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Abstract 

As the negative impacts of global warming are observed worldwide, there is an urgent 

need for sustainable alternatives to traditional petroleum-based energy sources and products. The 

renewable and abundant nature of lignocellulosic biomass, which is produced as waste from 

agricultural and forestry processes, makes the conversion of plant biomass into biofuels and 

other high-value end products an attractive alternative. Though cellulose and hemicellulose 

bioprocessing has been studied extensively, and these compounds can be effectively degraded 

into valuable biological products, lignin does not have an efficient processing method despite 

being a substantial component of plant biomass. This results in hundreds of millions of tons 

being burned as waste annually, a detriment to the environment and a loss of a renewable source 

of valuable aromatic compounds. As a heterogeneous aromatic polymer, the highly complex 

structure of lignin renders it recalcitrant to decomposition; current thermochemical processing 

requires intensive energy input, which limits industrial feasibility. Optimizing the degradation 

and conversion of lignin into high-value end products is critical for the continued valorization of 

plant biomass as an eventual replacement for petroleum-derived products. This project sought 

to identify and optimize highly specific, cost-effective lignin degradation in two phases: 

characterization of the lignin substrate and analysis of valuable phenolic evolution under 

multiple treatment conditions. Conditions of maximum efficacy-optimal chemical catalyst 

loading and mixing conditions-were determined using gas chromatography-mass spectrometry 

to investigate the production of the valuable phenolic compounds vanillin and guaiacol. The 

sodium hydroxide and potassium hydroxide-doped alkaline catalysts tested did not have the 

specificity for effective production of the valuable phenolics guaiacol and vanillin. Mechanical 

mixing at room temperature exhibited the highest concentrations of phenolic evolution. 



Introduction 

With the current and predicted growth trends in the human population, there is an urgent, 

ever-present, and ever-increasing need to switch from traditional petroleum-based energy sources 

and products to alternatives that are sustainable for the planet. One such alternative is plant 

biomass, which is organic material byproduct from agricultural and forestry processes, because it 

is both renewable and abundantly available as a waste product. 

The three main components of what is called lignocellulosic biomass are cellulose, 

hemicellulose, and lignin. These compounds work together within the plant cell wall to provide 

structure and support. Bioprocessing of lignocellulose into carbohydrates, including glucose, is 

the basis for the production of ethanol and other valuable aromatic products; however, these 

conversion methods focus on the extraction, degradation, and conversion of the cellulosic and 

hemicellulosic components of biomass (de Gonzalo et al., 2016). Although substantial quantities 

of lignin are produced in the estimated range of 5 to 36 x 108 tons annually, this third component 

of plant biomass does not have an efficient processing method; the majority is burned or 

discarded (Weng et al., 2021 ). As the petrochemical industry converts the raw material of crude 

oil into multiple valuable end products such as fuels, plastics, and cosmetics, for plant biomass 

and the biorefinery industry to compete effectively, all major components must be utilized. Thus, 

the bioprocessing conversion of lignin into valuable end products is currently under 

investigation. 

Why is lignin difficult to process? As a heterogeneous aromatic polymer, lignin has a 

highly complex structure that renders it recalcitrant to decomposition (Kamimura et al., 2017). 

The molecule consists of combinations of three monomeric p-hydroxyphenyl (H), guaiacyl (G), 



and syringyl (S) units, which are derived from their respective precursors p-coumaryl, coniferyl, 

and sinapyl alcohol, depicted in Figure 1 (Lu et al., 2017). 
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Figure 1. Molecular drawings of the three alcoholic precursors to three monomeric subunits (p-hydroxyphenyl (H), 

guaiacyl (G), and syringyl (S) units) that constitute the highly-complex polymeric structure of lignin. From left to 

right: p-coumaryl, coniferyl, and sinapyl alcohols. These three molecules are members of the phenylpropanoid 

chemical family, which are plant organic compounds biosynthesized from the phenolic amino acids phenylalanine 

(F) and tyrosine (Y). Adapted from Lu et al., 2017 using MolView v2.4.

The concentrations of these alcohols within the lignin polymer vary between the species of 

source plant from which the biomass is created, and even within members of the same species 

based on factors such as the age of the plant and environmental conditions during the growth 

period (Jeffries, 1994). However, all three alcohols are usually present in some relative amount 

within the lignin polymer (Kamimura et al., 2017). 



There are currently three broad approaches to lignin conversion. One is simple 

combustion, the process of burning lignin for energy, which is presently favored (Lu et al., 

2017). The polymer may be reduced, increasing the molecular complexity of an already 

elaborate composite structure, or it may be oxidized, which breaks down the polymer into an 

array of smaller component compounds, each with some inherent value and usefulness. An 

example of a valuable oxidation product from the breakdown of lignin is vanillin 

(4-hydroxy-3-methoxybenzaldehyde), an aromatic compound used in the pharmaceutical, 

cosmetic, and food industries, in the latter as an artificial vanilla :flavoring (Weng et al., 2021 ). 

Another valuable aromatic compound is guaiacol (2-methoxyphenol), a compound also used in 

flavor and fragrances. Other phenolic compounds evolved from lignin are used in applications 

from cosmetics to biopesticides; lignin has successfully been manufactured into value-added 

products such as polyhydroxyalkanoates (PHAs), polyesters synthesized within cells used in 

nanotechnology and bioplastics; lipid biofuels; animal feed additive; and composts (Weng et al., 

2021 ). However, the oxidation of lignin must be carefully controlled to prevent the full 

degradation of the polymer into carbon dioxide and water. Via selective oxidation mechanisms, 

lignin may be oxidized into these valuable intermediate compounds. 

Current thermochemical lignin processing requires intensive energy input and expensive 

facilities, which limits the environmental and industrial feasibility of these methods (Bandounas 

et al., 2011 ). Oxidation of lignin at room temperature provides two significant benefits: energy is 

saved, making the treatment more cost-effective, and the risk of over-oxidation is minimized. 

This project sought to investigate highly specific, cost-effective lignin degradation with two 

objectives: i) characterization of the lignin substrate and ii) investigation and comparison 



of lignin treatment methods at room temperature for the effective production of the 

valuable phenolic end products vanillin and guaiacol. 

The degradation of lignin at lower temperatures, though requiring less energy input, 

necessitates the use of highly specific catalysts to facilitate a selective oxidation reaction such 

that the valuable intermediate compounds are produced without being further over-oxidized. For 

this experimental procedure, a potassium-doped (KOH) biochar catalyst was employed. Biochar 

is a carbon material manufactured by heating plant biomass in a controlled process called 

pyrolysis. Thus, this catalyst is also sourced from renewable waste material. KOH-doped biochar 

is an alkaline catalyst, which is favorable for oxidation reactions due to the presence of free 

electrons. The availability of electrons in the base sodium hydroxide (NaOH) also favors 

catalytic oxidation. Parametric studies were conducted to analyze the evolution of vanillin and 

guaiacol under variable conditions: exposure to NaOH, KOH-doped biochar, and mixing 

treatment factors. 

The results of this project contribute to information about low temperature, cost-effective 

methods of selective lignin oxidation to high value end products and thus information about 

lignin valorization such that future studies can be conducted further investigating chemical 

catalytic approaches, modifying them for improved usage. 

Materials and Methods 

Substrate and Catalyst Procurement 

Because the chemical composition of lignin varies between different plant species and 

within the same species depending on growth conditions, compositionally-standardized alkaline 

lignin was obtained from Fisher Scientific to ensure fixed proportions of reactant alcohols 



between all experiments (Jeffries, 1994). The KOH-doped biochar catalyst was prepared in two 

phases. First, pristine biochar was created from pine bark biomass (locally obtained from 

Oldcastle Lawn & Garden Inc.), which was washed in deionized water and oven-dried for 48 

hours at 105°C; the dried bark was then pyrolyzed, or thermally decomposed, at temperatures 

increasing at a rate of 600°C per hour up to a maximum temperature of 700°C for a duration of 4 

hours under a steady flow of nitrogen gas. To modify the biochar with KOH, 50 g of pristine 

biochar was added to 500 mL of 2.5 M KOH solution and agitated via a magnetic stir bar at 

approximately 200 rpm for 24 hours. The biochar was then heated again at a rate of 10°C per 

hour up to a maximum temperature of 700°C for 1 hour under a steady flow of nitrogen gas. 

Characterization of Lignin Substrate 

pH 

Ascertaining the pH of a suspension of lignin substrate helps to elucidate the net charge, 

acidity, and basicity of the molecules. Precisely 0.15 g oflignin was submerged in 35 mL of 

deionized water as adapted from El-Sayed and Bandosz, 2004. After 40 hours, the solution pH 

was measured using a pH probe (Model AB 150 manufactured by Fisher Scientific, Waltham, 

MA, USA). 

Point of zero charge (pH
pzJ 

Net molecular charge is a function of pH. At a pH equal to a molecule's point of zero 

charge (pH
pzc), its net charge is zero. When the pH is below the pH

pzc of the molecule, the 

molecule will have a net positive charge, and when the pH is above the molecule pH
pzc, the 



molecule will have a net negative charge. These surface charges influence how the substrate 

electrostatically interacts with other molecules. 

Once again, 0.15 g oflignin was added to 35 mL of 0.01 M NaCl solutions calibrated in a 

pH range of 1-4 using 0.1 M hydrochloric acid (diluted from technical grade stock from Fisher 

Scientific). The initial and final pH values were determined using a pH probe (Model AB 150 

manufactured by Fisher Scientific, Waltham, MA, USA). The change in substrate pH was 

graphed against the initial pH values. The point at which no pH change was observed was 

recorded as the pHpzc · 

Hydrophobicity 

The hydrophobicity of the lignin substrate was determined via the molarity of an ethanol 

droplet (MED) test, which uses various concentrations of ethanol in deionized water to alter the 

surface tension of test solutions (Useviciute and Baltrenaite, 2020). In a qualitative analysis, the 

MED test quantifies substrate wettability, which is the ability of a liquid to remain in contact 

with a solid surface as governed by adhesive and cohesive intermolecular interactions, by 

measuring the lowest ethanol concentration that permits a drop of solution to penetrate a solid 

sample in 3 to 5 seconds. This method effectively indicates hydrophobicity by illustrating how 

strongly a water-containing solution is repelled or adsorbed. 

To perform the MED test, 100 mL ethanol solutions of 0, 3, 5, 11, 13, 18, 24, and 36% 

ethanol were prepared using deionized water. Pure ethanol was also used as a test solution. Nine 

15-mL Falcon tube caps were inverted and filled with lignin substrate, which were subsequently

leveled to ensure an even substrate surface thickness. One cap was used for each ethanol 

concentration. Then, 50 µL of solution was pipetted onto each of the sample surfaces dropwise 



such that solution contact areas were separated to prevent pooling upon the sample surface and 

pipette distance was within less than 5 mm to avoid an excess accumulation of kinetic energy 

(Useviciute and Baltrenaite, 2020). The time taken for the pipetted solution to penetrate the 

sample was recorded and corresponded to a hydrophobicity index score. Hydrophobicity of a 

substrate is correlated to ethanol concentration in a test solution in Table 1 for the MED test, 

adapted from Useviciute and Baltrenaite, 2020. At a given test solution percentage of ethanol and 

starting from the lowest ethanol concentration, if the droplets penetrate the solid substrate in less 

than 3 s, the sample receives a numerical score from O to 7 corresponding to that ethanol 

concentration. If the droplets require more than 3 s, the next highest concentration of ethanol is 

used until a concentration permeating within 3 s is identified within the Oto 36% concentration 

solutions. 

Table 1. Ethanol percentage, qualitative hydrophobicity indices for the molarity of an ethanol droplet (MED) test, 

and lignin substrate results. Adapted from Useviciiite and Baltrenaite, 2020. 

Ethanol Percent Index of Hydrophobicity Time required to infiltrate lignin substrate 

Concentration 

0 0 - Very hydrophilic >3 s

3 1 - Hydrophilic >3 s

5 2 - Slightly hydrophilic >3 s

11 3 - Slightly hydrophobic >3 s

13 4 - Moderate hydrophobic >3 s

18 5 - Strongly hydrophobic >3 s

24 6 - Very strongly hydrophobic >3 s

36 7 - Extremely Hydrophobic >3 s



Investigation of Lignin Oxidation 

Treatment with sodium hydroxide and chemical catalyst 

To investigate the oxidation reaction specificity of a combination of NaOH and 

KOH-doped biochar catalyst, both alkaline chemicals that favor catalytic oxidation due to the 

presence of free electrons, precisely 3 g of lignin was added to deionized water with 1 g of 

powdered KOH-doped biochar catalyst in four 125-mL conical flask reactors. Next, 0.1 M 

NaOH solution was added to each sample to create 0.02, 0.04, and 0.06 M solutions and a 

control with no NaOH added to the substrate-catalyst mixture. Each sample had a final volume 

of 40 mL in each reactor. Stir bars agitated the reactors at approximately 120 rpm. 

Treatment with catalyst only 

To evaluate the specificity of the KOH-doped catalyst itself, lignin (3 g) was added to 

eight 125-mL conical flask reactors with 40 mL deionized water. KOH-doped biochar was added 

to each reactor to create 1, 2, and 4 g catalyst loading conditions and a control with no catalyst 

added, each with a replicate reactor. Stir bars agitated each solution at approximately 120 rpm. 

Treatment with mixing only 

To investigate if mixing itself encouraged the breakdown of lignin, lignin substrate (3 g) 

was added to six 125-mL conical flask reactors with 40 mL deionized water. Magnetic stir bars 

( approximately 1 inch long) were added to each reactor to create 120 and 240 rpm mixing 

conditions and a control with no mixing, each with a replicate reactor. 



Sampling execution 

For all experiments, 1-mL samples were taken every 5 minutes over a 25-minute period, 

between which the reactors were sealed with Parafilm. Sampling was performed with a 1000-µL 

micropipette (Thermo Scientific) and gas chromatograph-mass spectrometry (GC-MS) vials. 

This experimental setup is depicted in Figure 2. After sampling was completed, 1 mL of 

methanol (Fisher Scientific) was added to each vial to arrest the oxidation reaction. The vials 

were stored in a refrigerator at approximately 5°C until GC-MS analysis. After the completion of 

the 25-minute sampling period, methanol was added to the treatment reactors which were then 

re-covered with Parafilm to halt any remaining reaction progression. Then, the reactors were 

stored in the same refrigerator as the sample vials. 

Figure 2. Representative experimental setup for the investigation of lignin oxidation. Depicted is a reactor hosting a 

treatment of mixing only at approximately 240 rpm. 



Gas Chromatograph-Mass Spectrometer (GC-MS) analysis settings 

The GC-MS machine (5975C Series GC/MSD System manufactured by Agilent 

Technologies) used hydrogen gas and initialized sample analysis with a temperature of 110°C, 

which increased at a rate of 10°C per minute to a maximum temperature of 160°C, held for 8 

minutes. An autosampler (7693 Automatic Liquid Sampler manufactured by Agilent 

Technologies) injected precisely 0.2 µL of sample into the chromatography column. The total 

runtime for one sample was 13 minutes. This GC-MS operating method was adapted from Das et 

al., 2017. 

The peak areas of each identified compound within a sample were displayed in a 

chromatogram using MSD ChemStation software (Agilent Technologies). A representative 

chromatogram is depicted with the molecular structures of the aromatic compounds vanillin and 

guaiacol (Figure 3). 
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Figure 3. A representative chromatogram depicting the relative abundance of molecules within a sample as a 

function of their elution time from the chromatography column. The two phenolics of interest, guaiacol 

(2-methoxyphenol) and vanillin (4-hydroxy-3-methoxybenzaldehyde) are drawn adjacent to their corresponding 

chromatogram peaks. Chromatogram generated from a sample drawn from a reactor with no mixing, catalyst, or 

base added (replicate 1 drawn at 10 minutes). MSD ChemStation software and 5975C Series GC/MSD System 

manufactured by Agilent Technologies. Molecular structures rendered with MolView v2.4. 



The chromatogram depicts relative molecular abundance as a function of elution time 

from the chromatography column. Thus, the area under each peak is proportional to the relative 

concentration of a chemical within the sample under analysis. The peak areas of two prominent 

phenols, guaiacol and vanillin, were recorded for each sample under the different treatment 

factors. 

Determination of guaiacol and vanillin sample concentrations 

To convert the unitless measure of peak area into the physically-significant measure of 

concentrations of evolved phenolics, four standard solutions (0, 0.09, 0.17, 0.29 M) of both 

guaiacol (Thermo Scientific) and vanillin (Thermo Scientific) were created using methanol as a 

solvent. Using a 1000-µL micropipette (Thermo Scientific), 2 mL of standard solution was 

transferred into sample and replicate GC-MS vials. The GC-MS machine used the same method 

for the analysis of these standard samples, and the data was plotted (Figure 4). A linear trendline 

was fit to both sets of data; the linearity of these trendlines as measured by their R2 values were 

0.95 for guaiacol and 0.99 for vanillin (Figure 4). The trendline equations provided conversion 

formulas from peak area to phenolic concentration: 

Equation 1. 

Equation 2. 

C2-methoxyphenol =
Peak Area 

8.44E + 10 

C4-hydroxy-3-methoxybenzaldehyde = Peak Area 

2.24£ + 11 
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Figure 4. Guaiacol (2-methoxyphenol) and vanillin (4-hydroxy-3-methoxybenzaldehyde) standard curves for peak 

area under a chromatogram. Note that the error bars for the guaiacol standard curve are too insignificant to view. 

Results and Discussion 

Characterization of Lignin Substrate 

The final pH of the lignin substrate suspension in deionized water after 40 hours was 

8.24. Because the pH of the deionized water solvent increased, the concentrations of protons in 

the solution decreased, indicating the prevalence of basic functional groups on the lignin 

substrate surfaces. 

The change in substrate pH was graphed against the initial pH values (Figure 5). The 

initial pH at the x-intercept of the graph, the point at which no pH change was observed, was 

recorded as the pH
pzc, which was 1. 7 4 (Figure 5). This pH

pzc value indicated that at a pH of 



approximately 7, the lignin molecule had a net negative charge, since at a pH above the 

molecule's pH
pzc, the lowered proton concentration favored molecular deprotonation. 
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Figure 5. Change in pH of a suspension oflignin substrate in solutions ofHCl and NaCl after 40 hours graphed as a 

function of initial pH. The point of zero charge is located and marked at the x-intercept of the graph. 

At every level of the evaluated hydrophobicity indices, the tested ethanol solutions 

required more than 3 s to infiltrate the lignin samples, indicating that the substrate has a ranking 

of 7 - Extremely Hydrophobic (Table 1 ). After 72 hours, the O to 36% ethanol solutions were still 

unable to permeate the lignin samples. The introduction of pure ethanol to the lignin substrate 

permeated within 3 s. 

The higher the MED index result, the higher the hydrophobicity of the substrate; this was 

due to the elevated ethanol concentrations disrupting the adhesive and cohesive intermolecular 



interactions between water molecules, lowering surface tension and allowing more rapid 

infiltration into the solid material. The lignin substrate scored above a value of 7 on the 

hydrophobicity index and thus was extremely hydrophobic. This result informed the decision to 

add methanol as a solvent to GC-MS vial samples. The characteristics of the lignin substrate are 

summarized in Table 2. 

Table 2. Summary of characterization data for alkaline lignin substrate. 

Characteristic Lignin Result 

pH 8.24 

pHpzc 1.74 

Surface hydrophobicity Extremely hydrophobic 

Investigation of Lignin Oxidation 

The evolution of concentrations of the two phenolics under observation, guaiacol and 

vanillin, are graphed in Figure 6. The elution of guaiacol from the chromatography column 

occurred around 5.6 minutes of runtime and vanillin elution around 10.8 minutes. Treatment with 

variable NaOH and lg KOH-doped biochar catalyst (Figure 6A) and treatment with variable 

KOH-doped biochar catalyst loading (Figure 6B) exhibited two main trends: the concentration 

of guaiacol would generally increase as reaction time progressed, and concentration of vanillin 

would decrease over time. However, the presence of 1 g of biochar catalyst drastically reduced 

the relative concentrations of both guaiacol and vanillin after the initial product evolution 

measurement at an NaOH concentration of0 Mand time equal to 0 (Figure 6A) and when 



catalyst loading was 4 g (Figure 6B). At elevated NaOH levels, production of both guaiacol and 

vanillin declined; vanillin concentration was especially lowered to levels too low to quantify 

(Figure 6A). 
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Figure 6. Evolution of average relative concentrations of guaiacol (2-methoxyphenol; G) and vanillin 

(4-hydroxy-3-methoxybenzaldehyde; V) over the duration of a 25-minute reaction. In graph A, the samples were 

treated with 1 g of KOH-doped biochar catalyst, mixing at approximately 120 rpm, and varied levels ofNaOH. In

graph B, samples were treated with mixing at approximately 120 rpm and varied loading levels of KOH-doped 

biochar catalyst (Cat). In graph C, the samples were treated with variable rates of mixing only. 



Phenolic production displayed more irregular patterns when catalyst loading varied in the 

absence ofNaOH (Figure 6B). Overall, the greatest evolution of both phenolics occured when no 

catalyst was present. Increases in catalyst loading diminished phenolic production (Figure 6B). 

When mechanical mixing was varied in the absence of both alkaline biochar catalyst and 

NaOH, phenolic production was lowest when no mixing was used (Figure 6C). At 120 rpm, the 

highest relative concentrations of vanillin were achieved at a reaction time of 10 minutes; at 240 

rpm, the highest relative concentrations of guaiacol were also achieved at a reaction time of 10 

minutes (Figure 6C). 

The magnitude of the difference in relative concentrations of evolved phenolics is 

depicted in the graphs of Figure 7, which plot the relative concentrations of each phenolic for 

each treatment method. A significant difference was observed between the treatment methods 

containing catalyst or sodium hydroxide and those without; when mixing was the only treatment 

factor under evaluation, phenolic evolution was significantly higher by approximately 16-fold 

(Figure 7). The treatment method with the highest phenolic yields of guaiacol and vanillin was 

mixing at 120 rpm for vanillin at a time of 10 minutes or 240 rpm for guaiacol at a time of 10 

minutes, both in the absence of KOH-doped biochar catalyst and NaOH (Figure 7). 
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Figure 7. Summary charts of average evolved guaiacol (2-methoxyphenol; G) and vanillin 

(4-hydroxy-3-methoxybenzaldehyde; V) concentrations for each treatment combination. 



Conclusions 

As NaOH concentration or KOH-doped biochar mass increased, the concentration of 

oxygen available in the reactor solution increased, and phenolic evolution diminished (Figure 

6A,B). The multiple-factor difference in evolved phenolic concentrations when NaOH or 

KOH-biochar were present indicated that while these alkaline chemical catalysts would 

successfully oxidize the lignin substrate, the valuable intermediates produced were over-oxidized 

(Figure 7). Because guaiacol and vanillin are phenolic compounds, they are inherently acidic due 

to their ability to donate protons to form phenoxide anions. This reactivity likely influenced the 

reaction of these phenolic intermediates with the alkaline NaOH and KOH-doped biochar such 

that the intermediates were deprotonated and reacted with other molecules in the reactor 

solutions. Vanillin contains an aldehyde group, and is thus susceptible to aldol addition and 

condensation reactions, in which the enolate of the aldehyde reacts with the carbonyl of another 

molecule under the basic conditions of the reactors with alkaline catalysts (Figure 3). This 

additional reactivity may explain the observed decline ofvanillin concentrations to levels too 

low to quantify when available oxygen increased despite continued guaiacol persistence (Figure 

6A,B). The desired valorizing, specific catalyst would successfully oxidize the lignin substrate 

without over-oxidizing the intermediates. Therefore, neither NaOH, nor KOH-doped biochar, nor 

the combination of both alkaline catalysts have the specificity for effective production of the 

valuable phenolics guaiacol and vanillin. 

Interestingly, the significantly higher concentrations of evolved phenolics in treatments 

with only mechanical agitation of the lignin sample indicated that this method successfully broke 

down the lignin polymer. Though yield began to diminish after the experiment had progressed 

for 10 minutes, yield remained significantly higher than when an alkaline catalyst was employed 



to promote oxidation. Mechanical mixing has the drawbacks of limited industrial scale-up 

potential due the the energy cost of uniformly mixing large volumes of solution. However, 

energy is saved since the reactors were not heated; future experiments may find investigation of 

agitation for lignin breakdown valuable at the analytical scale. 

Further investigation into specific alkaline chemical catalysts may consider the use of less 

strongly alkaline catalysts and catalyst interactions with the extreme hydrophobicity and net 

charge of the lignin substrate surface. 
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