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viscosity was not very large, particularly when compared to the confidence in the 

prediction, thus the minimization of MAN was prioritized. 

After these three conditions were optimized, additional trials were conducted at 

these conditions over a range of pressures from 0 to 80 barg (8x106 Pa). A simple linear 

regression of the MAN and viscosity of the hydrogenation products from these trials 

showed that reactions at ambient pressure minimized both the acidity and viscosity. 

Figure 3 shows these results along with 95% CI for the MAN data. While the coefficient 

of determination (R2) is relatively low in both cases, the overall trend decreasing toward 

0 bar was sufficient to add ambient pressure to the list of optimal conditions. 

Functional Group Changes 

Analysis of proton NMR spectra was used to compare the functional groups 

present in hydrogenated and non-hydrogenated SF2 – PO bio-oil. While the spectra were 

very “messy” (i.e. filled with overlapping signals from the over 500 unique compounds), 

the analysis yielded valuable results pertaining to the change in functional groups as a 

Figure 3: Hydrogenation of SF2 - PO showed that ambient pressure minimized or had no effect on viscosity and 

acidity (MAN). 
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result of hydrogenation. Results that are easily rationalized by examining the structure of 

the parent material. An example spectrum is shown in Appendix Figure 3. Figure 4 shows 

the percent change in area of the 1H NMR spectrum that is attributable to various 

functional groups. This figure only shows the results for the oil produced at optimal 

conditions, however similar results were observed for all hydrogenated samples. The 

most dramatic change observed by NMR was the increase in peak area attributable to 

protons located alpha to a carbonyl or in the benzyl position. 

Previous work using GC-MS identified compounds that are a result of the 

pyrolytic breakdown of lignin (the majority of which are fractionated to SF2 – PO). A 

sample of the structures of these compounds is shown in Appendix Figure 4 along with a 

schematic representation of the chemical structure of lignin (Appendix Figure 5). 

Examination of this scheme shows how, under the extreme conditions of pyrolysis, these 

compounds could be produced. Many of the compounds identified in bio-oil have 

functional groups (e.g. double bonds, and carbonyls) which are readily hydrogenated to 
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Figure 4: Bio-oil hydrogenated under optimal conditions showed an increase in aliphatic functional groups relative to 

the phenolic oligomer starting material. 
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add a proton in the benzyl position, this includes compounds such as isoeugenol, vanillin, 

3,4-dimethyl benzoic acid, acetovanillone, propenyl phenol (and its derivatives), 4-vinyl 

phenol as well as phenolic dimers such as 2-phenyl benzofuran. Not surprisingly, the 

overall content of methyl and methylene groups increased as well. It is also worth noting 

that the region attributed to methoxy, ether, and aldehydes decreased. This likely due to 

hydrogenolysis of the frequent methoxy groups ortho to the hydroxyl on many of the 

phenol rings as well as cleavage of other ethers. Hydrogenation of available aldehydes 

would also explain the decrease in aldehyde protons and simultaneous increase in 

aliphatic alcohols. An example pathway for the hydrogenation of two model compounds, 

isoeugenol and vanillin, is available in Appendix Figure 6. The small increase in methyl 

and methylene protons (compared to the abundance of aromatic protons) indicates no or 

minimal hydrogenation of aromatic rings. This is supported by the relative stability of 

benzene and its aromatic derivatives to hydrogenation. While benzene can be 

hydrogenated by aggressive catalysts (e.g. rhodium or Raney Ni), high temperature and 

pressure are needed for this reaction when Pd is used as the catalyst.28 Consequently, 

aromatic rings are not likely to be hydrogenated at LTLP conditions. Overall, the 

observed changes in functional groups confirm the chemical addition of hydrogen and 

matches with expectations from limited knowledge of the variety of compounds that 

would be expected to be present in SF2 – PO. 

Product Characterization 

Because the optimization model only compared samples to each other, it was 

important to compare the product created under optimal conditions to the starting 

material. In addition to the starting material (SF2 – PO), the hydrogenated phenolic 
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oligomers (SF2 – HPO), were compared to an experimental control. The purpose of the 

control was to isolate the effect of hydrogenation from the possible effects of sample 

preparation and handling. To this end, an equivalent sample of SF2 – PO was dissolved 

in methanol, filtered, run through the H-Cube at 0 barg, 25 °C, 7.2 mL/min H2 but with 

an inert quartz packing material similar in physical properties to the catalytically active 

palladium, and evaporated under reduced pressure to remove solvent. This procedure 

assumes that non-catalyzed hydrogenation reactions are not occurring. The phenolic 

oligomer control sample (SF2 – POC) was analyzed in the same manner as the SF2 – PO 

and HPO. 

Viscosity 

The viscosity of each of the three samples was measured. Error! Reference 

ource not found.Figure 5 (left) shows the side by side comparison of the results. The 

highest viscosity was in the control with the HPO having an intermediate viscosity. It is 

therefore apparent that even at mild conditions, hydrogenation is effective at reducing the 

viscosity of phenolic oligomers derived from pyrolytic bio-oil and that a secondary cause 

is at play cause an increase in viscosity. The viscosity data emphasizes the necessity of 
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Figure 5: Left: The viscosity of the SF2 - PO, HPO, and POC showed unexpected increases. Right: The MAN was 

lowest for the SF2 - PO while the SF2 - PO, HPO, and POC were indistinguishable with respect to TAN. (Error bars 

show 95% CI). 
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the experimental control. Without it, the data would make it seem as though 

hydrogenation was increasing viscosity. 

Acidity 

Both the MAN and TAN were measured for the three samples. Figure 5 (right) 

shows these results side by side. The MAN of the PO starting material is lower than the 

MAN for the other two (which is statistically indistinguishable at a 95% confidence). 

This implies that either no change to acidity is due to the hydrogenation or that the 

method was not sensitive enough to detect the change. While NMR and GC results 

showed that hydrogenation occurred in the bio-oil, there is no proof that any of the 

hydrogenation was at carboxyl groups and not at double bonds, ethers, or aldehydes. 

Thus, it is possible that hydrogenation under these conditions did not affect the acidity. 

At an 85% confidence the HPO’s MAN is lower than the MAN for the control. TAN 

analysis of these samples yielded results that are statistically indistinguishable. MAN 

values are in the range of published values for this bio-oil.9 

Elemental Analysis 

None of the results obtained 

through elemental analysis for SF2 – 

PO, HPO, and POC were statistically 

differentiable. 

Bomb Calorimetry 

Energy content for the three 

samples fit with predictions and the 

method reproducibility allowed for very 
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Figure 6: The energy content (MJ/kg) was highest for the SF2 

- HPO as compared to the POC and PO. (Error bars show the 

95% CI). 
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small confidence intervals. Figure 6 shows the energy content of the three samples side 

by side along with their 95% CI. The starting material had the lowest energy content 

while the hydrogenated phenolic oligomers had the highest (higher even than the 

control). As expected this indicates that the addition of hydrogen also increases the 

energy released through combustion. This is accomplished through the conversion of 

double to single bonds which have inherently higher heat of combustion and the relief of 

ring strain through hydrogenolysis. For example the hydrogenation of benzaldehyde to 

benzyl alcohol, styrene to ethyl benzene, and tetrahydrofuran to butanol have 

corresponding increase of 200, 180, and 170 kJ/mol respectively.24 The energy content of 

the HPO (22.6 MJ/kg) is roughly half that of Fuel Oil No. 1 but is consistent with 

previously published data9 The increase of the energy density upon hydrogenating does 

show that hydrogenation is a promising approach for upgrading of pyrolytic bio-oil. 

Water Content 

The crux of understanding the results rests in the water content analysis. As 

Figure 7 shows, the water content on a wet basis of the SF2 – PO was 17.8% while the 

POC and the HPO were statistically 

indistinguishable at 95% CI (5.9% and 

5.0% respectively). There is no reason 

that hydrogenation would remove 

water, thus something about the sample 

treatment must be leading to the 

decrease in water content. This is 

supported by the HPO and POC data 
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Figure 7: Water content analysis shows unexpected loss of 

water in the SF2 - HPO and POC. (Error bars show 95% CI). 
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being indistinguishable from each other and lower than the starting material. Possible 

reasons for this observed change are be discussed below (see Synthesis of Results). 

Chromatography 

GC – FID analysis primarily emphasized the number of unique yet very similar 

compounds present in this bio-oil (for chromatogram, see Appendix Figure 2). Previous 

work in this lab had produced a set of calibration curves for many of the more prominent 

peaks. Applying this calibration to the present samples yielded peak areas for the 

identified compounds. While, the large number of unidentified peaks gives some doubt to 

the accuracy of this method, a decrease in peak area from the SF2 – PO to the HPO was 

observed for several compounds as expected. Notably, these include 4-vinylphenol and 

eugenol which were also accompanied by increases in their respective hydrogenated 

analogues (4-ethyl phenol and 2-methoxy-4-propyl-phenol). In addition, an observed 

decrease in 4-allyl-2,6-dimethoxyphenol and an increase in 2-methoxy-4-propylphenol 

indicates both hydrogenation of the terminal alkene and hydrogenolysis of a methoxy 

group. 

GPC is commonly used for determining changes in molecular weight and 

molecular mass distribution (MMD). As hypothesized, hydrogenolysis reactions would 

decrease the molecular mass to a degree which may be detectable via GPC. For these 

experiments UV-vis detection at 254 nm absorbance was selected. The retention time was 

converted to molecular mass based on polystyrene standards run previously on this 

instrument. Due to the lack of differentiable peaks, the molecular mass distribution was 

broken into 25 slices for integration. Figure 8 shows the overlaid GPC results. As the 

results resemble a bi-modal distribution, they were divided in half at a constant molecular 
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mass and the area in the lower half of the MMD was compared to the area of the upper 

half for each sample. The hydrogenated bio-oil showed a larger percentage of area in the 

lower half (77 %) than the control and starting material (74.6% and 74.0%). This 

indicates that, while not extensive, the MMD did decrease upon hydrogenation. GPC 

analysis also allowed for the computation of the number (Mn) and weight averaged (Mw) 

molecular masses and the dispersity for each of the samples. In comparing the SF2 – PO 

and HPO, the dispersity remained constant at 1.60 while Mw decreased by 22.1 g/mol to 

692.7 g/mol and Mn decreased by 12.9 g/mol to 432.6 g/mol. This is additional evidence 

of the occurrence of hydrogenolysis reactions. 

Synthesis of Results 

The fact that the POC was distinguishable from the PO in several aspects was 

inconsistent with what would be expected of a control sample. Several points indicate 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

20 200 2000

Sl
ic

e
 A

re
a 

(µ
A

U
*m

in
/g

m
)

Molecular mass (Da)

Phenolic Oligomers

Experimental Control

Hydrogenated Phenolic Oligomers

Figure 8: Gel permeation chromatography of SF2 - PO, HPO, and POC showed slight decrease in molecular mass. 



23 

that some secondary factor (besides hydrogenation) was influencing the properties of the 

HPO (and the POC). The most obvious proximate cause was the loss of water, a factor 

that is not reported on in recent literature using a similar feedstock and methodology but 

in a batch mode bench top reaction apparatus.19 By removing the very low viscosity 

water from the mixture the viscosity and energy content would obviously be expected to 

increase. Also, because much of the acid content comes from non-volatile species it is 

likely that increasing concentration focused more acidity in a smaller mass, thus leading 

to the POC’s MAN being higher than the PO’s MAN. 

If loss of water is the proximate cause of changes to the non-hydrogenated 

control, what is the ultimate cause? In order the conduct the hydrogenations, the bio-oil 

oil was dissolved in methanol and subsequently rotavapped. Solvent removal was 

necessary for accurate determination of viscosity, however, several other analyses could 

have been performed prior to solvent removal. If the rotovap heating/vacuum 

combination were not controlled well, water could easily have been removed from the 

bio-oil at this stage. While water and methanol do not form a well-defined azeotrope, co-

distillation does lead to loss of the higher boiling solvent, in this case water.25 An 80 

mol% solution of methanol in water boils at 67.8 °C at atmospheric pressure and contains 

8% water in the vapor phase.26 When the pressure is reduced to approximately 75 mmHg, 

as in the rotovap, the boiling point of this mixture is reduced to approximately 22 °C, a 

temperature easily reached with no or minimal heating.27 In addition other low boiling 

compounds in the bio-oil, or even methanol produced through hydrogenolysis of methoxy 

groups, which were lowering the viscosity of the bio-oil could have been removed by 

rotovap. Because these effects were not observed in bench top low temperature, low 
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Appendix 
  

Appendix Figure 1: Graphs depicting the response of acidity and viscosity to the three variable conditions, solid lines 

represent the model result while dashed lines are the upper and lower bounds at 95% confidence. 
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Appendix Figure 2: An example gas chromatogram (FID detector) from SF2 - HPO bio-oil showing the 

large number of unique peaks and difficulty in separation due to chemical similarity. 
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Appendix Figure 3: An example 1HNMR spectrum for a hydrogenated sample of SF2 bio-oil. DMSO-d6 solvent peak is 

labelled and integration regions are shown. 
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Appendix Figure 4: A sample of structures which are 

representative of compounds identified as being present in bio-oil 

and decreasing in concentration upon hydrogenation. 

Appendix Figure 5: Proposed structure of native lignin. From 

Lignoworks. (2015) “What is lignin?” Retrieved 12 April 2015 

from <http://www.lignoworks.ca/content/what-lignin>. 
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Appendix Figure 6: Possible route of hydrogenation and hydrogenolysis for two model 

compounds, isoeugenol and vanillin. 


