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ABSTRACT.  

The cold flow properties of hydrotreated vegetable oils (HVO) and of their blends with 

petroleum diesel were investigated by solid-state NMR (SSNMR). The fraction of protons in the 

crystallites was successfully determined at temperatures going from 30°C to -50°C, offering a 
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way to precisely monitor the crystallization process occurring during the cool-down of 

hydrocarbons. The Magic-Sandwich Echo experiment used in this work displayed a higher 

sensitivity compared to other methods such as cloud point, pour point and cold filter plugging 

points, with a detection of the onset of crystallization by SSNMR up to 15°C with respect to 

other techniques. The properties of three distinct HVO and of their blends with a petroleum 

diesel were determined and related to their detailed chemical composition. Results showed that a 

high branching level was the primary factor impacting the onset of crystallization of the HVO. 

The carbon number distribution was observed to impact the rate of crystallization as a function 

of temperature. Lastly, blending petroleum diesel with HVO was demonstrated to keep the cold-

flow properties of the diesel unchanged at 10 wt % mixing. In contrast, a shift of the cold-flow 

properties of the blends towards the HVO behavior was detected at 30 wt % and 50 wt % 

mixing, with either a negative or positive impact depending on the chemical composition of the 

added HVO.  
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1. INTRODUCTION 

Biofuels are considered as an attractive option to limit the greenhouse gas emissions in the 

transport sector, which was responsible for 27% of these emissions in Europe in 2017 
1
. Among 

biofuels, hydrotreated vegetable oils (HVO) display significant advantageous properties for the 

engine and the environment which make them better candidates than diesels for several 

applications. HVO have high cetane number, low density, lower heating value and better 

oxidative stability than diesels. Their properties can be adjusted by modifying the parameters of 

their preparation reaction, such as temperature, pressure, and the nature of the catalyst used so 

that they meet various industrial needs. The major drawbacks of HVO stand in their poor low-

temperature properties, which could hamper their use at high blending percentage for 

combustion-ignition engines. Indeed, poor engine performance and high NOx emissions are 

likely to occur when diesel with poor cold-flow properties are used in direct injection diesel 

engines 
2,3

. The upgrading technology of cold-flow properties of HVO reported in the literature 

include isomerization and blending with petroleum diesel 
4
. 

Nuclear Magnetic Resonance (NMR) is here suggested as a versatile technique to 

investigate the temperature-dependent behavior of three different HVO and to correlate their cold 

properties with their chemical composition. The methodology presented here characterizes both 

the behavior of pure HVO, but also investigates their impact on the low-temperature behavior of 

petroleum diesels at blending percentages ranging from 10 wt % to 50 wt %.  

Other analytical techniques have been proposed in the literature to monitor the crystallization 

phenomenon occurring at low temperature 
4,5

. Differential scanning calorimetry (DSC) can 

detect the exothermic onset of wax crystallization upon cooling and can indirectly deduce the 

percentage of wax from the released amount of heat. The sensitivity of DSC is however directly 
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related to the cooling/heating rate and reduction of this rate can compromise identification of the 

onset of crystallization 
6,7

. Near infrared spectroscopy combined with chemometric tools has also 

been used to predict cold-flow properties of diesels and blends 
8–11

. However, this last method is 

strongly dependent on the database used for the chemometric analysis. The solid-state NMR 

(SSNMR) technique presented here is highly robust and can be applied to any proton-bearing 

species. It is also significantly more sensitive than the classical physical tests used to quantify the 

cold-flow properties of fluids, as illustrated by the early onset of crystallization detected by 

SSNMR compared to other techniques. Lastly, the ability to cool down the probe at an accurate 

temperature value makes SSNMR a well-suited tool to monitor the rate and slope of 

crystallization as a function of temperature. The experiments presented here were carried out on 

a high magnetic field spectrometer. However, since resolution is not critical for the presented 

relaxation measurements, their transposition to benchtop spectrometers with lower field is 

completely possible 
12–15

. Such experiments can therefore easily be implemented on standard 

laboratory equipment. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

The petroleum diesel used to prepare blends with different HVO fulfills the EN 590 

specifications. The key characteristics of this petroleum diesel are detailed in Table 1. 
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Table 1. Characteristics of the reference diesel 

 CP 

(°C) 

CFPP 

(°C) 

PP 

(°C) 

Density 

at 15°C 

(kg/m3) 

Kinetic 

viscosity 

at 40°C 
(mm2/s) 

Atmospheric Distillation test 

ASTM 

D7689 

EN 

116 

ASTM 

D7346 

EN ISO 

12185 

EN ISO 

3104 

ASTM D86 

Reference 
diesel 

- 3 -2 -12 831.2 3.21 Initial 
Boiling 

Point 

(°C) 

Final 
Boiling 

Point 

(°C) 

Temperat
ure 95% 

(V/V) 

recovered 
(°C) 

Distilled 
volume 

(mL) 

Residue 
(mL) 

Losses 
(mL) 

166.8 359.1 253.6 97.9 1.5 0.6 

Three HVO were considered in this work. Although paraffins are the main components of 

HVO, chains with unsaturations and branches are also present. Variations in the chain length, 

level of unsaturated chains and isomerization profiles can be observed between the three selected 

HVO as described below. 

The HVO preparation process consists of a hydrotreatment of vegetable oil and then an 

isomerization of the C16~C18 paraffinic material. During the hydrotreatment, the triglycerides 

of the vegetable oil are converted into hydrocarbons through a hydrogenation reaction. Hydrogen 

is used to remove the oxygen from the triglycerides producing a mix of linear paraffins, carbon 

dioxide and water. Then, the product of hydrotreatment is isomerized, always in presence of 

hydrogen, in order to create branching along the linear chains and to improve, by this way, the 

cold-flow properties of the final products. Thus, HVO are obtained free of sulphur and aromatics 

and with a very high cetane number. 

The ratio of n-paraffins and iso-paraffins varies to an extent which depends on the conditions of 

the isomerization process. This ratio was determined by two-dimensional Gas-Chromatography 

with FID detector for each investigated HVO (see Supporting Information). 

The following diesel fuel samples refer to either pure petroleum diesel, HVO samples, or blends 

of HVO with the investigated petroleum diesel. 
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2.3. 1H Solid-State NMR 

The SSNMR experiments were carried out on a Bruker Avance III HD NMR spectrometer 

coupled to a NMR magnetic field of 7.05 T and equipped with a 4 mm double-resonance 
1
H-X 

MAS probe head. The samples were introduced into a Kel-F insert for 4 mm MAS rotors, closed 

by a sealing screw. The measurements were performed without any magic-angle spinning (MAS) 

of the samples. The 
1
H transverse relaxation signal was recorded using the Magic Sandwich 

Echo (MSE) pulse sequence represented in Figure 1, with a 90°(
1
H) pulse length equal to 2.3 s 

and a number of sandwich blocks, nMSE, ranging from 1 to 20. The recycle delay was adjusted 

taking into account the evolution of the 
1
H spin-lattice relaxation time, T1(

1
H), in the probed 

temperature range (223 K – 303 K): the highest value of this delay amounted to 12 s. 

 

 

Figure 1. Schematic representation of the Magic-Sandwich Echo (MSE) pulse sequence. The 

first sandwich block corresponds to [t0-90°-2t0-90°-2t0-90°-2t0-90°-t0] and the second one, to the 

mirrored sequence with inverted phases compared to the pulses of the first block. The delay t0 

stands for the phase switching time. The phase cycling is described in detail in 
16

. nMSE denotes 

the number of MSE cycles applied before the detection of the 
1
H NMR signal. 

 

For each sample and at each temperature, the sample was first heated at 60°C in order to 

remove its thermal history. Then, the rotor was inserted in the NMR probe head, which was 
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previously equilibrated for 10 min at the temperature of interest, and the NMR data were 

recorded just after the sample insertion. For some of the samples, the rotor was let in the NMR 

magnet after the initial measurement and the same experiment was repeated after 10 min, 20 min 

and 30 min, under the same experimental conditions. Such a protocol allowed to check that the 

crystalline fraction formed in the diesel fuels does not vary over this time scale.  

2.4. Fitting procedure for the 
1
H transverse relaxation functions  

The MSE pulse sequence allows the fraction of protons involved in molecular moieties 

that are immobile over the tens of microseconds time scale to be quantified in an accurate 

manner. Such protons indeed give rise to a fast-relaxing component that may be observed during 

the first 200 microseconds of the 
1
H transverse relaxation function. The MSE experiment 

provides the opportunity to detect the occurrence of such a component and to determine the 

proportion of these protons with respect to the total number of protons in the investigated 

samples. 

The protons from the crystallites formed during the cooling of diesels are characterized 

by strong 
1
H-

1
H dipolar couplings DHH that are not, or almost not, averaged by molecular 

motions. As a result, the 
1
H transverse relaxation function M(t) displays a fast relaxation 

component which may be observed over the first 20 microseconds, with a Gaussian or Abragam-

like shape. At longer time, only the protons from the mobile phase of the partially crystallized 

diesel contribute to M(t). Assuming a two-phase description of the cooled system, M(t) may be 

expressed using the following equation: 

                                          (1) 
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In this expression, M0 stands for the 
1
H magnetization of the sample at equilibrium, fR 

corresponds to the fraction of protons in the crystallites while under the second-moment 

approximation, the parameter a is proportional to DHH
2
. The last term of eq 1 is used to describe 

the contribution from the protons located in the mobile phase. It should be remarked that a 

stretched exponential was considered because it allows a satisfactory description of the 
1
H 

transverse relaxation, as will be shown in the following. Such a function allows to reflect the fact 

that the fuels considered are intrinsically complex fluids that are not characterized by a single 
1
H 

T2 relaxation time. Nevertheless, the stretched exponential also accounts for the curvature of M(t) 

in the time regime between 20 µs and 200 µs that partly results from the different 
1
H chemical 

shift values of the chemically distinct protons from the diesel. 

In some cases, a weak fraction of the diesel protons is involved in crystalline regions. For 

this reason, the MSE experiment was preferred to the solid-echo pulse sequence. Indeed, at each 

temperature, the 
1
H transverse relaxation signal was recorded following different number of 

MSE cycles, nMSE, ranging between 1 and 20. Above nMSE = 9-10 typically, only the mobile 

protons contribute to the corresponding MSE signal. These latter were successfully described 

using a stretched exponential, imposing a common value for T2 and . In a second step, the 

parameters T2 and  thus obtained were then fixed for the fit of the MSE data obtained for nMSE = 

1. Such an approach, proposed by 
13

, allows to make the fitting procedure more robust and to get 

more accurate values of fR, even in the case of samples with few crystallites. An example of the 

1
H MSE signal obtained in the case of a petroleum diesel and its fit is represented on Figure 2 for 

illustration. 
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Figure 2. 
1
H MSE signals determined on a representative petroleum diesel according to EN 590 

at -25°C, for various MSE cycles, nMSE: nMSE is increased (a) from 1 to 10 and (b) from 11 to 20. 

Evolution of (c) the relaxation time T2, and (d) the stretching exponent, , describing the MSE 

signals recorded for nMSE above 10. (e) Fit of the MSE signal obtained for nMSE = 1, by 

constraining both T2 and  values to the ones obtained above nMSE = 10. 
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3. RESULTS  

Figure 3 shows the temperature dependence of the rigid fraction, fR, obtained for a 

petroleum diesel which will serve, in the following, as a common basis to prepare the blends 

with each of the three considered HVO. At this stage, one may note that the evolution fR(T) was 

found to be the same, independently of the cooling mode, as shown in Figure S8. For this neat 

diesel, fR is equal to 0 from room temperature down to ~5°C. An almost linear increase of fR is 

then observed from 5°C to -40°C with a final fR value of about 10%, as shown in Figure 3. 

Therefore, the temperature dependence of fR displays an onset of crystallization followed by a 

progressive crystallization process as the diesel is cooled down. Such behavior is consistent with 

the crystallization rate expected for a regular diesel with a broad distribution of carbon number. 

This distribution ranges between 7 and 30 carbons per chain as displayed in the Supporting 

Information. Optical microscope analyses were performed on the same reference and the 

formation of the first visible crystals was observed around 4°C (Figure S5). Such feature is 

consistent with the NMR data, which allow the detection of crystallites even though their 

characteristic size stands below a few hundred nanometers. These results show that the MSE 

experiment is an accurate approach to investigate the crystallization-behavior upon cooling. 
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Figure 3. Temperature dependance of the fraction of protons involved in the crystallites formed 

under isothermal crystallization. Before each measurement, the sample temperature was 

increased at 60°C. 

The same NMR methodology was applied for the three pure HVO samples from different origins 

and molecular compositions. No significant rigid fractions were observed between 30°C and 0°C 

for HVO 1 and 2, before displaying a sharp and linear increase of the rigid fraction between 0°C 

and -30°C. Towards low temperatures, a plateau was observed between -30°C and -50°C with 

final rigid fractions around 20 % and 16 % for HVO 1 and 2, respectively.  

HVO 3 displayed a very different pattern as compared to the first two ones with no significant 

rigid fractions between room temperature and -30°C. Below -30°C to -50°C, a linear increase of 

the fR is observed with a final value around 6%. No plateau was reached for HVO 3 at -50°C. 

These results evidenced very different cold properties between HVO 1 and 2 on the one hand and 

HVO 3 on the other hand. The sharper increase of the rigid fraction for HVO 1 and 2 displayed 

in Figure 4 (from 0°C to -30°C) compared to the one observed for the petroleum diesel in Figure 
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3 (from 0°C to -40°C) is to be related to their well-centered and narrow distribution of paraffins 

around the C16-C18 populations while the petroleum diesel displays a broader carbon 

distribution from C7 to C30. 

As for the diesel reference, additional tests were performed using optical microscopy on the three 

HVO samples and over the same temperature range. The results (Figure S6) showed that with 

decreasing temperatures, the first crystals appeared at, respectively, -7°C and -10°C for HVO 1 

and 2. On the other end, the first observable crystals for HVO 3 were observed around -38°C, 

confirming the same trends and differences derived from the NMR data. 

 

Figure 4. Evolution of the fraction of protons contributing to the crystallites resulting from the 

isothermal crystallization of HVO 1 (), HVO 2 () and HVO 3 (). All the samples were 

heated at 60°C before any measurement. 

Finally, 
1
H NMR relaxation approaches were applied to mixed samples based on the petroleum 

diesel reference. 10%, 30% and 50% of each HVO were diluted in the reference diesel and 

analyzed following the same NMR protocol as described above. The experimental rigid fractions 
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and their temperatures dependance are shown in Figure 5 for diesel/HVO blends prepared for 

each HVO, introduced in various contents. In each graph, the data related to the reference diesel 

were also added for comparison.  
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Figure 5. Fraction of protons involved in crystallites formed within blends of the reference 

diesel and (a) HVO 1, (b) HVO 2 and (c) HVO 3, crystallized at a fixed temperature. The HVO 

content was set to 10 wt %, 30 wt % and 50 wt %. The data determined on both pure reference 

diesel and pure HVO were included in the plot, for the sake of comparison. Before the sample 

crystallization, a heating step at 60°C was applied. Some measurements for the pure HVO 1 

curve were repeated for robustness assessment. 
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For all HVO, the 10% mixed sample displayed a similar fR pattern as the diesel reference 

showing that, at this concentration, the HVO have no impact on the diesel cold-flow properties. 

In Table 2, the cloud point, CFPP, and pour point for the 10% mixed samples determined 

according to the standards have been reported. These values are indeed comparable to those 

measured for the diesel. 

Table 2. Summary of the cold-flow properties obtained for neat diesel and the 10% mixed 

samples and the major features derived from SSNMR. 

 Cloud point 

ASTM D7689 

Pour point 

ASTM 

D7346 

 

CFPP 

EN116 

Solid-state 

NMR data 

    

Temperature of 

apparition of a 

rigid fraction 

Diesel -3°C -12°C -2°C 5°C 

10% HVO 1 - 3 °C - 12 °C - 3 °C 5°C 

10% HVO 2 - 3 °C - 12 °C - 3 °C 5°C 

10% HVO 3 - 3 °C - 12 °C - 3 °C 5°C 

In the 30% and 50% mixed samples, the HVO has a clear impact on the fR(T) pattern as 

compared to the reference diesel. In contrast to HVO 1 and HVO 2, the temperature below which 

HVO 3 crystallizes differs from the one determined for the diesel. Interestingly, for the blends 

based on HVO 3, the onset of crystallization occurs at the same temperature as the one measured 

for the neat diesel, which suggests that crystallites involving only diesel components are first 

formed. The temperature at which a rigid fraction is detected is not affected by the blend 

composition and corresponds to the highest temperature measured for the neat blend 

components, i.e., that of the diesel (5°C). This observation suggests that blending has no impact 

on the nucleation step of the crystallization process 
17

. However, crystal growth is strongly 

affected for the mixtures with 30% and 50% of HVO. For these latter, the fR(T) profile is 
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intermediate between those of HVO and diesel in the blend. Depending on the nature of the 

added HVO, a positive or a negative impact on the cold-flow properties is observed. 

4. DISCUSSION 

Aside from the NMR experiments, the cold-flow properties of the three HVO were also 

characterized by typical experiments used to document the dynamic behavior of fuels in cold 

conditions. The cloud point (CP) is the temperature of a diesel fuel at which the smallest 

observable cluster of wax crystals occurs upon cooling under prescribed conditions. The CP 

occurs when the temperature of the diesel fuel is low enough to cause wax crystals to precipitate. 

The pour point (PP) represents the temperature at which a wax crystal structure forms or 

viscosity increases, or both, and becomes sufficient to impede movement of the surface of the 

fuel under the conditions of the test. The cold filter plugging point (CFPP) was incorporated 

because of the failure of CP and PP to completely predict the performance of diesels during cold 

weather operations 
18

. The CFPP corresponds to the lowest temperature at which a given volume 

of diesel fuel still passes through a standardized filtration device in a specified time when cooled 

under certain conditions. 

The results of these tests for each HVO are summarized in Table 3 and compared to the major 

characteristics obtained by SSNMR.  
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Table 3. Summary of the cold-flow properties obtained for pure HVO samples 1 to 3 and the 

major features derived from SSNMR. 

HVO 

Cloud point 

ASTM 

D7689 

Pour point 

ASTM D7346 

 

Cold filter 

plugging point 

EN116 

Solid-state NMR data 

    

Appearance 

temperature of 

a rigid fraction 

fR at -50°C 

HVO 1 - 6 °C - 6 °C - 8 °C 2 °C 20 % 

HVO 2 - 8 °C - 9 °C - 9 °C 2 °C 16 % 

HVO 3 - 38 °C - 57 °C - 39 °C -  23 °C 6 % 

The results of the cold-flow properties of the HVO are in good agreement with the behavior 

captured by SSNMR experiments, with a significant difference between the low-temperature 

performances of HVO 3 compared to HVO 1 and 2. The temperature below which a rigid 

fraction is detected by NMR is however significantly higher than the cloud point, pour point and 

CFPP. This feature arises from the fact that the MSE experiment allows the detection of weak 

fractions (as low as a few percent) of protons involved in the crystallites formed during the early 

stage of crystallization. In other words, the earlier onset of crystallization detected by SSNMR 

demonstrates the higher sensitivity of this technique to detect rigid fractions compared to more 

conventional approaches. From another point of view, the value of fR at low temperature (-50°C) 

is a way to quantify the propension of a given diesel, HVO or diesel/HVO blend, to crystallize. It 

is worth mentioning that the difference in the percentage of the rigid fraction at -50°C between 

HVO 1 and HVO 2 is not accessible to the typical physical tests and is a differentiation-criterion 

specific to the described SSNMR technique. Beyond these two characteristic values, the whole 

fR(T) profile allows to picture the whole crystallization process and particularly to investigate the 

influence of a given HVO on diesel/HVO blends properties. 

In order to establish a relationship between low-temperature properties of the HVO and their 

chemical composition, both 
1
H liquid-state NMR and two-dimensional comprehensive gas 
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chromatography (GC×GC) experiments of each pure HVO sample were recorded (see 

Supporting Information). The hydrocarbon chain length, the presence of unsaturated chains, and 

the level of isomerization were indeed reported to significantly impact the cold-flow properties 

of HVO 
21–24

.  

1
H liquid-state NMR experiments showed that HVO 2 is the only sample containing some 

residual unsaturated chains with a signal at about 5.5 ppm. The presence of unsaturated chains, 

mostly when in cis conformation, is known to be favorable to low-temperatures properties 
19,21

. 

The presence of unsaturated chains in HVO 2 could account for its lower rigid fraction compared 

to HVO 1 (16 % compared to 20 % at -50°C). 

GC×GC-FID analysis evidenced the presence of n-paraffins and iso-paraffins in the investigated 

samples and provided the mass distribution of both hydrocarbon families according to the carbon 

number. The measured total content of n-paraffins vs. iso-paraffins is summarized in Table 4. 

Besides, well-centered carbon distributions around C16-C18 were obtained (see Supporting 

Information). 

Table 4. Mass repartition between n-paraffins and iso-paraffins observed by GC×GC for each 

HVO. 

HVO n-paraffins (m/m %) iso-paraffins (m/m %) 

1 34.6 65.3 

2 29.7 70.0 

3 12.8 87.2 

The three investigated HVO samples appear to be mostly composed of iso-paraffins, with iso-

paraffins going from 65.3 % (HVO 1) to 70.0 % (HVO 2) and 87.2 % (HVO 3). This 

composition is the result of the isomerization step occurring during the HVO preparation 

process. 
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Isomerization has been suggested as a relevant strategy to improve the cold properties of 

biodiesels 
21,23

. This strategy was found to be especially efficient in the case of long (>C16) 

chains with a low amount of unsaturations, with cloud point reductions of up to 20°C. The 

remarkable properties of HVO 3, as visualized by physical tests and by its significantly lower 

rigid fraction evidenced by SSNMR, is expected to result from its higher branching level. The 

long chains and the low levels of unsaturations of HVO 3 make isomerization the primary factor 

impacting the cold-flow properties in this study. 

5. CONCLUSION 

The ability of an HVO, because of its high branching level, to positively modify the cold-flow 

properties of petroleum diesels, at blending percentage equal to 30 % and above, was well 

captured by SSNMR. Isomerization seems to pave the way for reducing the environmental 

impact of diesels while simultaneously improving their cold-flow properties, provided that the 

appropriate process and formulation are designed. A deep understanding of the chemical 

structure and low-temperature physical behaviors, as offered by already-available analytical 

techniques, is a precious help for the optimization of the next generation of diesels.  

Magic-Sandwich Echo SSNMR experiments demonstrated to be highly robust and sensitive in 

the determination of the crystallized fractions within oil samples such as diesels and hydrotreated 

vegetable oils. Their ease of implementation and their possible adjustment to benchtop low-field 

spectrometers make them a promising solution for a broad range of systems and applications. 

 

Supporting Information 

Two-dimensional Gas-Chromatography with FID detection: experimental details and results of 

analysis for HVO 1, HVO 2, HVO 3 and the reference diesel. Optical microscopy: experimental 
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details and results of analysis for HVO 1, HVO 2, HVO 3 and the reference diesel. 
1
H solid-state 

NMR experiments: reproducibility investigation, influence of isothermal versus non-isothermal 

crystallization on the 
1
H solid-state NMR experiments. 

1
H liquid-state NMR: experimental 

details and spectra of HVO 1, HVO 2 and HVO 3. Comparison between the cloud point 

measurement (ASTM D7689) for diesel/HVO blends and the characterization of their 

crystallization behavior by 
1
H SSNMR. 
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