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Abstract

Pineapple waste, which is rich in lignocellulosic 
compounds, can be thermally converted into 
environmentally friendly bioherbicides. This 
study aimed to evaluate the potential of lignin-
derived compounds from lignocellulosic waste 
as a bioherbicide and to identify an effective 
formulation for reducing the use of diuron-based 
herbicides in pineapple plantations. Pyrolysis 
was conducted at subcritical temperatures, and 
the resulting wood vinegar was analyzed by GC-
MS to identify phenolic compounds. Pyrolysis 
at 250–300 °C produced phenolic compounds 
accounting for 40.20% of the chromatogram area, 
while pyrolysis at 400–450 °C produced 49.61%. 
The efficacy test included several treatments: 
pyrolysis products from 400–450 °C at 5% and 
10%, pyrolysis products from 250–350 °C at 5% 
and 10%, diuron herbicide at 0.5 g/L, combinations 
of herbicide with two selected pyrolysis products, 
and a standard diuron application as the control. 
The results showed that wood vinegar produced 
at 400–450 °C and applied at 10% could suppress 
seed bank germination, with an effectiveness 
comparable to that of diuron at 0.5 g/L. This 
wood vinegar formulation was then used in a 
second efficacy test under pineapple cultivation 
conditions to assess whether diuron use could be 
reduced when combined with wood vinegar. The 
results indicated that combining 70% herbicide 
with 10% wood vinegar suppressed weed growth 
to a level similar to the 100% herbicide standard 
treatment. This study may serve as a reference 
for reducing the use of synthetic herbicides in 
pineapple cultivation.
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Introduction

Indonesia’s population continues to 
increase each year, although growth rates vary. 
According to the Statistics Indonesia (2022), 
Indonesia’s population was projected to reach 
275.77 million in 2022, an increase of 1.17% 
compared with 272.68 million in 2021. This 
population growth is accompanied by rising 
food consumption, particularly of vegetables 
and fruits. Survey results indicate that almost 
all Indonesians consume vegetables (94.8%), 
while 33.2% consume fruit. The average daily 
consumption is 70 g per person for vegetables 
and 38.8 g per person for fruit, totalling 108.8 g 
per person per day (Hermina & Prihatini, 2016).

Pineapple fruit is widely enjoyed because 
of its unique aroma, distinctive taste, and 
rich content of vitamins and minerals that are 
beneficial to health (Ali et al., 2020; Ismail et al., 
2014). According to Statistics Indonesia (2021), 
pineapple production in Indonesia reached 
2,886,417 tons in 2021, an increase of 439,174 
tons compared with 2020. Pineapple is one of 
Indonesia’s leading agricultural commodities 
and has a higher export volume than other major 
fruits such as bananas, oranges, durians, and 
mangoes.

Pineapple production generates waste 
amounting to up to 60% of the total fruit weight, 
consisting of peel (28.07%), core (8.81%), 
stem (2.25%), and crown (20.76%) (Singh et 
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al., 2018). In recent years, numerous studies 
have investigated the use of pineapple waste to 
produce value-added products such as vinegar 
and wine, biofuel, biogas, organic acids, fiber, 
starch, and the enzyme bromelain (Sarangi 
et al., 2023). Increasing pineapple production 
to meet consumer demand requires attention 
to sustainability. Sustainability assessment 
encompasses three dimensions: social, 
economic, and environmental. Standards and 
indicators for sustainable agriculture are adjusted 
to the scale of agricultural practitioners, business 
size, and target market to create regulatory 
systems and certification schemes (Konefal et 
al., 2023). Applying sustainable agriculture with 
an eco-efficiency (EE) system can increase 
farmers’ economic value and reduce the negative 
environmental impacts of cultivation by 4.7% 
(Phrommarat & Oonkase, 2021).

Pineapple biomass waste from the stem, 
peel, core, and crown has potential for utilization 
because it contains organic compounds such 
as cellulose, hemicellulose, and lignin (Asim et 
al., 2015). The pineapple biomass waste used 
in this experiment consisted of pineapple stems 
remaining after bromelain extraction. The weight 
of pineapple stems after peeling harvested 
plants can reach 0.6 kg per plant, and crude fiber, 
which represents potential waste, accounts for 
56% of the total dry weight (w/w) (Nakthong et 
al., 2017). The lignin content in pineapple waste 
can be utilized to control plant pest organisms, 
including as a bioherbicide. This bioherbicide 
offers the potential to partially substitute 
the standard application of broad-spectrum 
synthetic herbicides, particularly diuron, which is 
commonly used in pineapple plantations.

Diuron is a systemic herbicide from the 
substituted urea class, widely used to control 
both perennial and annual broadleaf weeds and 
grasses in crops and non-crop areas. Its mode 
of action involves inhibiting photosynthesis 
by targeting Photosystem II (PS-II) in leaf 
chloroplasts. Specifically, diuron binds to the 
D1 protein within the PS-II complex, disrupting 
the electron transport chain that converts light 
energy into chemical energy. This blockage 
prevents the production of NADPH and ATP, 

which are essential for carbon fixation and 
nutrient synthesis, ultimately leading to chlorosis, 
oxidative damage, and plant death (Pest Control 
Products Board, 2022).

The continuous and increasing use 
of synthetic herbicides can be mitigated by 
blending them with bioherbicides, provided that 
the constituents exhibit neutral or, preferably, 
synergistic effects that better conserve the 
environment. This represents a fundamental 
stage to improve the quality of bioherbicides 
sourced from various biomass plants using 
different pyrolysis techniques, to gradually 
reduce the proportion of synthetic herbicide, 
and ultimately to achieve more environmentally 
friendly herbicide applications in pineapple 
plantations.

Lignin is one of the most abundant 
biopolymers and provides structural integrity and 
mechanical resistance to plant tissues (Amores-
Monge et al., 2022; Tobimatsu & Schuetz, 2019). 
The composition of cellulose, hemicellulose, 
and lignin varies among different pineapple 
plant organs and among different pineapple 
waste biomass conditions (Ankona et al., 2023; 
Mansor et al., 2019; Pereira et al., 2022). Lignin 
can be pyrolyzed to obtain phenolic compounds. 
Phenolic compounds from several plants have 
been identified as bioherbicides with different 
components and concentrations (Tigre et al., 
2015; Tong et al., 2021). Bioherbicides offer 
advantages such as degradability, low residue, 
and minimal environmental contamination 
(Campos et al., 2019; Soto-Maldonado et al., 
2022). The pyrolysis of pineapple waste biomass 
must be conducted carefully to obtain an optimal 
amount of phenolic compounds. According to 
Agusta et al. (2022), Hung et al. (2022), and 
Hung et al. (2023), the pyrolysis process to 
produce phenolic compounds can be carried out 
at a heating temperature of at least 300 °C under 
low-oxygen conditions.

The results of this study are expected 
to determine the response of lignin-derived 
compounds with potential as bioherbicides 
from pineapple waste and to identify mixed 
formulations between synthetic herbicides and 
bioherbicides derived from pineapple waste 
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that can reduce synthetic herbicide use while 
maintaining weed control efficacy.

Material and Methods

Preparation of Wood Vinegar Solution by 
Pyrolysis Process

Wood vinegar was produced from 
pineapple stem waste remaining after bromelain 
extraction using a pyrolysis machine. The raw 
material was first dried in an oven at 100 °C until 
the moisture content reached approximately 
20%. For pyrolysis at 200–250 °C and 250–
300 °C, the dried material was ground to 
approximately 30 mesh. For each pyrolysis run, 
2 tons of biomass were required to produce 
20 L of wood vinegar (a 1:100 yield ratio). The 
fine biomass was mixed with water at a 1:10 
ratio (biomass:water). Nitrogen gas (N2) was 
then flushed into the closed reactor and flushed 
out to remove oxygen (O2), ensuring that the 
remaining 45 L of reactor capacity contained 
only inert N2 gas. The reactor was subsequently 
evacuated using a vacuum pump. Heating was 
maintained at the target temperature for 60 min, 
and condensation occurred in a closed system 
to collect wood vinegar.

For pyrolysis at 400–450 °C, 2 tons of 
material were also required to yield 20 L of 
wood vinegar (1:100 ratio). Water was gradually 
added throughout the pyrolysis process, and the 
condensate was collected once the temperature 
reached 100 °C. The wood vinegar products 
were analyzed using Gas Chromatography–
Mass Spectrometry (GC–MS). In the first trial, the 
wood vinegar product with the highest phenolic 
content was selected for efficacy testing.

Wood Vinegar Efficacy Test as Bioherbicide 
on Seed Bank with Bio-Assay Test

The efficacy experiment of wood vinegar 
used a completely randomized design. Wood 
vinegar was applied to a weed seed bank 
obtained from the Cikabayan experimental 
station area of IPB University in Bogor. The soil 
containing the weed seed bank was collected 

from the upper 0–20 cm layer under a multiyear 
annual crop rotation system. This location had 
previously been used for various annual field 
crops but was not under monoculture at the time 
of sampling. The application to the weed seed 
bank aimed to assess the effectiveness of weed 
control at the pre-emergence growth stage.

In the early-stage efficacy experiment, 
there were 7 treatments with 3 replications:

1.	 Wood vinegar (250–300 °C) at 1 ml/L (10% 
v/v)

2.	 Wood vinegar (250–300 °C) at 0.5 ml/L (5% 
v/v)

3.	 Wood vinegar (400–450 °C) at 1 ml/L (10% 
v/v)

4.	 Wood vinegar (400–450 °C) at 0.5 ml/L (5% 
v/v)

5.	 Diuron herbicide at 0.5 g/L (0.5% w/v)
6.	 Combination of wood vinegar (400–450 °C) 

10%, wood vinegar (250–300 °C) 10%, and 
diuron herbicide 0.5 g/L

7.	 Diuron herbicide 0.5 g/L alone (standard 
control)

8.	 Control with no application

The weed seed bank was placed in 
trays measuring 328 mm × 284 mm × 50 mm. 
The soil used as the source of the weed seed 
bank was collected from the 0–10 cm layer, 
homogenized, and distributed equally among 
experimental units at 1.8 kg per unit. The weed 
species present at the Cikabayan experimental 
station included  Borreria alata,  Rubia 
redsaltata,  Asystasia gangetica,  Eleusine 
indica,  Ageratum conyzoides,  Axonopus 
compressus,  Cyperus  sp.,  Ottochloa 
nodosa,  Cleome rutidosperma,  Phyllanthus 
niruri, Synedrella sp., and Amaranthus spinosus.
The application spray volume corresponded 
to 3000 L/ha. A small 1-liter handsprayer was 
used to spray, with a spray volume of 0.32 L per 
seed bank bed. Weed dominance was analyzed 
based on the number of weeds, weed species, 
and weed dry weight. The number of weeds was 
observed at 3–6 weeks after treatment.

Data were statistically analyzed using the 
F test (ANOVA) at the 5% significance level, 
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using Microsoft Excel and R-Studio software. 
Treatments that showed a significant effect at the 
5% level were further compared using Duncan’s 
multiple range test (DMRT) to determine 
differences between treatments.

Efficacy Test of Wood Vinegar as Bioherbicide 
at Post-Planting Stage in Pineapple Plantation

The efficacy experiment in pineapple 
plantations used a randomized complete block 
design. The wood vinegar product selected 
for this field test was based on the results of 
the previous bio-assay experiment. The field 
experiment was conducted in a pineapple 
(Ananas comosus) plantation in Lampung, 
Indonesia. Treatment application was conducted 
1 week after planting.

The experimental unit plot measured 7 m × 
5 m, with pineapple planting material consisting 
of healthy crowns or slips spaced at 55 cm × 25 
cm. In this efficacy test, there were 6 treatment 
levels with 4 replications:

1.	 Diuron herbicide at 0.5 g/L (0.5% w/v)
2.	 Combination of diuron herbicide at 0.45 g/L 

and wood vinegar bioherbicide (400–450 °C) 
10% (v/v)

3.	 Combination of diuron herbicide at 0.35 g/L 
and wood vinegar bioherbicide (400–450 °C) 
10% (v/v)

4.	 Combination of diuron herbicide at 0.25 g/L 
and wood vinegar bioherbicide (400–450 °C) 
10% (v/v)

5.	 Wood vinegar bioherbicide (400–450 °C) 
10% (v/v) alone

6.	 Control with no application

Weed control was applied 1 week after 
planting at a spray volume of 3000 L/ha.

Toxicity effects on pineapple plants were 
observed through stem diameter, leaf length, 
leaf width, plant height, plant wet weight, leaf 
greenness, and leaf number. Stem diameter and 
plant wet weight were observed at the beginning 
and end of the experiment. Leaf length, leaf 
width, and plant height were observed monthly 
from 1 month after treatment (MAT) until 4 MAT. 

The number of leaves was observed at 4 MAT. 
Leaf greenness was measured using the Soil–
Plant Analysis Development (SPAD) meter at 1 
day after treatment (DAT), 3 DAT, 1 week after 
treatment (WAT), 2 WAT, and 1 MAT.

The effect of treatments on weed growth 
was observed monthly from 1–4 MAT using 
weed density (weed crown area) as the 
parameter. Dominance level was assessed at 4 
MAT using weed number, weed dry weight, and 
weed frequency. Weed sampling for vegetation 
analysis to determine weed dominance (SDR) 
was conducted using purposive sampling and a 
1 m × 1 m quadrat method, with 2 quadrats per 
experimental unit.

Results and Discussion

Seedbank Bioassay Test

Wood vinegar Compound Components

Increasing the pyrolysis temperature 
affects the chemical composition of wood 
vinegar. At pyrolysis temperatures of 250-300 °C 
tends to produce a variety of complex organic 
compounds. There are two dominant groups 
of compounds produced at each temperature 
treatment: aldehyde and ketone groups, and 
phenol and phenolic ether groups (Table 1). 
Groups of phenolic compounds and phenolic 
ethers tend to be produced as the temperature 
increases. The process of structural changes 
that occur to increase phenol production consists 
of: 1) a decrease in aliphatic carbon structure, 
2) a decrease in methoxy carbon structure due 
to decomposition of ether bonds such as α-O-
4 and β-O-4, 3) an increase in aromatic carbon 
structure, 4) a decrease in carbonyl carbon 
structure, such as CO2 (Lu & Gu, 2022).

Bioassay of wood vinegar as a bioherbicide 
against the seed bank was conducted using 
wood vinegar products produced at 400-450 °C 
and 250-300 °C. The test was conducted with 
consideration of the phenol content produced. 
Bioherbicides containing phenolic compounds 
have the potential to suppress germination 
of broadleaf weed seeds, including Echium 
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vulgare, Rumex acetosa, Scabiosa triandra, 
Sinapis arvensis, Sonchus asper, Centaurea 
melitensis, and Conyza canadensis (Saludes-
Zanfaño et al., 2022).

Efficacy of Wood Vinegar as Bioherbicide on 
Seed Bank 

Wood vinegar efficacy testing was carried 
out on pyrolysis products produced at 400–450 
°C and 250–300 °C. The application of wood 
vinegar, herbicide, or a combination of both 
significantly controlled weed growth (Table 
2). There was a difference in results between 
combined treatments and non-combined 
treatments. However, there was no significant 
difference between single applications of the 
herbicide (diuron) and the bioherbicide (wood 
vinegar), indicating the potential of wood vinegar 
as a bioherbicide to replace synthetic herbicides.

The comparison between wood vinegar 
products produced at 400–450 °C and those 
produced at 250–300 °C showed a significant 
difference. For wood vinegar produced at 250–
300 °C, the comparison between 5% and 10% 
concentrations showed a significant difference at 
both the beginning and end of the observation 
period. In contrast, wood vinegar produced at 
400–450 °C showed no significant difference 
between 5% and 10% concentrations.

The wood vinegar product and application 
concentration for further efficacy testing in 
pineapple cultivation were selected based on 
formulations that provided the same weed-
control effect as conventional herbicide products. 
Wood vinegar produced by pyrolysis at 400–
450 °C exhibited the same suppressive effect 
as herbicide products and their combinations 
on weed seed germination. The efficacy of 
wood vinegar as a bioherbicide can suppress 
weed growth by more than 50% at application 
concentrations (v/v) above 5% (Hagner et al., 
2020). In contrast, application concentrations 
below 5% can stimulate seed germination. 
For example, application of wood vinegar at a 
concentration of 1% has been shown to stimulate 
the growth of bok choy seeds (Ju et al., 2021).

Efficacy Test on Pineapple Plantation

Analysis of Herbicide Toxicity on Pineapple 

The application of herbicides and 
wood vinegar for weed control in pineapple 
environments did not have a toxic effect on 
pineapple growth and development based on 
the parameters of leaf width, leaf length, leaf 
chlorophyll level, stem diameter, plant wet 
weight, and number of leaves (Figures 1, 2, and 
Table 3).

Table 1

Chemical Characterization of Wood Vinegar Derived from Pineapple Stem Waste Using GC-MS

Organic Compounds
% Area

200-250 °C 250-300 °C 400-450 °C
 Aldehydes and ketones   9.52 21.02 20.40 
 Phenols and phenolic ethers 18.48 40.20 49.61 
 Aniline   2.66 - -
 Heterocyclic -     9.87   7.65 
 Hydrocarbons -     6.13 -   
 Alkaloids -     5.24 -   
 Amines -     1.27 -   
 Terpenoids -     1.45 -   
 Alcohols -     3.00 -   
 Esters -     7.80   1.47 
 Amino acids -   -   4.45 
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Table 2

Efficacy of Wood Vinegar Products Against the Seed Bank

Treatments
Weed seedling number/tray

3 WAT 6 WAT
Wood Vinegar 250-300 °C; 0.5 ml/L   6.67bc 10.00b

Wood Vinegar 250-300 °C; 1 ml/L   2.00bc   9.33b

Wood Vinegar 400-450 °C; 0.5 ml/L   8.33bc   3.67bc

Wood Vinegar 400-450 °C; 1 ml/L 11.33b   1.00c

Diuron Herbicide 0.5 g/L   1.00c   1.00c

Herbicide + Wood vinegar 400-450 °C;1 ml/L + Wood 
vinegar 250-300 °C;1 ml/L

  5.00bc   1.00c

Diuron standard application (control) 12.33a   1.02a

Significance ** ***

Notes. WAT= Week after treatment. Values followed by the same letter in the same column are not significantly different 
according to the 5% DMRT.

Figure 1

The Effects of the Synthetic Herbicide and the Bioherbicide Ratio on Pineapple Leaf Size  
Figure 1 
The Effects of the Synthetic Herbicide and the Bioherbicide Ratio on Pineapple Leaf Size  

Figure 2 
The Effects of the Synthetic Herbicide and the Bioherbicide Ratio on the Pineapple Leaf Content 
from 1 to 30 Days After Application 

Table 3 
Pineapple plant growth and development 4 weeks after planting  

Treatments stem diameter plant fresh weight (g) number of leaves 
Herbi 100% 2.72±2.01 220.11±99.90 25.23±3.83
Herbi 90%+10% Bio(400-450) °C 2.17±1.48 252.69±111.31 25.85±5.04
Herbi 70%+30% Bio(400-450) °C 3.04±2.44 246.37±133.85 25.83±5.70
Herbi 50%+50% Bio(400-450) °C 2.33±2.03 283.11±128.38 26.78±5.88
Bioherbicide 100% (400-450) °C 2.85±2.27 255.38±123.05 25.35±4.82
Water treatment as control 2.35±1.76 235.42±103.93 25.68±4.29

Notes. 1Herbi: the Standard diuron herbicide; Bio: Wood vinegar solution based; Control: no application of 
Herbi nor Bio; The blending composition was based on a spraying volume of 3000 L/ha. 

Pineapple plant growth and development were similar across all treatments. Previous research 
on weed control in pineapple also reported a similar response, indicating that weed control had no 
significant effect on pineapple growth and development up to 6 weeks after treatment (WAT) 
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Table 3

Pineapple Plant Growth and Development 4 Weeks After Planting 

Treatments Stem diameter Plant fresh weight (g) Number of leaves
Herbi1 100% 2.72 ± 2.01 220.11 ±  99.90 25.23 ± 3.83
Herbi 90%+10% Bio(400-450) °C 2.17 ± 1.48 252.69 ± 111.31 25.85 ± 5.04
Herbi 70%+30% Bio(400-450) °C 3.04 ± 2.44 246.37 ± 133.85 25.83 ± 5.70
Herbi 50%+50% Bio(400-450) °C 2.33 ± 2.03 283.11 ± 128.38 26.78 ± 5.88
Bioherbicide 100% (400-450) °C 2.85 ± 2.27 255.38 ± 123.05 25.35 ± 4.82
Water treatment as control 2.35 ± 1.76 235.42 ± 103.93 25.68 ± 4.29

Notes. 1Herbi: the standard diuron herbicide, Bio: wood vinegar solution based, Control: no application of Herbi nor Bio, the 
blending composition was based on a spraying volume of 3000 L/ha.

Figure 2

The Effects of the Synthetic Herbicide and the Bioherbicide Ratio on the Pineapple Leaf Content 
from 1 to 30 Days After Application

Figure 1 
The Effects of the Synthetic Herbicide and the Bioherbicide Ratio on Pineapple Leaf Size  

Figure 2 
The Effects of the Synthetic Herbicide and the Bioherbicide Ratio on the Pineapple Leaf Content 
from 1 to 30 Days After Application 
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Pineapple plant growth and development 4 weeks after planting  

Treatments stem diameter plant fresh weight (g) number of leaves 
Herbi 100% 2.72±2.01 220.11±99.90 25.23±3.83
Herbi 90%+10% Bio(400-450) °C 2.17±1.48 252.69±111.31 25.85±5.04
Herbi 70%+30% Bio(400-450) °C 3.04±2.44 246.37±133.85 25.83±5.70
Herbi 50%+50% Bio(400-450) °C 2.33±2.03 283.11±128.38 26.78±5.88
Bioherbicide 100% (400-450) °C 2.85±2.27 255.38±123.05 25.35±4.82
Water treatment as control 2.35±1.76 235.42±103.93 25.68±4.29

Notes. 1Herbi: the Standard diuron herbicide; Bio: Wood vinegar solution based; Control: no application of 
Herbi nor Bio; The blending composition was based on a spraying volume of 3000 L/ha. 

Pineapple plant growth and development were similar across all treatments. Previous research 
on weed control in pineapple also reported a similar response, indicating that weed control had no 
significant effect on pineapple growth and development up to 6 weeks after treatment (WAT) 
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Pineapple plant growth and development 
were similar across all treatments. Previous 
research on weed control in pineapple also 
reported a similar response, indicating that weed 
control had no significant effect on pineapple 
growth and development up to 6 weeks after 
treatment (WAT) (Tajudeen et al., 2020). 
According to Pegoraro et al. (2014), vegetative 
biomass production in pineapple plants up to 
463 days after planting (DAT) ranged from 21% 
to 40%, with an average leaf length growth rate 
of 2.40 mm per day (0.16 cm per day) and an 
average leaf width growth rate of 0.21 mm per 
day; these findings suggest that weed control 

had minimal effect on pineapple growth and 
development under the conditions studied.

Toxic effects in pineapple plants were 
observed at a diuron application rate of 3 kg/
ha, with fluorescence ratio (Fv/Fm) values of 
0.765 at 7 days after application (DAP) and 
0.690 at 21 DAP (Reis et al., 2024). An Fv/Fm 
value below the optimal range (Fv/Fm of 0.800 
± 0.05) indicates that the photochemical system 
in pineapple plants has been disrupted (Bolhar-
Nordenkampf et al., 1989).
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Effectiveness of Control Against Weed 
Growth

The summed dominance ratio (SDR) 
is a parameter used to measure the relative 
dominance of a weed species in a plant 
community. Ottochloa nodosa weeds (44.5%) 
were the dominant weeds in the pineapple 
cultivation environment at 4 months of plant 
age (Table 4). Grass weeds (Ottochloa nodosa, 
Digitaria ciliaris, Paspalum dilatatum, and 
Borreria alata) with a total SDR of 80.43% were 
the most dominant weed group when compared 
to broadleaf and grass groups based on the 
classification of weed leaf morphology. Weed 

dynamics (species diversity and community 
uniformity) at the same location were influenced 
by control techniques and materials used 
(chemical control). Manual weed control 
had minimal impact on the dominant weed 
community. but significantly affected the weed 
composition. Long-term use of pre-planting 
herbicides and manual weeding maintained the 
weed community in a stable structure with lower 
losses (Gao et al., 2020). 

Treatment with herbicides, and a 
combination of herbicides and wood vinegar, 
can reduce weed dominance compared to 
wood vinegar application or no control. The 
combination of 70% herbicide with wood vinegar 
bioherbicide showed the same response as a 

Table 5

Effect of Weed Control Treatments on Weed Growth 4 Weeks After Treatment

Treatments Weight (g) Frequency Weed density (%) Summed dominance ratio (%)
Herbi1 100%   6.75c 1.0bc 0.65c   6.68b

Herbi 90% + Bio   2.75c 0.5c 0.23c   2.67b

Herbi 70% + Bio   2.25c 0.5c 0.48c   2.13b

Herbi 50% + Bio 23.25bc 0.5c 1.63bc   7.58b

Biohercide 58.25ab 2.3ab 3.96ab 29.05a

Control (water) 94.75a 3.0a 8.93a 35.56a

Significance ** ** ** ***

Notes. 1Herbi indicates the application of diuron, a standard synthetic herbicide. Values followed by the same indexed letter 
in the same column are not significantly different according to the 5% DMRT. 

Table 4

Weed Dominance in the Pineapple Cultivation Environment 4 Weeks After Treatment

Species Summed dominance ratio (%)
Digitaria ciliaris (Retz.) Koeler 32.38%
Ottochloa nodosa (Kunth) Dandy 44.50%
Fimbristylis miliacea (L.) Vahl 5.90%
Cyperus esculentus L. 7.50%
Cyperus rotundus L. 3.81%
Paspalum dilatatum Poir. 2.68%
Ageratum conyzoides L 1.48%
Borreria alata (Aubl.) DC. 0.87%
Kyllinga nemoralis (J.R.Forst. & G.Forst.) Dandy ex Hutchinson & Dalziel) 0.88%

Note. Values followed by the same letter in the column are not significantly different according to the 5% DMRT.
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100% herbicide application, as indicated by SDR 
parameters and weed density. This indicates that 
wood vinegar can substitute for herbicides up to 
30% with the combination (Table 5). 

Effective weed control management 
needs to consider the dominant weed species 
and the critical period of weed interference. The 
critical period represents the time when negative 
interactions between weeds and crops are most 
pronounced and indicates the optimal window 
for weed control (Marques et al., 2017). Weeds 
that grow before or after this critical period do 
not significantly affect crop yields (Tiririca, 2000). 
Therefore, determining the start and end of the 
critical period depends on the level of acceptable 
crop loss (Knezevic & Datta, 2015). In pineapple, 
the critical period of weed presence that reduces 
productivity by 5% occurs at 14–259 days after 
stem planting (DAST), while the critical period 
that reduces productivity by 10% occurs at 
51–204 days after transplanting (DAT). Weed 
competition with pineapple plants during the 
production cycle can reduce yields by 69.50% 
compared to plots with weed control during the 
same period (de Oliveira et al., 2021).

Conclusions

Degradation of lignocellulosic waste by 
pyrolysis at 400–450 °C produced the highest 
phenolic compound content (49.61%) and 
provided the same suppressive effect on weed 
seed germination (seed bank) as diuron herbicide 
at 0.5 g/L when applied at a concentration of 1 
ml/L (10% v/v). The combination of wood vinegar 
produced at 400–450 °C at 10% concentration 
with the synthetic herbicide diuron effectively 
controlled weed growth, reducing diuron use by 
up to 30% without compromising weed control.

Acknowledgment

Facilitation of location laboratory analyses 
was supported by the Department of Agronomy 
and Horticulture, IPB-University. Research 
funding was supported by the Thesis Magister 
Program of the BIMA scheme by the General 
Directorate of Higher Education, Ministry of 

Research, Technology, and Higher Education 
in the fiscal year of 2023 no 15547/IT3.L2/
HK.07.00/P/B/2021 dated 12 June 2024.

References

Agusta, H., Guntoro, D., Yunindanova, M. B., & 
Sari, M. N. (2022). Thermal hydrolysate 
of coconut trunk, coir, and shell as 
bioherbicide. IOP Conference Series: 
Earth and Environmental Science, 
1034(1), Article 012041. https://dx.doi.
org/10.1088/1755-1315/1034/1/012041

Ali, M. M., Hashim, N., Aziz, S. A., & Lasekan, 
O. (2020). Pineapple (Ananas comosus): a 
comprehensive review of nutritional values. 
volatile compounds. health benefits. and 
potential food products. Food Research 
International, 137, 109675. https://doi.
org/10.1016/j.foodres.2020.109675

Amores-Monge, V., Goyanes, S., Ribba, L., 
Lopretti, M., Sandoval-Barrantes, M., 
Camacho, M., Corrales-Ureña, Y., & Vega-
Baudrit, J. R. (2022). Pineapple agro-
industrial biomass to produce biomedical 
applications in a circular economy context 
in Costa Rica. Polymers, 14(22), 4864. 
https://doi.org/10.3390/polym14224864

Ankona, E., Nisnevitch, M., Marks, V., Dorfman, 
O., Doroshev, A., & Anker, Y. (2023). 
Citrus pyrolysis temperature effect on 
wood vinegar characteristics. Bioresource 
Technology Reports, 22, 101490. https://
doi.org/10.1016/j.biteb.2023.101490

Asim, M., Abdan, K., Jawaid, M., Nasir, M., 
Dashtizadeh, Z., Ishak, M. R., & Hoque, M. 
E. (2015). A review on pineapple leaves fibre 
and its composites. International Journal 
of Polymer Science, 2015, Article 950567. 
https://doi.org/10.1155/2015/950567 

Bolhar-Nordenkampf, H. R., Long, S. P., Baker, 
N. R., Öquist, G., Schreiber, U., & Lechner, 
E. G. (1989). Chlorophyll fluorescence as 
a probe of the photosynthetic competence 
of leaves in the field: A review of current 
instrumentation. Functional Ecology, 3(4), 
497–508. https://doi.org/10.2307/2389624

Campos, E. V. R., Proença, P. L. F., Oliveira, 

https://j-tropical-crops.com/index.php/agro
https://doi.org/10.29244/jtcs.13.02.395-406
https://dx.doi.org/10.1088/1755-1315/1034/1/012041
https://dx.doi.org/10.1088/1755-1315/1034/1/012041
https://doi.org/10.1016/j.foodres.2020.109675
https://doi.org/10.1016/j.foodres.2020.109675
https://doi.org/10.3390/polym14224864
https://doi.org/10.1016/j.biteb.2023.101490
https://doi.org/10.1016/j.biteb.2023.101490
https://doi.org/10.1155/2015/950567
https://doi.org/10.2307/2389624


Journal of Tropical Crop Science Vol. 13 No. 2, June 2026 
www.j-tropical-crops.com

404 Yosua Pratama Simangunsong, Herdhata Agusta, Mochamad Hasjim Bintoro Djoefrie

Received 11/6/2024; Revised 4/24/2026; Accepted 6/10/2026
https://doi.org/10.29244/jtcs.13.02.395-406

J. L., Bakshi, M., Abhilash, P. C., & 
Fraceto, L. F. (2019). Use of botanical 
insecticides for sustainable agriculture: 
Future perspectives. Ecological Indicators, 
105, 483–495. https://doi.org/10.1016/j.
ecolind.2018.04.038

de Oliveira, S. P., Santos, J. C., Leite, B. N., dos 
Santos, G. A. N., & da Silva, J. F. (2021). 
Critical period of weeds interference in 
pineapple (Ananas comosus [L.] Merr.) 
crops. Biotechnology Agronomy Society 
and Environment, 25(2), 120–128. https://
doi.org/10.25518/1780-4507.18985

Gao, P., Zhang, Z., Shen, J., Mao, Y., Wei, S., 
Wei, J., Zuo, R., Li, R., Song, X., & Qiang, 
S. (2020). Weed seed bank dynamics 
responses to long-term chemical control 
in a rice–wheat cropping system. Pest 
Management Science, 76(6), 1993–2003. 
https://doi.org/10.1002/ps.5731

Hagner, M., Lindqvist, B., Vepsäläinen, J., 
Samorì, C., Keskinen, R., Rasa, K., & 
Hyvönen, T. (2020). Potential of pyrolysis 
liquids to control the environmental 
weed Heracleum mantegazzianum. 
Environmental Technology & Innovation, 
20, 101154. https://doi.org/10.1016/j.
eti.2020.101154

Hermina, & Prihatini, S. (2016). Gambaran 
konsumsi sayur dan buah penduduk 
Indonesia dalam konteks gizi seimbang: 
analisis lanjut survei konsumsi makanan 
individu (SKMI) 2014. Buletin Penelitian 
Kesehatan, 44(3), 205–218. https://doi.
org/10.22435/bpk.v44i3.5505.205-218

Hung, C. M., Chen, C. W., Huang, C. P., Yang, 
Y. Y., & Dong, C. D. (2022). Suppression 
of polycyclic aromatic hydrocarbon 
formation during pyrolytic production of 
lignin-based biochar via nitrogen and 
boron co-doping. Bioresource Technology, 
355, 127246. https://doi.org/10.1016/j.
biortech.2022.127246

Hung, C. M., Cheng, J. W., Chen, C. W., Huang, 
C. P., & Dong, C. D. (2023). Pyrolysis 
processes affecting polycyclic aromatic 
hydrocarbon profile of pineapple leaf biochar 
exemplified by atmosphere/temperature 

and heteroatom doping. Bioresource 
Technology, 379, 129047. https://doi.
org/10.1016/j.biortech.2023.129047

Ismail, F. A., Abdelatif, S. H., El-Mohsen, N. 
R. A., & Zaki, S. A. (2014). The physico-
chemical properties of pomegranate juice 
(Punica granatum L.) extracted from two 
egyptian varieties. World Journal of Dairy 
& Food Sciences, 9(1), 29–35. https://doi.
org/10.5829/idosi.wjdfs.2014.9.1.1131

Ju, Y., Zhang, X., Jong, C., Yun, T., Ri, I., Son, 
C., & Chae, K. (2021). Effects of wood 
vinegar and bio char on germination of 
pakchoi seeds under different cadmium 
stress conditions. International Journal 
of Scientific Research in Science and 
Technology, 8(3), 167–181. https://doi.
org/10.32628/IJSRST218340

Knezevic, S. Z., & Datta, A. (2015). The critical 
period for weed control: Revisiting data 
analysis. Weed Science, 63(1), 188–202. 
https://doi.org/10.1614/WS-D-14-00035.1

Konefal, J., de Olde, E. M., Hatanaka, M., 
& Oosterveer, P. J. M. (2023). Signs 
of agricultural sustainability: A global 
assessment of sustainability governance 
initiatives and their indicators in crop 
farming. Agricultural Systems, 208, 
103658. https://doi.org/10.1016/j.
agsy.2023.103658

Lu, X., & Gu, X. (2022). A review on lignin 
pyrolysis: pyrolytic behavior, mechanism, 
and relevant upgrading for improving 
process efficiency. Biotechnology for 
Biofuels and Bioproducts, 15(106), 1–43. 
https://doi.org/10.1186/s13068-022-
02203-0

Mansor, A. M., Lim, J. S., Ani, F. N., Hashim, 
H., & Ho, W. S. (2019). Characteristics of 
cellulose, hemicellulose and lignin of MD2 
pineapple biomass. Chemical Engineering 
Transactions, 72, 79–84. https://doi.
org/10.3303/CET1972014

Marques, L. J. P., Bianco, S., Cecílio Filho, 
A. B., Bianco, M. S., & Lopes, G. D. S. 
(2017). Weed interference in eggplant 
crops. Revista Caatinga, 30(4), 866–
875. https://doi.org/10.1590/1983-

https://j-tropical-crops.com/index.php/agro
https://doi.org/10.29244/jtcs.13.02.395-406
https://doi.org/10.1016/j.ecolind.2018.04.038
https://doi.org/10.1016/j.ecolind.2018.04.038
https://doi.org/10.25518/1780-4507.18985
https://doi.org/10.25518/1780-4507.18985
https://doi.org/10.1002/ps.5731
https://doi.org/10.1016/j.eti.2020.101154
https://doi.org/10.1016/j.eti.2020.101154
https://doi.org/10.22435/bpk.v44i3.5505.205-218
https://doi.org/10.22435/bpk.v44i3.5505.205-218
https://doi.org/10.1016/j.biortech.2022.127246
https://doi.org/10.1016/j.biortech.2022.127246
https://doi.org/10.1016/j.biortech.2023.129047
https://doi.org/10.1016/j.biortech.2023.129047
https://doi.org/10.5829/idosi.wjdfs.2014.9.1.1131
https://doi.org/10.5829/idosi.wjdfs.2014.9.1.1131
https://doi.org/10.32628/IJSRST218340
https://doi.org/10.32628/IJSRST218340
https://doi.org/10.1614/WS-D-14-00035.1
https://doi.org/10.1016/j.agsy.2023.103658
https://doi.org/10.1016/j.agsy.2023.103658
https://doi.org/10.1186/s13068-022-02203-0
https://doi.org/10.1186/s13068-022-02203-0
https://doi.org/10.3303/CET1972014
https://doi.org/10.3303/CET1972014
https://doi.org/10.1590/1983-21252017v30n406rc


Reducing the Use of Diuron-Active Herbicides Using a Combination of Wood Vinegar .......... 

Journal of Tropical Crop Science Vol. 13 No. 2, June 2026  
www.j-tropical-crops.com

405

Received 11/6/2024; Revised 4/24/2026; Accepted 6/10/2026
https://doi.org/10.29244/jtcs.13.02.395-406

21252017v30n406rc
Nakthong, N., Wongsagonsup, R., & 

Amornsakchai, T. (2017). Characteristics 
and potential utilizations of starch from 
pineapple stem waste. Industrial Crops 
and Products, 105, 74–82. https://doi.
org/10.1016/j.indcrop.2017.04.048

Pegoraro, R. F., de Souza, B. A. M., Maia, V. M., 
do Amaral, U., & Pereira, M. C. T. (2014). 
Growth and production of irrigated vitória 
pineapple grown in semi-arid conditions. 
Revista Brasileira de Fruticultura, 36(3), 
693–703. https://doi.org/10.1590/0100-
2945-265/13

Pereira, P. H. F., de Oliveira, D. M., Pereira, 
B., Arantes, V., & Cioffi, M. O. H. (2022). 
Effeherminact of chemical treatment 
sequence on pineapple peel fiber: 
Chemical composition. thermal stability and 
thermal degradation kinetics. Research 
Square 1-22. https://doi.org/10.21203/
rs.3.rs-1121648/v1

Pest Control Products Board. (2022). Regulatory 
review decision for diuron and its 
associated end-use products.  Loresho. 
Nairobi. Kenya. https://www.pcpb.go.ke/
wp-content/uploads/2022/12/Diuron-
Proposed-review-Decision-for-Diuron-
and-its-associated-end-use-products.pdf

Phrommarat, B., & Oonkasem, P. (2021). 
Sustainable pineapple farm planning 
based on eco-efficiency and income risk: a 
comparison of conventional and integrated 
farming systems. Applied Ecology 
and Environmental Research, 19(4), 
2701–2717. https://doi.org/10.15666/
aeer/1904_27012717

Reis, F. de O., Ramos, L. M., Araujo, J. R. G., 
Figueiredo, F. A. M. M., de A. Ferraz, T. 
M., Assunção, A. K. S., & Neves, J. A. C. 
V. (2024). Ecophysiological responses of 
´Turiaçu´ pineapple plants at vegetative 
and reproductive stages to soil fertilization 
and crop location. Ciência Rural, 54(4), 
1–13. https://doi.org/10.1590/0103-
8478cr20220592

Saludes-Zanfaño, M. I., Vivar-Quintana, A. M., & 
Morales-Corts, M. R. (2022). Pistacia root 

and leaf extracts as potential bioherbicides. 
Plants, 11(7), Article 916. https://doi.
org/10.3390/plants11070916

Sarangi, P. K., Singh, A. K., Srivastava, R. K., & 
Gupta, V. K. (2023). Recent progress and 
future perspectives for zero agriculture 
waste technologies: Pineapple waste as 
a case study. Sustainability, 15(4), 3575. 
https://doi.org/10.3390/su15043575

Singh, T. A., Sarangi, P. K., & Singh, N. J. (2018). 
Tenderisation of meat by bromelain 
enzyme extracted from pineapple 
wastes. International Journal of Current 
Microbiology and Applied Sciences, 7(9), 
3256–3264. https://doi.org/10.20546/
ijcmas.2018.709.404

Soto-Maldonado, C., Caballero, V. E., Santis-
Bernal, J., Jara-Quezada, J., Fuentes-
Viveros, L., & Zúñiga-Hansen, M. E. (2022). 
Potential of solid wastes from the walnut 
industry: Extraction conditions to evaluate 
the antioxidant and bioherbicidal activities. 
lectronic Journal of Biotechnology, 
58, 25–36. https://doi.org/10.1016/j.
ejbt.2022.04.005

Statistics Indonesia. (2022). Laju pertumbuhan 
penduduk (Persen) 2021–2023. BPS-
Statistics Indonesia. https://www.bps.go.id/
indicator/12/1976/1/laju-pertumbuhan-
penduduk.html.

Statistics Indonesia. (2021). Indonesia produksi 
nanas hingga 2.89 juta ton pada 2021. 
BPS-Statistics Indonesia. https://
dataindonesia.id/agribisnis-kehutanan/
detail/indonesia-produksi-nanas-hingga-
289-juta-ton-pada-2021. 

Tajudeen, O., Oshagbemi, H. O., Adamu, T. 
J., Agboyinu, E. B., & Sorinolu, B. A. 
(2020). Influence of mulching materials 
on the agronomic and yield parameters of 
pineapple (Ananas comosus L. Merr. var. 
Sugar Loaf) in Owode-Yewa, Southwest 
Nigeria. Journal of Biotechnology 
Research, 6(66), 62–68. https://doi.
org/10.32861/jbr.66.62.68

Tigre, R. C., Pereira, E. C., da Silva, N. H., 
Vicente, C., & Legaz, M. E. (2015). 
Potential phenolic bioherbicides from 

https://j-tropical-crops.com/index.php/agro
https://doi.org/10.29244/jtcs.13.02.395-406
https://doi.org/10.1590/1983-21252017v30n406rc
https://doi.org/10.1016/j.indcrop.2017.04.048
https://doi.org/10.1016/j.indcrop.2017.04.048
https://doi.org/10.1590/0100-2945-265/13
https://doi.org/10.1590/0100-2945-265/13
https://doi.org/10.21203/rs.3.rs-1121648/v1
https://doi.org/10.21203/rs.3.rs-1121648/v1
https://www.pcpb.go.ke/wp-content/uploads/2022/12/Diuron-Proposed-review-Decision-for-Diuron-and-its-associated-end-use-products.pdf
https://www.pcpb.go.ke/wp-content/uploads/2022/12/Diuron-Proposed-review-Decision-for-Diuron-and-its-associated-end-use-products.pdf
https://www.pcpb.go.ke/wp-content/uploads/2022/12/Diuron-Proposed-review-Decision-for-Diuron-and-its-associated-end-use-products.pdf
https://www.pcpb.go.ke/wp-content/uploads/2022/12/Diuron-Proposed-review-Decision-for-Diuron-and-its-associated-end-use-products.pdf
https://doi.org/10.15666/aeer/1904_27012717
https://doi.org/10.15666/aeer/1904_27012717
https://doi.org/10.1590/0103-8478cr20220592
https://doi.org/10.1590/0103-8478cr20220592
https://doi.org/10.3390/plants11070916
https://doi.org/10.3390/plants11070916
https://doi.org/10.3390/su15043575
https://doi.org/10.20546/ijcmas.2018.709.404
https://doi.org/10.20546/ijcmas.2018.709.404
https://doi.org/10.1016/j.ejbt.2022.04.005
https://doi.org/10.1016/j.ejbt.2022.04.005
https://www.bps.go.id/indicator/12/1976/1/laju-pertumbuhan-penduduk.html
https://www.bps.go.id/indicator/12/1976/1/laju-pertumbuhan-penduduk.html
https://www.bps.go.id/indicator/12/1976/1/laju-pertumbuhan-penduduk.html
https://dataindonesia.id/agribisnis-kehutanan/detail/indonesia-produksi-nanas-hingga-289-juta-ton-pada-2021
https://dataindonesia.id/agribisnis-kehutanan/detail/indonesia-produksi-nanas-hingga-289-juta-ton-pada-2021
https://dataindonesia.id/agribisnis-kehutanan/detail/indonesia-produksi-nanas-hingga-289-juta-ton-pada-2021
https://dataindonesia.id/agribisnis-kehutanan/detail/indonesia-produksi-nanas-hingga-289-juta-ton-pada-2021
https://doi.org/10.32861/jbr.66.62.68
https://doi.org/10.32861/jbr.66.62.68


Journal of Tropical Crop Science Vol. 13 No. 2, June 2026 
www.j-tropical-crops.com

406 Yosua Pratama Simangunsong, Herdhata Agusta, Mochamad Hasjim Bintoro Djoefrie

Received 11/6/2024; Revised 4/24/2026; Accepted 6/10/2026
https://doi.org/10.29244/jtcs.13.02.395-406

cladonia verticillaris produce ultrastructural 
changes in Lactuca sativa seedlings. 
South African Journal of Botany, 9, 16–25. 
https://doi.org/10.1016/j.sajb.2015.02.002

Tiririca, C. I., Kuva, M. A., Pitelli, R. A., 
Christoffoleti, P. J., & Alves, P. L. C. A. 
(2000). Períodos de interferência das 
plantas daninhas na cultura da cana-
de-açúcar. Planta Daninha, 18(2), 241–
272. https://doi.org/10.1590/S0100-
83582000000200006

Tobimatsu, Y., & Schuetz, M. (2019). Lignin 
polymerization: How do plants manage 
the chemistry so well? Current Opinion 
in Biotechnology, 56, 75–81. https://doi.
org/10.1016/j.copbio.2018.10.001

Tong, Y., Liu, S. Y., Yi, S. C., Qiu, Z. X., 
Wang, Y. H., Zeng, D. Q., & Tang, 
W. W. (2021). Bruceine D, the main 
active ingredient of Brucea javanica 
(L.) residue inhibits the germination of 
Bidens pilosa L. seeds by suppressing 
phenylpropanoid biosynthesis. Industrial 
Crops and Products, 172, 1-10. https://doi.
org/10.1016/j.indcrop.2021.114079 

https://j-tropical-crops.com/index.php/agro
https://doi.org/10.29244/jtcs.13.02.395-406
https://doi.org/10.1016/j.sajb.2015.02.002
https://doi.org/10.1590/S0100-83582000000200006
https://doi.org/10.1590/S0100-83582000000200006
https://doi.org/10.1016/j.copbio.2018.10.001
https://doi.org/10.1016/j.copbio.2018.10.001
https://doi.org/10.1016/j.indcrop.2021.114079
https://doi.org/10.1016/j.indcrop.2021.114079



