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A B S T R A C T   

Oxidative desulfurization of model oil and heavy fuel oil (HFO) was investigated under mild conditions using 
H2O2 as an oxidant and acetonitrile as an extractant. The influence factors in the oxidation and extraction 
processes were evaluated and optimized. The molecular characteristics of the raw feedstock and the desulfurized 
oils, and the corresponding extraction phases were systematically analyzed by APPI FT-ICR MS, 1H NMR, etc. The 
results showed that the desulfurization rate of dibenzothiophene reached 97.7% after 10 min reaction, while the 
sulfur removal efficiency of HFO was 30.7% under optimized conditions. The structures of sulfur compounds 
were described in heteroatom type, carbon number distribution vs unsaturation degree. The detected main 
sulfur-containing compounds are S1, S2, S3, NS, OS, O2S, O2S2, and O4S2. Based on the APPI FT-ICR MS results, it 
can be found that almost all the S1 species have been transformed into sulfone after the oxidation process. 
Furthermore, the sulfone of O2S1 and O4S2 species in extraction phases were in double bond equivalent (DBE) 
range from 9 to 25 and carbon number with ≤ 40. 1H NMR results showed that the α to aromatic CH3 combined 
naphthenic CH-CH2 group accounted for 73.2% in the extraction phase.   

1. Introduction 

In January 2020, the International Maritime Organization (IMO) 
promulgated a new sulfur emission limit rule, requiring the sulfur con-
tent of fuel used in ships to be reduced from 3.5 wt% to 0.5 wt%. This 
regulation forces the shipowner to pay a high expense for the low sulfur 
oil and brings great challenges to chemical enterprises. Heavy fuel oil 
(HFO) can be transformed into low sulfur oils through the desulfuriza-
tion process in upgrading fuel quality. 

Desulfurization technology can be divided into hydrodesulfurization 
(HDS) and non-hydrodesulfurization. While the non-HDS technologies 
mainly include oxidation desulfurization (ODS), extraction desulfur-
ization [1–3], and adsorption desulfurization [4,5]. HDS is a widely used 
mature commercial method in the presence of catalysts at high tem-
peratures (300–340 ◦C) and pressures (20–100 bar of H2) [6–9]. 
Compared with HDS, ODS technology shows apparent advantages of 
mild reaction conditions (25–90 ◦C and ambient pressure), simple pro-
cess flow, low equipment investment, and operating costs, making it a 

promising technology for producing low sulfur fuels [10]. 
Azimzadeh et al. [11] prepared NMP.FeCl3/γ-Al2O3 and used as a 

recyclable supported catalyst for the ODS system. The dibenzothiophene 
(DBT) removal efficiency was 99% under the condition of 40 ◦C, n 
(H2O2/S) = 4, and reaction 90 min with the ionic liquid loading 10 wt%. 
The characteristic of the research was focused on the easy separation of 
the catalyst from the oil phase the lower loading amount of ionic liquid. 
Wang et al. [12] obtained heterogeneous POM-ILs/g-BN supported 
catalyst and calculated the aerobic oxidative desulfurization perfor-
mance for DBT. The DBT conversion rose to 99.8% under mechanical 
stirring for 4 h at 120 ◦C. The catalyst can be recycled used at least six 
times without obvious deactivation, which was attributed to the good 
catalytic ability of POM-ILs. Lu et al. [13] used H-Titanate nanotubes as 
the catalyst and investigated the oxidation of DBT. The DBT conversion 
could still up to 98% under the conditions of 30 min at 40 ◦C, n(H2O2)/n 
(DBT) = 4 after 4 times recycle. The formed Ti-hydroperoxo species 
were considered as the key factor in the selective oxidation reaction. 

Besides the extensive literature on model oils, some researchers also 
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verified the reaction performance of ODS in natural fuel oils. Campos- 
Martin [14] systematically studied the ODS performance of benzothio-
phene (BT), DBT, 4-ethyl-6-methyl-dibenzothiophene (EMDBT), and 
kerosene under different reaction temperatures, molar ratios of H2O2/S, 
and concentrations of feedstock with tungstic acid and phenyl phos-
phonic acid as catalysts. The results showed that the sulfur removal ef-
ficiencies of kerosene were up to 98.1% (from 1291 ppm to 25 ppm) 
after 2 h reaction at 80 ◦C, n(H2O2/S) = 2.5. Rezvani et al. [15] syn-
thesized PWMn/NiO/PAN nanocomposite catalyst, of which the particle 
sizes were in the range of 50–60 nm. The ODS catalytic performance was 
evaluated for gasoline and model oil. The catalyst showed good reusable 
ability, and sulfur removal efficiency reached 97% after 1 h reaction at 
35 ◦C. Activated carbon was obtained by Haw et al. [16] and used as a 
catalyst in the ODS of the commercial diesel with H2O2 as an oxidant. 
The sulfur content was lowered from 2189 ppm to 190 ppm after 
oxidation under n (H2O2/S) = 3, the temperature of 50 ◦C for one hour 
and 3 times extraction by acetonitrile. The excellent performance of 
activated carbon might be ascribed to an acidic function group that 
could form the donor-acceptor complex on the catalyst surface. Otsuki 
et al. [17]. evaluated the oxidation desulfurization of straight run-light 
gas oil (SR-LGO) and vacuum gas oil (VGO) by using formic acid as 
catalyst and H2O2 as oxidant. The sulfur content in VGO decreased from 
2.17 wt% to 0.01 wt% after dimethylformamide (DMF) extraction 10 
times. 

The heavy fuel oil contains many sulfides with larger molecular 
weights, more suitable for oxidative desulfurization [17–20]. It has been 
proved that the atmospheric pressure photoionization (APPI) ionization 
source combined with Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS) can effectively ionize low polarity, nonpolar 
hydrocarbons, and various sulfur-containing compounds [21–23]. APPI 
FT-ICR MS showed a better response for the sulfur compounds with a 
high unsaturation degree than ESI (Electrospray ionization). Hence, 
APPI is an effective method for molecular characterization of the sulfur 
compounds distribution in the heavy fuel oil. Corilo et al. [24] devel-
oped a way to predict the sulfur concentration in petroleum samples 
based on the Sx/HC relative abundance calculated by APPI FT-ICR MS. 
The model method successfully predicted the sulfur content of 11 oil 
products with an error of 0.36%. Muller et al. [25] applied and opti-
mized the FT-ICR to quantity specification of sulfur compounds in gas oil 
and verified the result using two-dimensional gas chromatography 
(GC×GC) as reference. Compared with GC×GC data, the deviation of 
less than 15% of the APPI result proved that FT-ICR could realize the 
semi-quantitative operation of sulfide in petroleum fraction. However, 
few research reports about deep insights to characterize the class com-
pound distribution for the ODS of HFO at present. Therefore, the thor-
oughly analysis of oxidative desulfurization of HFO is of vital 
importance. 

In this research, Mo/Al2O3 supported catalyst was prepared, and its 
ODS performance was evaluated for HFO with hydrogen peroxide as 
oxidant. Acetonitrile was used as the extraction agent, and the several 
influence factors such as extraction time, temperature, and stage were 
discussed in detail. The desulfurized HFO was analyzed by various 
analytical methods, including APPI FT-ICR MS, proton nuclear magnetic 
resonance (1H NMR), and Orbitrap mass spectrometry. 

2. Experimental 

2.1. Material 

Dibenzothiophene (DBT, 98%) was purchased from Sigma-Aldrich. 
Heavy fuel oil (HFO) was obtained from the Saudi Electricity Com-
pany. The detailed information of HFO is listed in Table S1. Acetonitrile 
(≥99.8%) was purchased from Macklin Company. Hydrogen peroxide 
(30 wt%) was acquired from the Beijing DFYB chemical trade company. 
The commercial alumina was procured from the Beijing XBH trading 
company. Ammonium paramolybdate and octane were purchased from 

Aladdin. 

2.2. Oxidative desulfurization procedure 

The ODS experiment of DBT is described as following: Firstly, Mo/ 
Al2O3 catalyst with MoO3 content 15 wt% was prepared by impregna-
tion method (detailed in support file). DBT was dissolved in octane to 
prepare the model oil with a sulfur content of 500 ppm. 30 g model oil 
was put into the beaker, 1.5 g catalyst was added into the solution under 
vigorous stirring at 30 ◦C⋅H2O2 was dropped into the mixture with the 
molar ratio of n(H2O2/S) = 3. The upper phase was taken out to detect 
the residual sulfur content after reaction for 5, 10, 20, 40, 60, and 80 
min. The ODS reactions at 40 ◦C, 50 ◦C, and 60 ◦C were conducted with 
the same method and without the extraction step. The DBT conversion 
was calculated by the following equation: Cconversion = (CDBT/CResidual)/ 
CDBT* 100%. The CDBT refers to the sulfur content of the feed, CResidual 
means the residual sulfur content after ODS reaction. 

The ODS of HFO was performed by combining the oxidation and 
extraction processes. 50 g HFO was put into a 500 mL flask under me-
chanical stirring for 30 min and heated to 60 ◦C⋅H2O2 was injected into 
the flask with the final molar ratio of n (O/S) = 10. Then a certain 
amount of catalyst was added to the solution mixture and kept stirring 
for 4 h. Finally, the acetonitrile was used as the extraction agent to 
remove the sulfone or sulfoxide from the HFO. The extraction stage 
represents the extraction times of oxidized HFO by acetonitrile under a 
certain temperature and solvent/oil volume ratio. The extraction stage 
range from 1 to 3 in this work. The extraction experiment conditions 
were optimized, and the corresponding products were analyzed in 
detail. 

2.3. Characterization 

The catalyst’s wide-angle X-ray diffraction (XRD) was tested on a 
Bruker D8 advanced X-ray diffractometer in the scanning range of 
5–90◦. Specific surface area and volume were obtained according to N2 
adsorption-desorption isotherm conducted on Micro 3020. The Mo 
valence state was analyzed by X-ray photoelectron spectroscopy (XPS). 
Sulfur content in model oil and heavy fuel oil was measured by sulfur 
and nitrogen analyzer. Atmospheric pressure photoionization (APPI) 
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR 
MS) was performed on Solarix XR FT-ICR mass spectrometer. An elec-
trospray ionization source calibrates the spectrometer. The mass spec-
trum was obtained in the mass range of 255–1800 Da at 8 M data size 
[26]. Fourier transform infrared spectroscopy (FTIR) spectra of the 
liquid sample in the field of 400–4000 cm− 1 were performed on the 
Nicolet iS10 (Thermo Scientific Company) equipment with smart iTR 
diamond ATR. Orbitrap MS experiment was performed on Orbitrap 
Fusion mass spectrometer accompany with ESI mode. The transfer tube 
and vaporizer temperature was set at 300 ◦C and 100 ◦C, respectively. 
The positive ion ESI mode with 3600 V voltage and sheath gas flow rate 
5 (arbitrary units). The 1H NMR spectra were executed on Bruker 
Avance III 600 MHz spectrometer at 298 K. Deuterated chloroform 
(CDCl3) was used as a heavy oil solvent and tetramethylsilane was used 
as a reference for the chemical shift of spectra. 

3. Results and discussion 

3.1. Analysis of catalyst 

The catalyst was analyzed by XRD, and the relative structure pa-
rameters were tested by N2 adsorption-desorption (Fig. 1). The diffrac-
tion peak at 2θ = 37.1◦, 46.1◦, and 66.9◦ belong to γ-Al2O3 [27]. The 
perfect type Ⅳ physisorption isotherm indicates the unique mesoporous 
structure of the catalyst [8]. According to the calculation equation by 
the BET method, the pore volume and surface-specific areas are 0.72 
cm3/g and 227.6 m2/g, respectively. The average pore diameter is 13.0 
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nm obtained by the BJH method. 
(see Table 1). 
X-ray photoelectron spectroscopy (XPS) analyzed the valence state of 

Mo on the Mo/Al2O3 catalyst. The whole and Mo 3d spectra results are 
shown in Fig. S1. The two peaks near 232.7 eV and 235.8 eV attributed 
to Mo6+ 3d5/2 and Mo6+ 3d3/2, respectively. 

3.2. DBT conversion by ODS method 

The DBT dissolved in octane was used as model oil to investigate the 
catalytic performance of the mesoporous catalyst. The ODS experiment 
of DBT was conducted under mechanical stirring at different tempera-
tures, and the detailed results are presented in Fig. 2. At a lower reaction 
temperature (30 ◦C), the desulfurization rate is slower, and the DBT 
conversion can reach 98.3% after reaction for 80 min. With the increase 
of reaction temperature, the DBT conversion rate increases gradually. 
The DBT conversion gets 90.8% when the reaction runs for 5 min, the 
efficiency can rise to 97.7% only after 10 min reaction at 60 ◦C, and no 
apparent deactivation is observed as time goes on. The catalyst shows 
relatively high catalytic efficiencies for the ODS of DBT without the 
additional extraction step. 

3.3. Oxidative desulfurization of HFO: Effect of extraction stage 

The effect of the extraction stage was evaluated under the condition 
of extraction time 60 min, solvent/oil= 2, and extraction temperature 
60 ◦C. The corresponding reaction results are shown in Fig. 3. The 
desulfurization rates increased from 24.1% to 31.4%, with the extrac-
tion stage 1–3. As the economic and operational factors are taken into 
account, the optimal extraction stages are proposed to be 2, in which the 
desulfurization rate reaches 29.7%. 

3.4. Oxidative desulfurization of HFO: Effect of extraction time 

The effect of extraction time on the desulfurization rate was exam-
ined under the conditions that the optimal extraction stages were 2, the 
solvent to oil ratio was 2:1, and the extraction temperature was 60 ◦C. As 
shown from Fig. 4, with the increase of extraction time (30–120 min), 

Fig. 1. XRD (A) and BET (B) analysis of the catalyst.  

Table 1 
Structure parameter of the catalyst.  

Sample SBET (m2/g) V (cm3/g) dBJH (nm) 

Mo/Al2O3  227.6  0.72  13.0  

Fig. 2. DBT conversion at different temperature.  

Fig. 3. The effect of the extraction stage on the desulfurization rate.  
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the desulfurization rates show a significantly increasing trend at first 
and then leveled off. The desulfurization rate reaches 30.7% when the 
extraction time is 90 min 

3.5. APPI FT-ICR MS result 

APPI FT-ICR analyzed the raw HFO, desulfurized HFO, and extrac-
tion phase to obtain the mass spectra of species composition (Fig. S2). 
The distribution of different heteroatom of compounds can be obtained 
from the spectra [28]. The class distribution of various compounds in the 
three samples is shown in Fig. 5. CH represents the pure hydrocarbon 
and the detailed distribution is shown in Fig. S3; S1 and S2 are assigned 
to the sulfides with one or two sulfur atoms inside the molecules. N 
species refer to the hydrocarbon compounds with one nitrogen atom, 
while the NS means those species with one nitrogen and one sulfur atom. 
The protonated ion of HC[H], S[H], O2S[H], and O4S2[H] species are 
detected under the APPI positive mode. 

Large amounts of S1 and S2 species are detected, indicating the high 
sulfur contents in the raw HFO (Fig. 5A). Compared with the raw HFO, a 
significant quantity of O2S and O4S2 are observed, and the relative 
abundance of S1 species decreases from 44.87% to 3.95% in the desul-
furized HFO (Fig. 5B). This trend demonstrates that the sulfur species are 
transferred to sulfur oxide and sulfone during the oxidation process. The 
relevant abundance of hydrocarbon (CH) species in desulfurized HFO 
(45.91%) higher than raw HFO (30.93%) due to a certain amount of 

acetonitrile is dissolved in the HFO. From Fig. 5C, all the substances in 
the acetonitrile phase belong to the sulfone species. The results show 
that a certain amount of sulfone is extracted by acetonitrile, but a 
considerable amount of sulfones remain in the fuel oil. The residual O2S1 
and O4S2 compounds distributed in desulfurized HFO are shown in 
Fig. S4. 

Fig. 6 is a distribution diagram of the double bond equivalent (DBE) 
vs carbon number of sulfur-containing compounds detected in feedstock 
and desulfurized HFO, reflecting the molecular composition character-
istics of sulfides. The horizontal axis is the number of carbon atoms of 
the molecule; the Y-axis is the double bond equivalent, the total number 
of rings and double bonds in the molecule. The approximate molecular 
structure can be inferred from DBE. The size of the dot in the figure 
represents the relative abundance of the compound. Fig. 6 clearly shows 
significant differences in the molecular composition of sulfur com-
pounds in HFO feedstock and desulfurized HFO. 

The carbon number distribution of S1 species in raw HFO is mainly 
between 20 and 70, and the DBE numbers are concentrated in the range 
of 6–31. The species with DBE equaling 6, 9, 12, and 15 belong to the 
alkyl-substituted derivatives of benzothiophene (BT), dibenzothiophene 
(DBT), benzo(b)naphtha(2,3-d)thiophenes, and two naphtha thiophene 
[29]. The corresponding molecular formulas are C8+nH6+2nS1, 
C12+nH8+2nS1, C16+nH10+2nS1, and C20+nH12+2nS1, respectively [30]. 
While the S1 compounds with DBE= 10 and 11 are assigned to the 
alkyl-DBTs, sulfides are attached to an additional alkyl-naphthenic ring 
[31]. In the desulfurized HFO, the residual S1 compounds are concen-
trated in higher carbon numbers (40− 60) and DBE in the range of 6–15, 
which are relatively higher than those in raw HFO. Moreover, many 
sulfur compounds are oxidized to O2S1 or O4S2 species found in Fig. S4. 

The compound distribution in the extraction phase is listed in Fig. 7. 
As can be seen from the result, the O2S1 species with lower carbon 
numbers (< 40) are extracted, and the DBE numbers are centered be-
tween 6 and 22. The O2S1 sulfur-containing compounds were concen-
trated in DBE 9–16. The molecular formulas of DBE equal to 9, 12, 14, 
and 15 assigned to C12+nH8+2nO2S1, C16+nH10+2nO2S1, 
C18+nH10+2nO2S1, and C20+nH12+2nO2S1, respectively [30]. The O4S2 
species are the corresponding sulfone converted by the large molecules 
with two sulfur atoms oxidized during the reaction. The carbon number 
of the O4S2 species is less than 50, while the DBE values are mainly 
between 9 and 21. The molecular formulas of DBE equal to 12, 14, 15, 
and 17 can be assigned to C16+nH10+2nO4S2, C18+nH10+2nO4S2, 
C20+nH12+2nO4S2, C22+nH12+2nO4S2, respectively. The nuclear structure 
of O4S2 species with DBE= 14 is probably benzodithiolium indene sul-
fone. The O4S2 sulfone compounds with DBE values of 12 and 17 should 
be the derivative of benzodithiolium indene sulfone [30]. The sulfones 
with lower carbon numbers and DBE values exhibit higher polarities. 

Fig. 4. The effect of extraction time on the desulfurization rate.  

Fig. 5. Compounds class distribution of raw HFO (A), desulfurized HFO (B), and extraction phase (C).  
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Thus they can be easily extracted by the acetonitrile solvent [32]. 

3.6. FTIR result 

FTIR spectra of the raw HFO, oxidized HFO, desulfurized HFO, and 
the extraction phase is shown in Fig. 8. The oxidized HFO is the oil 

sample after the oxidation step but without extraction treatment. The 
strong peaks at 2956 cm− 1, 2920 cm− 1, 2851 cm− 1, 1458 cm− 1 and 
1375 cm− 1 are assigned to the alkane groups [33]. The adsorption peak 
at around 1637 cm− 1 is ascribed to the C––C stretching. The peak at 
2254 and 2292 cm− 1 belonged to the C–––N stretching of the acetonitrile. 
Compared with the raw HFO, two characteristic peaks are observed at 
1148 cm− 1 and 1295 cm− 1 which are belonged to the S––O stretching of 
the sulfone group [17,34]. The strong intensity of the sulfone peak in the 
oxidized HFO indicates that the oxidation efficiency is excellent under 
the experimental conditions. However, the sulfone peak intensity be-
comes much weaker in the extraction phase due to the dilution effect of 
acetonitrile. The sulfone peak in the extraction phase confirming the 
truth of sulfone was extracted, and the class distribution can be seen 
from the FT-ICR result. The characteristic peak attributed to sulfone in 
the desulfurized HFO demonstrates that many sulfone species remain in 
the oil, which is consistent with the O2S1 and O4S2 class distribution 
(Fig. S3) from APPI FT-ICR. 

3.7. Orbitrap result of extraction phase and desulfurized oil 

Fig. 9 shows the orbitrap results of the desulfurized oil and extraction 
phase. The sulfur oxide (O1S1), sulfone (O2S2), and some nitrogen 
compounds are observed in the extraction phase from the class com-
pound distribution. The N1 species show relatively higher abundance in 
both samples due to their high polarity. From the DBE vs carbon number 
distribution of O2S1 species, large amounts of R-benzothiophene sulfone 
(R-BTO2, DBE=6) and R-dibenzothiophene sulfone (R-DBTO2, DBE=9) 

Fig. 6. S1 compounds class distribution in raw HFO (A) and desulfurized HFO (B).  

Fig. 7. O2S1 and O4S2 species in the extraction phase.  

Fig. 8. FTIR spectra of different samples.  
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are extracted by acetonitrile [35]. R means the alkyl side chains attached 
to the molecules. The carbon number of the extracted sulfone is mainly 
less than 40 due to the high polarity of the sulfur compounds with a 
shorter molecular chain. This result is consistent with the FT-ICR anal-
ysis. From Fig. 8(B) and Fig. S2, O1S1 and O2S2 species remain in the 
desulfurized oil. The residual O2S1 species possess higher condensation 
degrees or longer molecular chains. Molecules with a higher degree of 
condensation contain more benzene rings, causing the electron cloud 
uniformly distributed and resulting in lower polarity, making it difficult 
to be extracted. 

3.8. 1H NMR result 

The 1H NMR was used to identify the various functional group based 
on the different chemical shifts [36,37], and the spectra are shown in 
Fig. S5. The adsorption peak at 0.25–0.94 ppm, 0.94–1.39 ppm, and 
1.39–1.57 ppm are ascribed to paraffinic CH3, paraffinic CH2, and 
paraffinic CH, respectively [36]. The peak at a chemical shift of 
2.04–2.64 ppm, 2.64–2.88 ppm, and 2.88–3.4 ppm assigned to the 
α-CH3 to the aromatic ring, α-CH2 to the aromatic ring, and α-CH to the 
aromatic ring group. The peak belonged to olefinic CH-CH2, and aro-
matics were observed at 4.5–6.42 ppm and 6.42–8.99 ppm. A strong 
characteristic peak near 2.0 ppm appears attributed to acetonitrile in the 
extraction phase and desulfurized oil. 

The class compounds distribution is calculated by subtracting the 
content of CH3CN and displayed in Fig. 10. From the distribution, the 
paraffinic CH3 and paraffinic CH2 groups occupy high proportions in the 
heavy fuel oil feedstock, which account for 56.6% and 25.6%, respec-
tively [38]. After oxidation and extraction treatments, a certain amount 
of paraffinic CH3 and CH2 are left, resulting in the relative abundance of 
the two species in desulfurized HFO increased. The α to aromatic CH3, 
naphthenic CH-CH2, and aromatics take up 36.4%, 36.8%, and 3.5% 
percentages in the extraction phase. These three proton function groups 
belong to the sulfone compounds that possess aromatic 
hydrocarbon-connected lots of α-CH3 or more naphthalene group con-
nected α-CH3 group. Such sulfone hydrocarbon compounds usually 
embrace short side chains and strong polarity; thus, they can be easily 

extracted. These results are consistent with those from APPI FT-ICR. 

4. Conclusions 

The solid catalyst Mo/Al2O3 was prepared and used to evaluate the 
oxidative desulfurization catalytic performance for DBT and heavy fuel 
oil. Under the reaction temperatures of 30–60 ◦C, the desulfurization 
reaction rates of DBT increased as the temperature enhanced, especially 
reached to 97.7% after 10 min reaction at 60 ◦C. The sulfur removal 
efficiency of HFO could be 30.7% after 2 stage extraction at 60 ◦C with 
solvent/oil ratio= 2. The class compound distribution from APPI FT-ICR 
indicated that the oxidation efficiency was relatively high compared to 
the S1 species between raw HFO and desulfurized HFO. Large amounts 
of O2S1 and O4S2 species with higher DBE and longer hydrocarbon 
chains were still the residual components left in the desulfurized HFO, 
which were relatively difficult to be extracted due to their lower po-
larities. The sulfone species with a shorter carbon chain (20− 40) and 
lower DBE value (9− 25) exhibited high polarities, which could be 
extracted by acetonitrile. 

Fig. 9. The class compounds distribution, DBE vs carbon number distribution after two-stage extraction (A) extraction phase, (B) desulfurized oil.  

Fig. 10. Class distribution from 1H NMR.  
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