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A B S T R A C T   

Rapid and accurate quality control for fuel adulteration is a major economic and health concern. Current 
technology lacks capability to provide speedy and accurate point of sale (POS) solutions. Most of the work done 
on portable solutions rely on absorbance spectroscopy, which provide a qualitative solution with a trade-off 
between speed and accuracy. This paper demonstrates a technique based on micro gas chromatography (μGC) 
for portable, fast, and accurate analysis of diesel fuels adulterated with kerosene. The separation columns are 
fabricated using microelectromechanical systems (MEMS) technology. The columns are 1 m-long and consist of 
an embedded array of pillars. Two different stationary phase coating were examined to explore the efficacy of the 
proposed technique. The analysis relies on aggressive pressure and temperature programming of the chip to 
obtain partially separated chromatograms. When analyzed with well-established chemometrics methods such as 
Principal Component Analysis and Partial least Squares Regression a linear relationship between the chro
matograms and diesel purity was determined. The separation column could discriminate as little as 5% added 
kerosene to diesel fuel with only four seconds of chromatogram analysis.   

1. Introduction 

Fuel adulteration is a common problem in many countries that lack 
quality control laws or methods. It potentially provides considerable 
economic incentives to unscrupulous individuals in the fuel supply chain 
mainly due to the different pricing structures of different available fuels. 
Countries mostly effected are developing economies like Brazil, India, 
Kenya, Nigeria and Morocco [1–4] to name a few. Owing to the different 
energy policies between countries, the prevalent form of fuel adultera
tion is diverse [4]. Typical adulterants are in the form of solvents, in
dustrial wastes, heavier hydrocarbon-based oils, and other distillate 
hydrocarbon-based fuels. However, the most predominant form of fuel 
adulteration is found in fuels used in automobile such as diesel and 
gasoline. The fraud is committed by adding a fuel of inferior quality and 
price. Kerosene, for instance, is used in several countries as a household 
fuel for domestic consumption and is thus heavily subsidized by local 
governments. To make adulteration economically viable, the range of 
kerosene percentage in mixtures is usually between 10% and 30%. 
Anything below 10% is not profitable and any mixture above 30% can 
easily be detected by considerably deteriorated engine performance [5]. 

The two primary effects of adulteration of diesel can be described 

from both economic and environmental standpoints. Engines running on 
adulterated diesel will perform with decreased efficiency causing long- 
term damage. The incomplete combustion of an incompatible fuel re
leases harmful pollutants. It has been shown that blended adulterated 
fuels can cause increased content of hydrocarbons, nitrogen oxide de
rivatives and carbon monoxide in tailpipe emissions [6]. Such adulter
ants have been shown to be carcinogens. Automobile engines are tuned 
to operate optimally for a fuel type. However, unauthorized blended 
fuels combust at different conditions and in turn do not burn as efficient. 
They also tend to increase carbon content deposition in the fuel lines 
reducing the lifetime of the engine and incurring frequent maintenance 
costs. Diversion of kerosene for adulteration can create a supply 
shortage for domestic consumption too. It was reported by India’s Na
tional Council of Applied Economic Research (NCAER) that 38.6 percent 
of subsidized kerosene was being used in petrol and diesel adulteration 
[7]. 

To maintain fuel quality standard and to monitor adulteration, ASTM 
International (formerly known as American Society for Testing and 
Materials) has defined standardized testing of metrics and methods such 
as flash point, cetane number, conductivity, distillation, and density. 
These methods use various properties of hydrocarbon fuels to qualify 
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and quantify sample characteristics to enforce quality. However, these 
tests are either time consuming or performed on laboratory bound 
equipment. It is not possible or feasible to test and monitor for fraud at 
the point of sale with these methods. To overcome this deficit, portable, 
reliable and faster techniques for adulteration detection are under 
development as summarized in Table 1, most of which rely on 
spectroscopy. 

Rapid testing was demonstrated using FTIR (Fourier Transform 
infrared) spectroscopy to classify adulterated gasoline [3]. A non- 
invasive technique using radar as the detection medium was demon
strated by Venkoparao et al. (2001) to measure dielectric constant of 
adulterated fuel [8]. Refractive index is a good measure of viscosity of 
liquids and thus can be used for this purpose owing to different viscos
ities of different fuels of binary mixtures. In another work, commercial 
hand-held refractometers was calibrated to determine the kerosene 
content in diesel [9]. Others have developed fiber optic sensors to 
measure the surface plasmon resonance wavelength that can be corre
lated with the refractive index [10,11]. Other methods such as fluor
ometry, colorimetry, and electronic noses are less researched for fuel 
adulteration detection. It is notable that adsorption spectroscopy suffers 
from temperature dependence which makes it harder to calibrate any 
device for quantitative or qualitative applications. Fluorometry requires 
adding chemical markers to the adulterants for quality control. This is an 
added cost in manufacturing process. Portable and rapid techniques for 
adulteration detection and quantification are still deficient. 

Even though fuels such as diesel and gasoline are singular products, 
they are a mixture of hundreds of different hydrocarbons. As such, 
separation methods such as gas chromatography (GC) provide more 
analytical information of the samples that is both qualitative and 
quantitative. This has made GC the gold standard procedure for quality 
control. Recent advances in the development of microfabricated gas 
chromatograms (μGCs) have brought the powerful analytical technique 
to the field. There has been significant progress by our group and others 
to develop microfabricated separation columns on a silicon substrate 
and functionalize them with different stationary phases [12–22]. 
Research has shown that these columns can separate and identify the 
constituents of gaseous mixtures and can be integrated with other 
microsystem components to realize a fully functional GC [23,24]. The 
bulk of the ongoing research, however, is on comprehensive separation 
of all analytes in a mixture. However, as the sample complexity in
creases, the full separation of all analytes using MEMS-enabled columns 
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Fig. 1. Mask layout segment for separation column.  
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becomes more challenging as these columns are typically 50 cm-2 m 
long compared to 15–30 m-long fused silica capillary tubing used in 
conventional GCs. In this paper, we show, for the first time, that such 
MEMS separation columns and subsequently, handheld µGCs, are very 
powerful in analyzing fuel adulteration in just a few seconds. The 
concept behind our approach is that for adulteration, the determination 
of all the compounds in the intended fuel is not necessary. This means 
instead of a full chromatographic analysis; we can just evaluate the 
profile or pattern of the partially separated analytes and distinguish the 
profile between a pure sample and its corresponding altered 
counterpart. 

2. Materials and methods 

2.1. Column design and fabrication 

The design of the μGC chip follows our previously published semi- 
packed architecture [25]. Each channel consists of 20 μm pillars with 
a pitch size of 20 μm in a row and 35 μm between each row. The overall 
length of each channel is 1 m, with the width set as 200 μm. The chip 
inlet bifurcates into two semi-packed channels each of which has its own 
outlet (Figs. 1 and 2). Each column is coated with a different stationary 
phase enabling us to evaluate the effect of the phase on detecting 
adulteration in fuel samples. This was done to reduce chip to chip and 
wafer level variation among the two channels. The column mask design 
and fabrication process flow are illustrated in Figs. 1 and 2. The fabri
cation result is shown in Fig. 3. The wafer is spun with photoresist (PR) 

AZ9260 @ 2000 rpm for 60 s after HMDS priming. The PR was soft 
baked for 2 min and 30 s at 110C. The wafer was then rehydrated for 30 
min. A PR thickness of 8.2 μm was achieved. The mask design is trans
ferred on the wafer via lithography with MA-6 (Karl Suss) mask aligner. 
After development of the pattern with AZ400k (1:3 dilution, 3 min) the 
wafer was dried with nitrogen. Using deep reactive ion etching (DRIE) 
the design was etched to a channel depth of 250 μm. Plasma ashing was 
then performed to clean the wafer of left-over PR after acetone, IPA and 
DI water cleaning. Then the silicon wafer was bonded with a borofloat 
wafer using a Karl Suss, SB-6 anodic bonder. After dicing short fused 
silica capillary columns were connected to the device channels and 
sealed with epoxy. Two Room temperature Ionic Liquids (RTILs) were 
chosen as the stationary phases. While a further analysis with more 
traditional stationary phases would provide more insight into role of 
stationary phases, it would be a divergence from the investigation into 
micro GC’s capability to detect fuel adulteration. This could a topic of 
interest for future research. We chose two different stationary phases 
with different polarities to investigated their effect on diesel purity 
identification. ([P66614][NTf2]) trihexyltetradecyl-phosphonium bis 
(trifluoromethylsulfonyl)imide is denoted as Phase A, and ([BPyr] 
[NTf2]) 1-butylpyridinium bis(trifluoromethylsulfonyl)imide is named 
Phase B. The columns were coated using a modified static coating pro
cess. 15 mg of each phase was dissolved in 1 ml acetone. To coat the 
columns, we use a dual syringe pump. The coating process is illustrated 
in Fig. 4. We load the phases in syringes and connect them to the outlet 

Fig. 2. Fabrication steps, a) Photoresist application on silicon wafer b) Photolithography, c) Column-etching with Deep reactive ion etching (silicon wafer), d) anodic 
bonding of borofloat glass wafer with silicon substrate, e) Coated Column. 

Fig. 3. Fabrication results showing micro separation column (top). Zoomed in 
pictures shows the intel and outlets of the chip after coating. 

Fig. 4. The coating process is shown here. The two stationary phases are pre
pared in a solution of acetone. They are loaded in a syringe pump and injected 
at a rate of 20 μL through the outlet to coat both the columns simultaneously. 
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of the device. We start injecting the phase solutions simultaneously 
through the outlets starting at 20 μL/min. After the columns are filled 
with the solution, we increase the rate to 40 μL/min. We further increase 
the injection rate to 60 μL/min with 100 μL remaining in the syringe to 
make sure to fill any residue uncoated parts. After the injection is 
completed, we connect the inlet of the device to an empty vial connected 
to a nitrogen cylinder. The device is submerged in a bath of water in a 
hotplate at 45 ◦C. This evenly heats up the device while the nitrogen gas 
dries the acetone. The columns were conditioned with Thermofischer’s 
Heratherm oven at 150 ◦C. 

2.2. Experimental setup and data analysis 

Diesel and kerosene were bought from “Briggs and Stratton” and 
“Crowne”. They were mixed in volumetric ratios of 95/5 and 90/10% 
(v/v). Pure diesel was used as the control sample. All three different 
samples were kept refrigerated before, and after running the experi
ments, to keep their integrity intact. All testing was done with an Agilent 
7890A GC which is equipped with an autoinjector and a flame ionization 
detector (FID). The fabricated columns were connected to the GC inlet. 
One of the outlets was connected to the FID. The inlet temperature was 
kept at 280 ◦C and the FID at 300 ◦C. Ultra-high purity helium was 
chosen as the carrier gas. The tests were performed with a fast GC 
approach utilizing aggressive pressure and temperature programming. 
The run conditions were 80 ◦C initial temperature with 100 ◦C/min 
temperature ramp with a final temperature of 150 ◦C (with 1 min hold 
time) run at 40 psi carrier gas pressure. The injection was performed in 
split mode at a split ratio of 200:1 with an injection volume of 0.3 μL. 
The data were obtained from Agilent ChemStation software. Each 

sample was run 11 times, with a total of 33 runs for all testing samples. 
Apart from the training samples, separate blind samples were taken for 
testing the trained models. The blind samples were prepared and put in 
unlabeled GC vials by a person who did not run the data analysis. The 
person performing the testing was not privy to the unlabeled samples 
values till after analysis was complete. This was done to prevent any 
observer bias in data analysis. We also ran 100% kerosene and 100% 
diesel samples at a 5 ◦C/min temperature ramp with 30 ◦C initial tem
perature with a hold time of 0.5 min and 150 ◦C final temperature for 
both phases. This was done to illustrate the constituent differences in the 
fuels. Principal Component Analysis (PCA) and Partial Least Squares 
Regression (PLSR) were then performed on the chromatographic data. 
PCA is used for exploratory multivariate data analysis. The original data 
is reduced to a set of uncorrelated principal components that can show 
the differences between observations. PCA and PLSR are widely used 
tools in chemometrics for calibration [26,27]. PCA is a dimensionality 
reduction technique. This is useful to visualize variations in higher 
dimensional data. PCA algorithm works by reducing original dataset of 
vectors and projects them onto a lower dimension vector while retaining 
the maximum variation possible from the original data set. PCA in
dicates that chromatographic patterns can be used to qualitatively 
discern adulterated and pure diesel. To quantitatively determine adul
teration content, we use PLSR; a widely used technique for chemometric 
calibration. PLSR is an iterative algorithm that relates two groups of 
variables to each other, namely predictor (raw chromatograms) and 
response (concentration). Figures of merit (FOM) are indicators used to 
evaluate the accuracy and usefulness of the developed models. Root 
mean squared error gives an average distance of the calibration error 
from zero. Root mean squared error of cross validation (RMSECV) and 

Fig. 5. Data analysis for 160 s. The FOM table shows the performance of the PLS model. Both Phase A and B show R2-P values greater than 0.9, affirming that the 
model can predict adulteration content fairly accurately. 
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root mean squared error of prediction (RMSEP) are two metrics 
measured on the train and test set respectively. RMSECV gives a measure 
of how well the model can calibrate to training data. RMSEP gives the 
measure of model performance to unseen data [1]. 

3. Results and discussion 

The choice of the stationary phase plays an important role in gas 
chromatography. Stationary phases exhibit varying selectivity depend
ing on the type of analyte. Interactions between the analytes and the 
phases of similar polarities are highest. It increases the residence time in 
the stationary phase compared to analytes with a phase of opposing 
polarity. In our case, Phase B is more polar than Phase A [19]. The plate 
number of the columns were calculated with a solution of naphthalene 
in acetone with an isothermal run of 100 ◦C at different carrier gas 
pressures. The columns tested after conditioning showed an optimal 
operating pressure of around 20 psi. Phase A column had a plate number 
of 2117 @ 20 psi while Phase B showed a plate number of 1126 @ 25 psi. 

GC analysis usually relies on peak retention time index to identify 
chemicals in the sample. In this way, a fully resolved chromatogram can 
identify any compound in the mixture assuming there is no co-elution. 
For complex samples, slow temperature programming and longer col
umns are required to identify the majority of the compounds of interest. 
However, even these methods fail to separate very complex samples and 
novel techniques such as multidimensional GCs have to be used for 
comprehensive detection of all analytes. For portable systems this in
crease their size, weight and power consumption. In most applications, it 
is not required to have a completely resolved chromatogram since most 

of the information provided by the analysis is not required. A partially 
resolved chromatogram can provide enough information for the specific 
application. We investigated the chromatograms from the stand point of 
pattern recognition instead of the usual retention time index analysis. As 
stated previously, the GC was run in an aggressive temperature pro
gramming and pressure regime. It can be seen from the chromatogram 
(Figs. 5–7) that phase A does a decent job of separating the major hy
drocarbons even in these conditions. Although it is incomplete, the 
separation can still be interpreted by a human observer. Phase B, how
ever shows no appreciable separation whatsoever. It clearly cannot 
retain any of the low to mid boiling range analytes and releases them 
with a very short residence time in the stationary phase. This informa
tion is not useful for human interpretation by looking at retention time 
indexes. Diesel is primarily composed of non-polar alkanes with polar 
compounds accounting for less than 0.1% in mass [28]. These non-polar 
compounds and are not easily separated by Phase B (more polar) which 
would be an ineffective stationary phase to perform any reasonable 
separation of diesel or diesel-kerosene mixture. However, closer in
spection of the data shows a trend among both phases for the purity of 
diesel (Fig. 8). 

As mentioned above, PCA was used to determine if the chromato
graphic patterns contain sufficient information to discriminate between 
the samples. Before performing PCA, the data was preprocessed by 
scaling to unit variance after removing the mean. The data is then 
centered. The results of the PCA is shown in Fig. 9. For both phases, the 
first two principal components (PC) explain approximately 90% of the 
variance explained in the data. The first two components can discrimi
nate between diesel sample and altered ones. It also illustrates the run- 

Fig. 6. Data analysis for the first 40 s of the chromatogram. Both Phase A and B shows RMSEP value ~ 0.5% (v/v) and R2-P over 0.9. Both models are effectively able 
to predict the adulteration content. 
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to-run variation of the GC for the same concentrations. This can be 
attributed primarily to noise from GC instrumentation (gas flow control, 
temperature programming and data acquisition). The results show that 
PCA can be used to qualitatively judge the purity of fuel and give a 
decision on possible adulteration of diesel and warrant further 

investigation. 
Fig. 5 FOM table displays the PSLR results of the analysis for 160 s. 

11-fold Cross-Validation (CV) technique was applied to train the model 
to validate the model accuracy and its ability to generalize to unseen 
data. The R2_CV (Cross-Validation) fit for the observed versus the 

Fig. 7. Data analysis for first 4 s. We calculated high RMSE values for phase A chromatogram for both cross validation and prediction. The R2-P was also low (0.032) 
indicating inability of the model to predict adulteration percentage with only 4 s of data. Phase B shows RMSEP of 1.012% (v/v) and an R2-P value greater than 0.9 
which shows the model can predict the adulteration content with 4 s of data. 

Fig. 8. Chromatogram overlay showing three different diesel concentrations of 90 to 100% (v/v) in the first ten seconds. Each concentration has 11 runs.  
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predicted results is greater than 0.9 for both phase A and B while the 
RMSECV shows a low value (0.516 for phase A and 0.612 for phase B). 
The model was tested using the blind sample data. The R2_P fit was 
found to be greater than 0.9 and the RMSEP (root mean square error of 
prediction) was found to be less than 1. This shows the developed model 
generalizes well to unseen data. One of the most important requirements 

of point-of-sale (POS) and process monitoring devices is the speed of 
analysis. To get a faster decision on the content of diesel adulteration, 
we trained the model on progressively smaller segments of the chro
matographic data. By reducing the segment of the chromatogram used 
for building the model, a faster decision can be made on the sample 
content. We trained and tested the model on chromatographic data from 

Fig. 9. PCA and scree plot for chromatograms from both phases The PCA was performed on the full chromatogram obtained for both the phases. They show the 
chromatograms can be differentiated by PCA. The first two principal components account for ~90% of the variance explained in the data. 

Fig. 10. Chromatograms showing the difference in hydrocarbon content of diesel and kerosene. GC conditions at 5 ◦C/min ramp rate from 30 ◦C to 150 ◦C @ 25 psi.  
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the two phases in the range of 3.5 s to 160 s segments, respectively. 
Figs. 5–7 show the results of 160 s, 40 s and 4 s analyses. The rest of the 
data is included in the supplementary section. Working with smaller 
segments of the chromatogram reduces the total information available 
to build the model. In our analysis, however, the data reduction was seen 
to have no major impact on model accuracy if more than 4 s of the 
chromatogram is used. The model for phase A fails for the first 4 s of 
chromatographic data showing a high RMSEP and RMSECV value and a 
R2-P value of 0.032. For phase B, the model performance was good with 
R2-P value of 0.939 and an RMSEP error of 1.012% (v/v). The data was 
not sufficient for accurate predictions of diesel purity at 3.5 s for Phase 
B. The results show that small segments chromatographic data can be 
used to determine diesel adulteration with kerosene. This method of 
analysis works well for diesel/kerosene blends because of the difference 
of boiling points of the major hydrocarbons of the two fuels. While 
kerosene is composed of lighter compounds, diesel is composed of 
heavier hydrocarbons. In adulterated diesel with kerosene, a more 
comprehensive GC analysis would show a higher ratio (Fig. 10) of low 
boiling compounds compared to pure diesel. Taking the early segments 
of the chromatogram works because the low boilers are first to elute. The 
kerosene compounds can be used as a marker in the chromatograms for 
the detection of diesel purity. This method should also work for diesel 
adulteration with lighter organic solvents. In our analysis, Phase B 
outperforms Phase A for rapid detection even though it cannot generate 
well-separated peaks in the chromatographic data. 

The data presented in this paper show that adulterated diesel with 
kerosene can be quantified with an RMSEP of ~ 1% (v/v) or less. 
Compared to other portable devices such as IROX 2000 which has a 
prediction error of less than 2% with a total analysis time of 3 min with 
the device warm up time of 10 min [3], our technique can reach a de
cision within seconds with less than a minute warm up time. Our 
approach also reduces system complexity in terms of computing hard
ware and memory (considering only the first few seconds of chromato
graphic data are needed). Refractometric detection methods while being 
the least complex suffer from temperature dependence issues. Compared 
to spectroscopic and refractometric methods which analyze the bulk 
content, our approach provides some separation of the sample thereby 
creating a chromatographic pattern with more information about the 
sample. This can lead to a more accurate quantitative analysis of the 
sample. Our technique matches the speed of detection (in the order of 
seconds) compared to aforementioned techniques. 

4. Conclusion and future work 

We demonstrated a method that can detect 5% adulteration levels of 
kerosene in diesel in 4 s. In traditional GC analysis, partially resolved 
chromatograms are not vey useful in making an analytical observation 
on the chemical composition of a sample. Here, we show a partially 
resolved chromatogram coupled with chemometric techniques can 
qualify and quantify adulterated diesel with kerosene. This technique 
holds potential to be applied for a wide range of applications. Quality 
control and fraud detection in fuels can be performed using this tech
nique. In our future work, we intend to work on different column to
pologies, stationary phases and operating conditions on a portable 
platform. Multiple columns on one single device can reduce the footprint 
while eliminating the need for multiple injections and column multi
plexing. On the analysis end, additional techniques such as data fusion 
of chromatograms from multiple columns can be used to improve the 
accuracy of the sensor. Fuel adulteration is not limited to diesel. Bio
diesel, gasoline and ethanol are also some of the commonly adulterated 
fuels. However, the stationary phases used in this experiment may fail to 
discriminate those samples. One of the advantages of using RTILS is that 
they can be tuned with proper selectivity for the desired markers of the 
adulterated compounds [29]. Implementation of this method at POS and 
process control using μGCs can ensure online tracking of fuel quality. 
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