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ABSTRACT

Objective: This study aimed to evaluate the effect of paraffin oil combined with a mixture of oil-soluble
surfactants (APMT) and vegetable oil plus polyalkylene oxide siloxane (ASOP) as adjuvants to enhance the
efficacy of herbicides for the control of Melochia nodiflora and Cynodon species in maize (Zea mays L.) crop.
Design/Methodology/Approach: The experiment involved the use of synthetic chemical herbicides and
a bioherbicide, applied at two dosage levels (50% and 100%), with or without the inclusion of either of the
two adjuvants under evaluation. The experimental design was a randomized complete block with a factorial
arrangement: factor A (herbicides) included seven levels, factor B (adjuvants) comprised four levels, and factor
C (evaluation dates) involved eight levels. Each block covered an area of 12 m?. Weed control effectiveness
was assessed weekly using the scale proposed by the European Weed Research Society (EWRS). Data were
expressed as percentages and subjected to arcsine transformation for statistical analysis. A three-way factorial
ANOVA (AXB X () and Tukey’s mean comparison test (¢ <0.05) were conducted using SAS software.
Results: In factor A, the highest weed control effectiveness was observed with glyphosate, BH2 (bioherbicide),
and dicamba+atrazine, achieving average control rates of 77.93%, 66.30%, and 54.91%, respectively. For factor
B, the highest control rates were obtained with 50% herbicide doses combined with adjuvants, particularly
APMT (55.85%) followed by ASOP (43.20%). Regarding factor C, the treatments exhibited their peak
effectiveness during the third evaluation, conducted 21 days after application.

Limitations/Implications: The findings highlight the potential to improve the control of the studied weed
species in maize crop and underscore the need to explore alternatives to glyphosate use.
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Findings/Conclusions: The application of paraffin oil and a mixture of oil-soluble surfactants significantly
enhanced the efficacy of herbicides, especially at the 50% dosage, for controlling weeds such as ammonium
glufosinate, dicamba+atrazine, carfentrazone ethyl, and glyphosate. Notably, the combination with
dicamba+atrazine showed the greatest improvement. Additionally, the use of vegetable oil plus polyalkylene
oxide siloxane was particularly effective in enhancing the performance of 2,4-D +carfentrazone ethyl and BH2.

Keywords: Bioherbicide, effectiveness, chemical herbicides, adjuvants.

INTRODUCTION

Maize (Zea mays L.), like other crops, is susceptible to various pests, including
weeds, insects, and fungi, which significantly impact grain production. Among these,
weeds are particularly critical, as inadequate or untimely control leads to competition
with crops for essential resources such as light, water, nutrients, and carbon dioxide
(Aguilar, 2003; Esqueda et al., 2009; Reséndiz et al., 2016). Weeds can reduce yields
by up to 80%, increase harvest costs, and affect product quality (Herndndez-Rios et al.,
2022). Currently, agricultural production has shown consistent growth, largely driven
by the use of chemical products for pest, disease, and weed control. In this context,
Melochia nodiflora (broadleaf: Malvaceae) and Cynodon species (narrowleaf: Poaceae) are
commonly found in crop fields in Guerrero, Mexico, causing significant economic losses
for farmers. Weed management in maize crop primarily relies on the application of
synthetic chemical herbicides (Kandel et al., 2019), including glyphosate (C;HgNO,P),
dicamba (CgH(Cl,O4), 2,4-D amine (CgHiCl,O;), metolachlor (C,;H,,CINO,),
atrazine (CgH ,CIN;), pendimethalin (C,3H;(N;O,), nicosulfuron (C ;H,;N;O¢S),
bentazon (C,,H;,N,O;S), and prosulfuron (C,;H(F;N;0,S) (INTAGRI, 2016).
However, the repeated use of the same active ingredients has led to the development of
resistance or multiple resistance in several weed species, posing a significant challenge
to the sustainability of agriculture. Both in Mexico and globally, cases of herbicide-
resistant weeds have been reported (Heap, 2024). Given this scenario, adopting more
integrated and sustainable weed management approaches is essential. This includes the
use of adjuvants, which optimize the efficacy of applied herbicides (Zimbdahl, 2000;
Woznica et al., 2007; Castro et al., 2018; Bell et al., 2019; Arispe-Vazquez et al., 2024).
Adjuvants are additives that enhance herbicide absorption and effectiveness, allowing
for lower application doses and reducing the potential for leaching into groundwater,
thus contributing to environmental preservation (Alva and Singh, 1991; Pannacci,
2010). There are three main categories of adjuvants: surfactants, oil-based adjuvants,
and spray utility agents (Bell et al., 2019). Examples include paraffin oil, vegetable
oil, and polyalkylene oxide siloxane (a silicon-derived compound), commonly used as
adjuvants in herbicide formulations (AB, 2025). Research is needed to identify effective
adjuvants for herbicide mixtures to optimize weed control in the field while reducing
the amount of active ingredients required (An ez al., 2024). Therefore, the aim of this
study was to evaluate the effect of paraffin oil and a mixture of oil-soluble surfactants
(APMT), as well as vegetable oil plus polyalkylene oxide siloxane (ASOP), as adjuvants
to enhance herbicide efficacy for the control of Melochia nodiflora and Cynodon species
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in maize crop. The research hypothesis proposed that the use of adjuvants would have

a synergistic effect on at least one of the herbicides under study.

MATERIALS AND METHODS
Study site

The research was conducted during the 2024 Spring-Summer cycle in a maize plot at
the vegetative stage (V10), located at the National Institute of Forestry, Agricultural and
Livestock Research — Iguala Experimental Field (INIFAP-CEIGUA) (Figure 1). The study
site is situated at coordinates 17° 52’ 54” N and 98° 45’ 25” W, at an altitude of 750 meters

above sea level.

Weed identification in the maize plot

The predominant weed species present in the maize plot prior to herbicide application
were Melochia nodiflora Sw. (aquiche chiquito, Malvaceae) and later Cynodon species
(stargrass, Poaceae), with plant heights ranging from 10 cm to 23 cm.

Experimental design

The experiment followed a randomized complete block design with a factorial
arrangement and three replicates. Factor A (products) included seven levels, factor B
(adjuvants) consisted of four levels, and factor C (evaluation dates) involved eight levels.
Due to the plot dimensions, each experimental unit (block) measured 4 m in width by 3 m
in length.

Treatment application

Synthetic chemical herbicides and one bioherbicide were applied at 50% and 100%
dosage levels, with and without the use of adjuvants (Table 1, Figure 3). The water used for
treatment application had a pH of 7.96 and an electrical conductivity of 0.62.

Figure 1. Geographic location of the experiment for weed control in the maize plot. A) Municipality of Iguala
de la Independencia, Guerrero. B) Maize plot. C) Presence of weeds.
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Table 1. Treatments applied for weed control in maize.

Active ingredient of the Dose Dose (%) Adjuvant*
herbicide (factor A) (mLe1L7}) osel® (factor B)
7.5 100 —
. . 3.75 50 —
Ammonium glufosinate
3.75 50 ASOP
3.75 50 APMT
5.62 100 —
2.81 50 —
Dicamba+atrazine
2.81 50 ASOP
2.81 50 APMT
4.75 100 —
2.37 50 —
2,4-D+ carfentrazone ethyl
2.37 50 ASOP
2.37 50 APMT
15 100 —
7.5 50 —
BH2 (bioherbicide)
7.5 50 ASOP
7.5 50 APMT
0.375 100 —
0.1875 50 —
Carfentrazone ethyl
0.1875 50 ASOP
0.1875 50 APMT
15 100 —
Glyphosate 7.5 50 -
7.5 50 ASOP
7.5 50 APMT
Control — — —

BH2: bioherbicide based on mullein, coconut oil, pine resin, Puccinia fungus, and
papain; ASOP: vegetable oil and polyalkylene oxide siloxane; APMT: paraffin oil and
a mixture of oil-soluble surfactants; The application dose for both adjuvants was 2
mL-L™" of water.

Weed control percentage

The evaluation was carried out weekly (a total of eight assessments), following the scale
established by the European Weed Research Society (EWRS), expressed in percentage
terms, where: 1=99-100% control; 2=96.5-99.0%, very good control; 3=93.0-96.5%, good
control; 4=87.5-93.0%, sufficient control; 5=80.0-87.5%, moderate control; 6=50.0-
80.0%, regular control; 7=50.0-70.0%, poor control; 8=1.0-50.0%, very poor control; and
9=0.0-1.0%, no effect (Champion, 2000).
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Data analysis

The results were handled in percentage terms, and data adjustment was performed
using arcsine transformation. A three-factor factorial analysis (AXBXC) was conducted,
where A=herbicides (seven levels), B=doses (four levels), and C=evaluation dates (eight
assessments). A mean comparison test was performed using Tukey’s method (@=<0.05),
with the analyses conducted using SAS software (SAS Institute, 2012).

RESULTS AND DISCUSSION

There were significant differences observed across the three factors (P<.0001), with a
coefticient of variation of 36.72. In factor A, the highest weed control effects were recorded
with glyphosate, BH2, and dicamba+atrazine, with mean control rates of 77.93%, 66.30%,
and 54.91%, respectively (Figure 2). Glyphosate [N-phosphonomethylglycine] functions
through competitive inhibition of the enzyme 5-enolpyruvyl-shikimate-3-phosphate
synthase, while dicamba+atrazine acts as a post-emergence herbicide for broadleaf
weed control, with two active ingredients: dicamba, which disrupts growth by acting as
a synthetic auxin, and atrazine, which inhibits photosynthesis at photosystem II (PSII)
(HRAC, 2025). In contrast, BH2 is a systemic and contact bioherbicide with broad-
spectrum activity, used for post-emergence control of both broadleaf and grassy weeds
(BioIech, 2024). It is worth noting that the mode of action of organic herbicides tends to be
less persistent and milder compared to synthetic chemical herbicides (Sigma, 2024). In this
study, BH2 was the second most effective treatment in factor A, highlighting its potential as
an alternative to glyphosate in maize crop. Excessive glyphosate use has led to an increase
in the number of resistant weed biotypes (Steed et al., 2013; Placido et al., 2014), with
350 cases of glyphosate-resistant weeds reported worldwide (Arispe-Vazquez et al., 2023).
Therefore, alternatives to glyphosate are essential for achieving sustainable production
systems that contribute to improving maize yields. Without effective weed control, yield
losses can be severe or even total (Figure 3).
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Figure 2. Factor A. Synthetic herbicides and bioherbicide used for weed control in maize crop. Treatments
sharing the same letter are statistically similar (Tukey, 0.05).
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Figure 3. Corn plot without adequate weed control.

Infactor B, the use of adjuvants significantly enhanced the effectiveness of both herbicides
and the bioherbicide. The application of herbicides at a 50% dose combined with adjuvants,
particularly APMT and subsequently ASOP, resulted in higher weed control effectiveness,
achieving 43.20% and 41.25%, respectively. In contrast, the treatments applied at a 50%
dose without the use of adjuvants yielded the lowest control levels, with an effectiveness of
only 37.41% (Figure 4).

To enhance efficacy, many post-emergence herbicides can be applied together with
adjuvants, and some authors suggest that herbicide doses can be reduced when combined
with adjuvants, achieving similar or even better effects compared to using the herbicide at
full strength (Hart et al., 1992; Bunting et al., 2004; Bautista et al., 2020; Arispe-Vazquez
et al., 2024). Several factors can influence herbicide application effectiveness, such as
wind speeds greater than 15 km-h™ ! pH levels, high temperatures, and low relative
humidity, which can promote droplet evaporation, leading to the loss of active ingredients
and reduced control efficacy, as well as adverse environmental impacts (Farrera, 2004;
Etchegoyen, 2017). In this study, applications were carried out at 8:00 a.m. under calm
conditions, with wind speeds of only 3 km/h. Regarding factor C, the treatments reached
their peak effectiveness during the third evaluation (21 days after application), with an
average control rate of 60.29%. Although treatment effectiveness decreased in subsequent

60 55.86
50
40
30

20

Percentage control

10

Doses 100% APMT ASOP Doses 50%

Adyuvants

Figure 4. Factor B. Adjuvants used for weed control in maize crop. Treatments sharing the same letter are
statistically similar (Tukey, 0.05).
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evaluations, high control rates were still observed during the fifth evaluation (35 days after
application) (Figure 5, Figure 6). Similarly, Rodriguez (2011), in an evaluation of post-
emergence herbicides in maize in Jalisco, including tembotrione, aminopyralid+2,4-D,
ammonium glufosinate, and dicamba+atrazine, reported a decline in effectiveness
beginning at 30 days after application.

In the interaction between factors A*B, the glyphosate and dicamba+atrazine
treatments stood out as the most effective for weed control in maize. For glyphosate, the
100% dose (15 mL L! water) achieved the highest control at 87.875%, followed by the
50% dose (7.5 mL L water) combined with APM'T, which reached 80.833%. In the case
of dicamba+atrazine, the 100% dose achieved 82.917% control, while the 50% dose (2.81
mL L™ water) combined with APMT resulted in 72.167% control. Notably, in both cases,
the use of the herbicide at 50% combined with the APMT adjuvant provided a higher
weed control effect compared to the 50% herbicide dose applied without adjuvant (Table
2). These results align with those reported by Brankov et al. (2023), who indicated that low
herbicide doses combined with adjuvants showed no significant differences in effectiveness
compared to full herbicide doses without adjuvant addition. Reducing herbicide amounts
through the use of adjuvants decreases chemical input into the environment, thereby
reducing potential contamination of soil, water, and air, and lowering the risk of adverse
effects on non-target organisms such as beneficial insects, birds, and other wildlife.

It is important to emphasize that not all herbicides should be applied with any adjuvant,
as synergistic results are not always guaranteed. Certain herbicides may be incompatible
with specific adjuvants, and their combination may lead to unpredictable interactions
or interference between their modes of action (Espinoza et al., 2012). Such antagonistic
reactions can reduce weed control efficacy (Holshouser and Cooble, 1990; Burke ez al., 2002).
Therefore, it is recommended to review existing information about the specific herbicide
and adjuvant combination before use. In the absence of documented compatibility, a
small preliminary test is advised before full-scale application. In the interaction between
factors B¥C, the highest control effect was observed with the 100% dose during the second
evaluation, achieving 72.857%. The second-best result corresponded to the use of APMT
during the third evaluation week, with 59.429% control (Table 2). Finally, in the interaction

70
60.298 59.833 58.714

60 51.31

50 46.774

4 38.012

3 23.786

D) 16.726

1 a ab be [ d © l
0

Date 3 Date 2 Date 4 Date 1 Date 5 Date 6 Date 7 Date8

o o o

Porcentage control

o

Evaluation dates

Figure 5. Factor C. Evaluation dates for weed control in maize crop. Treatments sharing the same letter are
statistically similar (Tukey, 0.05).
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Figure 6. Effect of treatments during the fifth evaluation (35 days after application). A=ammonium
glufosinate at 50%; B=ammonium glufosinate+APMT (2 mL L7 of water); C=dicamba+atrazine at 50%;
D=dicamba+atrazine at 50%+APMT (2 mL L7 of water); E=2,4-D +carfentrazone ethyl at 50%; F=2,4-
D+ carfentrazone ethyl at 50%+ASOP (2 mL L™ of water); G=BH2 at 50%; H=BH2 at 50%+ASOP (2 mL
L™! of water); I=carfentrazone ethyl at 50%; J=carfentrazone ethyl at 50%+APMT (2 mL L™" of water);
K=glyphosate at 50%; L=glyphosate at 50%+APMT (2 mL L™" of water); MN=control (some weeds taller

than the maize plants).
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between factors A*C, the treatments showing the highest weed control were glyphosate and

BH2 during the third evaluation week, achieving 96.417% and 80.0% control, respectively

(Table 2). It is important to note that glyphosate is a synthetic chemical herbicide, while

BH2 is a bioherbicide. Typically, bioherbicides exhibit milder action and tend to decompose

more rapidly in the environment (Sigma, 2024).

Table 2. Interaction between factors A, B and C in weed control in corn crops.

AB Average Sg BC Average Sg AC Average Sg
61 87.875 a 12 72.857 a 63 96.417 a
21 82.917 ab 13 72.286 a 64 95.75 ab
64 80.833 ab 14 71.667 a 62 94.917 abc
41 73.292 abc 11 62.952 ab 61 89.167 abcd
63 73.167 abc 15 60.524 abc 43 88.000 abcd
43 73.125 abc 43 59.429 abc 44 87.667 abcd
42 72417 abc 32 58.429 abc 65 85.917 abcde
24 72.167 abc 33 58.143 abc 42 85.000 abcde
62 69.875 abc 44 57.857 abc 33 77.333 abcdef
31 65.792 bede 42 57.095 abcd 34 77.083 abcdef
33 60.667 bede 34 55.476 abcde 66 75.75 abcdef
11 54.042 defg 23 51.333 bedef 22 72.167 abcdefg
14 52.458 defg 16 50.952 bedefg 11 72.083 abcdefg
12 49.583 efg 22 50.952 bedefg 23 71.75 abcdefg
44 46.375 fg 41 50 bedefg 45 70.917 abcdefg
23 46.042 fg 24 49.857 abcdefg 24 70.250 abcdefg
32 39.25 gh 31 47.714 bedefgh 12 70.250 abcdefg
34 37.083 gh 35 44.619 bedefgh 32 68.833 bedefg
51 27.083 hi 21 44.571 bedefgh 41 68.417 bedefg
13 24.500 hi 45 43.667 cdefgh 13 65.667 defgh
22 18.542 i 25 38.286 defghi 46 62.917 defghi
54 13.542 ij 46 37.857 efghij 14 62.75 defghi
52 12.208 ij 36 32.762 fehijk 35 60.417 efghij
53 11.25 ij 17 32.048 ghijk 25 60.167 efghij
71 0 ] 26 30.476 hijk 21 54.667 fehijk
72 0 ] 47 23.81 ijk 67 51.833 fghijkl
73 0 j 18 23.571 ijkl 26 48.583 ghijklm
74 0 ] 37 20.238 ijkl 36 46.5 ghijklm
- - - 27 19.048 jkl 47 40 hijklmn
- - - 48 15.952 kl 15 39.583 hijklmn
- - - 28 14.762 kl 51 39 hijklmn
- - - 38 12.619 1 31 35.833 hijklmn
- - - - - - 27 35.5 jklmno
- - - - - - 68 33.75 jklmno
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Table 2. Continues...

AB Average Sg BC Average Sg AC Average Sg
- - - - - - 52 27.667 klmnop
B, - . - - - 48 27.5 Imnop
- - - - - - 16 27.5 Imnop
, - - - - - 28 26.25 Imnopq
- - - . - - 37 22.917 mnopq
- . - - - - 53 22.917 mnopq
- - - - = - 54 17.5 nopq
- - - - - - 38 16.667 nopq
- - - - - - 17 13.75 nopq
- . - - - - 55 10.417 nopq
. - - - - - 18 9.583 q
_ - - - - - 56 4.833 q
. - - - - - 58 3.333 q
_ - - - - - 57 2.5 q
- - - - - - 71 0 q
- - - - - - 72 0 q
- - - - - - 73 0 q
- . - - - - 74 0 q
- - - - - - 75 0 q
- - - - - - 76 0 q
- - - - - - 77 0 q
- - - - - - 78 0 q

Sg: Statistical grouping. Treatments sharing the same letter are statistically similar (Tukey, 0.05).

CONCLUSIONS

The use of paraffin oil combined with a mixture of oil-soluble surfactants enhanced
the weed control effect when herbicides were applied at 50%, particularly with ammonium
glufosinate, dicamba+atrazine, carfentrazone ethyl, and glyphosate, with dicamba+atrazine
standing out as the most effective. In contrast, the combination of vegetable oil plus
polyalkylene oxide siloxane improved the effectiveness of 2,4-D+carfentrazone ethyl and
BH2. The use of adjuvants in herbicide applications may offer multiple benefits; however,
it also presents challenges that must be addressed to maximize their effectiveness and

sustainability.
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