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Abstract 

Nuclear Magnetic Resonance (NMR) involves the study of nuclei immersed in a static magnetic 

field and exposed to a second oscillating field. Nuclei have two properties; spin properties and 

charge properties. Pyrolysis oil is created by dry heating biomass in a reactor without oxygen to 

around 500 degrees Celsius and then cooling it. Pyrolysis oil is a type of tar that includes too much 

oxygen to be classified as a pure hydrocarbon. One of the most fundamental methods in synthetic 

chemistry is using NMR to verify chemical structure. In the literature, little attention has been paid 

to the application of NMR in the authentication of chemical structures. In this study, we present a 

use case of NMR to characterize pyrolysis oil and authenticate chemical structures. Results show 

that the elucidation of chemical compositions of bio-oil is essential for the optimization of its 

processing technology and exploration of its potential application. 
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1. Introduction 

The study of nuclei immersed in a static magnetic field and exposed to a second pulsating field is 

known as nuclear magnetic resonance (NMR). Spin properties and charge properties are two 
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properties of nuclei. Nuclei are made of protons and neutrons; both have spin values of ½. Protons 

give charge. Only atoms with an odd number of protons or neutrons have spin because pairs of 

spins tend to cancel out [1, 2]. If a nucleus possesses both angular momentum and a magnetic 

moment, it has the NMR property.  

Washburn et al. [3] offered a new method for measuring T1 and T1–T2 correlations using solid 

echoes that solve some of the issues with NMR experiments on shale samples vs. traditional 

reservoir rocks. When these approaches were combined with conventional T1 and T2 

measurements, a more comprehensive picture of the hydrogen-bearing materials (e.g., bitumen, 

kerogen, clay-bound water) in shale samples were obtained. These procedures were used to 

analyze the solid and very dense organic phases present throughout the petroleum production 

process in immature and pyrolyzed oil shale samples. In comparison to standard techniques, actual 

echo measurements provide more signal in oil shale samples, suggesting the existence of 

components conducting homonuclear dipolar coupling. The first low-field NMR observations on 

kerogen are described here, as well as a comprehensive NMR investigation of very viscous 

thermally produced bitumen found in pyrolyzed oil shale. 

Ben et al. [4] analyzed the chemical shift assignment of 27 different C–H bonds found in the 

pyrolysis oils based on databases and the HSQC–NMR spectrum data analysis. The HSQC–NMR 

examination of these pyrolysis oils revealed two types of methoxyl groups present in the pyrolysis 

oils made from lignin and pine wood, indicating that the lignin's natural methoxyl group rearranges 

during thermal treatment. The amount of aromatic C–H and aliphatic C–H bonds in the pyrolysis 

oils formed from lignin and pine wood rose with higher pyrolysis temperatures. The pyrolysis oils 

made from cellulose and pinewood were discovered to include levoglucosan as one of the principal 

components, and the cellulose pyrolysis oils had furfurals and phenols as well. The lignin 

component formed the majority of aromatic and aliphatic C–H linkages in the pinewood pyrolysis 

oils. Their findings show that HSQC–NMR is capable of providing in-depth investigation of 

pyrolysis oils. 

In this study, we show how NMR may be used to describe pyrolysis oil and verify chemical 

structures. The remainder of the paper is structured as follows. We first present the materials and 

methods used to conduct the experiments. Then, we present the results and compare our findings 

with the related studies in the literature. The findings suggest that understanding the chemical 
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compositions of bio-oil is critical for improving its processing technology and exploring its 

possible applications. 

 

2. Materials and Methods 

Some nuclei have an odd number of protons or neutrons. After the magnetic field is applied, some 

protons or neutrons align against the magnetic field, while others align with the applied area. The 

following equation gives the difference between the two energy states:  

ΔE= ɣhB0/2π              (1) 

Where B0 is the external magnetic field, h is Plank’s constant, and ɣ is the gyromagnetic ratio. The 

gyromagnetic ratio is critical for NMR. It allows us to calculate the Energy needed to change an 

atomic nucleus from the low to high-energy state in a given magnetic field.  

ΔE= hʋ= ɣhB0/2π               (2) ʋ= ɣhB0/2πh                (3) 

This frequency (ʋ) is known as Larmor frequency. It is the same as the precession frequency of 

the nucleus. For a particular atomic nucleus, the resonance frequency is constant and proportionate 

to magnetic field intensity [5-7]. Not much information could be obtained if all protons absorb the 

same amount of energy in the given magnetic field. On the other hand, Protons are shielded from 

the external field by electrons. The induced magnetic field created by circulating electrons opposes 

the external magnetic field. The magnetic field must be raised for a protected proton to flip at the 

same frequency. Depending on their chemical environment, protons in a molecule are shielded by 

different amounts, as shown in Fig. 1.  

 

Fig. 1. Protons shielded in a molecule 
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The use of nuclear magnetic resonance in NMR spectroscopy concerning hydrogen-1 nuclei inside 

the molecules of a material to identify the structure of its molecules is known as proton nuclear 

magnetic resonance (proton NMR, hydrogen-1 NMR, or 1H NMR). Fig. 2 shows how those 

protons appear on NMR spectra. 

 

Fig. 2. NMR peak positions of differently shielded protons 

 

In Fig. 2, the number of signals shows how many different kinds of protons are present. The 

location of signals shows how shielded or deshielded the proton is. The intensity of the signal 

shows the number of protons of that type. Signal splitting shows the number of protons on the 

adjacent atom. Once we stop applying Energy, the net magnetization will be aligned with static 

field B0. This process is called relaxation. So the part of net magnetization perpendicular to B0 

shrinks. This part provides a detectable signal. This signal is transformed from the time domain to 

frequency domain using Fourier transform [8-10]. 

Both proton NMR and 13C NMR on feed biooil and improved biooil are required in the field of 

bio-oil and biofuel. 13C NMR is also based on the same principles as 1H NMR. However, it is about 

6000 times less sensitive than 1H due to the very low natural abundance of 1.1% of 13C and that’s 

why we use a more significant number of scans for 13C NMR [11-13]. It also offers immediate 

information on the organic molecule's backbone. 

NMR analysis would be complementary to FT-IR in confirming hydrogenation. Molecules with 

permanent dipole moments are I.R. active, as shown in Fig. 3. NMR focuses on structural 

investigation of hydrocarbon molecules, while FT-IR is based on distinctive vibrational 
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frequencies of bonds that include stretching and bending vibrations. NMR is an essential tool for 

group type analysis, i.e., it directly measures aromatic and aliphatic carbons (13C NMR) and 

hydrogen distribution (1H NMR). It also gives crucial information about a molecule's carbon and 

hydrogen structural grouping [14-19]. Integration of relevant portions of the 13C and 1H NMR 

spectra can be used to determine a quantitative assessment of oxygen-containing functions [20, 

21]. During hydrogenation, hydrogen attacks chemical bonds, causing them to become saturated 

or broken. The structural modifications of the molecules will be tracked by NMR, while FT-IR 

will study changes in chemical bonding. 

 

Fig. 3. Examples of I.R. active and I.R. inactive bonds 

 

It also allows researchers to follow the energy content of hydrogenation products by identifying 

the functional group compositions of upgraded biooil and comparing NMR results to feed biooil, 

gasoline, and diesel. According to certain research, NMR may also be used to test the thermal 

stability of biooil and biodiesel. For example, 13C NMR examination of hydrotreated biooils with 

various oxygen concentrations that were used to generate light naphtha, jet, diesel, and gas oil 

revealed that the presence of polymeric material with slow molecular movements causes a vast 

peak in the spectra. [21, 22].  

 

3. Results and Discussion 

The rise in the heating value of biooil owing to hydrogenation might be explained using NMR. 

The amount of HHV increase may be determined using a bomb calorimeter. Still, NMR provides 

more precise information on why the HHV has grown by considering the number of hydrocarbon 

structures (aliphatics, aromatics, etc.) that contribute to increasing the heating value. I'd also 

anticipate linking the number of hydrocarbon groups acquired through semiquantification of NMR 

spectra to the upgraded biooil's heating value [23-25]. The computations that follow will help to 
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elucidate this assertion. First, assume Table 1 contains the NMR data from three tests comparing 

the feed bio-oil to the feed biooil. The HHV of the feed biooil and the upgraded biooil were 27.65 

MJ/Kg and 42.23 MJ/Kg, respectively, in an experiment with a 10% biooil to catalyst ratio at 

500°C. Assume that there is a straightforward relationship (equation 4) between the HHV of the 

end products that consider the average HHV of each fraction (as shown in Table 2) to determine 

the HHV of the upgraded biooil. 

HHV= ∑ xi . ki . HHVi             (4) 

Where xi is the area fraction obtained from NMR semiquantification results, ki is a contribution 

factor specific to hydrocarbon fraction i, and HHVi is the heating value of fraction i.  

Table 1. Results for 13C NMR spectral integration 

Chemical 
shift region 

(ppm) 

Dominant type 
of carbon 

Experimental condition 

Feed biooil 
10% 

catalyst- 
300 C 

10% 
catalyst- 
400 C 

10% 
catalyst- 
500 C 

15% 
catalyst- 
400 C 

0-28 
saturated 
aliphatic 
groups 

16.86 26.00 49.17 57.30 58.55 

28-55 
unsaturated 

aliphatic 
groups 

10.55 8.52 3.71 2.77 3.60 

55-95 

alcohols, 
ethers, phenolic 

methoxys, 
anhydrosugars 

13.10 10.40 10.20 5.45 7.91 

95-165 
aromatics, 

furans 
56.77 52.34 16.28 34.25 29.45 

165-180 
organic 

(carboxylic) 
acids, esters 

1.58 1.57 1.03 0.10 0.34 

180-215 
ketones, 

aldehydes 
1.10 1.16 1.03 0.10 0.11 

 

We would have six equations with six unknowns if we did six experiments (contribution factors). 

The unknowns in this system of equations might be simply solved. The results of the contribution 

factor calculations are shown in Table 3. 
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Table 2. Average HHV of hydrocarbon fractions 

Hydrocarbon fraction Avg. HHV (M.J./Kg) 

saturated aliphatic groups 48.61 

unsaturated aliphatic groups 45.30 

alcohols, ethers, phenolic 

methoxys, anhydrosugars 
29.71 

aromatics, furans 41.8 

organic (carboxylic) acids, 

esters 
23.14 

ketones, aldehydes 27.51 

 

Table 3. Calculated ki for each fraction 

Hydrocarbon fraction ki 

saturated aliphatic groups 0.98 

unsaturated aliphatic groups 0.82 

alcohols, ethers, phenolic 

methoxys, anhydrosugars 
0.18 

aromatics, furans 0.95 

organic (carboxylic) acids, 

esters 
0.41 

ketones, aldehydes 0.26 

 

 

Substituting area fractions, k-values, and HHVs into equation 1 for the data obtained from the 

experiment with 10% catalyst loading at 500 ̊C gives the following result: 

HHV= (0.57×0.98×48.61) + (0.03×0.82×45.3) + (0.05×0.18×29.71) + (0.34×0.95×41.8) + 

(0.001×0.41×23.14) + (0.001×0.26×27.51) = 42.23 MJ/kg     (5) 
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The HHV in this computation line is the same as in the bomb calorimeter. In addition to bomb 

calorimetry measurements, NMR results would provide a descriptive confirmation of HHV rise 

[26, 27]. Thermochemical conversion of bio-feedstocks typically yields gas (hydrogen), solids 

(biochar), and, most critically, a two-phase liquid (aqueous and organic) [28-30]. Each product has 

the capability of increasing the value of the parent feedstock. The upgrading of bio-oil involves 

several processes (examples are shown in Fig. 4). For example, we may track the efficacy and 

performance of modified red mud for hydrogenation and compare the upgraded products derived 

from red mud as catalyst and Ni/Silica-Alumina to determine the best parameters for red mud 

modification. Furthermore, studying lignocellulosic biomass at the model compound level (e.g., 

using guaiacol and 5-HMF as reaction representations) might offer important information about 

the thermochemical behavior of parent cellulose, hemicellulose, or lignin [31-34]. 

 

 

Fig. 4. Examples of reactions associated with catalytic bio-oil upgrading [35, 36]. 

 

Assume NMR findings of feed biooil and enhanced bio-oils utilizing modified red mud and 

Ni/silica-alumina as catalysts are shown in Table 4. 
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Table 4. Comparison of catalytic performance of Ni/silica-alumina and modified red mud at 

10% catalyst loading and 500 ̊C [12, 37]. 

Chemical shift 
region (ppm) 

Dominant type of 
carbon 

Catalyst 

Feed biooil Ni/silica-alumina 
Modified red 
mud catalyst 

0-28 
saturated aliphatic 

groups 
16.86 57.30 63.49 

28-55 
unsaturated 

aliphatic groups 
10.55 2.77 2.91 

55-95 

alcohols, ethers, 
phenolic 

methoxys, 
anhydrosugars 

13.10 5.45 6.22 

95-165 aromatics, furans 56.77 34.25 25.76 

165-180 
organic 

(carboxylic) acids, 
esters 

1.58 0.10 0.10 

180-215 
ketones, 

aldehydes 
1.10 0.10 1.50 

 

Table 4 reveals that the modified catalyst produces more aliphatic hydrocarbons than Ni/silica-

alumina. Still, it has fewer aromatics, indicating that modified red mud can saturate aromatic rings 

better than Ni/silica-alumina. So we will be looking for the optimum modification parameters, 

such as the best nickel salt to red mud ratio during impregnation if nickel salt is utilized to change 

the red mud. 

According to the global energy forecast (2020), energy consumption in this industry is predicted 

to increase by at least 80% over the next several decades. However, because the estimates offered 

here were all made before COVID-19, they do not consider the tremendous worldwide 

developments that have transpired in recent months [38-41]. Nonetheless, jet fuel and diesel 

consumption are mostly to blame for this predicted increase. Saturated aromatics, resins, and 

asphaltenes (SARA fractions) are the four primary petroleum fractions. Asphaltenes are the least 

desirable of the four [42-46]. Asphaltenes can block the transfer lines and are extremely 

recalcitrant to biodegradation. Gasoline is a mixture of different hydrocarbon fractions. Gasoline 

typically contains 4-8% alkanes, 2-5% alkenes, 24-40% isoalkanes, 3-7% cycloalkanes, 1-4% 

cycloalkenes, 20-50% total aromatics (0.5-2.5% benzene). Gasoline includes C5 to C13 
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hydrocarbons, while diesel includes C14 to C19 [47, 48]. Because gasoline contains largely aliphatic 

and aromatic hydrocarbons, we must adjust the experimental conditions to maximize the aliphatic 

and aromatic fractions in the upgraded biooil. The 13C NMR spectra in this example was recorded 

on a JEOL 300 MHz NMR spectrometer (JEOL, Ltd., Tokyo, Japan). About 0.2 g of oil is 

dissolved in 0.6 g deuterated dimethyl sulfoxide-d6 (DMSO-d6) in a 5-mm sample probe. The 

DMSO-d6 containing 1% (v/v) tetramethylsilane (TMS) is obtained from Sigma−Aldrich 

(Sigma−Aldrich, St. Louis, MO, USA). The observing frequency for the 13C nucleus is 100.58 

MHz, the pulse width is 10 μs, the acquisition time is 1.58 s, and the relaxation delay is 2 s. The 

spectra will be acquired with 4000 scans and a 20 kHz sweep width. Figures 5-7 show the NMR 

spectra of three samples that demonstrate how hydrogenation has been efficient in improving 

biooil. Analysis of HDO organic liquids using 13C NMR. Semiquantitative integration of 13C 

NMR spectra was used to describe the functional groups present in crude bio-oil and HDO oils. 

Chemical shifts for various functional groups were assigned based on those found in the literature. 

Carbohydrate breakdown products, alcohols, ethers, methoxylated phenols, carboxylic groups, 

aldehydes, and ketones were abundant in the crude bio-oil. Due to hydrogenation of unsaturated 

aliphatics, HDO of alcohols, ethers, carboxylic acids, aldehydes, and ketones, the distinctive peaks 

at 0–28 ppm ascribed to saturated aliphatic carbon atoms increased. Because of better 

hydrogenation/hydrodeoxygenation of unsaturated and oxygenated molecules, increasing the Ni 

loading from 10% to 40% increased the saturated aliphatic carbon atoms from 24.7 percent to 42.6 

percent. The unsaturated carbon atoms separated from oxygen atoms by at least two bonds had 

chemical shifts of 28–55 ppm in the bio-oil, and their presence in the HDO oil rose as the Ni 

content of the catalyst increased. Aliphatic carbon atoms connected to oxygen atoms in alcohols, 

esters, and anhydrous carbohydrates were ascribed chemical shifts of 55–95 ppm. Due to improved 

catalytic activity, increasing Ni loading reduced the number of alcohols, esters, and anhydrous 

carbohydrates [49, 50]. At Ni loadings of 40%, 50%, and 65%, no peaks were seen at chemical 

shifts between 55–95 ppm, implying that all oxygenated molecules, including the methoxy carbon, 

resonate at 55–57 ppm were completely deoxygenated. 

Aromatic carbon atoms in phenolic compounds and furans were allocated to the typical peaks with 

95–165 ppm chemical shifts. Due to the hydrogenation/deoxygenation of these compounds, the 

number of carbon atoms in these compounds reduced as Ni loading increased. When Ni loading 

was increased from 40% to 65 percent, unsaturated aliphatics increased from 17.6% to 27.6%, 
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while aromatic compounds decreased from 39.8% to 16.2%. These findings might be explained 

by partial hydrogenation of aromatic compounds. Due to enhanced hydrogenation of unsaturated 

aliphatics, the saturated aliphatics content increased from 42.6 percent to 56.2 percent. Even at 65 

percent Ni loading, however, hydrogenation of unsaturated aliphatics was not complete. Longer 

reaction periods may result in full hydrogenation of unsaturated aliphatic carbons, but they are also 

known to produce hydrocracking of organic compounds into gases, lowering the organic liquid 

yield. At large Ni loadings, the chemical shifts at 165–180 ppm attributed to carboxylic acids and 

esters rapidly diminished and eventually vanished. The strength of these carboxylic carbon signals 

reduced from 5.3 percent to 1.4 percent when the Ni dosage was increased from 10% to 30%. 

Because of full deoxygenation of these compounds at higher Ni loadings, no typical peaks between 

165–180 ppm were seen. 

 

 

Fig. 5. NMR spectra of the feed bio-oil 

ab
un

da
nc

e
0

0.
1

0.
2

0.
3

0.
4

X : parts per Million : 13C
220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0 -20.0



12 

 

 

Fig. 6. NMR spectra of hydrogenated biooil using 10% catalyst to biooil ratio under 400 ̊ 

 

 

Fig. 7. NMR spectra of hydrogenated bio-oil using 10% catalyst to bio-oil ratio under 500 ̊C 

 

NMR enables quantitative examination of the entire bio-oil sample, rather than just a subset, and 

provides information on the chemical functional groups present. In this approach, NMR 

characterization of pyrolysis bio-oil can aid in determining the best operating parameters for the 

pyrolysis process and identifying acceptable (alternative) feedstocks for creating chemically stable 

bio-oils over long periods. The bulk of chemicals found in bio-oils, on the other hand, have 

relatively low concentrations (<0.2 wt.%), and a detailed compositional analysis requires the 
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combination of several techniques such as 2-dimensional NMR, GC×MS×MS, and FT×ICR×MS 

[51-53]. NMR techniques are most potent in identifying pure-chemical chemicals and cross-

confirmation of GC-MS results. Proton and carbon NMR can be used to trace down the formation 

of hydrocarbons in the aqueous phase, bio-oil epoxidation, and other chemical changes, for 

example. The aromatics, alkanes, epoxidized compounds, internal olefins, and phenol 

formaldehyde derivatives were authenticated using 13C NMR and comparing them to legitimate 

standards due to their great purity [54-56].  

 

4. Conclusion 

Understanding biochemical oil's composition is critical for optimizing its processing technology 

and exploring its possible applications. The most powerful techniques for bio-oil characterization 

have been deemed comprehensive 2-D G.C. and ultrahigh-resolution M.S., the most sophisticated 

technology in related disciplines. FTIR and NMR spectroscopy might also give information on the 

functional and skeletal structure components. Advanced NMR spectroscopy methods may be able 

to provide a more objective overall view of the complicated bio-oil samples. FTIR spectroscopy 

and G.C. are less expensive than HRMS and NMR spectroscopy, making them suitable options. 

Furthermore, as compared to lignin, the high Mw fractions exhibit a novel structural network-

based mostly on guaiacol/ disubstituted aromatic ethers and polyaromatic hydrocarbon structures 

bonded closely together, as revealed by 2D and 13C NMR studies. The discovery of novel 

macromolecules in the higher Mw fractions suggests that LignoBoostTM kraft lignin is solvated in 

the subcritical phase and can undergo processes including depolymerization of C-O and C-C 

linkages, as well as repolymerization into heavier Mw fragments, heavy oil, and suspended solids. 
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