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This study evaluated the photocatalytic activity of zinc oxide nanoparticles (ZnO-B) synthesized using a leaf
extract of Aristotelia chilensis and the effect of calcination at different temperatures (400, 600, and 800 °C) on
their properties and performance. The photocatalytic degradation of lignin was compared among biogenic ZnO-
B, chemically synthesized ZnO (ZnO-Ch), and commercial ZnO (ZnO-C). The lignin degradation rates after 24 h
were ZnO-B_400 (60.8%), ZnO-B_600 (90.57%), ZnO-B_800 (27.83%), ZnO-Ch (23.2%), and ZnO-C (80.7%).
The nanoparticles were characterized by TEM, XRD, FTIR, and UV-vis spectroscopy. The physicochemical
properties and photocatalytic efficiency of ZnO-B were significantly influenced by calcination temperature, with
ZnO-B_600 demonstrating superior photocatalytic activity under UV-A and simulated sunlight. GC-MS analysis
of lignin degradation products revealed the transformation of lignin into high-value chemicals, including 2,3-
hexanediol, 1,2-benzenedicarboxylic acid diethyl ester, phthalic acid cyclobutyl isobutyl ester, 2-(1-oxo-
propyl)-benzoic acid, and 4-hydroxy-2-butanone. These findings highlight the potential of biogenic ZnO-B
nanoparticles in photocatalytic processes for the valorization of Kraft lignin into value-added compounds of
interest to the chemical, cosmetic, and pharmaceutical industries.

valorization is crucial to advancing the circular economy [8,10,11]. The
structural complexity and heterogeneity of lignin make its valorization

1. Introduction

Lignin is a polyphenolic biopolymer that typically constitutes about
15-35% of dry weight in lignocellulosic biomass. It is predominantly
found within the cell wall of plants, thereby providing rigidity, imper-
viousness, and resistance to biodegradation to the plants [1]. Lignin is
obtained as a by-product during the chemical pulping of wood, the
primary industrial method used to separate lignin from cellulosic fibers
for the production of paper and related products [2,3]. In Chile, the Kraft
pulping process, widely used by the paper industry, generates substan-
tial amounts of lignin, with only a small fraction commercially utilized
(2 wt%), while the remainder is burned for energy, contributing to
resource wastage and environmental issues [4-9]. Therefore, the
development of cost-effective and sustainable technologies for lignin
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challenging, yet several depolymerization technologies have emerged,
converting lignin into low-molecular-weight aromatic molecules suit-
able for integration into the chemical industry [6,12]. Various tech-
nologies for lignin conversion have emerged to date, including
thermochemical processes (e.g., pyrolysis and microwave-assisted
methods), physical methods (e.g., ball milling, ultrasonication, and
plasma irradiation), biological approaches (using fungi, bacteria, and
enzymes), and chemical catalysis processes (catalyzed by acids, bases,
metals, and assisted by ionic liquids, supercritical fluids, and oxidizing
agents) [2,13-15]. Although existing methods have demonstrated high
efficiency in lignin depolymerization, many of these technologies pre-
sent significant drawbacks. These include: i) the severity of reaction
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conditions, such as extreme pH, high temperatures (250-800 °C), and
pressures (5-10 MPa), which significantly increase energy consumption
and raise capital and maintenance costs; ii) the use of relatively
expensive catalysts (e.g., Pd, Pt, Rh, and Ru); and iii) the production of
highly corrosive effluents [2,15], which involves additional costs due to
the need for further treatment to mitigate the generated by-products.
While biological methods are more cost-effective in terms of raw ma-
terials, their considerably longer processing times limit their industrial
applicability. In this scenario, heterogeneous photocatalytic processes
constitute an attractive alternative to conventional methods, as they can
significantly reduce overall process costs and environmental impact due
to their low energy consumption and secondary-pollution-free opera-
tion. This method uses electromagnetic radiation (within the UV and
visible range) and a semiconductor under mild conditions (25 °C and
0.9869 atm) to generate radical species that are highly reactive, mini-
mally selective, and short-lived, with the ability to decompose a wide
range of recalcitrant chemicals as well as inactivate microorganisms [16,
171.

Zinc oxide (ZnO), a semiconductor with a bandgap of 3.37 eV, has
been extensively used as a photocatalyst for organic pollutant degra-
dation due to its photochemical stability, nontoxicity, ease of synthesis,
and high efficiency [18-20]. Although ZnO has shown good activity for
lignin photodegradation in aqueous media, previous studies often focus
on overall degradation efficiency without identifying specific products
derived from these treatments [21-24]. Furthermore, the reliance on
chemically synthesized ZnO nanoparticles (ZnO-NPs) reduces the sus-
tainability of photocatalytic processes due to the use of hazardous re-
agents such as solvents, surfactants, and reducing agents [25,26].
Biogenic synthesis of nanoparticles using plant extracts represents a
greener alternative, leveraging the phytochemical richness of plants to
serve as reducing and stabilizing agents [27-33]. Typically, an aqueous
solution of the metal precursor is continuously mixed with aqueous
plant extracts. The reaction is rapid (lasting only a few minutes) and is
conducted at temperatures ranging from 25 to 100 °C under ambient
pressure. This method offers a high degree of precision and control over
the characteristics of the nanoparticles, such as size, morphology, and
crystal phase, by adjusting synthesis conditions, including pH, reaction
temperature, plant species, plant parts used, and plant extract concen-
trations [34,35]. This approach allows for the optimization of the ma-
terial’s physicochemical properties, tailoring it for specific applications.

While various plant species have been used to prepare ZnO-NPs
[36-38], this study utilizes Aristotelia chilensis (maqui), a native Chilean
shrub known for its antioxidant-rich leaf extracts and medicinal appli-
cations for the synthesis of ZnO-NPs [39,40]. In a previous study, we
reported that leaf extract from A. chilensis was more effective at syn-
thesizing ZnO-NPs compared to extracts from Galega officinalis, Buddleja
globosa, and Eucalyptus globulus. This increased effectiveness was closely
associated with the higher antioxidant activity of the A. chilensis leaf
extract [41]. A. chilensis leaves are rich in phytochemicals, including
phenolic acids (54.36%), flavonoids (42.10%), non-iridoid monoterpene
indole alkaloids, tannins, and lipophilic compounds. Key phenolic
compounds, such as galloyl and caffeoyl quinic acids, provide antioxi-
dant activity, while flavonoids like quercetin and kaempferol offer
anti-inflammatory benefits and may aid in diabetes management. Al-
kaloids suggest potential neuropharmacological effects, tannins
contribute to antibacterial properties, and lipophilic compounds like
a-tocopherol (vitamin E) and p-sitosterol support antioxidant activity
and may help lower cholesterol levels. [41-43].

Typically, the photocatalytic activity of biogenic ZnO-NPs (ZnO-B)
has been assessed using synthetic dyes or other low molecular weight
contaminants [44-46]. However, this study evaluates for the first time,
the photocatalytic activity of ZnO-B for lignin degradation. The effects
of calcination temperature on the physicochemical properties and
photocatalytic activity of ZnO-B were thoroughly investigated, focusing
on key process parameters such as pH, light sources, and mixing con-
ditions. For comparative purposes, chemically synthesized ZnO-NPs
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(ZnO-Ch) and commercially available ZnO-NPs (ZnO-C) were used as
reference materials. Furthermore, the lignin degradation products
generated by ZnO-B were identified through GC-MS analysis to evaluate
the feasibility of the process in generating value-added chemicals.

2. Materials and methods
2.1. Green synthesis of ZnO-NPs using leaf extract from A. chilensis

ZnO-NPs were prepared using aqueous leaf extract from A. chilensis
according to our previous work [40]. Initially, the leaf extract was
prepared by mixing 10 g of cleaned and dried leaves with 200 mL of
distilled water in a beaker, which was then heated at 60 °C for 1 h. The
extract was filtered through Whatman No. 1 filter paper (Whatman,
USA). Subsequently, 60 mL of the extract was combined with 20 mL of
0.05 M zinc acetate dihydrate (CAS: 5970-45-6, Sigma-Aldrich, USA)
under magnetic stirring and heated at 60 °C for 1 h. The resulting pre-
cipitate was separated from the reaction solution by centrifugation at
12,000 rpm for 10 min, then washed several times with distilled water
until the pH of the suspension reached approximately 6-7. The precip-
itate was then dried in an oven at 80 °C. Following findings from pre-
vious research, the solid product was transferred to a ceramic crucible
and calcined at 400, 600, and 800 °C for 3 h. The samples were then
stored for further use. The nanoparticle samples were labeled as
Zn0O-B_400, ZnO-B_600, and ZnO-B_800, corresponding to the calci-
nation temperatures.

2.2. Chemical synthesis of ZnO-NPs

ZnO-Ch NPs were synthesized using conventional chemical methods
following Koutu et al. (2016) [47]. In this process, 50 mL of zinc acetate
dihydrate (0.1 M) was slowly added dropwise to 50 ml of sodium hy-
droxide solution (0.1 M; CAS: 1310-73-2) and maintained under con-
stant stirring at 90 °C for 2 h using a reflux system. The reaction resulted
in the formation of a white precipitate, which was washed multiple
times with water until the pH reached approximately 6-7. The obtained
precipitate was transferred to a ceramic crucible, dried overnight at 80
°C, calcined at 400 °C for 2 h, and stored for further use. For comparison,
ZnO—NPs (CAS:1314-13-2) were purchased from Merck, USA. These
commercial nanoparticles (ZnO—C), with an average particle size of 50
nm, were used as received.

2.3. Characterization of ZnO-NPs

The characterization of the samples was performed using several
analytical instruments. Dynamic light scattering (DLS) analysis was
conducted using a Malvern Zetasizer Nano ZS90 (Malvern Instruments,
Inc., UK) to determine the hydrodynamic diameter (Z-average), surface
charge (zeta potential), and polydispersity index (PDI). The optical
properties of the samples were assessed using a Thermo Scientific Evo-
lution™ 60S UV-Vis Spectrophotometer (Thermo Fisher Scientific,
USA). Fourier-transform infrared spectroscopy (FTIR) was employed to
confirm the involvement of phenolic compounds in biogenic nano-
particle formation and to assess the purity of the synthesized nano-
particles. For FTIR analysis, the powder samples were placed on the ATR
crystal of a Cary 630 FTIR Spectrometer (Agilent Technologies, USA),
with spectra collected in the range of 400-4000 cm—1. The crystalline
structure and composition of the nanoparticles were analyzed using a
Rigaku SmartLab X-ray Diffractometer (Rigaku Corporation, Japan),
equipped with a Bragg-Brentano (theta/theta) goniometer and a D/teX
Ultra 250 solid-state detector. XRD patterns were obtained using Cu-Ko
radiation (A = 1.5406 A) at 30 kV and 40 mA, in the 2Theta range of
3-60°, with a step size of 0.01° and a scan rate of 0.5°/s. The
morphology and particle size distribution of the nanoparticles were
determined using a Carl Zeiss LIBRA® 120 PLUS Transmission Electron
Microscope (TEM) (Carl Zeiss AG, Germany). Approximately 100
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nanoparticles were measured in random fields of the TEM images to
estimate the average particle size and size distribution.

2.4. Assays of photocatalytic Kraft lignin degradation

Photocatalytic assays were carried out using a 500 mL quartz beaker
in a chamber equipped with three UVA lamps (Philips, 40 W) placed at a
distance of 30 cm between the lamp crown and the irradiation object
(Fig. 1). For each run, 100 mL of a 0.1 g/L Kraft lignin solution (CAS:
8068-05-1) prepared in 0.05 M sodium hydroxide was added to the re-
action vessel along with the desired amount of catalyst. The resultant
suspension, with a natural pH value of 13, was magnetically stirred at
500 rpm for 1 h at 25 °C in dark conditions to establish the adsorption-
desorption equilibrium between the photocatalyst surface and lignin
molecules [48,49]. Subsequently, the suspension was exposed to light
for 24 h under continuous magnetic stirring. The effect of pH on the
photocatalytic activity of ZnO—NPs for lignin degradation was then
evaluated by adjusting the reaction medium to pH values of 5, 7, 9, and
13, representing acidic, neutral, and basic conditions. Photocatalytic
assays were also performed under simulated sunlight irradiation using a
300 W Osram Ultra-Vitalux lamp. The emission spectra of both the
simulated sunlight and UVA lamps are shown in Figure S1.

The photodegradation of Kraft lignin was monitored by collecting 1
mL aliquots from the reaction mixture every 4 h. These aliquots were
centrifuged at 15,000 rpm for 10 min to remove the ZnO nanoparticles.
The absorbance of the resulting supernatants was measured at 290 nm
using a Thermo Scientific Evolution™ 60S UV-Vis Spectrophotometer
(Thermo Fisher Scientific, USA). The lignin concentration in the super-
natants was determined using a previously established calibration curve.
Finally, the photocatalytic activity of the nanomaterials was quantified
by calculating the percentage of remaining lignin concentration at
specific time intervals relative to the initial lignin concentration, using
the following expression [50]:

(G -GC)

Lignin degradation (%) = { } x 100 1)
0

where Co represents the initial lignin concentration and Ct is the lignin
concentration at a specific reaction time.

The kinetic efficiency was evaluated by determining the rate con-
stant (k) and half-life time (t;,5). The data obtained for the photo-
degradation of Kraft lignin were adjusted to pseudo-first-order
expressed by the following equation:
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Ln (g) = —kt 2)

0

k was calculated from the slope of the linear plots of In (C¢/Cp) vs irra-
diation time. The t;,» was determined according to Eq. (3) for the
pseudo-first-order kinetics.

Ln 2
tip = . 3

2.5. Recovery and recycling of nanoparticles

The reusability of the nanomaterials was assessed through multiple
cycles. After each experiment, the reaction solution was centrifuged to
separate the nanocatalyst. The recovered nanocatalyst was washed
several times with deionized water, air-dried at 70 °C for 1 h, and sub-
sequently reused in the following photocatalytic degradation assays.
This procedure was repeated for five consecutive reaction cycles, with
all cycles conducted under the same conditions outlined in Section 2.4.

2.6. Determination of produced *OH radicals during the photocatalytic
process

Formation of malondialdehyde (MDA) via oxidation of
2-deoxyribose (2-DR) by hydroxyl radicals was used to confirm the
insitu radicals generation (*OH) in the reaction medium (Eq. (4))
[51-53]. The concentration of MDA was calculated with a thiobarbituric
acid (TBA) reaction forming a pink compound (Eq. (5)). Briefly, in a
screw-capped glass tube 500 pL of the sample (taken at different time
intervals) and 50 pL of 28 mM 2-DR were added. The reaction was
carried out for 1 h at 37 °C and stopped by adding 500 pL 2.8% w/v
trichloroacetic acid (TCA) and 500 pL of 1% w/v TBA in 50 mM of
NaOH. After boiling the sample in a water—bath for 20 min at 90 °C, the
solution was cooled to 25 °C. Finally, a spectrophotometer was utilized
to measure the absorbance at 532 nm. Blanks containing water instead
of 2-DR were used to correct the final absorption values. The reaction
products were expressed in nmol/mL using the molar extinction coef-
ficient (e= 1.36 x 10° M'em™) [54].

*OH + 2-Deoxyribose — MDA @

2-TBA + MDA - chromogen (5)

Quartz beaker

Suspension system

* 100 mL of 0.1 g/LL of Kraft
lignin in 0.05M of NaOH

* 1 g/L of catalyst

7 - ' (J\W
’ - )
{ . k i: Sampling {i’:
- i | interval of 4 h _ 2
; \ i for24h =
Ve ' J

Magnetic stirrer
(200 rpm)

Fig. 1. Reaction system for the photocatalytic degradation tests.
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2.7. Identification of the lignin degradation products

The lignin depolymerization process produces various products: gas,
solid residues, and bio-oil. This bio-oil is grouped as water-soluble
organic (WSO) and heavy bio-oil [55,56]. Fig. 2 displays the product
separation technique schematic representation. This occurs as follows:
first, after each photocatalytic trial, the nanocatalyst was removed from
the solution through centrifugation at 15,000 RPM x 10 min. Then, the
remaining lignin was precipitated by acidification with 37% HCI (pH of
~1.5—2) and separated by filtration using a 0.22 ym membrane. The
liquid phase containing water-soluble organics was subjected to a
liquid-liquid extraction using ethyl acetate as an organic solvent, which
was completely removed in a rotary evaporator set at 40 °C.

The composition of the degradation products at various reaction
times (4, 8, 12, 16, 20, and 24 h) was analyzed using Gas
Chromatography-Mass Spectrometry (GC-MS) on a Shimadzu GCMS-
QP2010 system (Shimadzu Corporation, Japan), which was coupled
with a Mass Spectrometric Detector (MSD) and a Flame Ionization De-
tector (FID). The analyses were performed using an HP-5MS capillary
column (30 m x 0.25 mm x 0.25 pm, Agilent Technologies, USA) for
separation. MSD and FID detectors were utilized for compound identi-
fication and quantification respectively. The components were identi-
fied by comparing their retention indices and mass spectra with the NIST

Photocatalytic lignin
depolymerization

Precipitation
HCI 37 wt%

Filtration

Solid Liquid
phase phase
| I

Discarded

Liquid/liquid
extraction
Ethyl acetate

Organic Aqueous
phase phase
| |
Solvent Discarded
evaporation

[
Phenolic oil
I
GC-MS

Fig. 2. Scheme of the product separation process following the photocatalytic
treatment of lignin.
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08 and NIST 08s (Stein, 2008) library or literature data [57-59].
3. Results and discussion
3.1. Characterization of ZnO-NPs

3.1.1. UV-visible spectroscopy

The synthesis of ZnO nanoparticles (ZnO-NPs) using A. chilensis leaf
extracts was successfully achieved, as evidenced by the UV-visible
spectroscopy results. The absorption peaks of the biologically synthe-
sized samples at various calcination temperatures (ZnO-B_400,
Zn0O-B_600, ZnO-B_800) were observed at 364, 369, and 375 nm,
respectively, while ZnO-C and ZnO-Ch showed peaks at 357 nm
(Fig. 3A), consistent with the characteristic band of hexagonal ZnO.
These results indicate that the leaf extract-mediated synthesis produced
nanoparticles with the expected optical properties. The observed blue
shift in the UV absorption spectra for ZnO-B_400, ZnO-B_600, and
ZnO-C, compared to ZnO-B_800 and ZnO-Ch, suggests smaller particle
sizes, which were influenced by the calcination temperature of ZnO-B.
Biogenic ZnO nanoparticles synthesized using extracts of Cayratia ped-
ata and zinc nitrate as the precursor salt exhibited an absorption peak at
320 nm [60]. Similarly, ZnO nanoparticles synthesized with Momordica
charantia leaf extract displayed an absorption maximum at 374 nm [61],
which could suggest that specific phytochemicals in plant extracts can
influence the optical properties of the synthesized nanoparticles.

Given the importance of ZnO in optoelectronic applications [62], its
band gap (Eg) was estimated using the equation Eg (eV) = 1240/A (nm),
where ) is the wavelength of the maximum peak of UV-vis absorption
spectra. The Eg values obtained were 3.40, 3.36, 3.31, 3.28, and 3.47 eV
for ZnO-B_400, ZnO-B_600, ZnO-B_800, ZnO-Ch and ZnO-C, respec-
tively. An increase in calcination temperature reduced the Eg values as
theoretically calculated. This shift can move the absorption edge of ZnO
into the visible range, thereby enhancing the visible light photocatalytic
activities of ZnO [63,64].

3.1.2. XRD analysis

The XRD patterns of the ZnO samples are presented in Fig. 3B. It can
be seen that all patterns exhibited five well-defined diffraction re-
flections at 2 theta values of 31.7°, 34.1°, 36.1°, 47.6° and 56.5° which
correspond to the (100), (002), (101), (102) and (110) planes of wurtzite
hexagonal phase ZnO, according to the standard PDF database (JCPDS
No. 36-1451). The XRD pattern of biogenic samples showed background
noise due to the presence of organic matter from plant extract used for
its synthesis. The lower intensity and the broad base of diffraction peaks
of the ZnO-B samples reflect that the synthesized materials had smaller
crystallite sizes compared to ZnO-Ch and ZnO-C. The XRD pattern of
ZnO-B samples showed increased intensity and sharpness of peaks with
increased calcination temperature, suggesting that the degree of crys-
tallinity and crystallite size of the ZnO phase increases.

The crystallite sizes of the prepared materials were estimated from
the XRD data using both the Debye-Scherrer equation and Wil-
liamson-Hall plot (W-H plot). The equations used for these purposes are
described in our previous work [40]. The calculated crystallite size
values are presented in Table 1. Green—prepared particles at 400 and
600 °C showed the lowest crystallite sizes, whereas the highest were for
Zn0O-Ch, ZnO-B_800, and ZnO-C. The lower values for ZnO-B_400 and
ZnO-B_600 can be attributed to the effective role of polyphenolic con-
stituents of the plant extract acting as capping and stabilizing agents
during synthesis [40]. However, at a calcination temperature of 800 °C,
the thermal decomposition of a large part of the organic matter increases
the crystal growth rate, resulting in larger crystallites.

The lattice strain (¢), so-called microstrain, was determined from the
slope of the linear section of the W-H plot. As can be seen in Table 1 ¢
values decreased with increasing crystallite size. The larger ¢, the greater
the lattice heterogeneity [65,66]. Therefore, in the biological synthesis
of ZnO—NPs by A. chilensis the phytochemical species limits particle
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Fig. 3. (A) UV-visible spectra and (B) XRD patterns of ZnO-NPs.

Table 1

Crystallite size estimated by Debye-Scherrer and Williamson-Hall.
Samples Crystallite size (nm) ex107°

Scherrer equation W-H plots

ZnO-C 31.73 46.20 1.0
ZnO-Ch 22.76 29.49 0.7
Zn0O-B_800 31.84 40.76 0.9
ZnO-B_600 18.84 18.24 7.6
ZnO-B_400 7.89 4.50 6.9

growth and crystallization, and induces atomic and structural disorder.
These characteristics could affect the reactivity of ZnO—NPs by con-
trolling factors such as crystal orientation, crystal facet exposure, and
atom rearrangement [67-69].

3.1.3. FTIR analysis

Fig. 4 presents the FTIR spectra measured from 400 to 4000 cm ™' for
prepared (chemical and green) and commercial samples. This technique
was used to assess the chemical compositions and purity of the materials
studied. All spectra exhibit a broad absorption band at around 3400
em™! and a minor band at approximately 1620 cm™, which correspond
to the stretching and bending vibration of O-H bonds from water mol-
ecules adsorbed on the surface of ZnO-NPs. The strongest band,
observed between 400 and 500 cm™, is attributed to the stretching
mode of the Zn-O bond, thus confirming the presence of ZnO. The
displacement and appearance of these absorption bands depend on the
morphology of ZnO [70,71]. ZnO-Ch exhibited absorption peaks at
1038, 1383, and 1507cm™! attributed to C-O stretching and, symmetric
and asymmetric O-C-O stretching modes, respectively, which can be
assigned to traces of the precursor salt that remained unreacted during
the synthesis process. On the other hand, no organic groups were
detected in the commercial sample (ZnO-C), confirming its high purity.
The absorption bands detected at 1480, 1420, and 1048 cm™ for ZnO-B
samples are attributed to the stretching vibration of C=C, C-N, and C-O
[72-74] which confirm the presence of bioactive compounds from plant
extract on the particles after calcination. As shown in Fig. 4, the intensity
of these bands decreases gradually with the calcination temperature
increases due to the thermal decomposition of organic compounds. This

fact was also reflected in the physical appearance of the samples ob-
tained, the higher the calcination temperature, the lighter the powder
color.

3.1.4. DLS analysis

Z-average, PDI, and zeta-potential of ZnO-NPs suspended in
distilled water were determinate (Table 2). Z-average of ZnO-NPs
provides crucial information on how these particles will behave in
aqueous dispersion media. ZnO-C and ZnO-Ch exhibited Z-average
values of 204.80 and 556.40 nm respectively, while the samples pro-
duced by green synthesis exhibited Z-Average ranging from 1108.67 to
535.87 nm. At lower calcination temperatures samples prepared using
the biological method showed the highest values, probably due to par-
ticle coarsening caused by residual amorphous carbon on the ZnO due to
incomplete combustion of plant extract. As the calcination temperature
increases, the quantity of organic compounds decreases, resulting in a
reduction in the Z-average value.

The high Z-average values experimentally found in this work suggest
that the samples studied have a high agglomeration tendency in the
water, considering the bias of DLS to larger sizes [75,76]. During a DLS
measurement, large particles or even aggregates of the smaller particles
can mask the results, resulting in Z-average values that are not quan-
titatively informative. However, we have provided this data for com-
parison with existing literature, as DLS remains a commonly used and
preferred technique for characterizing nanoparticles dispersed in a
simple solvent or biological environment.

PDI values obtained for all ZnO samples ranged from 0.1 to 0.4. A
value higher than 0.5 suggests a very broad size distribution of particles
in the sample [77-79]. In this sense, PDI values in Table 3 revealed that
the size distributions of all samples are monodispersed.

The zeta—potential is a measure of the surface charge and stability of
particle dispersions, which can determine the interactions between the
catalyst surface and substrate. The average Rzeta—potential values of
ZnO-C and ZnO-Ch were positive. By contrast, ZnO-B samples showed
negative zeta—potential due to the presence of a capping layer formed
around of particle by negatively charged functional groups from the
A. chilensis aqueous extract. Zeta—potential values exceeding +30 mV or
falling below —30 mV indicate a strong repulsive force between parti-
cles, enhancing dispersion stability [80]. Therefore, zeta—potential
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Fig. 4. FTIR spectra of ZnO—NPs.

Table 2
Physical characterization of ZnO-NPs.

Samples Z-average (nm) PDI Zeta—potential (mV)
Zn0—C 204.80 + 6.87 0.40 + 0.02 40.73 £ 1.10
ZnO—Ch 556.40 £+ 5.01 0.17 £ 0.04 27.97 £ 0.31
ZnO-B_800 535.87 + 3.39 0.20 + 0.02 —11.03 + 0.30
ZnO-B_600 771.50 + 5.83 0.15 + 0.04 —10.08 + 0.76
ZnO-B_400 1108.67 + 7.77 0.34 + 0.06 —14.93 + 0.06

The results are expressed as mean+standard deviation.

values of ZnO-C, and ZnO-Ch suggest a good dispersity and stability of
the ZnO particles. At the same time, the results of samples synthesized
via green routes confirm that the obtained ZnO particles have lesser
stability. Hence, the particle exhibits an aggregation propensity.

3.1.5. TEM analysis

The TEM images of samples studied in this work are shown in Fig. 5.
From the images, it is observed that all the powders had predominantly
spherical morphology. Some particles with hexagonal shapes were also
evident. In the particular case of ZnO-C, particles with a rod-like
morphology were present. Through the size distribution histograms
fitted by a lognormal function, it was found that the mean diameter of
particles (D) was 13.0 + 6.1, 27.5 + 26.5, 69.8 + 120.6, 99.0 + 1171.9
and 29.6 + 903.0 nm for ZnO-B_400, ZnO-B_600, ZnO-B_800, ZnO-Ch
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and ZnO-C, respectively (Fig. 6). ZnO-Ch and ZnO-C were character-
ized by exhibiting the highest standard deviation or greater particle size
heterogeneity. On the other hand, an increase in the calcination tem-
perature during the synthesis of ZnO-B resulted in larger particle size
and higher standard deviation, which led to a reduction in the superfi-
cial area and increased particle size heterogeneity. It has been reported
that calcination temperature significantly influences the size and
morphology of ZnO nanoparticles. Studies have demonstrated that
higher temperatures generally result in larger particle sizes, primarily
due to increased agglomeration [24,60,81]. Therefore, it is expected
that these factors could influence the catalytic activity.

3.2. Photocatalytic activity of Kraft lignin degradation ZnO-B NPs

3.2.1. Effect of calcination temperature

The assays photocatalytic performance of ZnO-B was assessed by
measuring the photodegradation of Kraft lignin at natural pH 13 under
UVA radiation at different time intervals. An adsorption-desorption
equilibrium period in darkness conditions for 1 h was established
(Fig. 6). No degradation of Kraft lignin was observed in the photolysis
assay in the catalyst absence. The ZnO-B_600 catalyst demonstrated the
highest lignin degradation, reaching 91%, followed by ZnO-B_400 at
60.7% and ZnO-B_800 at 28.0%. In contrast, the reference samples,
ZnO-Ch and ZnO-C, achieved lignin degradation rates of 23.2% and
80.7%, respectively. The effect of the calcination temperature on the
photocatalytic activity of ZnO for lignin degradation was closely related
to its physicochemical properties. As the calcination temperature
increased, the particle size of ZnO increased while the surface area
decreased, leading to decreased lignin degradation. The lower lignin
degradation observed for ZnO-NPs calcined at 400 °C, compared to
those calcined at 600 °C, can be attributed to the higher content of re-
sidual organic compounds on the ZnO-B_400 surface. These residuals
may obstruct and reduce the availability of active sites for interaction
with lignin molecules, thereby decreasing the photocatalytic activity.
Recently, Sedefoglu (2024) investigated the effect of calcination tem-
perature (400 °C, 600 °C, and 800 °C) on ZnO nanoparticles synthesized
using Myrtus communis extract for methylene blue degradation. The
study reported that while increasing the calcination temperature led to a
reduction in particle size, it negatively impacted the photocatalytic
performance of the ZnO [44].

This work presents, for the first time, the potential of ZnO biogenic
nanoparticles for lignin degradation. In comparison, studies on chemi-
cally synthesized ZnO nanoparticles report varied results. Lenka et al.
(2023) demonstrated that ZnO nanosheets (1 g/L) achieved 93% lignin
degradation within 2 h at pH 9. They attributed this high performance to
the nanosheet morphology of ZnO, which may enhance the generation
and stabilization of eOH radicals [24]. In another study, Mazarji et al.
(2019) showed that ZnO supported on graphene oxide (1.2 g/L) ach-
ieved a maximum of 52% degradation of Kraft lignin in 240 min under
UV light. They used potassium iodide as a sacrificial electron donor,
which reacted irreversibly with the photogenerated valence band holes,
thereby controlling the generation of eOH radicals [22]. Although our
results were obtained over a much longer period (24 h), they demon-
strate comparable or even superior lignin degradation, showcasing the
potential of biogenic ZnO NPs for lignin degradation over extended
durations. Moreover, the performance of ZnO NPs can vary significantly
depending on the configuration of the photocatalysis assays. Key factors
influencing performance include the intensity and distribution of light,
the homogenization of the solution, and the specific reactor setup.
Therefore, the photocatalytic activity for lignin degradation of biogenic
nanoparticles (ZnO-B_600) was compared with that of chemically syn-
thesized and commercial ZnO-NPs counterparts under the same pho-
tocatalytic conditions. As can be seen, higher lignin degradation was
obtained when ZnO-B_600 was used (Fig. 6). The ZnO-C exhibited
lignin degradation up to 81 %, while ZnO-Ch was less effective, showing
23% of Kraft lignin degradation. These results could be attributed to the
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Table 3
Photocatalytic degradation of lignin by ZnO-NPs reported.
Catalyst Catalyst synthesis Substrate Reaction conditions Lignin Main products Ref
degradation

ZnO Commercial from Lignin from wheat straw (0.1 g/ NaOCl/ UVA/ 5h/ 25 °C/ 84% - [21]
(1g/L) Merck L) pH=11

Zn0O Commercial Sodium salt of lignosulfonate Visible/ 4h/ 25 °C - - [88]
(0.5 g/L) (0.1 g/L)

ZnO (0.05 g/L) Chemical Kraft lignin KI/ UV/4h/25 °C 62% - [22]

(0.1 g/L)

ZnO Commercial from Sodium of lignosulfonate (0.1 g/  UV/ 1h/ 25 °C/ pH=7.4 60% - [23]
(0.1 g/L) SCRC L)

Zn0 Chemical Synthetic lignin UVB/70min/25°C/pH=8  30% - [89]
(0.6 g/L) (0.04 g/L)

ZnO Chemical Alkaline lignin (0.1 g/L) Visible/ 2h/ 25 °C/ pH=9 93% - [24]
(1g/L)

ZnO/Bi (0,1 &) Chemical Organosolv lignin UV/ 1h/ 25°C 97% Phenols (21,6%), [90]

(0,1 g/L) creosol (16%), veratrole
(12%)

ZnO@AgCl-Ag (0,5g/  Chemical Kraft lignin (0,025 g/L) Solar light/ 1h/ 25 °C 100% Vanillin and [49]
L) syringaldehyde

ZnO Biological Kraft lignin (0,1 g/L) UVA/ 24 h/25°C/ pH=13 91% See Table 4 This
(1g/L) work

Zn0O-B_400 Zn0O-B_600 Zn0O-B_800 ZnO-Ch ZnO-C

13.0+6.1 nm 27.5+26.5nm

Counts

20 40 60
Size (nm)

Size (nm)

. 69.8+120.6 nm

Size (nm)

99.0+1171.9 nm

500 1000 1500 200
Size (nm) Size (nm)

Fig. 5. Macroscopic appearance of nanopowders, TEM images, and particle size distribution histograms for ZnO-B_400, ZnO-B_600, ZnO-B_800, ZnO-Ch,

and ZnO-C.

physicochemical characteristics of ZnO-B_600. The homogeneous dis-
tribution and smaller particle size, indicating a greater number of active
sites, along with the highest lattice strain (as presented in Table 2),
resulting in the highest surface energy, collectively contributed to
enhancing its effectiveness. The results suggest that biogenic nano-
particles represent an excellent alternative to commercial ZnO-NPs.

3.2.2. Effect of the light source and homogenization method

The influence of physical parameters such as light source (UVA and
visible) and mixture homogenization method (magnetic stirring and
orbital rotation) on the photocatalytic activity of ZnO-B_600 was also
evaluated. The photocatalytic degradation of lignin by ZnO-B_600 was
18% higher using magnetic stirring than orbital shaking (Fig. 7A). Thus,

the implementation of magnetic stirring contributed to more efficient
homogenization of the mixture between the catalyst and Kraft lignin
solution for photocatalytic degradation. Besides, efficient homogeniza-
tion increases the mass transfer and the probability of contact between
the free hydroxyl radicals (*OH) generated and the substrate.

The photocatalytic performance of ZnO-B_600 under UVA and
simulated sunlight sources was also studied (Fig. 7A). No significant
difference was observed in the lignin degradation values obtained using
simulated sunlight and UVA radiation. Similar results were obtained
when the reaction mixture was exposed to natural mid-day summer
sunlight, on a clear day. This phenomenon can be attributed to the
capability of ZnO-NPs to absorb a broad light spectrum, extending into
the UV-visible region. UV radiation is part of the spectrum of
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Fig. 6. Photocatalytic degradation (%) of Kraft lignin solution (0.1 g/L) cata-
lyzed by ZnO-NPs samples (1 g/L).

electromagnetic radiation emitted by the sunlight lamp used and in-
cludes the wavelength range from 280 to 400 nm: UVB (280-315 nm)
and UVA (315-400 nm). UVB rays have higher energy levels than UVA
rays, which typically can enhance the photocatalytic performance of
semiconductors. In this sense, sunlight utilization as a cost-effective
energy source can contribute to the feasibility of photocatalytic
technologies.

3.2.3. Effect of pH

The effect of the initial pH of the reaction medium on the photo-
catalytic activity of ZnO—B_600 was evaluated over a pH range of 5 to
13. As shown in Fig. 7B, the highest lignin degradation was achieved at
pH 13, reaching 91%. At lower pH values, lignin degradation ranged
from 34.1% to 37.7% after 24 h of reaction. This aligns with previous
findings that lignin degradation through photocatalytic processes is
more efficient under basic conditions (pH > 9) [21,22]. It is known that
pH can alter the surface charge stability of ZnO, particle interactions,
and the equilibrium structure of Kraft lignin [82,83]. The zeta potential
analysis for ZnO-B_600 and Kraft lignin was conducted across a range of
pH values to assess their surface charge behavior (Fig. 7C). It can be
observed that Kraft lignin and ZnO-B_600 exhibit very similar zeta
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potential values at pH 5, 7, and 9. At pH 13, Kraft lignin exhibits a
slightly lower zeta potential compared to ZnO-B_600. Additionally, as
the pH increases, the surface of ZnO becomes progressively more
negatively charged, attributed to the adsorption of OH™ ions (Fig. 7C).
The presence of large amounts of OH™ ions on the ZnO surfaces as well
as in the reaction medium promotes the generation of ¢OH radical [84],
which promotes the removal of protons from phenolic units of lignin,
enhancing the efficiency of its degradation. Conversely, at acidic pH, the
abundance of protons suppresses the formation of phenoxide species,
reducing the efficiency of phenoxide ion generation [24] With
increasing pH, the electrostatic repulsion between the lignin anions and
the ZnO surface also increases, hindering interaction. As a result, the
diffusion of surface-generated eOH radicals toward the lignin anions
becomes slower than the direct charge transfer process. This limitation
may contribute to the longer degradation times observed. On the other
hand, at pH values < 9, lignin solubility decreased and at pH values > 10
lignin solubility was complete. Inwood et al. (2018) showed that the
solubility of lignin increases exponentially with pH, with the most
effective dissolution occurring at higher pH levels [85]. The ionization
of phenolic groups within lignin is a key determinant of its solubility.
The apparent pKa values for these groups can vary, but they generally
indicate that higher pH levels favor the ionization process, which en-
hances solubility. The pKa for carboxylic groups has been reported
around 5.5, indicating that these groups become increasingly ionized
and soluble as pH rises [86].

As a general trend, catalytic activity is greater on soluble substrates
than on insoluble substrates. When lignin solubility decreases, it tends to
agglomerate, which hinders its interaction with reactive oxygen species.
Figure S2A-D illustrates the appearance of the catalyst recovered by
centrifugation after the photocatalytic process. The brown coloration of
the samples at a pH < 9 suggests the presence of lignin; this generated a
decrease in the absorption band of lignin at 290 nm. Therefore, lignin
degradation does not take place within the pH range of 5-9. It is
important to highlight that black liquor, which is generated during the
Kraft pulping process, typically has a high pH, ranging from 12.4 to 12.8
[871. This alkaline nature of black liquor is significant because it aligns
well with the pH requirements for the lignin photodegradation process
using ZnO-B_600. Since this pH range does not present a disadvantage, it
makes the process highly feasible for industrial applications, where such
conditions can be easily maintained. The compatibility between the pH
of black liquor and the photodegradation process further underscores
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Fig. 7. (A) Photocatalytic degradation (%) of Kraft lignin solution (0.1 g/L) catalyzed by ZnO-B_600 (1 g/L) under different reaction conditions (orbital shaking (O);
magnetic stirring (M); UVA radiation (UVA) and simulated sunlight (SSun)) at different time intervals. (B) Influence of pH value on photocatalytic degradation (%) of
Kraft lignin using ZnO-B_600. (C) Zeta potential measurement at different pH of ZnO-B_600 and Kraft lignin.
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the potential for integrating this technology into existing industrial
practices.

3.2.4. Kinetics study of the photocatalytic degradation of lignin

Lignin contains UV-UV-absorbing groups such as phenolic, carbonyl,
and other chromophores. The UV absorbance of lignin in the presence of
ZnO-B_600 was measured between 200 and 500 nm during 24 h
(Fig. 8A). The results exhibit a band absorption of approximately 290
nm, assigned to the non—conjugated phenolic hydroxyl groups present in
lignin. As time progresses, the intensity of this absorption band gradu-
ally diminishes. The degradation process was also confirmed by
observing a change in the color of the Kraft lignin dissolution. Initially,
the solution color was dark yellow, which changed to colorless after 24 h
of photodegradation.

Fig. 8B illustrates the linear correlation between In(Ct/C0) and
irradiation time for ZnO-B_600, chemically synthesized ZnO, and
commercial ZnO. The linear regression analysis confirms that the pho-
tocatalytic reactions follow pseudo-first-order kinetics. Among the
tested catalysts, ZnO-B_600 displayed the highest rate constant of 0.102
h!, corresponding to a half-life (t1/2) of 6.77 h. In comparison, the rate
constant for commercial ZnO (ZnO-C) was 0.069 h!, while that for
chemically synthesized ZnO (ZnO-Ch) was the lowest at 0.012 h%.
These values are lower compared to those reported in the literature.
However, the data obtained in this study on ZnO-NPs prepared by a
green method are challenging to compare with existing research due to
significant differences in factors such as physicochemical properties of
ZnO, light source, oxidizing agent, pH medium, lignin source, etc.
(Table 3).

3.2.5. Mechanism of lignin photocatalytic degradation

Theoretically, the photocatalytic reaction begins when a semi-
conductor (in contact with water) is irradiated by light with energy
equal to or higher than its band-gap energy, which leads to the pro-
motion of electrons (e—) from the valence band (VB) to the conduction
band (CB), creating electron/hole pairs (e—/h+) [91]. These charge
carriers can recombine and be reemitted in the form of light or heat, or
they may migrate to the catalyst surface to induce chemical reactions
with adsorbed species or near-surface molecules. The photogenerated
VB holes can oxidize organic species directly or produce ¢OH from water
molecules adsorbed (donor) on the catalyst surface. Simultaneously,
photogenerated CB electrons can be transferred to electron acceptor
species, such as molecular oxygen (O»), to generate superoxide radicals
(#03) [91,92]. In the context of lignin depolymerization, these reactive
species (¢OH and ¢03) play a critical role in breaking the complex ar-
omatic and aliphatic bonds of lignin molecules. The hydroxyl radicals, in
particular, are highly effective at attacking the C-C and C-O bonds
within lignin, initiating oxidative cleavage of its macromolecular
structure [93]. This process leads to the formation of
low-molecular-weight intermediates, such as phenolic monomers or
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dimers, aldehydes, and organic acids, which are characteristic products
of lignin degradation [94]. In the ZnO-mediated photocatalytic system,
eOH is the predominately active substance for the oxidation of organic
compounds [21,24,95]. According to the literature, ¢OH produced by
photocatalysts can be divided into two types: surface adsorbed eOH
(eOHa) and free ¢OH (eOHf) [96]. Therefore, photocatalysts can not
only degrade surface-adsorbed substances but also migrate outwards
and react with substances not adsorbed on the surface of catalyst par-
ticles [97,98]. In this study, 2-DR was utilized as a reference organic
compound to confirm the in-situ generation of hydroxyl radicals by
ZnO-B_600 during the photodegradation of lignin (Fig. 8C). The data
obtained indicated that eOH radicals were indeed generated from the
ZnO-NPs.

Their concentration increased and remained constant throughout the
reaction, suggesting a balance between radical consumption and pro-
duction. This equilibrium likely facilitates continuous oxidative cleav-
age of lignin, supporting its progressive depolymerization into smaller,
more manageable fragments. Additionally, the synergistic effects of
superoxide radicals (¢02—) and photogenerated holes (h+) further
contribute to the oxidative breakdown of lignin’s recalcitrant structure,
enhancing the overall efficiency of the photodegradation process.

3.2.6. Stability of photocatalysts

The photocatalytic stability of ZnO-NPs poses a limitation for its
long-term practical application. In this sense, the stability and reus-
ability of the ZnO-B_600 were evaluated after five consecutive cycles in
the photodegradation of lignin. As shown in Fig. 9A and B, the degra-
dation efficacy and rate constants of ZnO exhibit a slight decline (<2%)
with an increasing number of cycles, up to five cycles. This reduction is
likely attributed to the loss of photocatalyst material during the washing
and centrifugation processes. However, these results indicate that ZnO-
B_600 is highly stable, retaining its photocatalytic activity over five
consecutive cycles. Mushtag et al. (2021) observed similar results,
reporting a 4-6% loss of their nanocatalyst (ZnO—Co/N—CNT) after
each cycle of use in the depolymerization of Kraft lignin. They also noted
a gradual decline in catalytic efficiency with repeated use [99]. Simi-
larly, Zhang et al. (2024) found that using ultra-small ZnO nanoparticles
for sodium lignosulfonate depolymerization led to a decrease in the
depolymerization rate, dropping to 80% after three cycles and 60% after
five cycles [100]. In contrast, our ZnO nanoparticles demonstrated su-
perior stability, with only a 2% reduction in degradation efficiency after
five cycles. This minimal loss in performance aligns with findings from
other studies, which report that ZnO nanoparticles are highly resistant to
corrosion even after multiple cycles of photocatalysis. This resistance
likely explains the sustained depolymerization efficiency observed in
our tests [101-103].

3.2.6. Identification of the lignin depolymerization products
The lignin photodegradation products generated in the presence of
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Fig. 8. (A) Change in UV-vis spectra and coloration of Kraft lignin solution (0.1 g/L) during photodegradation using ZnO-B_600. (B) Comparison of reaction kinetics
between ZnO-B_600, ZnO—Ch and ZnO—C. (C) Monitoring of *OH concentration during the photodegradation of lignin using ZnO-B_600.
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Fig. 9. (A) Degradation of Kraft lignin and (B) reaction kinetics over five consecutive cycles catalyzed by ZnO-B_600.

Zn0-B_600, identified through GC-MS analysis at various reaction times selectively obtain specific target products based on desired outcomes.
(4, 8, 12, 16, 20, and 24 h), exhibit a clear time-dependent variation. During the depolymerization of Kraft lignin, both aliphatic and aromatic
This observation highlights the potential to optimize reaction times to products are observed. The process, as illustrated in Fig. 10, follows
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Fig. 10. General pathways proposed for Kraft lignin depolymerization by photocatalytic reactions using ZnO-B_600. Some identified products include: (1) 4-Hydrox-
ybutan-2-one; (2) Acetic anhydride; (3) Diethyl propanedioate; (4) 2,2,5-Trimethylhexane-3,4-dione; (5) 2,3-Hexanediol; (6) Dibutyl propanedioate; (7) 1-(4-
Methylphenyl)pentan-1-one; (8) 5-Methyl-5-phenylhexan-2-one; (9) Benzoate of 1,3-benzenediol; (10) Diethyl benzene-1,2-dicarboxylate; (11) Butyl cyclohexyl

benzene-1,2-dicarboxylate.
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three general pathways. Aliphatic products can be generated through
two mechanisms: the cleavage of side chains attached to the aromatic
rings of lignin units (PW1) and the oxidative ring opening (PW3). The
PW1 pathway involves the breakdown of non-aromatic regions in lignin,
resulting in the formation of ketones, acids, and alcohols. In contrast, the
PW3 pathway entails the oxidative cleavage of aromatic rings, leading to
the production of smaller aliphatic compounds such as diols and car-
boxylic acids. This mechanism reflects a more advanced stage of lignin
oxidation, where the aromatic core is disrupted through oxidative pro-
cesses, facilitating the release of aliphatic intermediates. On the other
hand, aromatic products are formed through the PW2 pathway, which
occurs via two mechanisms: fragmentation of the aromatic rings within
the lignin structure or oxidation of preserved aromatic fragments
following the cleavage of carbon-carbon bonds. The results summarized
in Table 4 present the main degradation products obtained at different
reaction times during the depolymerization of lignin with ZnO-B_600.
The identified signals are primarily associated with ketones, diols, and
dicarboxylic acids. At the 4-hour mark, the most abundant product
detected was 2,3-hexanediol, indicating the initial cleavage of lignin
side chains and the predominance of aliphatic compounds. After 8 h, the
signal for 1,2-benzenedicarboxylic acid diethyl ester became signifi-
cant, suggesting a transition towards aromatic products. At 12 and 16 h,
compounds such as phthalic acid cyclobutyl isobutyl ester were
observed, reflecting further oxidation and fragmentation of aromatic
structures. By 20 h, the presence of 2—(1-oxopropyl)-benzoic acid and
4-hydroxy—2-butanone indicated advanced stages of oxidation and
ring-opening processes. The shift in product distribution over time
highlights the sequential nature of lignin depolymerization. Initially, the
cleavage of side chains leads to the formation of aliphatic products,
while prolonged reaction times (>8 h) favor the oxidation and frag-
mentation of aromatic rings, yielding aromatic derivatives.

From a Kraft lignin valorization perspective, it is important to note
that all detected depolymerization products, as shown in Table 4, are
high-value chemicals with applications in the production of plastics,
insecticides, cosmetics, and pharmaceuticals [104-106]. This finding
emphasizes the potential of the photocatalytic process to generate
valuable compounds from the depolymerization of Kraft lignin for
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diverse industrial applications.
4. Conclusion

ZnO-NP catalysts were successfully synthesized using A. chilensis
plant extract and subjected to different calcination temperatures.
Among the prepared catalysts, ZnO-B_600 exhibited the highest lignin
degradation efficiency, achieving 91% after 24 h of photocatalytic
treatment. The photocatalytic activity of ZnO-B_600 was significantly
influenced by chemical parameters—such as the pH of the reaction
medium and the synthesis method of ZnO-NPs—as well as physical
parameters, including the type of radiation and stirring applied during
the process. The lignin degradation resulted in the formation of various
high-value products, whose composition changed over time. This sug-
gests the potential to develop strategies for optimizing reaction times to
selectively obtain specific products of interest. These findings highlight
the potential of photocatalytic technologies as a promising and practical
approach for sustainable Kraft pulping waste management and the
production of value-added chemicals for industries such as chemicals,
pharmaceuticals, and cosmetics. Future research should focus on scaling
up the process for industrial applications, optimizing photocatalytic
systems to enhance efficiency and product selectivity on a larger scale,
and evaluating simpler lignin models to advance a better understanding
of the specific reactions catalyzed by ZnO-B_600.
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Table 4
Products detected during the photocatalytic lignin degradation using ZnO-B_600 at different reaction time intervals.
No. Name Time (h) Retention RI* RI** Relative Function
4 8 12 16 20 24 Time (min) area (%)

1 2-Butanone, 4-hydroxy . 3.03 745 798 68.8 Preparation of species with pharmaceutical
activity

2 Acetic anhydride . . . . 3.51 770 722 0.4-1.3 Manufacturing of plastic, pharmaceuticals,
perfumes and dyes

3 Oxalic acid, ethyl propyl ester . . 8.93 1063 1052 0.3-1.3 Synthetic intermediates used in the
pharmaceutical industry

4 3,4-Hexanedione, 2,2,5-trimethyl . 9.54 1098 1039 1.3-16.5 —

5 1-Pentanone, 1-(4-methyl phenyl) . . 9.96 1124 1440 1.5-6.7 Flavor enhancer and aroma ingredient used
in the food industry

6 RS-2,3-hexanediol e o . . . 10.15 1136 942 0.5-9.0 Plasticizers in the plastic and resin industry

7 2-Hexanone, 5-methyl-5-phenyl . 10.49 1158 1442 25 Manufacturing of biocide fragrances,
cosmetics, and personal care products

8 Oxalic acid, butyl propyl ester e o . 11.13 1198 1250  2.4-20.0 —

9 (SS) — or (RR)-2,3-hexanediol ) . ) . . 12.65 1302 942 0.7 -11.0 Synthesis of different compounds like
plasticizers, humectant and solvents

10 1,3-Benzenediol, monobenzoate . . 19.33 1711 1855 29-36 UV inhibitors added mainly to outdoor
plastics and color stabilizers in cosmetic
compositions

11 1,2-Benzenedicarboxylic acid, . . 17.23 1594 1598 56.3 -77.8 Production of insecticides and cosmetics

diethyl ester
12 1,2-Benzenedicarboxylic acid, . 28.79 2249 2299  20.1 Manufacturing of personal care products,

butyl cyclohexyl ester

medical and household applications

The identification of compounds was determined by comparison of the retention index (RI) and also from the Mass spectrum (MS) of each component with NISTO8 and

NISTO08s database.

RI* = Retention index relative to n-alkanes C7-C30 standard (Supelco 49451-U) in an HP-5MS capillary column.

RI** (RI Teor) = Retention index obtained from database NIST08 and NIST08s.
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