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Role of peracetic acid on the disruption of lignin packing structure 
and its consequence on lignin depolymerisation
Ruoshui Ma,a †  Udishnu Sanyal,b,d † Mariefel V. Olarte,*a Heather M. Job,a Marie S. Swita,a Susanne 
B. Jones,a Pimphan A. Meyera, Sarah D. Burton,c John R. Cort,c Mark E. Bowden,c Xiaowen Chen,e 
Michael P. Wolcott,f and Xiao Zhang*a d

Peracetic acid (PAA) is an effective oxidant capable of solubilising lignin and efficiently depolymerising it to selective phenolic 
compounds; however, the specific role by which PAA initiates the depolymerisation is still elusive. Herein, interaction 
between PAA and the lignin macromolecule and the consequent structural changes of the latter were studied by 
characterising the lignin packing structure and its associated changes during the oxidation process. While the lignin packing 
structure and its changes associated with the PAA-mediated oxidation was probed by X-ray diffraction, impact of the PAA 
on different chemical functionalities present in the lignin structure was established by 13C and 1H-13C heteronuclear single-
quantum coherence nuclear magnetic resonance (NMR) spectroscopy. Combining the NMR spectroscopy results, and the 
product distribution, we conclude that the predominant reaction pathway for the oxidative depolymerisation of lignin with 
PAA is the Baeyer-Villiger oxidation of the ketone formed by the oxidation of the benzylic hydroxyl group adjacent to the 
β-O-4 linkage. The experimental evidence provided herein corroborated that PAA instigates oxygen insertion to the lignin 
macromolecule resulting in disruption of its packing structures and facilitates depolymerisation. We also investigated various 
metal oxide and mixed metal oxide catalysts to identify effective catalysts that further enhance the efficiency of PAA 
mediated depolymerisation of lignin and produce selective monomeric phenolic compounds. Techno-economic analysis was 
also conducted to identify the key parameters associated with this oxidative process that need to be considered for possible 
commercial application.

Introduction 
Lignin, a natural aromatic biopolymer (15-30% by weight, 40% 
by energy), is the largest source of renewable aromatics on 
earth and thus represents an attractive feedstock for renewable 
fuel, chemicals, and materials synthesis. However, due to its 
structural heterogeneity and complexity, development of a 
selective and efficient lignin depolymerisation technology 
remains a challenge.1-10 Among the various lignin 
depolymerisation technologies, oxidative lignin 
depolymerisation has shown distinctive advantages such as 
relative mild reaction conditions (low temperature and 
pressure), high conversion, and selectivity.5, 11-18 The lignin 

oxidation chemistries have been widely applied in modern 
wood pulping and bleaching processes.12

Most concurrent research efforts focused on the 
development of efficient lignin depolymerisation chemistries by 
cleaving the ether linkages, considered to be the predominant 
type of linkage, in native lignin. However, considering only ether 
cleavage, most lignin depolymerisation processes are limited in 
terms of monomer yield that are in the range of 5-20 mol%.2, 8, 

19 Only few reports are available with monomeric phenolic yield 
~50 mol%;16, 19-21 thus an efficient strategy capable of both ether 
(C-O) and carbon-carbon (C-C) cleavages is essential to achieve 
high yield of monomeric phenolic compounds (MPCs). Oxidative 
depolymerisation of lignin has shown a promising potential to 
be capable of cleavage of C-O linkages, C-C linkages, and even 
the aromatic rings leading to high recoveries of various 
monomeric products.5, 16, 22-30 

Among many oxidants, peracetic acid (PAA) is recognised as 
environmentally benign with a high oxidation  potential (1.748 
V vs. Standard Hydrogen Electrode).14, 21, 31-39 PAA was recently 
touted as the greener alternative to sodium hypochlorite and 
chlorine dioxide for disinfecting wastewater streams.40, 41 As 
decomposition of PAA produces only acetic acid, oxygen, and 
water, there is little need for removal or neutralisation before 
the clean water enters the waterways, thus showing 
environmental and economic promise.  An earlier paper35 
showed the usage of PAA to depolymerise biorefinery lignin and 
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produce selective MPCs. By controlling the reaction conditions, 
it was also demonstrated that PAA can oxidise the aromatic 
rings to produce dicarboxylic acids, an important building block 
to produce several biopolymers, further diversifying the 
product portfolio of this oxidation process. Thus, its ability to 
cleave both C-C bond and ether-linked phenylpropane units 
makes PAA oxidation distinctive from most other lignin 
depolymerisation chemistries.16, 21, 42 

Despite its high activity for catalysing lignin 
depolymerisation, the precise mechanism of how PAA interacts 
with lignin macromolecules and consequently, how PAA effects 
the cleavages of lignin bonds is still lacking. This study applies 
nuclear magnetic resonance (NMR) spectroscopy and X-ray 
diffraction (XRD) to gain an understanding of the underlying 
mechanism corresponding to PAA-mediated disruption of the 
lignin packing structure and its subsequent depolymerisation. It 
was also found that usage of metal oxide catalyst (i.e. niobium 
pentoxide) in conjunction to PAA further increases 
delignification efficiency and selectivity.35 We then selected and 
investigated 15 metal oxide and mixed-metal oxide catalysts in 
addition to niobium pentoxide for lignin depolymerisation. 
Lastly, we also reported the results of a preliminary techno-
economic analysis that identified key cost drivers that needed 
to be considered towards a cost-effective technology. 

Experimental section
Lignin purity determination 

Diluted acid corn stover lignin (DACSL) was collected from the 
deacetylation and disc refining pre-treatment of corn stover to 
produce carbohydrates (provided by the National Renewable 
Energy Laboratory, Colorado, USA)43. Following alkali 
purification, DACSL was utilised as the feedstock for the present 
study as prior reports showed that it possessed high reactivity 
for PAA-mediated depolymerisation.21, 35, 44 The lignin purity 
and residual carbohydrate content were determined by Klason 
lignin analysis (Table S1).45 Lignin purity was calculated based 
on the total amount of acid-soluble lignin and acid-insoluble 
lignin in samples, as determined according to published  
procedures.46

General oxidation procedure 

Oxidation of DACSL (~50 mg) by PAA were conducted at 
different temperatures (room temperature or 60°C), reaction 
times (0-18 h), and PAA dosages (0-1 g PAA per g lignin). 
Different conditions were chosen to address different research 
questions as stated in the main text. During the reported 
catalyst screening, lignin, PAA (diluted with acetic acid), and 
catalysts were mixed (THERMO SCI TYPE 16700 MIXER, 
Fremont, CA) at the selected reaction temperature A ratio of 
1:10 by weight catalyst to DACSL (50 mg) and 1:5 by weight PAA 
to DACSL were added into the mixture prior to the reaction. The 
microtubes were then heated and allowed to react at 60 oC for 
5 h. The impact of PAA on the disruption of lignin packing 
structure was done at room temperature for different time 
intervals, such as 1, 3, 5 and 18 h. The reaction mixture was 

quenched by addition of ~30 g deionized (DI) water. A solid 
residue was isolated after centrifugation and washed with DI 
water (~ 20 g each time) for 3 times. Dark to light brown color 
(corresponding to low to high degree of oxidation respectively) 
solid was finally obtained after freeze drying.  

Analysis of oxidation products 

The yield of the total amount of MPCs in the reaction solution 
were quantified via microtiter‐plated Folin-Ciocalteu (F-C) assay 
following previously published methods.35, 44, 47, 48 Samples were 
taken from the reaction mixtures and reacted with the F-C 
reagent in a 96-well microtiter plate. To each well was added 
150 μL of water, 10 μL of F-C reagent, and 2 μL of the proper 
dilution of test compound. The contents of the wells were 
stirred and allowed to stand for 5 min. After this, 30 μL of a 20% 
aqueous sodium carbonate solution was added to each well. 
The contents of the wells were again incubated at 45°C for 30 
min in a dry bath. The absorbance of the aliquots at 765 nm 
after the reaction with F-C reagent was measured against a 
blank using deionised water. The amount of MPCs was 
quantified by correlating the sample absorbance with the MPC 
concentration using a standard curve generated from 
isoeugenol (as standard compound) at different concentrations. 

When lignin was treated with 0.1 g PAA/g lignin and 0.2 g 
PAA/g lignin in acetic acid, the MPCs are present in the solution 
while non-depolymerised oligomers were obtained as solid 
residues. The reported yield in the present work corresponds to 
the amount of MPCs present in the solution. The mass balance 
obtained as 90.8% and 80.2% corresponding to the oxidation 
reaction by using 0.1 g PAA/g lignin and 0.2 g PAA/g lignin, 
respectively, suggests that the use of F-C method is satisfactory 
in determining the yield of phenolic compounds. The detailed 
calculation corresponding to mass balance of these systems are 
provided in the supporting information and Table S2. The lower 
mass balance obtained with 0.2 g PAA/g lignin could be due to 
a relatively higher oxidation rate leading to the formation of a 
higher fraction of non-lignin derived soluble compounds.

To further analyse the product selectivity, ethyl acetate 
(Sigma Aldrich, high performance liquid chromatography or 
HPLC grade, 99.8%) was used to extract the phenolic 
compounds from the reaction solution. Typical extraction 
procedure includes the addition of 2 mL ethyl acetate to 1 mL 
of aqueous sample, after which, the mixture was shaken 
vigorously for 5 min using an external shaker. Upon separation 
from the aqueous layer, the ethyl acetate fraction was collected 
and stored in a separate vial. The extraction procedure was 
repeated thrice and finally the ethyl acetate fractions (~6 mL) 
were combined and dried under a stream of air using a Pierce 
ReactiVap apparatus (Thermo Scientific, Fremont, CA) to 
remove the solvent prior to the trimethylsilylation (100 μL of 
10% trimethylchlorosilane with N,O‐bis(trimethylsilyl) 
trifluoroacetamide). The silylated ethyl acetate fraction was 
analysed by a gas chromatograph mass spectrometer (Agilent 
7890 A/5975C) equipped with a DB‐5 capillary column. The 
following oven program was utilised: initial temperature at 
100°C, held for 3 min at temperature, followed by a 
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5°C min−1 ramp to 200°C, held for 3 min at temperature, and 
then followed by a 20°C min−1 ramp to 320°C, held for 10 min at 
temperature. The mass spectrometer detector was run on 
positive EI mode with temperature settings as follows: MS 
Source Setpoint at 230°C and MS Quad Setpoint at 150°C. 
Solvent delay was set to 3 min and the compounds between 5 
and 30 min were identified and quantified. Scanning ion range 
was set from m/z 50–1000. The product selectivity was 
determined based on total ion chromatogram (or TIC) peak 
areas.

X-Ray diffraction 

Structural characterisation of lignin and partially oxidised lignin 
samples by XRD was conducted on a Panalytical MPD 
diffractometer using Cu Kα radiation (λ = 1.54184 Ǻ) and a 
variable divergence slit in Bragg-Brentano geometry. Each 
sample was packed in a zero-background holder and scanned in 
the range 2θ = 5-100°. Deconvolution of the spectra was 
conducted with pseudo-Voigt profiles using TOPAS v6 (Bruker 
AXS).

13C NMR, 1H- 13C HSQC NMR

Lignin and partially oxidised lignin samples were acetylated 
according to a previously reported method49 and dissolved in 
DMSO-d6 (100 mg sample per 0.6 ml DMSO-d6). One-
dimensional 13C NMR spectra of lignin samples were obtained 
at 298 K on a 500 MHz Agilent DD2 spectrometer. The pulse 
sequence utilised a 9.5 µs 90° pulse followed by 1 s of WALTZ 
decoupling during the acquisition time. The recycle delay was 
10 s and the chemical shift was referenced to the solvent peak 
at 39.5 ppm. The peaks were assigned according to previous 
studies.50, 51

The two-dimensional heteronuclear single quantum 
coherence (HSQC) NMR spectra of the acetylated lignin and 
acetylated partially oxidised lignin were acquired at 298 K on a 
500 MHz Varian Inova spectrometer equipped with a room 
temperature Varian HCN probe. Samples (ca. 50 mg) were 
dissolved in 600 µL DMSO-d6. Two-dimensional 1H-13C HSQC 
(gChsqc.c) spectra were acquired for aliphatic and aromatic 
regions separately with tCH tuned for 1JCH = 140 Hz (aliphatic 
C-H) or 172 Hz (aromatic C-H), and with spectral widths of 17 
ppm in the directly detected dimension (1H) and 90 ppm or 60 
ppm for aliphatic or aromatic regions, respectively, of the 
indirectly detected dimension (13C) centred correspondingly at 
either δC 51 ppm or 121 ppm. Spectra were acquired with 1024 
complex points in the 1H dimension and 768 complex points 
(States-TPPI mode) in the 13C dimension. Spectra were 
processed in MestReNova version 14, with cosine bell 
apodization and 2X zero-filling in both dimensions and 
referenced to residual 1H in the DMSO solvent (δH 2.50 ppm and 
δC 39.5 ppm). 

Results and discussion 
Disruption of lignin packing structure by PAA mediated oxidation

Packing structure integrity was often considered as one of the 
significant factors that prevents the effective depolymerisation 
of lignin. During lignin biosynthesis, the overall transformation 
of glucose to monolignols and subsequent lignin 
macromolecules is an electron-gaining or reductive process.3, 52 
The highly electron-dense aromatic skeleton and the oxygen-
functionalised side chains impose various non-covalent 
interaction (e.g. π-π interaction, hydrogen bond) and stabilises 
the packing structure of lignin. We observed that upon addition 
of PAA (1 g PAA/g lignin) to DACSL at 60oC, the solid lignin 
powders first swelled into a fluffy brown-colored form and 
shortly after that, the DACSL was completely dissolved into the 
solution (typically less than an hour). This intriguing observation 
that PAA is capable of dissolving solid lignin indicated that the 
polymeric structure of lignin undergoes certain physical and 
chemical changes prior to its depolymerisation. However, as we 
show in our results section, only a portion of the completely 
dissolved lignin yielded MPCs. 

To understand this phenomenon in more detail, we carried 
out partial oxidation of lignin using a lower PAA dosage (0.2 g 
PAA/g lignin, approximately 0.5 mole PAA per mole of lignin 
equivalent) and at mild condition (room temperature). We 
quenched the reaction at different time intervals such as 1, 3, 5, 
and 18 h and labelled as LO-1 (quenched after 1 h), LO-2 
(quenched after 3 h), LO-3 (quenched after 5 h), and LO-4 
(quenched after 18 h), respectively, as shown in Figure 1.

DACSL LO – 1 LO – 2 LO – 3 LO – 4 

0.7820 g 0.6434 g 0.7780 g 0.7425 g 0.7180 g

Figure 1. Partially oxidised lignin samples obtained at different time intervals. Samples 
of similar weight were utilised to compare their respective volume. Reaction condition: 
0.2 g PAA/g lignin, room temperature, acetic acid as solvent. DACSL – parent lignin; LO-
1 – reaction quenched after 1 h; LO-2 – reaction quenched after 3 h; LO-3 – reaction 
quenched after 5 h; LO-4 – reaction quenched after 18 h.

Compared to the original DACSL with similar weight, the volume 
of LO-1 and LO-2 lignin increased two to three times 
respectively. Further increase in reaction time to 5 and 18 h 
resulted in only small expansion of the volume. During this 
treatment, small amounts of soluble products were generated. 
The ability of PAA to swell lignin’s structure indicated that the 
oxidant significantly modified the physio-chemical interactions 
present in lignin macromolecules and resulted in exfoliation of 
the packing structure. It is also important to note that changing 
the solvent from acetic acid to 1,4-dioxane or n-hexane did not 
change the swelling effect (Figure S1, Table S3 and Figure S2, 
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Table S4 respectively). This observation further confirmed the 
major role of PAA that causes the structural changes of lignin.
Exfoliation of the lignin packing structure and its structural 
changes imparted by PAA was probed by powder XRD. Earlier 
studies also utilised powder XRD as a tool to investigate the 
changes of lignin packing as a result of chemical modification or 
diffusion into other materials.53-55 It is apparent that being a 
relatively amorphous material, powder patterns of lignin are 
devoid of sharp peaks characteristic of long-range order. 
However, some short-range order is evident from the broad 
peaks in the XRD patterns, and the modification of these peaks 
was utilised to follow the impact of oxidation on lignin packing. 
Li and Sarkanen56 have described how the intense peak near 4.0 
Å can be assigned to the perpendicular distance between 
aromatic rings that are approximately parallel to one another. 
In the present study, we focus on the changes in interplanar 
distance because we hypothesized it to vary due to the change 
in lignin close pack structure during PAA mediated oxidation. 

Figure 2. (a) Comparison of powder XRD of different partially oxidised lignin samples 
along with the parent DACSL. Powder XRD pattern and corresponding multi-peak 
deconvolution of (b) DACSL; (c) LO-1; (d) LO-2; (c) LO-3; (d) LO-4.

Figure 2a compares the XRD patterns of partially oxidised 
lignin samples to the parent DACSL. Deconvolution of the broad 
peaks is shown in Figure 2b-f, with the sum of the peaks (red 
line) laid over the experimental pattern (black line) to 
demonstrate the quality of the fit. XRD peak fitting and the 
corresponding analysis was carried out to examine the changes 

during oxidation and compare them across different oxidative 
treatments. 

The parent DACSL contains small crystalline peaks arising 
from Na2SO4, which was also fitted in this sample (Figure S3). 
These crystalline peaks are likely formed during freeze-drying 
and came from residual salts from the NaOH and H2SO4 
reagents that were previously utilised in the deacetylation and 
mild hydrolysis to remove the carbohydrates in the DACSL. The 
large broad feature in the XRD patterns near 2θ = ~21° shifted 
slightly toward smaller diffraction angles (Iarger d-spacing) 
because of the PAA treatment. The observed d-spacings were 
4.12, 4.27, 4.29, 4.23, and 4.30 Å, respectively, for samples in 
the order from DACSL to LO-4. This shift was attributed to a 
weakening of the non-covalent forces between the 
approximately parallel aromatic rings of neighbouring lignin 
molecules.56 The peak breadth also increased from a full width 
at half-maximum of 10.6° 2θ in the parent DACSL to 11.0 – 11.4° 
in the treated samples, indicating a larger range of stacking 
environments. The changes observed by XRD were consistent 
with the volume expansion of solid lignin observed after PAA 
treatment (Figure 1).

LO-4

LO-3

LO-2

LO-1

DACSL

δC (ppm)

Figure 3. 13C NMR spectra of acetylated DACSL and PAA-oxidised lignin samples obtained 
at different time intervals. 

The chemical changes imparted on the lignin structure 
because of PAA-mediated oxidative treatment were established 
by NMR spectroscopy. Both the parent DACSL and the 
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corresponding oxidised samples (LO-1 to LO-4) were 
characterised using 13C NMR and 2-D 1H-13C HSQC NMR. 
Assignments of the different signals obtained herein were made 
according to previous literature.57 Figure 3 shows the 13C NMR 
spectra of acetylated DACSL and different oxidised samples (LO-
1 to LO-4). The region at 175-165 ppm was chosen for the 
analysis as it consists of the carbonyl carbon attached after 
acetylation of the primary and secondary hydroxyl groups which 
are expected to be more sensitive towards oxidation. The 
region also includes the information regarding certain carbonyl 
group in acid and ester moieties. The 13C NMR spectra of DACSL 
and the various oxidized samples are shown in Figure S4-S8.

The chemical shift (δC) corresponding to the aromatic 
carbons was obtained between 102 and 160 ppm and 
integration of these peaks were set as 6.0 because of the six 
carbons on each aromatic ring. Accordingly, the integration of 
the peaks at δC 171.2–170.2 ppm, 170.2–169.5 ppm, and 169.5–
168.0 ppm represented the number of carbonyl carbons 
attached to acetylated primary, secondary and phenolic 
hydroxyl groups respectively per aromatic rings in different 
lignin samples (Table S5). The full spectra of the 13C NMR were 

presented in Figures S5-S9. The peak at δC 170.6 ppm was 
assigned to the carbonyl carbon of the acetyl group attached to 
the primary -OH group. The number of primary hydroxyl groups 
per aromatic ring was obtained as ~0.6 after the PAA treatment. 
On the other hand, peaks at 169.7 and 170.0 ppm, assigned to 
the carbonyl carbon in acetylated secondary -OH group on lignin 
propanyl side chains, were notably flattened after PAA 
treatment. Integration of these two peaks showed that ratio of 
secondary hydroxyl groups per aromatic ring reduced from 0.63 
in DACSL to 0.58 (LO-1), 0.55 (LO-2), 0.55 (LO-3), and 0.55 (LO-
4), respectively. The decrease in peaks corresponding to the 
secondary hydroxyl groups compared to the primary suggests 
that the former was more reactive towards oxidation in the 
current reaction condition. According to the NMR data, we 
concluded that maximum changes in the lignin structure due to 
the PAA was noted after 3 h of oxidation. The conclusion fits 
well with the swelling phenomena of lignin (as shown earlier) 
which also shows that maximum volume expansion was 
obtained after 3 h. The peaks at 169.1 ppm and 168.4 ppm, 
which were assigned to carbonyl carbon in acetylated phenolic

Figure 4. 1H-13C HSQC NMR spectra of partial oxidised lignin compared to DACSL. The blue arrow shows the emergence of the new peaks because of the oxidative treatment. The 

main structural units assigned were shown with their structures on the right.
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hydroxyl groups were increased along the treatment. The ratio 
of phenolic hydroxyl group to aromatic ring calculated from the 
integration of the corresponding peaks in DACSL was 0.42. This 
value was increased to 0.55 in LO-1 (1 h oxidative treatment) 
suggesting the cleavage of β-O-4 ether linkages and the 
consequent production of free phenolic hydroxyl groups. 
However, the ratio of phenolic hydroxyl group/aromatic ring did 
not change significantly with longer PAA treatment. The 
corresponding values obtained were 0.52, 0.54, and 0.56 for LO-
2, LO-3, LO-4 respectively, suggesting that β-O-4 ether linkages 
were stabilised after extended exposure to PAA.

The chemical changes in the lignin structure, specifically to 
the inter-unit linkages, was further investigated by using 1H-13C
HSQC NMR. All the assignments were based on dimeric model 
compounds as reported in previous literature.57 We specifically 
investigated the aliphatic oxygenated side-chain regions 
(δC/δH=90-45/6.5-2.5 ppm/ppm) in detail (Figure 4). 

Figure 4a shows the HSQC NMR spectra of DACSL prior to 
PAA treatment. The different functionalities such as β-aryl ether 
(β-O-4, A), phenylcoumaran (β-5, B), resinol (β-β, C) linkages, 
and cinnamyl alcohol structures (X1) were identified in DACSL. 
The peaks corresponding to these interlinkages diminished 
gradually at different rates. Cinnamyl alcohol structure (X1) was 
the most labile and reacted completely within 1 h (Figure 4b). 
The signal corresponding to phenylcoumaran (β-5, B in Figure 4) 
and resinol (β-β, C in Figure 4) linkages were gradually reduced, 
accompanied by the emergence of new peaks as identified in 
Figures 4b-4e, suggesting the deconstruction of the five-
member ring containing the ether linkages. The significant 
reduction of the peak corresponding to the β-aryl ether (β-O-4, 
A) along with the emergence of new peaks (shown by blue 
arrows in Figure 4) further confirmed the conversion of β-O-4 
linkages. According to this NMR data , we hypothesized that the 
oxidative conversion of the hydroxyl groups on Cα 
(δC/δH=73.8/5.9 ppm/ppm in A, δC/δH=87.8/5.5 ppm/ppm in B, 
δC/δH=82.7/4.9 ppm/ppm in C) and the changes associated with 
hydroxyl groups on Cγ (δC/δH=62/4.1 ppm/ppm in A, 
δC/δH=63.5/4.0 ppm/ppm in B, δC/δH=70.9/4.2-3.8 ppm/ppm in 
C) significantly reduces the possibility of forming intra- and 
inter-molecular hydrogen bonds. Additionally, PAA mediated 
oxidation generally leads to the formation of large functional 
groups i.e., carboxylic acids (see the discussion corresponding 
to the reaction mechanism) which could impose steric 
constraint and prevents the π-π interaction between lignin 
aromatic rings, thus contributing to the observed swelling 
effects. 

Combining the physical changes in the lignin structure along 
with the spectroscopic evidence (XRD, 13C NMR, and HSQC 
NMR), we confirmed that PAA oxidatively modified the lignin 
packing structure which was exhibited by the volume expansion 
of solid lignin. We propose that exfoliation of the lignin packing 
structure is the primary step that makes lignin more accessible 
for further depolymerisation. The oxidative modification of 
lignin propanyl side chain activates both the C-O bond in ether 
linkage and C-C bonds, and consequently facilitates 
depolymerisation. Recently, Rahimi et al. also postulated that 
oxidative modifications of the aliphatic hydroxyl group to 
carbonyl promoted the cleavage of β-O-4 ether linkage.20, 58  
Effective cleavage of β-aryl ether linkages by PAA to produce 
phenolic compounds was also demonstrated by using model 
compound, 1-(4-hydroxy-3-methoxyphenyl)-2-(2-
methoxyphenoxy) propanol.35, 39

Effect of PAA dosages for depolymerisation of DACSL

We next turn our focus to investigate the effect of PAA dosage 
on the efficacy of lignin depolymerisation and determine the 
various phenolic compounds obtained in the product stream. F-
C analysis35, 44, 47, 48 was carried to determine the total yield of 
phenolic compounds based on conversion of Klason lignin using 
isoeugenol as a calibration standard.48, 59 The product selectivity 
was investigated using gas chromatography mass spectroscopy. 
An experiment without PAA was carried out as baseline. Figure 
5 presents the effect of PAA dosage (0-1.0 g PAA/g lignin) on 
total yield of phenolic compounds and product selectivity 
during the depolymerisation of DACSL at 60oC. It is important to 
mention here that all these reactions were carried out for 5 h as 
major structural changes of lignin were accomplished within 3 
h.

Increasing PAA amount from 0 to 0.8 g PAA/g lignin resulted 
in a continuous increase in the yield of phenolic compounds 
from 9 wt% to 32 wt% (Figure 5, yellow line). However, further 
increasing the PAA amount to 1 g/g lignin resulted in the small 
reduction of phenolic compounds yield, suggesting an 
optimised amount of PAA (0.8 g/g lignin) is required to 
depolymerise lignin. Minor amounts of phenolic compounds 
produced in case of 0 g PAA/g lignin was attributed to the 
hydrolysis of ester linkages of the coumaric acid derivatives 
(e.g., p-coumaric acid, ferulic acid). It is shown in the precedent 
literature that corn-stover lignin (used in the present study) 
contains ~10-20% of coumaric acid fraction and thus 
corroborates well with the amount of hydrolysis product.21 

Detailed analysis of reaction products showed that the 
product selectivity also changed notably along with the increase 
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in PAA dosage from 0 g PAA to 1 g PAA/g lignin (Figure 5, stacked 
columns). Without the addition of PAA (i.e. 0 g PAA), p-coumaric
acid derivatives (p-coumaric acid and ferulic acids) were 
identified as the predominant phenolic products, representing 
87% of the total products (Figure 5, stacked columns, green). 
Monomeric hydroxylated phenolics (11%, Figure 5, dark green) 
and monomeric phenolic acids (77%, Figure 5 green) were 
obtained as major products when the amount of PAA was 
increased to 0.5 g/g lignin. Among the various phenolic acids 
obtained herein, ~60% was comprised of coumaric acid 
derivatives wherein the rest were identified as vanillic and 
syringic acid. C2-C4 side-chain fragments (e.g. oxalic acids, 
propanedioic acids, 2,3-dihydroxylpropanoic acid, shown in 
blue in Figure 5) were also detected and likely resulted from side 
chain cleavage (detailed mechanism will be discussed below). 
Selectivity of 88% was achieved by combining the yield of 
monomeric hydroxylated phenolics and phenolic acids. Small 

Figure 5. Effect of PAA dosage (0-1.0 g PAA/ g Lignin) on total yield of phenolic 
compounds different product selectivity obtained during PAA-mediated 
depolymerisation of lignin at 60oC for 5 h.

amounts of dimers (4%, Figure 5, orange) were also detected in 
this case. 

Further increasing PAA dosage to 0.8 g PAA/g lignin led to 
an increase in monomeric hydroxylated phenolics (15%) while 
selectivity to monomeric phenolic acids dropped to 70%. 
However, the overall selectivity to MPCs was very similar (85%) 
to that obtained in the case of 0.5 g PAA/g lignin. Both side-
chain fragments (~6%) and dimers (~4%) were also identified in 
the product stream. Increasing the oxidant (PAA) dosage to 1.0 

g PAA/g did not increase the MPC yield but affected the product 
selectivity. Significant amounts of monomeric hydroxylated 
phenolics (selectivity ~30%) were obtained in this case. The 
selectivity to the products formed due to the fragmentation of 
the sidechain was notably increased (~18% selectivity). 
Decrease in both MPC yield and selectivity with increase in PAA 
dosage from 0.8 g PAA/g lignin to 1.0 g PAA/g lignin could be 
attributed to the presence of excess PAA, which led to the over-
oxidation of phenolic compounds to benzoquinone 
/polymerised quinone, or ring-cleavage products.

Reaction mechanism pertaining to the PAA-mediated 
depolymerisation of lignin to MPCs

Based on the products obtained during the PAA-mediated 
oxidation of lignin, the underlying reaction mechanism 
pertaining to the cleavage of C-C linkages is classified in two 
major pathways,12, 14, 35, 39, 60, 61 that is (i) side-chain replacement 
(top panel, Scheme 1) and (ii) side-chain oxidation (bottom 
panel, Scheme 1). We propose that the side chain replacement 
pathway proceeds through aromatic electrophilic substitution 
of hydroxonium ion, OH+, produced in situ due to the heterolytic 
cleavage of the peroxide bond of PAA. Initial attack of the OH+ 
ion to the phenyl ring and subsequent displacement of the alkyl 
side chain resulted in ring hydroxylation, thus, producing a 
substituted phenolic compound (1). The detailed stepwise 
reaction mechanism is shown in Scheme S1. The presence of 
hydroxonium ion as an active species during the PAA-mediated 
oxidation of aromatic compounds was also invoked earlier.12, 35 
On the other hand, side-chain oxidation proceeds through 
oxidation of the benzylic hydroxyl (or secondary hydroxyl group 
as described in an earlier section) group present in C to 
produce the ketone (2). Oxidative modification of lignin side 
chain accompanied by the transformation of benzylic hydroxyl 
group to the corresponding ketone in the presence of different 
catalysts was also reported in earlier studies.20, 58, 62-64  Under 
oxidative condition, the phenyl propane unit could also undergo 
C-O (Cβ-O) cleavage to form pinacol derivative that 
subsequently undergoes pinacol-pinacolone rearrangement to 
produce an unsymmetrical ketone (4). While C-O cleavage (β-O-
4) was established by 1H-13C HSQC NMR spectroscopy (Figure 4), 
13C NMR spectra (Figure 3) was devoid of any peak 
corresponding to the carbonyl carbon of a ketone moiety. The 
absence of ketone signals in 13C NMR could be explained in 
following way. The ketones (represented as 2 and 4 in Scheme 
1) are reactive in presence of PAA and thus, possibly undergo 
Baeyer-Villiger oxidation (see following discussion for more 
details) as soon as they were produced. Consequently, they 
were not detected in the reaction medium or their 
concentration is negligible and fell below the detection limit of 
13C NMR spectroscopy. The reaction mechanism pertaining to 
Cα-Cβ cleavage could be explained by Baeyer-Villiger oxidation 
of two possible ketones, such as 2 and 4, by PAA, which produce 
phenolic acids as the products. It is important to note that 
Baeyer-Villiger oxidation of a ketone usually produces an ester 
as the product, but as the reaction was carried out in acid 
medium, the in situ generated ester underwent acid hydrolysis 
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and correspondingly, phenolic acid (5) was obtained as the final 
Figure 5) particularly with the lower amount of PAA, we 
concluded that the Baeyer-Villiger oxidation route is the 
predominant pathway for the PAA-mediated oxidative of 
depolymerisation of lignin. However, the comparable amount 
of (substituted) phenols obtained with 1 g PAA/g lignin product 
suggested that the side-chain replacement pathway becomes 
noteworthy to the overall oxidation when a large amount of 
PAA was used as oxidant. To demonstrate Cα-Cβ bond cleavage 
through Baeyer-Villiger oxidation, we also performed oxidation 
of lignin model compounds whose structures, reactivity, and 
inter-unit linkages resemble the parent lignin polymer. The 
proposed complete reaction network corresponding to the 
Baeyer-Villiger oxidation of 4-methoxy acetophenone (S1) is 
summarised in Scheme S2. When S1 was treated with PAA in 
the presence of acetic acid at 60oC for 2 h, 4-methoxyphenol 
(S2) and 4-methoxybenzoic acid (S3) were obtained as the

products. The formation of these products could be explained 
by the Baeyer-Villiger oxidation of S1, followed by the acid 
hydrolysis of the corresponding ester. The presence of small 

amounts of 4-hydroxyphenol (S4) is attributed to the ether 
cleavage (-OCH3) prior to the Baeyer-Villiger oxidation followed 
by hydrolysis. Though we propose that the carbonyl structure in 
compounds  2 and 4 was obtained through either oxidation of 
the benzylic alcohol or pinacol-pinacolone rearrangement, prior 
literature65, 66 mentioned that the carbonyl in Cα is already 
present in some of the lignin structures and could directly 
undergo Baeyer-Villiger oxidation. 

Based on the reaction mechanism discussed above, we conclude 
that side-chain replacement pathway requires one molecule of PAA 
to cleave one C-C linkage (C-Cphenyl in this case). On the other hand, 
side-chain oxidation pathway involved in the higher consumption of 
PAA likely consumed one molecule of PAA for Cα-Cβ oxidative 
cleavage and another molecule can be consumed to oxidise the 
hydroxyl group on the propanyl side chain, as applicable. Hence, 
approximately 1-2 molecules of PAA are needed per lignin linkages 
to completely depolymerise lignin to monomeric phenolic products 
with quantitative yield. Using an excess amount of PAA (e.g. 1 g 
PAA/g lignin) resulted in 28 wt% MPC yield, slightly lower than the 

optimum 0.8 g PAA/g lignin, suggesting that the additional PAA was 
used in parasitic reactions not leading to MPC formation. (Note: 
Assuming each lignin monomeric unit has a molecular weight of 200 

Scheme 1 The reaction network pertaining to the depolymerisation of DACSL in presence of PAA.
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g/mol and has one linkage shared between another unit, 1 g PAA/g 
lignin is equivalent to 2.6 mole PAA per mole of lignin monomeric 
units.) The increasing amount of acidic side chain fragments with 
increased PAA dosage, as shown in Figure 5 (blue), suggests that PAA 
was being consumed for the oxidation of side-chain fragments (C2-
C4) to the corresponding carboxylic acids (e.g., carboxylic acids, 
hydroxylated carboxylic acids, diacids). Further oxidation of the C-C 
bond of these carboxylic acids also generated C1-C2 acids and likely 
further contributed to the increased PAA consumption. 

Effect of catalysts on PAA-mediated depolymerisation of lignin 

Effect of different metal oxide catalysts was also investigated 
during the oxidative depolymerisation of lignin. We recently 
reported the promotional effect of niobium pentoxide (Nb2O5) 
during PAA-mediated depolymerisation of lignin to produce 
MPCs with total yield of ~47%.35 Herein, we expanded our study 
to various other metal oxides and mixed metal oxides such as 
CuO, MnO2, ZrO2, SnO, 1% Mn on Nb2O5, 1% Mn on ZrO2, 1% Re 
on Nb2O5, CaCeO2, and hydrotalcite. CuO and MnO2 were 
chosen based on their known high activity to activate peroxygen 
and thus could catalyse oxidation reactions. ZrO2 and SnO were 
considered because of their different acid/base properties. The 
heterogeneous acid/base metal oxides were also utilised as 
support to anchor various active metal ions (e.g., Mn, Re). As 
Nb2O5 was identified as one of the active catalysts for oxidative 
depolymerisation of lignin, various mixed metal oxides based on 
Nb2O5 were also synthesised by wet impregnation and tested to 
identify potential synergistic effects. Mixtures of mixed metal 
oxides studied in the present work includes NbZr2575 
(Nb2O5/ZrO2; 25/75 wt%), NbZr5050 (Nb2O5/ZrO2; 50/50 wt%), 
NbHT2575 (Nb2O5/Hydrotalcite; 25/75 wt%), NbHT5050 
(Nb2O5/Hydrotalcite; 50/50 wt%), NbSn2575 (Nb2O5/SnO; 
25/75 wt%), and NbSn5050 (Nb2O5/SnO; 50/50 wt%). Mixed 
metal oxide catalysts were obtained by preparing a physical 
mixture of corresponding metal oxide followed by calcination at 
500oC for 4 h. 

Total yield of phenolic compounds obtained from the PAA-
mediated oxidative depolymerisation of lignin in the presence 
of different catalysts is shown in Figure 6. While Figure 6a 
compares the activity of different metal oxide catalysts, Figure 
6b summarises the results obtained from Nb2O5 and Nb2O5-
based mixed metal oxide catalysts. Yield of the 
depolymerisation reaction in the absence of catalysts was 
utilised as baseline. Comparing the results obtained in the 
absence of any catalysts (28 wt% yield), CuO and MnO2 
exhibited lower MPC yields (12 wt% and 27 wt%, respectively). 
More gas bubbles were generated upon addition of PAA to the 
reaction mixture.  This observation could be attributed to the 
non-reactive oxygen evolution from PAA degradation in the 
presence of CuO and MnO2, resulting in low MPC yields. 
Degradation of PAA was also invoked to explain the low activity 
of catalysts containing active metal ions supported on metal 
oxide compared to their parent metal oxides. On the other 
hand, ZrO2 and SnO showed significant increase in MPC yields 
up to 37 wt%. However, Ca-CeO2 and hydrotalcite exhibited 
only a small yield enhancement compared to pure PAA 
treatment, with yield of phenolic compounds at 28 wt% and 30 

wt%, respectively. Among the tested catalysts, Nb2O5 remained 
as the most active in lignin depolymerisation to MPCs. Catalytic 
activities corresponding to Nb2O5-based mixed metal oxide 
catalysts that were prepared by blending ZrO2, SnO, and 
hydrotalcite at different weight ratios were found to be similar 
as the bare Nb2O5 at the current reaction conditions. The total 
yield of the phenolic compounds was ranging from 31 to 46 
wt%.

Although the total yield of the phenolic compounds was 
found similar across these catalysts, the trend in product 
selectivity was varied with the composition of the catalyst. 
Although no apparent activity trend was noted among the 
different catalysts, higher yield of phenolic compounds 
obtained in the presence of catalyst further evidenced its 
beneficial role during the oxidative depolymerisation of lignin.

The difference in both activity and product selectivity 
obtained with various metal oxide and mixed metal oxide 

Figure 6. Yield of the phenolic compounds obtained during PAA-mediated oxidative 

depolymerisation reaction in presence of different catalysts. (a) Metal oxide and mixed 

metal oxide catalyst; (b) Nb2O5 and Nb2O5 based mixed metal oxide catalysts. Reaction 

condition - 1 g PAA/g lignin, 60oC, 5 h.

reported herein was attributed to their specific interaction with 
PAA and their ability to stabilise various intermediates 
generated during the lignin depolymerisation. The fundamental 
understanding of these aspects is beyond the scope of this work 
and will be explored elsewhere. 
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Preliminary techno-economic analysis

Developing market co-products from lignin is key to mitigating 
the fuel production cost from lignocellulosic biomass. PAA 
depolymerisation of lignin waste stream to selective MPCs 
presents a promising opportunity. We recognised that a 
considerable amount of PAA reagent (such as 1 g PAA/g lignin) 
at the scale utilised in this study may present an economic 
challenge. A preliminary techno-economic analysis was carried 
out to understand the key economic barriers of this process, 
with the aim of identifying key drivers that largely impact the 
economic viability of proposed process to produce MPC 
products. The analysis was based on integrating the lignin-to-
MPC conversion process within an existing lignocellulose 
biomass-to-hydrocarbon fuel pathway developed by the 
National Renewable Energy Laboratory to determine the 
benefit of MPC co-products on final fuel production cost.67 The 
analysis methodology, financial assumptions, capital and 
operating costs are similar to published technical reports.67 Ten 
variable parameters, such as, PAA oxidant loading (0.2-2 g per g 
of lignin), MPC value (0.5-1.25 $/lb), MPC yield (30-60 wt%), 
solvent loading (acetic acid, 1-20 ml/g of lignin), solvent loss in 
recycle (0.1% to 3%), capex (-50% to +50%), MPC loss during 
liquid-liquid extractions (0 to 5%), extraction solvent loading 
(25% to 200%), catalyst cost (5 to 90 $/lb), and catalyst life (0.2 
to 2 years), were considered in the sensitivity study and process 
economic analysis model. The variability of PAA loading, MPC 
yield, solvent loading was adapted from our experimental 
results presented herein. The range of the MPC value was 
chosen based on the cost of the products identified in our 
reaction condition. Similarly, catalyst cost variation considered 
in the analysis includes the cost of different catalysts shown in 
Figure 6. Based on this preliminary analysis, the oxidant 
consumption, selling price for the MPC product, MPC yield, and 
amount of solvent utilised during lignin deconstruction are the 
major cost drivers as illustrated in a tornado chart (Figure S9). 
The oxidant usage is observed to be the biggest cost driver 
(approximately -44% to +55%) because PAA was consumed 
during the reaction and its price is high. Based on previous 
work35, oxidation using 1.0 g PAA/g lignin was considered as the 
base case scenario. Reducing PAA to 0.2 g per gram of lignin will 
result in a significant cost reduction (by 44%). Change in the 
MPC value between $0.5/lb to $1.25/lb resulted in -6% to +13% 
change, while MPC yield between 30% and 60% translated to a 
calculated fuel cost change of +6% and -10%. On the other hand, 
catalyst cost was not a key driver, generating negligible change 
in the model fuel cost when the price was varied between $5/lb 
to $90/lb. Thus, based on the preliminary TEA, the largest 
impact to the reduction of the over-all cost of the technology 
can be gained through developing strategies to decrease PAA 
usage while increasing MPC yield.  On the other hand, the use 
of Nb2O5 as catalyst can still result in some cost reduction if the 
yield of MPC during the PAA mediated oxidative 
depolymerization of lignin is sufficiently improved.  

Conclusions
The present study contributed to improved understanding of 
the underlying chemistry pertaining to the PAA-mediated 
oxidative depolymerisation of lignin macromolecule. Addition 
of PAA resulted in physical changes in lignin structure, exhibited 
by the swelling (expansion in volume) phenomenon followed by 
its complete solubilisation in different solvents. During this 
process, PAA oxidatively modifies the hydroxyl groups present 
in the propanyl side chain, which not only reduces the 
possibility for the formation of inter- and intra- molecular 
hydrogen bond, but also convert the hydroxyl groups into a 
bulkier functional group (e.g., carboxylic acids) that hinders the 
π-π interaction and disrupts the integrated packing structure. 
The structural changes of the lignin were further evidenced by 
powder XRD. 1H-13C HSQC NMR spectroscopy also shows that 
ether linkages between aromatic units are more susceptible to 
oxidation and likely to cleave at the initial stages of the 
depolymerisation. However, cleavage of the C-C bond was 
identified as the key parameter for the efficient 
depolymerisation of lignin. Based on the NMR characterisation 
along with product distribution, Baeyer-Villiger oxidation was 
determined to be the predominant reaction pathways for the 
PAA-mediated oxidative depolymerisation of lignin. Various 
metal oxides and mixed metal oxides were employed to 
improve the efficiency of depolymerisation and the yield of the 
phenolic compounds. Based on the preliminary techno-
economic analysis, it is evident that reduction of the oxidant 
(PAA) usage is important to make the overall PAA 
depolymerisation process cost effective. As catalyst cost does 
not impact the overall economics significantly, judicious choice 
of the catalyst provides a viable option to develop an efficient 
process.  
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