formation.  

To further understand the influence of butanol addition on soot precursor, the behavior 

of larger hydrocarbons and PAHs species were measured. The reaction path analysis between 

small and large hydrocarbons, as well as PAHs species were also conducted. 

 

Larger hydrocarbons and PAHs species measurement. 

The capability of the CRECK mechanism vis-à-vis small hydrocarbons species 

measurements reported excellent agreement, as per the previous section. Therefore, the 

CRECK mechanism will be used for larger hydrocarbons and PAHs species measurements. 

Since the overall trend in the computation of the CRECK mechanism is similar in the case of 

all equivalence ratios, hence for large hydrocarbons and PAHs species measurement, only 

equivalence ratios of 1.5, 2.0, and 2.5 were conducted. (Hafidzal et al., 2018) stated that the 

lowest critical equivalence ratio for heptane is 2.0. Therefore, the measurement and 

computation was focused on an equivalence ratio of 2.0. 

Figs. 6 & 7 show seven sampled gases measured in this study, which were C6H6, 

C6H5OH, C7H6O, C7H8, C8H10, C8H8, and C10H8. These measurements and computations were 

conducted at conditions similar to that of the measurements of small hydrocarbon species 

outlined in previous section. The conditions were set at U0 = 10 cm/s, P = 1 atm, and Tw,max = 

1,100 K.  

The mole fraction of all of the identified species were evident in hp100, while in the for 

hp50bt50, only C6H6, C6H5OH, and C7H8 were detected. However, in the case of bt100, none 

of the species were detected, since the signals were too weak. This indicates that the measured 

species’ concentration are inversely proportional to butanol’s mole percentages, which also 

confirms the capability of butanol as oxygenated fuel towards inhibiting the formation of PAHs. 

Furthermore, (Hafidzal et al., 2018) reported no soot formation in the case of bt100 up to an 

equivalence ratio of 2.5, which coincide with the absence of the formation of aromatic 

hydrocarbons in this work. 
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Figure 6. Experimental and computational results of a) C6H6 b) C6H5OH c) C7H6O and d) C7H8 

for hp100, hp50bt50, and bt100 at U0 = 10 cm/s, and Tw,max = 1,100 K by the CRECK 

mechanism. 
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(Continued from Figure 6) Experimental and computational results of e) C8H10 f) C8H8 and g) 

C10H8 for hp100, hp50bt50, and bt100 at U0 = 10 cm/s and Tw,max = 1,100 K by the CRECK 

mechanism. 
 

As can be seen from the measured species, C6H6 is the smallest PAHs group measured 

in this study. It reported the highest concentration relative to other species, which implies that 

C6H6 is a dominant species in the formation of PAHs. Golea et al. (2012) also pointed out that 

benzene is the first aromatic ring that is closely related to soot formation process. Here, C6H6 

reported excellent prediction at ϕ = 1.5 and 2.0, however, at ϕ = 2.5, there were some 

discrepancies observed. 

The large discrepancy between computational and measurement values were evident 

in the case of C6H5OH and C7H6O. However, fair agreements were reported in the case of C7H8, 

C8H10, C8H8, and C10H8, especially at ϕ = 1.5 and 2.0. It should also be pointed out that larger 

PAHs species, such as phenanthrene (C14H10) and pyrene (C16H10), which have three and four 

aromatic rings, respectively, were not observed in this work. The highest PAHs group measured 
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in this work was napthalene, which is a well-known second ring aromatic. Overall, all of the 

computed species from the CRECK mechanism in the case of all fuels reported trends 

mirroring that of the measurement species’, where the mole fraction is directly proportional to 

the equivalence ratios. 

 

Effect of butanol addition on PAHs species 

The results reported in the previous section confirms the necessity of determining the 

effects of the addition of butanol onto larger hydrocarbons and PAHs species (C6H6, C7H8, 

C8H10, C8H8, and C10H8). In order to do this, ϕ = 2.0 was selected, due to it reporting the lowest 

critical equivalence ratio for hp100 (Hafidzal et al., 2018). Species measurement of PAHs is 

highlighted in this work due to the fact that they are established soot particles precursors 

(Haynes and Wagner, 1981), and contribute towards increasing soot mass (Mckinnon and 

Howard, 1992). Fig. 8 shows the computations using the CRECK mechanism and experiments 

in the fuel dependence of PAHs mole fractions species (C6H6, C7H8, C8H10, C8H8, and C10H8) 

to determine the effect of the addition of butanol.  

 

 

Figure 8. Effects of butanol addition on (a) C6H6 (b) C7H8 (c) C8H10 (d) C8H8, and (e) C10H8) 

at U0 = 10 cm/s, and Tw,max = 1,100 K. 

 

The computational results in the case of hp100 show that C6H6 has a higher mole 
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experimental results. The computation results of the measured PAHs species reported a poor 

prediction, however, the trend of all computed species is similar to that of the experimental 

results’ when butanol is added. The mole fraction of all of the species are inversely proportional 

to the mole percentage of butanol.  

 

Comparison between measured species of hp50bt50 and hp50bt0. 

To determine if the differences in the measured aromatic hydrocarbons of hp100, 

hp50bt50, and bt100 are caused by the addition of n-butanol or the reduction of n-heptane, an 

additional mixture condition, hp50bt0, was considered at ϕ = 2.0. The mole fraction of n-

heptane in hp50bt0 was similar to that of hp50bt0, with the mole fraction of n-butanol in 

hp50bt0 replaced with that of nitrogen. Fig. 9 shows the comparison of the measured species’ 

(C6H6, C6H5OH, C7H6O, C7H8, C8H10, and C8H8) concentrations in the case of hp50bt50 and 

hp50bt0. If the reduction of aromatic hydrocarbons is controlled by the reduction of n-heptane 

in mixtures, both conditions must report identical mole fractions of aromatic hydrocarbons. 

However, overall, it is evident that all PAHs species concentrations by n-heptane diluted with 

N2 exceeded that of hp50bt50, especially for C8H10 and C8H8. No concentration was reported 

for C8H10 and C8H8, since their respective signals were too weak.  

 

Figure 9. Comparison between hp50bt50 and hp50bt0 for larger hydrocarbons and PAHs 

species for all fuels (U0 = 10 cm/s, ϕ = 2.0 and Tw,max = 1,100 K). 
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The same reason can be observed for the concentration of C10H8 in the case of 

hp50bt50 and hp50bt0. Therefore, figure of C10H8 is not shown here. The comparison show the 

effect of chemical reaction due to the addition of butanol, which is not caused by the decrease 

of the mole fraction of n-heptane. In order to further understand the chemical reaction of the 

addition of butanol, the reaction path analysis and rate of production/consumption of the 

measured species were conducted. 

 

Reaction path analysis 

The reaction path analysis by the CRECK mechanism was performed for hp100 and 

hp50bt50 to identify the main reaction of the reduction of the measured species. The reaction 

path for bt100 is not presented here, since the reaction is similar to that of hp50bt50.  

Figs. 10 and 11 show a reaction path diagram for hp100 and hp50bt50 at ϕ = 2.0, U0 = 

10 cm/s, and Tw,max = 1,100 K by the CRECK mechanism. The fuels (NC7H16 and N1C4H9OH) 

are represented by a red ellipse, while the small hydrocarbons (C2H4, C2H2, C2H6, CH4, CO, 

and CO2) are represented by blue boxes, and the large hydrocarbons and PAHs species (C6H6, 

C6H5OH, C7H6O, C7H8, C8H10, C8H8, and C10H8) are shown in yellow boxes. The reaction 

number in the CRECK mechanism are represented by the R numbers. The summary of this 

reaction path analysis is as follows: starting from the decomposition of the NC7H16 by H 

abstraction via OH, which results in NC7H15. After the decomposition of fuel and NC7H15, the 

formation of C3H6 and NC4H9p takes place, where C3H6 is one of the stabilized small 

hydrocarbons species leading to the production of small aromatic and PAHs species 

(Westbrook et al., 2006). 

In this reaction path, three main pathways for the measured species can be seen. The 

first is the formation of C7H8 and C8H10 via NC4H8. The formation of NC4H8 is important, since 

it affect the concentration of C7H8 and C8H10. Next is the formation of C6H6, C10H8, C8H8, and 

C2H2 via C2H4 and C3H3, which implies that the formation of PAHs is linked to C2H4 and C3H3. 

It is also known that C2H4 is a soot precursor (Ruiz et al., 2007), while C3H3 is important 

towards the formation of C6H6 (Richter and Howard, 2000). The formation of C2H4 is derived 

from the formation of NC4H9p via C2H5. This means that the formation of C2H5 is crucial 

towards the formation of higher PAHs species. Third is the formation of C7H6O and C6H5OH 

via C3H3. The formation of C3H3 is divided into the formation of larger hydrocarbons (C7H6O 

and C6H5OH) and PAHs species (C6H6, C10H8 and C8H8). 
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Figure 10. Main reaction pathway analysis for hp100 at U0 = 10 cm/s, ϕ = 2.0, and Tw,max = 

1,100 K.  

 

The reaction pathway for the addition of butanol is shown in Fig. 11. It shows a 

significant difference in the reaction pathway compared to hp100. However, in the case of 

hp50bt50, NC7H16 still produces NC7H15, similar to hp100. This implies that reactions 

occurring in hp100 also occurs in hp50bt50, as per Fig. 10. The addition of butanol changes 
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For example, the formation of CH3CHCH2CH2OH in R6600 is followed by R1612, 

showing the formation of C3H6 and CH2OH. The formation of C3H6 is also influenced by 
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Figure 11. Main reaction pathway analysis for hp50bt50 at U0 = 10 cm/s, ϕ = 2.0, and Tw,max = 

1100 K.  

 

Another formation of hydroxybutyl radicals, such as CH3CH2CHCH2OH in R6639, 

promotes R1615 for the formation of NC4H8, which is possible from NC7H15 in R1298. The 

formation of NC4H8 via both reactions reduced the concentrations of C7H8 and C8H10. The 

product of R6678, which is CH3CH2CH2CHOH, is among the prominent reaction that reduces 

the concentration of the PAHs species. It is evident that CH3CHO and C2H5 are produced from 

CH3CH2CH2CHOH in R1617. This reaction is important, because it takes place when butanol 

is added to the mixture, and determines whether PAHs or CO2 will be formed. CH3CHO 

reported a similar final direction to that of CH2OH. Both CH3CHO and CH2OH resulted in the 

production of CO2, which is consistent with the increase of CO2 due to the addition of butanol. 

On the other hand, C2H5 leads to the formation of C2H4, and finally reductions of C6H6, C10H8, 

and C8H8. 

 

Rates of production/consumption 

In order to interpret the experimental results in the context of reduction of the 

concentration of hydrocarbon and PAHs, the total rates of production/consumption and the 

three major production/consumption reactions for hp100, hp50bt50, and bt100 at ϕ = 2.0, and 

Tw,max = 1,100 K were analyzed using the CRECK mechanism. The three main species 
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encompassing soot precursor formation are primary hydrocarbon, intermediate, and largest 

PAHs species selected were C2H4, C6H6, and C10H8, as shown in the main reaction pathway in 

Figs. 11 & 12. These species are the continuity formation from C2H4 to C6H6, leading to the 

formation of C10H8. 

 

Figure 12. (a) Total rate of C2H4 production/consumption (b) Major reactions of C2H4 

production/consumption for all fuels at U0 = 10 cm/s, ϕ = 2.0 and Tw,max = 1,100 K. 

 

Figs. 12(a), 13(a), and 14(a) indicate the total rate of production/consumption (positive 

values imply production, while negative values imply consumption) of C2H4, C6H6, and C10H8. 

The total rates of production/consumption represent the experimentally observed trend, while 
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the major reactions contributing to the net of production/consumption are shown in Figs. 12(b), 

13(b), and 14(b). Overall, the trend of C2H4, C6H6, and C10H8 species for total production and 

consumption are similar. It can be seen that the production and consumption of the computed 

species are inversely proportional to the mole percentage(s) of butanol. These trends are also 

reported by the experimental results shown in Figs. 4 & 8.  

As per Fig. 12, in the case of the formation of C2H4 in hp100, it can be seen that from 

all of the fuels, most of the production rate comes from R223: O2+C2H5=>HO2+C2H4, while 

the second main reaction is R757: NC4H9P<=>C2H5+C2H4, followed by R95: 

NC3H7<=>CH3+C2H4. However, when butanol was added, the reaction of R757 decreases.  

The position of the second dominance was replaced by R95. This means that the 

addition of butanol improves the formation of NC3H7. In the case of bt100, R757 is absent, due 

to the fact that no NC4H9p is included in the fuel. Also, R1610 

CH2CH2CH2CH2OH<=>C2H4+C2H4OH of production took place in the top three of the C2H4 

production rate. On the other hand, in the case of consumption reactions, R391: 

OH+C2H4<=>H2O+C2H3 is dominant in the case of all of the fuels. A large discrepancy was 

reported between R391 and other consumption reactions (R304 and R185), confirming that 

R391 plays an important role in the concentration of C2H4 when mixed with butanol. 

Figure 13 shows that the total rate of C6H6 production is due to R473: 

2C3H3(+M)<=>C6H6(+M), R494: C4H5+C2H4=>C6H6+H+H2, and R488: 

CH2CHCH2+PC3H4=>C6H6+H2+H. It can also be seen that the self-reaction of C3H3 and soot 

precursor of C2H4 reaction strongly contribute to the formation of C6H6.  

From the previous results shown in Fig. 6, the experimental and computational results 

for all of the fuels confirmed that the mole fraction of C6H6 exceeds that of other PAHs species. 

The higher concentration of C6H6 could be due to the domination pathway of R473, since it 

has larger peak area relative to R494 and R488. This supposition is supported by (Richter and 

Howard, 2000), where C3H3 is reported to play an important role in the formation of benzene. 

According to the reaction path analysis shown in Figs. 10 and 11, the formation of C6H6 from 

C2H4 and C3H3 is the continuation product of NC7H15. The decomposition of NC7H15 

contributes to the formation of C3H6 and NC4H9p, therefore, the formation of C2H4 from R494 

and C3H3 from R473 are important vis-à-vis the formation of C6H6. 
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Figure 13. (a) Total rate of C6H6 production/consumption (b) Major reactions of C6H6 

production/consumption for all fuels at U0 = 10 cm/s, ϕ = 2.0, and Tw,max = 1,100 K. 
 

The largest PAHs in this study, which is C10H8, is mostly formed by the smallest PAHs 

species, which is C6H6. This is shown by R500: C4H5+C6H6=>C10H8+H2+H, and continued by 

R986: H+C10H7OH=>C10H8+OH and R1034: C3H3+C7H7=>C10H8+2H. The trend of these 

reactions is similar in the case of all of the fuels (hp100, hp50bt50, and bt100). However, it is 

inversely proportional to butanol’s mole percentage. 
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Figure 14. (a) Total rate of C10H8 production/consumption (b) Major reactions of C10H8 

production/consumption for all fuels at U0 = 10 cm/s, ϕ = 2.0, and Tw,max = 1,100 K. 
 

Conclusions 

 Studies of n-heptane and n-butanol blends on small and large hydrocarbons, as well as 

PAHs species were performed in a micro flow reactor with a controlled temperature profile. 

Small hydrocarbons species were measured using a GC, and the prediction of some 

mechanisms at higher equivalence ratios (2.0 - 5.0), U0 = 10 cm/s, and Tw,max = 1,100 K were 

made. Six species (C2H4, C2H2, C2H6, CH4, CO, and CO2) were identified at the exit of the tube 

in the case of all of the fuels. The trends were divided into two groups, where the first consists 

of species that increases alongside increasing equivalence ratio, which are C2H4, C2H2, C2H6, 
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CH4, and CO, while the second group is made up of species that decreases alongside the 

equivalence ratio, which is CO2. The computational results derived from the CRECK 

mechanism reported satisfactory agreement with that of the measurement species. 

 The effects of the addition of butanol on C2H2 and C2H4, as well as CO and CO2 at ϕ = 

2.0, 3.0, 4.0, and 5.0 were investigated by comparing the CRECK mechanism results with that 

of the measurements. The comparison confirmed excellent agreement in the case of all species, 

especially in the case of C2H2 and CO2. In the case of the computation of C2H4, the prediction 

by the CRECK mechanism gradually improves alongside increasing equivalence ratio.  

Although CO displayed some discrepancies, its trends were observed to be similar to that of 

the measurements, especially at higher equivalence ratios. Overall, the computation and 

experimental results show that the C2H2 and C2H4 mole fractions decreased, while CO and CO2 

increased due to the addition of butanol. 

Measurements of larger hydrocarbons and PAHs species (C6H6, C6H5OH, C7H6O, 

C7H8, C8H10, C8H8, and C10H8) were conducted using GC/MS at similar conditions to that of 

the small hydrocarbons’ measurement. The effect of the addition of n-butanol on the formation 

of PAHs was also elucidated. Both the computation and measurement results confirmed that 

the concentration of PAHs species are inversely proportional to the mole percentage(s) of 

butanol. 

The effect of the addition of butanol was also validated after comparison with the 

measured species’ concentration of hp50bt50 and hp50bt0. The results confirmed that the 

measured species’ concentration of hp50bt50 is lower than that of hp50bt0. 

The reaction path analysis was analyzed using the CRECK mechanism. During the 

addition of butanol, the results confirmed the occurrence of three hydroxybutyl radicals 

reactions, which are crucial towards the reduction of the PAHs species. These reactions are 

R1612: CH3CHCH2CH2OH<=>C3H6+CH2OH, R1615: CH3CH2CHCH2OH<=>NC4H8+OH, 

and R1617: CH3CH2CH2CHOH<=>CH3CHO+C2H5.  

The effect of the addition of butanol to the rate of production/consumption for the three 

main species encompassing soot precursor formation are the primary (C2H4) and intermediate 

(C6H6) hydrocarbons, and the largest PAHs species (C10H8) were investigated. The reduction 

of C2H4 is attributed to the production reaction from R95: NC3H7<=>CH3+C2H4 and the 

consumption reaction from R391: OH+C2H4<=>H2O+C2H3. In the case of the smallest PAHs 

species, which is C6H6, self-reaction by R473: 2C3H3(+M)<=>C6H6(+M) was identified as the 

dominant reaction relative to other reactions. The formation of C6H6 affected the formation of 

C10H8 via the reaction R500: C4H5+C6H6=>C10H8+H2+H.  
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