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A B S T R A C T   

Even though lignin is very rich in aromatic compounds, it remains the least exploited fraction of biomass due to 
its recalcitrant nature. Consequently, prevailing efforts to fully unlock its potential are still far from reaching due 
to the use of harsh conditions and energy-intensive processes which are not environmentally friendly. Herein, a 
facile approach for coupling acid-catalyzed mechanocatalysis (MC) via ball milling with TiO2 photocatalysis 
(PC)/Fenton for depolymerization of alkaline lignin was investigated. Mechanocatalysis (MC) involved prior acid 
impregnation (AI) followed by ball milling. A direct comparison of pretreatments (AI, BM, MC) coupled with 
oxidation processes was preliminarily undertaken. The untreated lignin (UL) served as the control. MC/PC 
showed the highest yield of major aromatic products. Vanillin, homovanillic acid, acetovanillone, guaiacol, and 
vanillic acid were major aromatic building blocks identified and quantified. Further optimization revealed a total 
monomer yield of 22.77 wt%. SEM and FTIR analysis were done with the latter revealing the existence of pre- 
oxidation reaction in the BM and MC lignin prior to PC. The proposed synergetic process could offer an 
advantage over prevailing robust systems used for lignin depolymerization.   

1. Introduction 

The long-term sustainability of future biorefinery cannot be possible 
without full utilization of lignocellulosic biomass. Lignin constitutes 
15–30 wt% of lignocellulosic biomass [1,2]. It is considered the largest 
source of aromatic building blocks, thereby making its depolymerization 
one of the most highly attractive options [3,4]. However, lignin remains 
underutilized compared with the carbohydrate fraction of biomass. Of 
the over 70 million tons of lignin industrially produced, approximately 
98% is burnt for energy or disposed into landfills causing environmental 
threats, with only 2% utilized for value-added chemicals production [1, 
2]. 

As a 3-dimensional aromatic polymer, lignin is made of three mon
olignols, namely coniferyl alcohol, p-coumaryl alcohol, and sinapyl 
alcohol. The structural units result in the formation of C-C and C-O-C 
bonds such as alkyl-alkyl, alkyl-aryl, and aryl-aryl interlinkages [5,6]. 
Depending on the nature of the plant (softwood or hardwood), the 
patterns of interlinkages may vary, with β-O-4 being the abundant bonds 
(approximately 50%). Industrially, the isolation of lignin can be done 
through three key techniques, such as sulfite, kraft, and organosolv 

processes [7]. Conventional depolymerization strategies such as 
hydrogenolysis, pyrolysis/gasification, hydrothermal, and chemical 
depolymerization have been applied to isolated lignin [8,9]. However, 
these processes are relatively expensive and require robust conditions, 
with the predominant formation of defunctionalized products (for 
example xylene, benzene, etc.) [10]. 

Recently, photocatalysis and Fenton processes have been applied 
widely for biomass conversion or/and organic synthesis via radical 
oxidation. Fenton process is a homogenous technique based on the 
combination of iron and H2O2 in an acidic medium to generate reactive 
oxygen species (ROSs), i.e., OH radicals. Photocatalysis is a technique 
that requires the use of a photocatalyst and light having energy equal or 
greater than the band gap of the photocatalyst. Therefore, the irradia
tion of the photocatalyst produces ROSs on the surface. TiO2 is the most 
studied and used photocatalyst lab-scale and even on large scale due to 
its low cost, ubiquitous, and high efficiency[11]. Labidi and colleagues 
[12] applied TiO2 for depolymerization of organosolv lignin (black li
quor) and 1-Butyl-3-methylimidazolium methyl sulphate ([Bmim] 
[MeSO4]) ionic liquid pulping methods, under UVA irradiation and with 
the organosolv liquor treated with photocatalyst afforded considerable 
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yield of phenolic compounds and 20% oil yield [11]. To date, the sole 
application of PC for depolymerization lignin to aromatic compounds 
has not been fully effective. Innovatively combining other green tech
nologies to produce lignin-derived platform chemicals could be prom
ising [13]. Notably, a high yield of phenolic monomers during 
depolymerization of lignin must be pretreated before the application of 
the depolymerization strategy [14]. 

Different pretreatments (chemical, biological and mechanical) 
techniques have been developed for biomass, and the outcomes indicate 
that they could enhance depolymerization[15–18]. Sturgeon et al. [16] 
via a mechanistic study involved in the cleavage of β-O-4 bond in four 
model compounds in the presence of H2SO4 at 150 ◦C reported high 
cleavage of interlinkages and indicated that the prevalence of methoxy 
group on phenyl ring determines the distribution of products. Tayier and 
colleagues [19] studied the catalytic effect of various acids, including 
H2SO4, HCl, formic acid, and H3PO4, under microwave-assisted condi
tions at 160 ◦C for lignin depolymerization. Interestingly, H2SO4 and 
formic acid afforded the highest production of lower molecular weight 
compounds. Rahimi et al. [20] reported more than 60 wt% yields of 
aromatic monomers via the depolymerization of lignin in aqueous for
mic acid. Notwithstanding the progress made, these studies have pri
marily been conducted at significantly high temperatures. 

Over recent years, mechanochemical techniques have been applied 
to initiate and modify chemical transformations, particularly in organic 
synthesis [23]. Mechanochemistry has been predicted to promote 
pre-oxidation of lignin via direct cleavage of β-O-4 interlinkages, hence 
lowering further the lignin deconstruction reaction barrier via 
acid-catalyzed mechanical activation [21,22]. Hence, coupling lignin 
pretreatment using mechanocatalysis (MC) and depolymerization via 
Fenton/photocatalysis could be promising and this has not been a sub
ject of a more thorough examination [13]. 

Inspired by recent mechanochemistry and advanced oxidation pro
cess applications, we investigated the synergistic effect of coupling un
treated lignin and pretreated lignin (AI alone, BM alone, and MC) with 
Fenton/photocatalysis on the yield and distribution of aromatic building 
blocks from alkali lignin. Based on the preliminary findings, process 
parameters will be optimized to maximize performance. The effect of 
these treatments and oxidation strategy on the structure and 
morphology of lignin will be analyzed. 

2. Materials and methods 

2.1. Chemicals and materials 

Alkaline lignin(L0082) was purchased from TCI Chemical Reagent. 
Before each reaction, the lignin sample was oven dried at 40◦C for 24 h. 
Various major phenolic monomers such as guaiacol (99%), 99% vanillin 
(4-hydroxy-3-methoxybenzaldehyde), acetovanillone (99%), homo
vanillic acid (99%), vanillic acid (99%), used for GC calibration were 
purchased from Sigma-Aldrich®. Other reagents include 30% (w/w) 
H2O2, H2SO4(96%), NaOH (>98%), FeSO4⋅7 H2O (≥99.0%), and Aero
xide® P25 TiO2 were purchased from Sigma-Aldrich® and Alfa Aesar. 
The schematic representation of the method used is also shown in the 
supplementary data (Fig. S1). 

2.2. Lignin pretreatment 

2.2.1. Acid impregnation (AI) 
The acid-impregnation strategy adopted in this study was inspired by 

previous works [23,24], with minor modifications. Briefly, 4 g of alkali 
lignin was suspended in 75 mL of diethyl ether containing 1.5 mmol 
H2SO4 per gram of lignin and stirred continuously for 2 h. A rotary 
evaporator was used to evaporate the diethyl ether at 40 ◦C, successfully 
recovering both the solvent and lignin. If not used immediately, the AI 
was kept in a fridge at − 4 ◦C for later use. 

2.2.2. Ball milling (BM) and mechanocatalysis (MC) 
Acid-catalyzed ball milling (MC) pretreatment and BM of the un

treated lignin (UL) were done in a planetary ball mill (Fritsch, Pulveri
sette P7) having an 80 mL jar. The jar was equipped with five milling 
balls (10 mm diameter, stainless steel). Ball milling conditions were 
adopted from a previous study [24] with slight modification. Briefly, 2 g 
of either AI lignin or UL was loaded into the jar. During the milling 
process, a speed of 600 rpm, a milling time of 60 mins, and four cycles of 
15 mins run and 10 mins pause time were used. 

2.3. Photocatalytic and Fenton lignin depolymerization 

For our preliminary experiments, the untreated lignin (UL) and 
pretreated lignin (AI) including BM, AI alone and MC alone were 
oxidized using either photocatalysis (Lignin=8 g/L, TiO2 =1 g/L, 
Time=60 mins, unaltered initial pH=9.6) or Fenton (Lignin=8 g/L, 
H2O2 =1 g/L, Time=60 mins, Fe2+=0.2 g/L, pH=3.0). The system 
recording the highest yield of phenolic monomers was selected and 
taken through subsequent process optimization. 

2.3.1. Fenton lignin depolymerization 
A 100-mL round bottom Erlenmeyer flask was used as the reactor. 

Lignin (8 g/L) was weighed, and 20 mL of water was added. FeSO4⋅7 
H2O was weighed and dissolved in the mixture to obtain an Fe2+ con
centration of 0.2 g/L. Afterward, the pH of the mixture was adjusted to 
3.00 ± 0.05 using 2 M H2SO4. Subsequently, H2O2 (1 g/L) was added to 
initiate the reaction for 60 mins. The aqueous phase after the reaction 
was extracted using ethyl acetate three times. GC/MS and GC/FID were 
used for liquid product identification and quantification, respectively. 
All batch experiments were conducted in duplicate. 

2.3.2. Photocatalysis lignin depolymerization 
For the photocatalytic reaction, a 100 mL borosilicate round bottom 

flask was used as the reactor to perform photocatalytic lignin depoly
merization. The flask was placed in a SUNTEST CPS+ solar simulator 
with an UV range of 300–400 nm. Unlike the preliminary study with 
fixed conditions, the PC parameters were varied: lignin (2–16 g/L), TiO2 
(0.5–4 g/L), and pH (5− 11). A 20 mL of lignin solution was prepared 
and loaded with an appropriate dose of the TiO2 photocatalyst. Initially, 
the reaction mixture was kept under constant stirring for 15 mins in the 
dark for the attainment of adsorption-desorption equilibrium. The light 
intensity was 250 W/m2. Sampling was done and filtered via a 0.22 µm 
PTFE filter. The aqueous phase after sampling was extracted three times 
using ethyl acetate and evaporated under vacuum. GC/MS and GC/FID 
were used for liquid product identification and quantification, respec
tively. The solids in the aqueous phase were precipitated using 4%(v/v) 
H2SO4, recovered through centrifugation, dried, weighed, and subse
quently used for the solid analysis. All batch experiments were con
ducted in duplicate. 

2.4. Product characterization 

2.4.1. Identification and quantification of liquid products 
The extracted organic phase from each reaction was identified and 

quantified using GC/MS and GC/FID, respectively. The GC was per
formed using a Shimadzu GC QP2010 equipped with a capillary column 
(ZB-WaxPlus™, 30 m x 0.25 mm i.d., 0.25 µm). Further details of GC-MS 
and GC-FID programmed conditions are provided in supplementary data 
(Section 1.1). The following Eqs. (1 and 2) were used to compute the 
yield of liquid products and conversion of lignin, respectively: 

Phenolic monomer yield (wt%) =
Mcompound

Minitial
x100 (1)  

Lignin conversion (%) =
Minitial − Mfinal

Minitial
x100 (2) 
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where Mcompound, Minitial and Mfinal depict the mass of the obtained ar
omatic compound(g), the initial weight of lignin(g), and the weight of 
lignin(g) after reaction, respectively. 

2.4.2. Total organic carbon analysis 
The total organic carbon (TOC) of the aqueous phase was analyzed 

using a Shimadzu TOC analyzer. We examined the variation of available 
carbon by assessing the overall conversion of carbon (TOCoverall) from 
initial TOC (TOCinitial) and the percentage of TOCoverall converted to 
aromatics (TOCaromatics). It is important to note that the TOC after re
action in the aqueous phase (TOCaqueous) was measured after ethyl ac
etate extraction. The following Eqs. (3-5) were used to compute and 
elucidate carbon flow: 

TOCoverall = TOCinitial − TOCaqueous (3)  

TOCoverall(%) =
TOCinitial − TOCaqueous

TOCinitial
x100 (4)   

where TOCinitial, TOCoverall, TOCaqueous, and TOCaromatic depict the 
initial TOC in aqueous before Fenton/photocatalysis reaction, overall 
TOC converted, TOC remaining in the aqueous phase after reaction, and 
percentage of overall TOC which resulted in the formation of aromatics, 
respectively. 

2.4.3. Lignin characterization 
The UL, lignin remaining after pretreatment, and obtained oxidized 

lignin were analyzed using Environmental scanning electron microscopy 
(ESEM) and Fourier-transform infrared spectroscopy (FT-IR). The FT-IR 
spectra were analyzed in the region of 4000–500 cm− 1 with an attenu
ated total reflectance (ATR) cell using a 4/cm resolution. 

3. Results and discussion 

3.1. Preliminary screening of pretreatments coupled with PC/Fenton 

Fig. 1 shows the effect of the different pretreatments (AI, BM alone, 
and MC) on the yield and distribution of phenolic monomers when 
coupled with PC or Fenton. UL coupled with PC or Fenton served as a 
control. Monomers such as guaiacol, vanillin, acetovanillone, homo
vanillic acid, and vanillic acid (significantly present only in MC/PC) 
were major aromatic products found. The GC/MS profile of all products 
found are presented in supplementary data (Fig. S2 and Table S1). 

As shown, the yields of 0.02 and 0.06 wt% in UL and AI were 
respectively obtained when coupled with Fenton, and the coupled PC 

systems resulted in yields of 0.017 and 0.29 wt% in UL and AI, respec
tively. From the GC/FID (Fig. 1), MC/PC treatment afforded the 
maximum yield of total monomeric compounds 987.01 mg/L (corre
sponding to 12.33 wt%) compared with UL, BM and AL when coupled 
with Fenton depolymerization. The maximum yield of individual phe
nolics occurred in the MC/PC system and followed the trend: vanillin 
(5.97 wt%) > acetovanillone (2.78 wt%) > guaiacol (2.36 wt%) 

Fig. 1. Relative yields of major phenolic aromatic monomers were tested over different pretreatment conditions. PC conditions (Lignin=8 g/L, TiO2 =1 g/L, 
Time=60 mins) and Fenton (Lignin=8 g/L, H2O2 =1 g/L, Time=60 mins, Fe2+=0.2 g/L) were used. 

TOCaromatic(%) =
(number of carbons in monomer)(concentration of monomer)

Initial TOC
x100 (5)   
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> homovanillic acid (1.07 wt%). BM/PC recorded the next highest 
performance (yield of 5.34 wt% and concentration of 426.86 mg/L). 
Correspondingly, the maximum conversion of lignin (54.07 wt%) was 
achieved in the MC/PC system and 52.25 wt% in the MC/Fenton. Con
versions of the UL and AI lignin coupled with photocatalysis were 
significantly low. To understand the contribution of the catalytic pro
cesses (Fenton/PC), each pretreated sample (UL, AI, BM, MC) was dis
solved in the same quantity of solvent used for Fenton/photocatalysis, 
extracted and analyzed without coupling the Fenton/PCs reactions. The 
results showed traces of monomer, with yields of 0.001 wt%, 0.001 wt 

%, 0.003 wt% and 0.004 wt% in the UL, AI, BM and MC, respectively 
(Fig. S3). 

The low yields of total monomeric compounds detected in Fenton/PC 
oxidation of UL and AI lignin could potentially be due to the inability of 
the radicals to effectively attack and dissociate the interlinkages owed to 
the large molecular weight of lignin. Hence, we speculate that the 
monomers obtained could have prevailed inherently in the lignin sample 
probably during isolation. This conclusion agrees with observations 
made in another study [14] and also the low traces of monomeric 
compounds found in the pretreated samples without Fenton/PC 

Fig. 2. Effect of photocatalytic conditions on the yield of phenolic monomers in MC/PC system. (a) lignin loading (2–16 g/L) at fixed PC conditions (TiO2 = 1 g/L, 
unaltered initial pH = 9.6 and time =60 min). (b) TiO2 loading (0.5–4 g/L) and time (30 and 60 min) at fixed PC conditions (lignin loading = 6 g/L, unaltered initial 
pH = 9.6). 
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(Fig. S3). However, these yields were improved in BM or MC lignin when 
coupled with photocatalysis. Nair et al. [14] demonstrated the feasibility 
of wet ball milling (acetone and water mixture) of lignin with TiO2 
mixtures affording phenolic monomers and aromatic hydrocarbons. 
They detected almost similar types of monomers present in our liquid 
samples. However, the proposed coupled MC/PC system in this study 
afforded higher yields of these monomers. First, we speculate that the 
application of H2SO4-catalyzed ball milling could likely have promoted 
the availability of highly oxidative precursors, hence a possible occur
rence of pre-oxidation. Pre-oxidation could lower the bond dissociation 
energy of the C–O bond, hence making β–O–4 linkage highly labile [22]. 
Our preliminary results showed a lower yield of monomers in the Fenton 
reaction compared to PC reactions. The low yield in Fenton as compared 
to PC could be ascribed to the possibility of further conversion of 
products to undesired ring open products or further oxidation via 
reactivity of phenolic motifs. Previous studies speculated that Fenton 
reactions may facilitate the formation of ring open chemicals [25,26]. 
This explanation may not be supported by the results since the conver
sion of lignin was not significantly different between MC/PC and 
MC/Fenton (Fig. 1). However, this interesting observation agrees with 
the study by Du and colleagues [31] where a higher lignin conversion 
but lower yields of aromatic compounds was record in the system with 
Bi2TiO4F2 as photocatalyst but vice versa using C60/TiO2 as photo
catalyst. It is therefore reasonable to indicate that high lignin conversion 
may not always correlate with yield of aromatic products, and that ar
omatic product accumulation in each system (Fenton or PC) and sub
strates may respond differently to reactive species. Enlightened by the 
relatively superior performance of the MC/PC system compared to the 
Fenton coupling strategies, we optimized various factors affecting pho
tocatalysis reactions. 

3.2. Effect of photocatalysis operating conditions on the performance of 
MC/PC 

3.2.1. Effect of lignin loading 
Generally, there is a lignin concentration threshold such that, once 

exceeded or unreached, the photocatalytic activity may be negatively 
affected [27]. Fig. 2a shows the effect of lignin loading (2–16 g/L) on 
PC. A maximum yield of 21.35 wt% of total aromatic monomers was 
obtained in the system with 6 g/L lignin loading with the following 
trend in individual monomers: vanillin (8.59 wt%)> acetovanillone 
> (4.55 wt%) > guaiacol (3.18 wt%) > homovanillic acid (2.85 wt%) 
> vanillic acid (2.19 wt%). Overall, we observed an almost constant 
yield of total aromatic monomer with lignin loading from 2 to 4 g/L, a 
slight increase from 4 to 6 g/L and a sharp decline in yield when loading 
exceeds 6 g/L. Compared with our preliminary study where lignin 
loading of 8 g/L was used, lowering the lignin loading to 6 g/L led to 
1.73x increase in the yield of total monomers (from 12.34 to 21.35 wt 
%). 

Previous reports have shown that low concentrations of lignin 
facilitate strong interactions between the catalyst and photonic flux 
irradiated thereby increasing (•OH) radical formation during PC [28]. 
Du et al. [29] applied C60-modified Bi2TiO4F2 photocatalyst for depo
lymerization of pine kraft lignin and observed a reduction in the yield of 
monomers when the concentration of the initial lignin substrate was 
increased. They ascribed this reduction to two main reasons: thus, the 
low transmittance of irradiated light, and the significantly higher lignin 
adsorption onto the catalysts’ surface when the concentration of lignin 
was increased. Nguyen [30] reported low yield of monomers in batch 
reactors at high lignin loading, however, these yields could significantly 
be increased in a continuous flow reactor which demonstrated to some 
extent yield of both 4′-methoxyacetophenone and guaiacol under high 
lignosulfonate lignin loading and low transmittance. Overall, lignin 
loading has clearly shown to affect light absorption, especially in batch 
reactors, which was more evident in the yield at loading above the op
timum, thus 6 g/L. 

3.2.2. Effect of catalyst loading 
Likewise, the appropriate selection of catalyst amount could play an 

important role in photocatalysis reactions[31]. Fig. 2b depicts the yield, 
distribution, and concentration profiles of monomers at varying catalyst 
loading (0.5–4 g/L) and time (30 and 60 mins). Though there was a 
continuous increase in yield and concentration in systems having 
0.5 g/L and 1.5 g/L, we observed a drop in performance as catalyst 
loading was increased to 2 g/L and 4 g/L. The maximum total mono
mers yield was 22.20 wt% and this occurred at 1.5 g/L catalyst loading, 
while the individual phenolics followed the trend: vanillin (9.26 wt%)>
acetovanillone (4.83 wt%) > guaiacol (wt%)> homovanillic acid 
(2.88 wt%) > vanillic acid (2.05 wt%). Compared with the preliminary 
investigation, increasing the catalyst loading from 1 to 1.5 g/L and 
reducing lignin loading from 8 to 6 g/L, increased the total monomer 
yield 1.77x. 

The reduction in performance at high catalyst loading (4 g/L) could 
be attributed to a possible overoxidation of phenolic products at high 
catalyst loading [25,31]. With illumination time showing a great effect 
on yield, previous reports have also noted that 60 mins exposure was 
optimal for maximum yields [12,31]. Different researchers have re
ported varying results on the influence of catalyst concentration. Kansal 
and colleagues [27] investigated the effect of varying ZnO doses 
(0.5–2 g/L) on Kraft lignin solutions. There was an increase in perfor
mance from 0.5 to 1 g/L (due to increasing catalyst active sites) with 
1 g/L being the optimum concentration [38]. In contrast to this, a 
catalyst concentration of 2 g/L has been reported as the threshold value 
for optimum photocatalysis activity[32]. The difference in thresholds 
reported in the literature could be speculated to be the interplay of 
factors (solute loading and catalyst loading). Reideh [33] explained this 
by indicating that initial solute concentration determines the optimum 
catalyst loading since inappropriate loading could affect the overall 
active sites available on the catalyst surface. 

3.2.3. Effect of pH 
Also, pH does affect photocatalytic reactions[29]. The role of pH 

(5− 11) and time (30–180 mins) on the yield and product distribution of 
monomers are shown in Fig. 3. From the results, all systems showed 
increasing yields over different pH (5, 8 and 11) from 30 to 60 mins, and 
a decreasing trend as treatment time exceeds 60 mins. Correspondingly, 
the sample treated at pH of 8 showed maximum yields, followed by pH 
11, with treatments conducted at pH of 5 affording the least perfor
mance as shown in Fig. 3(a-c). Overall, the yields obtained were 
1075.73 mg/L (17.92 wt%), 1366.39 mg/L (22.77 wt%), 1148.85 mg/L 
(19.14 wt%) for pH 5, 8 and 11, respectively as shown in Fig. 3(d). 

The reduction in monomers over extended irradiation time in all 
systems is possibly due to overoxidation but also repolymerization of the 
monomers back into dimers/oligomers. Typically, depolymerization 
and/or repolymerization occur simultaneously depolymerization of 
lignin [34,35]. The maximum yield was obtained in the system treated 
at pH of 8 but decreased at a pH of 11. This could be due to the inter
action of different factors such as alteration of catalyst properties, which 
is principally related to the acid-base equilibrium of adsorbed OH-group 
[36]. Additionally, excessive conversion of phenolic motifs at high pH 
with an almost complete degradation of Kraft lignin at pH of 11.6 have 
been reported by Villasenor and Mansilla [37]. At pH= 5, the yields 
were low as compared to 8 and 11. Acid pH could also result in lignin 
precipitation, hence low performance. 

Gong and colleagues [31] also reported a reduction in product yield 
during photo-depolymerization of lignin at low pH and indicated that 
high pH results in an increased production of OH radicals. Another 
plausible explanation could be due to increased adsorption of some of 
the products and lignin onto the surface of the catalyst when the pH 
decreases lower than the point of zero charge of the catalyst, while at 
basic pH the variation of charges present on the catalysts’ surface might 
also repel leading to high yields [38]. The point of zero-point charge of 
the TiO2 P25 used is 6.25. Gong and colleagues [31] also associated the 
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low depolymerization performance at acidic pH to the increase 
adsorption of lignin to the surface of catalyst. 

3.3. Elucidating carbon variation in the proposed MC/PC system 

We further examined the TOC variation in the MC/PC system, over 
the different pH (5, 8, 11) under the other optimal conditions. This was 
primarily done to understand the proportion of available TOC which 
were effectively converted to phenolic monomers and or other com
pounds/mineralized/repolymerized. Table S3 shows the results for the 
overall TOC converted (TOCoverall) which was computed using Eqs. (3) & 
(4), and TOC converted to aromatics monomers (thus TOCaromatics) was 
computed using Eq. (5). 

The results of TOC showed that, of the 3789.7 mg/L TOCinitial in the 
aqueous solution before reaction, 699.45 mg/L (18.46%) represented 
TOCoverall with 17.59% effectively converted to TOCaromatics at pH= 5. 
As expected, significantly high TOCoverall was observed in samples 
treated at pH= 8 and pH= 11, with the samples treated at pH 11 being 
the highest. The difference in TOCoverall and TOCaromatics, thus TOC 
converted to other unidentified products or mineralized, were 
32.95 mg/L (0.87%) for pH= 5, 159.70 mg/L (4.21%) for pH= 8 and 
267.25 mg/L (7.05%) for pH= 11. 

The TOC analysis is in direct correlation with the pH studies in the 
preceding section with pH= 5 recording the least yield. The reaction at 
pH= 5 indicated the least difference between TOCoverall and TOCar

omatics, hence low possibility of mineralization/ring open-compound 
formation. This emphasizes the effect of decreased solubility of lignin 
at acidic pH. It is worth noting that though there existed no significant 
difference between the TOCoverall for MC/PC treated at pH= 8 and 11, 
the TOC aromatics were significantly different with about 7.05% of 

TOCoverall not converted to TOCaromatics at pH= 11. This could likely 
confirm an indication of either ring open or mineralization at pH= 11 
[37,39]. Therefore, it could be assumed that some phenolic products, 
particularly for samples handled at higher pH, may have further reacted, 
and swiftly decomposed into other products. 

3.4. Characterization of solid products 

3.4.1. SEM analysis 
The effect of pretreatment and MC/PC lignin on the morphology of 

lignin were tracked using SEM graphs (Fig. 4). From Fig. 4a, the UL 
possessed large round-shaped particles with some large-sized cracked 
particles. Similarly, the SEM of AI lignin is depicted in Fig. 4b. The shape 
of UL particles and AI were relatively large, with the AI samples showing 
more holes between the particles compared to UL samples. The BM 
lignin (Fig. 4c), MC (Fig. 4d) and the MC/PC lignin (Fig. 4e) showed 
small, rounded morphology of particles with the MC/PC samples 
showing the least sized particles compared to UL and AI samples. The 
small size and shapes of the mechanically pretreated samples is ascribed 
to heat generation during the process and impact of mechanical forces 
on samples [40,41]. 

3.4.2. FT-IR spectra analysis 
FTIR spectra for the UL, AI, BM, MC, and MC/PC lignin are compared 

and presented in Fig. 5. The presence of carbonyl, hydroxyl, methoxy, 
and aromatic rings from FTIR spectra were analyzed following a previ
ous report for the identification of lignin functional groups, as summa
rized in the peak assignment in Table S3 [17]. The prevalence of 
phenolic –OH (3385 cm-1) stretch decreased in BM, MC, and MC/PC, 
indicating the removal of hydroxyl, with high abundance in UL and AI 

Fig. 3. Influence of pH (5,8,11) and time (0–180 mins) on phenolic product yield in the MC/PC system. (a) pH = 5, (b) pH = 8, (c) pH = 11, (d) compared (pH 5,8 
and 11). PC conditions (lignin loading = 6 g/L, TiO2 = 1.5 g/L). 
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samples. 
The decreasing intensity of asymmetric aliphatic C− H (2925 cm-1) 

deformations suggested a possible prevalence of demethylation and 
demethoxylation reaction of lignin, especially in MC/PC lignin [42]. 
Many distinct absorption bands appeared in the fingerprint area, be
tween 1800 and 900 cm− 1. The bands for aromatic skeleton vibrations, 
assigned at 1596, 1510 and 1460 cm− 1, showed similar signal pattern in 
all samples which means the main structure of the aromatic ring of 
lignin is preserved, which is a requirement for subsequent production of 
aromatic compounds in lignin [40]. The Peak at 1156 cm− 1 corresponds 
to the conjugated stretching vibration of ester-based C––O, while the 
absorption band at 1697 cm− 1 primarily depicts C––O stretching vi
brations in aldehyde/ketone groups, and the strength of these peaks 
demonstrated a high absorption in the UL and AI treatment, but a 
decrease in BM, MC, and a further reduction in MC/PC. Hence, there is 
reasonable evidence of the prevalence of pre-oxidation in BM and MC 

pretreated samples. 
Additionally, moving from UL to MC/PC, the degradation of 

carbonyl and carboxyl groups may also occur in addition to the oxidized 
lignin structure. This agrees with a previous study which indicated the 
promotional effect of Cα alcohol oxidation to ketone on the cleavage of 
β-O-4 linkages, and the destruction of conjugated carbonyl structure 
remains the main mechanism associated with depolymerization of lignin 
under acidic pretreatment [20]. The MC alone and coupled MC/PC 
lignin has a lower relative amount of hydroxyl and methoxy groups 
(1326, and 1115 cm − 1), demonstrating once more that the 
oxygen-containing groups, ether linkages, and other side chains are 
cleaved most quickly. The guaiacyl units connected to the band at 
1030 cm− 1 represent –CH plane deformation in guaiacyl and C-O 
deformation in primary alcohols. These peaks were weak in MC and 
depolymerized lignin compared to other treatments, indicating that 
many guaiacyl units were cleaved. Intensive ball milling could influence 

Fig. 4. SEM of alkaline lignin: (a) UL (b) AI lignin, (c) BM lignin, (d) MC lignin, and (e) MC/PC lignin.  
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the pre-oxidation of β-O-4 bonds in lignin and decrease the molecular 
weight prior to PC [22,43], hence the high performance in pretreated 
samples. Overall, the FTIR spectra showed clear modifications in lignin 
chemical structure especially during MC and MC/PC, which were ad
vantageous for breaking ether linkages in lignin. Hence, enhanced per
formance in these systems compared to UL, AI and BM samples. As 
reported in the preliminary assessment (Fig. S3), the samples pretreated 
with MC did not show high yields of phenolic monomers as compared 
with the coupled MC/PC. However, the FT-IR showed that MC pre
treated lignin were pre-oxidized. Mechanistically, via the systematic MC 
and PC two-step process, the MC process pre-oxidized primary/secon
dary alcohols available in the backbone of alkaline lignin which enables 
subsequent cleavage of C-O aryl bonds or other bonds available in the 
lignin aromatic units by the photoproduced radicals from the photo
catalytic process (PC) which then forms the phenolic monomers. This 
has also been reported in studies using model lignin [30,44,45]. 

4. Conclusions 

We offer a simple and environmentally benign strategy of coupling 
H2SO4-catalyzed mechanocatalysis pretreatment with radical-mediated 
photocatalysis/Fenton for depolymerization of lignin to aromatic 
building blocks. Compared to AI alone or BM pretreatments, and 
coupled Fenton oxidation, MC/PC exhibits superior performance to
wards the yield and distribution of aromatic building blocks. Vanillin, 
homovanillic acid, acetovanillone, and guaiacol were major platform 
chemicals identified. Moreover, vanillin was highly predominant than 
the other major products. Meanwhile, TiO2 photocatalyst loading above 
1.5 g/L, lignin loading above 6 g/L, reaction time above 60 mins, and 
pH above/below 8.0 result in a decline in product yield and overall 
depolymerization efficiency during photocatalysis reaction. Overall, the 
total phenolic monomer yield was 22.77 wt%. FTIR showed that pre- 
oxidation in the BM and MC lignin enhances PC monomer yield. TOC 
profiles showed a possible prevalence of over-depolymerization/ 
undesired product formation at elevated pH of 11. Overall, the pro
posed synergetic process could offer an advantage over prevailing robust 
systems used for lignin depolymerization. Furthermore, in-depth un
derstanding of the mechanisms involved in the mechanocatalytic pro
cess may be needed. 
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