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-based QSAR modeling assay for
the nitrification inhibition of 2,4,5-trichloroaniline-
derived eco-friendly Schiff bases

Tilak Mondal,*a Rajesh Kumar,b Santanu Mukherjee, *cd Nilimesh Mridha,a

Namrata Laskar,a Avijit Das,a Pradip Basak,e Atul Singha,a Kanchan Sinhaf

and Dinesh Babu Shakyawara

Twenty-one Schiff bases were synthesized from 2,4,5-trichloroaniline and characterized by instrumental

techniques such as 1H NMR, 13C NMR and IR spectroscopy. The compounds were tested for their ability

to inhibit nitrification in soil nitrifying bacteria under controlled laboratory conditions over 28 days at

three different concentrations (1%, 5%, and 10%), with N-serve and Dicyandiamide (DCD) used as

nitrification inhibitors. All the tested compounds showed markedly higher ammonium-N levels (33–

185 mg kg−1) and lower nitrate-N levels (23–137 mg kg−1) compared to the control treatment with urea

alone. The synthesized compounds were found to be extremely efficient nitrification inhibitors (15–77%)

and enhanced soil microbial activities including soil respiration (32.2–34.0 mg CO2-C per g),

dehydrogenase activity (43–46.4 mg TPF per g soil per 24 h) and microbial biomass carbon (537.2–556.3

mg gm−1), compared to other treatments, demonstrating superior microbial activity and soil health. The

most important compounds identified from the series were C21, C20, and C3. Pair t-test was performed

within the treatment concentration and found that all the treatments differed significantly in terms of

mean responses from each other. Statistical and machine leaning models such as stepwise multiple

linear regression, artificial neural network (ANN), support vector regression and random forest were used

to validate the quantitative structure activity relationship (QSAR) of the synthesized compounds with their

nitrification inhibition property. ANN models developed based on feature variables selected from random

forest regression were found to be the best fitted models for predicting nitrification inhibition activity at

1%, 5% and 10% of treatment doses.
1. Introduction

Nitrogen (N) is the most important primary nutrient and
considered an essential element for plant growth and develop-
ment. Indian soils generally have low levels of plant-available
nitrogen, with a nitrogen content of approximately 0.05%.1

Therefore, application of chemical fertilizer in a judicious
amount is a pre-requisite to fulll the crop N requirement to
feed nearly 1.4 billion people.2 Nitrogen fertilizers are usually
supplied in three forms, urea, ammonia and nitrate. Urea
undergoes enzymatic hydrolysis and is converted into ammonia
gineering and Technology, Kolkata, India.

Delhi, India

versity of Biotechnology and Management

229, Himachal Pradesh, India. E-mail:

ineering, Faculty of Engineering, Toyama

u, Toyama 939-0398, Japan

Behar, West Bengal, India

Institute, New Delhi, India

the Royal Society of Chemistry
and subsequently to ammonium. The plants uptake N either in
ammonium (NH4

+) or nitrate (NO3
−) form and leover NH4

+ is
converted into NO3

− by the nitrication process which is facil-
itated by the chemolithoautotrophic groups of soil bacteria,
namely Nitrosomonas and Nitrobacter. Nitrication is the bio-
logical process that converts NH4

+ or nitrogenous fertilizers into
nitrite (NO2

−) and then into NO3
−. However, excessive nitri-

cation and the rapid formation of nitrate can lead to fertilizer
waste and groundwater pollution.3,4 Nitrogenous fertilizers,
especially urea, have low nitrogen use efficiency (NUE), with
only 20–30% being utilized, due to losses from ammonia vola-
tilization, nitrate leaching, and denitrication.5 Cardoen et al.
(2015) discussed that up to 60–80% of nitrogen from urea
fertilizers can be lost, highlighting the need for better nitrogen
management.6 In wetland paddy elds, only 30–40% of applied
nitrogen is used effectively, with the rest lost through emis-
sions, runoff, or leaching.7,8 Therefore, improvement of nutrient
management is essential to increase the crop productivity
which can be achieved by increasing NUE of applied fertilizer.
The low NUE due to nitrication and other losses worth Rs. 85
RSC Adv., 2026, 16, 10549–10564 | 10549
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000 crores and impose signicant impact on nation's economy
and environment.9,10

For increasing the NUE, use of nitrication inhibitors along
with nitrogenous fertilizers is the most suitable approach
among the different cultural and chemical management prac-
tices followed in the eld.11–13 Nitrication inhibitors are
substances designed to slow down the conversion of ammo-
nium to nitrite by specically targeting Nitrosomonas bacteria.
These inhibitors do not affect the subsequent transformation of
nitrite to nitrate. By delaying the oxidation of ammonium-N to
nitrite-N, they enhance NUE in soil. Several commercial nitri-
cation inhibitors are available to reduce nitrogen losses from
fertilizers, targeting the enzyme ammonia monooxygenase
(AMO), which catalyzes the initial oxidation of ammonia to
hydroxylamine.14 Common inhibitors like nitrapyrin, di-
cyandiamide, and etridiazole15 are incorporated into fertilizers
to improve NUE in crops. However, these inhibitors are not
widely adopted at the farmer level due to their environmental
persistence, potential impact on non-target soil microorgan-
isms,16 and issues like complex synthesis, high toxicity, low
stability, high application rates, and costly formulations.

Schiff bases are widely utilized in enhancing human welfare
and agricultural systems due to their broad range of biological
activities. These compounds are known for their antibacterial,17

antiviral, and antimicrobial properties.18,19 Many compounds
containing the C]N group have been identied as effective
nitrication inhibitors20,21 and have demonstrated antifungal,
pesticidal activities.22,23 The synthesis and study of imines,
formed by the reaction of carbonyl compounds with primary
amines have garnered signicant interest in recent years. The
carbon–nitrogen double bond in imines provides a key site for
both chemical and biological reactivity.19,25 The conventional
synthesis of Schiff bases is straightforward and environmentally
Fig. 1 Schematic reaction diagram of 2,4,5-trichloro-aniline based Schiff
and R00 denoted di-substituted benzaldehyde and R0, R00 & R000 denoted tr

10550 | RSC Adv., 2026, 16, 10549–10564
friendly.24,25 To explore the wide spectrum bioactive potential of
Schiff bases, our present study was formulated. In this novel
study, the nitrication inhibitory activity of synthesized 2,4,5-
trichloro aniline based Schiff bases against the nitrifying soil
bacteria have been reported. We have also validated their
nitrication inhibition activity with the developed QSARmodels
by multiple linear regression analysis using their various
distance based topological indices, steric and hydrophobic
parameters. The models were justied with the application of
principal component regression analysis.
2. Materials and methods

2,4,5-Trichloroaniline, twenty-one different aldehydes, meth-
anol, ethanol, hexane, ethyl acetate, nitrapyrin, Dicyandiamide
(DCD), sodium sulphate, phenol crystal, sodium nitroprusside,
hypochlorite (alkaline), ammonium chloride, sulfanilic acid, N-
(1-Naphthyl) ethylenediamine dihydrochloride (NED), sodium
nitrite, sodium hydroxide and potassium nitrate were procured
from Sigma-Aldrich Chemicals Pvt. Ltd, SD Fine Chemicals Ltd,
Qualigens Fine Chemicals, andMerck India Ltd respectively. All
procured chemicals were of analytical grade (>99% purity).

The reactions were conducted using conventional methods
(Aggarwal et al. 2009)24 with slight modication as per the
method previously published by the authors (Mondal et al.
2024).25 A mixture of 2,4,5-trichloroaniline, and various
substituted benzaldehydes in methanol was stirred for 4–6 h at
ambient temperature (Fig. 1 and Table 1). The progress of
various reactions was examined by thin-layer chromatography
(TLC) method. The resulting solid precipitate was ltered,
washed with methanol, and further puried by recrystallization
in ethanol.25 The reactions were carefully monitored using TLC
chamber, employing ethyl acetate and hexane (50 : 50) as the
base compound. Here R0 denotedmono-substituted benzaldehyde; R0

i-substituted benzaldehyde in the reaction.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthesis of 2,4,5-trichloro-aniline based Schiff base compounds using different benzaldehyde

Comp. no. Aldehyde (B) Synthesized Schiff base compounds

C1 2,4-Dihydroxy-benzaldehyde

(2,4,5-trichloro-phenyl)(2,4-dihydroxy-benzylidene)amine

C2 2-Methoxy-4-hydroxy-benzaldehyde

(2,4,5-trichloro-phenyl)(2-methoxy-4-hydroxy-benzylidene)amine

C3 3,4,5-Trimethoxy-benzaldehyde

(2,4,5-trichloro-phenyl)(3,4,5-trimethoxy-benzylidene)amine

C4 3,4-Dimethoxy-benzaldehyde

(2,4,5-trichloro-phenyl)(3,4-dimethoxy-benzylidene)amine

C5 4-Methoxy-benzaldehyde

(2,4,5-trichloro-phenyl)(4-methoxy-benzylidene)amine

C6 4-Nitro-benzaldehyde

(2,4,5-trichloro-phenyl)(4-nitro-benzylidene)amine

C7 4-Bromo-benzaldehyde

(2,4,5-trichloro-phenyl)(4-bromo-benzylidene)amine

C8 3-Methyl-benzaldehyde

(2,4,5-trichloro-phenyl)(3-methyl-benzylidene)amine

C9 4-Chloro-benzaldehyde

(2,4,5-trichloro-phenyl)(4-chloro-benzylidene)amine

C10 2-Pyridyl-benzaldehyde

(2,4,5-trichloro-phenyl)(2-pyridylidene)amine

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 10549–10564 | 10551
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Table 1 (Contd. )

Comp. no. Aldehyde (B) Synthesized Schiff base compounds

C11 1-Napthyl-benzaldehyde

(2,4,5-trichloro-phenyl)(1-naphthalene)amine

C12 4-Triuromethyl-benzaldehyde

(2,4,5-trichloro-phenyl)(4-triuoromethyl-benzylidene)amine

C13 4-Methylsulfanyl-benzaldehyde

(2,4,5-trichloro-phenyl)(4-methylsulfanyl-benzylidene)amine

C14 4-tert-Butyl-benzaldehyde

(2,4,5-trichloro-phenyl)(4-tert-butyl-benzylidene)amine

C15 4-Ethyl-benzaldehyde

(2,4,5-trichloro-phenyl)(4-ethyl-benzylidene)amine

C16 4-Ethoxy-benzaldehyde

(2,4,5-trichloro-phenyl)(4-ethoxy-benzylidene)amine

C17 4-Hydroxy-benzaldehyde

(2,4,5-trichloro-phenyl)(4-hydroxy-benzylidene)amine

C18 4-Methyl-benzaldehyde

(2,4,5-trichloro-phenyl)(4-methyl-benzylidene)amine

C19 2-Napthyl-benzaldehyde

(2,4,5-trichloro-phenyl)(2-naphthalene)amine

10552 | RSC Adv., 2026, 16, 10549–10564 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Comp. no. Aldehyde (B) Synthesized Schiff base compounds

C20 4-iso-Propyl-benzaldehyde

(2,4,5-trichloro-phenyl)(4-iso-propyl-benzylidene)amine

C21 2-Methoxy-4-methoxy-benzaldehyde

(2,4,5-trichloro-phenyl)(2-methoxy-4-methoxy-benzylidene)amine
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developing solvent system and visualized the reaction plate in
iodine chamber. The synthesized Schiff base compounds were
conrmed by measuring their melting points by an electro-
thermal melting point apparatus (Lab india MPA 120). NMR
spectra were recorded on a Bruker Avance 400 MHz instrument,
with the compounds dissolved in CDCl3 or DMSO-d6. IR spectra
were obtained using a Bruker Alpha FT-IR spectrophotometer in
automatic mode.

Soil for the in-vitro incubation experiments was collected
from the Indian Agricultural Research Institute (IARI) farm,
New Delhi (28.64° N and 77.12° E). All the collected soil samples
were subjected to the physico-chemical parameters analysis in
the laboratory and had the following characteristics such as
60.8% sand, 18.7% silt, 20.5% clay, 35.5% water holding
capacity, 1.51 mg kg−1, bulk density, 0.5% organic carbon,
553.72 mg kg−1, available nitrogen, pH 7.9 (1 : 2.5 soil-to-water
ratio), and an electrical conductivity (EC) of 0.35 dS m−1 at
25 °C. The experiments were carried out using a completely
randomized design (CRD) with three replicates (n = 3).
Fertilizer-N was added at a rate of 1000 mg kg−1 along with urea-
N in each sample. Both synthesized Schiff base compounds (C1
to C21) and control samples were also included for the experi-
ment. Nitrapyrin and DCD commercially available nitrication
inhibitors were used as a reference inhibitor.26 Samples were
placed in plastic beakers with air-dried and sieved (2 mm mesh
sieve) soil. The desired amounts of test compounds (C1–C21)
were added to the soil and mixed uniformly. Distilled water and
urea (source of N) were then incorporated into the soil and
mixed well, adjusting the moisture content to approximately
70%. The sample containers were incubated at a temperature of
28 ± 1 °C with a relative humidity of 98% in a controlled
environment. Samples were collected at intervals on the 7th,
14th, 21st, and 28th days of incubation to measure ammonium,
nitrate, and nitrite-N levels.

To extract nitrate, nitrite, and ammonium-N from soil
samples, 50 mL 2 M aq. sodium sulphate (Na2So4) solution was
added into the soil. The mixture was shaken for one hr and the
extract was ltered using Whatman no. 1 lter paper (125 mm)
and the ltrate was stored in capped PET bottles in
© 2026 The Author(s). Published by the Royal Society of Chemistry
a refrigerator at 5 °C until further analysis. The indophenol blue
method, the sulfanilic acid method and the phenol disulphonic
acid methods were applied for ammonium-N, nitrite-N and
nitrate-N respectively. The absorbance wasmeasured at 630 nm,
550 nm, and 410 nm, respectively, using a spectrophotometer
(Agilent Technologies, Cary 60 UV-vis). To calculate the
percentage of nitrication inhibition, determine the levels of
NH4

+-N, NO3
−-N, and NO2

−-N from standard curves and express
them in mg kg−1. The nitrication rate computed using the
following formula,27 NR = (NO3

−-N + NO2
−-N) × 100/(total-N)

where, total-N = NH4
+-N + NO3

−-N + NO2
−-N. The percentage

of nitrication inhibition (NI) was estimated as, NI % = ((NR in
control − NR in treated)/NR in control) × 100. In this formula
where, nitrication rate (NR) in control refers to the nitrication
rate observed in the control samples and NR in treatment refers
to the nitrication rate observed in the treated samples.
2.1. Assessment of soil microbial activities

In this study, soil dehydrogenase activity (DHA), soil respira-
tion, and microbial biomass carbon (MBC) were analyzed using
standard methods.28 Soil samples were collected from highest
treatment dose i.e. 10% aer the nitrication study at 28th days.
These samples were air-dried, sieved, and stored for microbial
analysis. For DHA, 3 g of soil was incubated with 3% of triphenyl
tetrazolium chloride (1 mL) at 37 °C for 24 h. The produced
formazan was then extracted with methanol, and its absorbance
was measure at 485 nm using a spectrophotometer.28 Soil
respiration was measured by placing 50 g of soil in an incuba-
tion jar with 10 mL of 0.5 M sodium hydroxide (NaOH) to trap
CO2 at 25 °C for 7 days. Following incubation, barium chloride
(BaCl2) was added to the NaOH solution to precipitate
carbonate, and the remaining NaOH was titrated with 0.1 M
hydrochloric acid (HCl) using phenolphthalein as an indi-
cator.29 The MBC was determined using the chloroform
fumigation-extraction method. In this process, 10 g of soil was
fumigated with chloroform for 24 hours, and then extracted
with 0.5 M potassium sulfate. The organic carbon in the extracts
was measured using a dichromate digestion method, and MBC
was calculated as the variation between the treated and non-
RSC Adv., 2026, 16, 10549–10564 | 10553
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Table 2 Physico-chemical and yield percentage data of 2,4,5-tri-
chloro aniline based synthesized Schiff base compounds

S. no. Substituted aldehyde (R) mpa (°C) Rf
b % Yield

1 2,4-(OH)2C6H3 185–187 0.70 81
2 2-OCH3-4-OH C6H3 180–182 0.61 48
3 3,4,5-(OCH3)3C6H2 116–118 0.47 72
4 3,4-(OCH3)2 C6H3 108–110 0.43 75
5 4-OCH3C6H4 97–98 0.52 67
6 4-NO2C6H4 62–65 0.72 82
7 4-BrC6H4 68–70 0.6 75
8 3-CH3C6H4 99–101 0.53 73
9 4-ClC6H4 102–105 0.58 80
10 2-Pyridyl 108 0.39 67
11 1-Napthyl 135–137 0.45 77
12 4-CF3C6H4 77–79 0.48 87
13 4-SCH3C6H4 140–143 0.67 61
14 4-C(CH3)3C6H4 70–71 0.41 58
15 4-C2H5 65–66 0.52 47
16 4-OC2H5C6H4 81–83 0.69 72
17 4-OHC6H4 75–78 0.54 82
18 4-CH3C6H4 87–89 0.42 78
19 2-Naphthyl 165–169 0.65 84
20 4-(CH3)2CH C6H4 59–61 0.71 46
21 2,4-(OCH3)2C6H3 140–142 0.52 79

a mp = observed melting point. b Solvent system = [ethyl acetate :
hexane; 50 : 50].
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treated samples, using a kEC (extractable C to biomass C
conversion factor) factor of 0.45.30

2.2. Quantitative structural activity relationship (QSAR)

Various physicochemical descriptors and topological parame-
ters were computed using Marvin Sketch soware. The
Table 3 Infra-red, 1H NMR and 13C NMR conformation data of 2,4,5-tr

S. no. R IR (cm−1) (C]N)

1 2,4-(OH)2C6H3 1574
2 2-OCH3-4-OH C6H3 1595
3 3,4,5-(OCH3)3C6H2 1582
4 3,4-(OCH3)2 C6H3 1597
5 4-OCH3C6H4 1558
6 4-NO2C6H4 1524
7 4-BrC6H4 1558
8 3-CH3C6H4 1541
9 4-ClC6H4 1541
10 2-Pyridyl 1556
11 1-Napthyl 1541
12 4-CF3C6H4 1542
13 4-SCH3C6H4 1553
14 4-C(CH3)3C6H4 1606
15 4-C2H5 1558
16 4-OC2H5C6H4 1601
17 4-OHC6H4 1541
18 4-CH3C6H4 1557
19 2-Naphthyl 1554
20 4-(CH3)2CH C6H4 1606
21 2,4-(OCH3)2C6H3 1607

10554 | RSC Adv., 2026, 16, 10549–10564
calculated values are presented in (SI Table 2). These values are
further used to develop suitable statistical models31 for pre-
dicting the potential activity of prepared Schiff base compounds
for their nitrication inhibition.
2.3. Statistical analysis

The experimental data were analyzed using statistical proce-
dures outlined by Gomez and Gomez (1984).32 The analysis of
variance and Duncan's Multiple Range Test (DMRT) were
carried out using SPSS version 16.0 to compare treatment
means at a 5% signicance level. Paired t-test was performed to
identify the treatment differences in nitrication inhibition
activity. Nitrication inhibition activity was predicted using
stepwise regression model as well as machine learning models
such as random forest, support vector regression (SVR) and
articial neural network (ANN). Stepwise regression and
machine learning models have been applied to check the
signicance of synthesized Schiff considering the bases at 1%,
5% and 10% doses as dependent variable and physiochemical
factor as explanatory variable. Out of total 21 observations, 17
were randomly chosen as training dataset and remaining were
used as testing dataset. The data was partitioned into 80 : 20 as
training: testing ratio. Models were tted based on the training
dataset and further, these were validated using test dataset.
Before performing ANN, all parameters were scaled as a part of
the data analysis process.
3. Results and discussion
3.1. Synthesis of 2,4,5-trichloro aniline based Schiff bases

Schiff bases derived from 2,4,5-trichloroaniline were synthe-
sized by condensing aniline with various aldehydes, resulting in
ichloro aniline based synthesized Schiff base compounds

1H NMR (CH]N, d, ppm) 13C NMR (CH]N, d, ppm)

8.9 (singlet) 165.45
8.42 (singlet) 164.2
8.49 (singlet) 164.48
8.48 (singlet) 164.17
8.51 (singlet) 163.96
8.4 (singlet) 162.7
8.60 (singlet) 163.84
8.32 (singlet) 163.39
8.62 (singlet) 163.68
8.64 (singlet) 155.25
8.41 (singlet) 164.93
8.716 (singlet) 163.68
8.31 (singlet) 162.4
8.56 (singlet) 164.58
8.42 (singlet) 163.69
8.46 (singlet) 163.69
8.3 (singlet) 163.43
8.32 (singlet) 163.04
8.78 (singlet) 163.61
8.31 (singlet) 163.48
8.47 (singlet) 188.38

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Infra-red spectra of (2,4,5-trichlorophenyl) aniline-based Schiff base compound.
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twenty-one novel azomethine compounds presented in Fig. 1.
Reactions were completed within 4–6 hours at room tempera-
ture, yielding 45% to 80%withmelting points ranging from 60 °
C to 186 °C (Mondal et al. 2024).25 Purity was assessed with
retardation factors (Rf) between 0.4 and 0.7, as shown in Table 3.
Dhiraj et al. (2020) have also reported a similar type of results
for m-nitroaniline-based Schiff base compounds.33 All synthe-
sized compounds were characterized using physicochemical
and spectral studies (Tables 2, 3 and SI Table 1). Spectral
analysis conrmed the identity of the compounds, showing
a characteristic azomethine group (CH]N) band at 1550–
1610 cm−1 and broad band at around 3300–3400 cm−1 due to
Fig. 3 1H NMR spectra of (2,4,5-trichlorophenyl) aniline based Schiff ba

© 2026 The Author(s). Published by the Royal Society of Chemistry
O–H stretching vibration of phenolic group in IR spectra pre-
sented in Fig. 2, matched with the ndings of Aggarwal et al.
(2009) and Jyoti Kumari (2024).24,34,35 The 1H NMR and 13C NMR
spectra as shown in Fig. 3 and 4 provided singlet peaks at
d 8.34–8.45 and 163–165, respectively, consistent with ndings
Ommenya et al. (2020) and Rani et al. (2024).36,37
3.2. Ammonium-N content

All the synthesized Schiff bases (SI Table 3), across the time and
concentration showed considerably better NH4+-N content (33–
185 mg kg−1) in comparison to untreated samples (8–91 mg
kg−1) throughout the incubation period. The respective NH4+-N
se compound.

RSC Adv., 2026, 16, 10549–10564 | 10555
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Fig. 4 13C NMR spectra of (2,4,5-trichlorophenyl) aniline-based Schiff base compound.
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content for the reference inhibitors i.e. nitrapyrin and DCDwere
110–185 and 71–174 mg kg−1 respectively during the study
period. In the experiment, compounds C3, C5, C15, C18, and
C21 effectively maintained NH4

+-N levels throughout the incu-
bation period. Their performance at respective doses was
comparable to the reference inhibitors, nitrapyrin and DCD (SI
Table 3). At 10% concentration level, the reference inhibitor
nitrapyrin maintained the highest NH4

+-N (141–182 mg kg−1)
during the incubation period.

Among the synthesized potential Schiff bases, C6 was best at
on 7th day with maximum NH4

+-N (185 mg kg−1) but its effect
was not persistent in conserving the NH4

+-N. The NH4
+-N

content for C6 was 104 mg kg−1 as compared 120 mg kg−1 for
the best performer on 28th day. Compound C18 was better
which retained 167, 148 and 120 mg kg−1 NH4

+-N on 14th, 21st
and 28th day respectively. Its performance was superior to DCD
on 7th, 14th and 21st day and at par with DCD on the 28th day
as evident from CD values (SI Table 2). The next best in
performance was C15, with values 120–176 mg kg−1 NH4

+-N
being comparable with DCD on 7th, 14th and 28th day with
little moderate performance on 21st day. The synthesized Schiff
base compound C3, with NH4

+-N levels of 114–180 mg kg−1,
remained in the top ve through the 21st day. Similarly,
compound C5, maintaining NH4

+-N levels of 114–185 mg kg−1

during incubation, up to the 14th day. The remaining
compounds showed moderate effectiveness, performing below
the reference standard inhibitors (nitrapyrin and DCD) in
maintaining NH4

+-N. However, all tested compounds were
effective in maintainingNH4

+-N levels, ranging from 83–185 mg
kg−1 at various stages of incubation, compared to urea alone,
which had levels of 8–91 mg kg−1.
10556 | RSC Adv., 2026, 16, 10549–10564
The conservation of NH4
+-N with synthesized compounds

was observed in a dose dependent nature (SI Table 3).20,21 At 5%
level of concentration the NH4

+-N content for nitrapyrin and
DCD were 126–180 and 104–148 mg kg−1 respectively. Among
the series, compound C3, was most active on all the days except
on 14th day. The other potent molecules were C15, C21, C18 and
C5 with respective NH4

+-N, 99–163, 94–163, 95–158 and 93–
160 mg kg−1. The remaining Schiff bases exhibited moderate
activity in retaining NH4

+-N. The tested compounds demon-
strated consistent performance at the lower concentration level
of 1%, comparable to their effectiveness at higher doses.
Signicantly higher NH4

+-N was detected with the compounds
C3, C15, C20 and C21 on all the days. The respective NH4

+-N
content was 67–138, 74–138, 74–134 and 79–145mg kg−1 during
the entire incubation period. Similar ndings were reported by
Li et al. (2024), the application of 3,4-dimethylpyrazole (DMP)-
based nitrication inhibitors during a 35 day incubation
study signicantly increased soil NH4

+-N concentrations in the
rst 25 days and decreased concentrations thereaer.38 The
reference standards, nitrapyrin and DCD showed 110–161 and
71–131 mg kg−1 NH4

+-N on all the sampling days.

3.3. Nitrite and nitrate-N content

The nitrite-N content was insignicant (<0.5 mg kg−1) across all
the treatments on each sampling day.

3.3.1. Nitrate-N content. The nitrate-N content was signif-
icantly lower in all the tested chemicals compared to urea (SI
Table 4). These compounds effectively reduced NO3

−-N levels to
4–80 mg kg−1 on day 7, 11–101 mg kg−1 on day 14, 21–127 mg
kg−1 on day 21, and 33–137 mg kg−1 on day 28 of incubation. In
comparison, the NO3

−-N levels in urea alone were 86 mg kg−1,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Effect of 2,4,5-trichloro aniline based Schiff bases on nitrification inhibition (%) at three different treatment dosesa

Sl. no. R Dose (%)

Nitrication inhibition %

7th day 14th day 21st day 28th day

1 2,4-(OH)2C6H3 1 69.40 � 0.73ghi 59.10 � 1.04d 51.10 � 1.55c 42.25 � 0.55c

5 86.31 � 0.58cd 77.23 � 0.82cd 68.56 � 0.95b 58.64 � 0.77b

10 96.10 � 0.36b 90.97 � 0.75b 84.34 � 0.92b 72.04 � 1.33b

2 2-OCH3-4-OH C6H3 1 65.17 � 0.60j 49.75 � 0.92g 33.76 � 0.51hi 20.11 � 0.41ij

5 85.34 � 1.38cd 65.36 � 0.99j 48.90 � 0.78ij 25.43 � 0.60l

10 91.40 � 1.22cde 86.20 � 0.47c 73.84 � 0.52ef 57.12 � 0.71ef

3 3,4,5-(OCH3)3C6H2 1 74.01 � 0.85d 62.81 � 1.24c 55.70 � 0.96b 45.75 � 1.01b

5 88.30 � 0.81bc 76.37 � 0.73cd 65.62 � 1.25c 58.97 � 0.73b

10 98.58 � 0.15a 93.74 � 0.91a 86.53 � 0.90a 74.21 � 1.11b

4 3,4-(OCH3)2 C6H3 1 59.10 � 0.92kl 41.92 � 0.72h 28.10 � 0.67jk 15.65 � 0.23k

5 74.12 � 1.47ij 58.73 � 0.81kl 43.00 � 0.34k 31.87 � 0.61j

10 88.63 � 0.46fgh 79.05 � 0.83fg 64.47 � 0.41k 48.49 � 0.27h

5 4-OCH3C6H4 1 68.81 � 0.27hi 54.43 � 0.37e 38.03 � 0.57g 31.30 � 1.14g

5 77.00 � 1.01h 66.39 � 0.76hi 55.80 � 0.77fg 34.59 � 0.50efg

10 96.58 � 0.44ab 91.81 � 1.37b 78.37 � 0.70d 62.03 � 0.46d

6 4-NO2C6H4 1 73.14 � 0.89de 50.07 � 0.72g 28.23 � 0.57jk 23.94 � 0.81h

5 87.67 � 0.62bcd 71.07 � 1.85f 55.93 � 1.11fg 34.59 � 1.08i

10 92.78 � 0.97cd 83.05 � 0.83e 73.39 � 0.53ef 57.47 � 0.77ef

7 4-BrC6H4 1 71.37 � 0.61efg 43.68 � 0.19h 23.93 � 0.54l 14.69 � 0.63k

5 87.45 � 1.01bcd 63.54 � 0.40j 47.85 � 0.50j 28.31 � 1.23k

10 89.99 � 0.87efg 72.17 � 1.04i 58.25 � 0.83l 43.95 � 1.06i

8 3-CH3C6H4 1 60.72 � 1.21k 48.10 � 0.31g 29.58 � 0.77j 20.73 � 0.42i

5 78.65 � 1.03efg 66.20 � 0.86i 47.75 � 0.13j 31.07 � 0.76j

10 76.54 � 0.40l 69.17 � 1.15jk 60.47 � 0.96l 50.82 � 0.71h

9 4-ClC6H4 1 53.60 � 0.44n 33.24 � 0.20k 14.71 � 0.44n 4.78 � 0.66n

5 73.55 � 0.05ij 53.71 � 0.31n 36.38 � 0.23m 10.91 � 0.50°
10 91.02 � 0.97de 79.79 � 0.44f 60.06 � 0.28l 37.95 � 0.51kj

10 2-Pyridyl 1 46.11 � 0.65° 30.44 � 0.64l 18.51 � 0.33m 11.28 � 0.23l

5 67.53 � 0.65k 48.70 � 0.14° 31.94 � 0.26n 16.47 � 0.47n

10 87.86 � 0.28ghi 73.09 � 0.74i 55.01 � 0.33m 38.54 � 0.41kj

11 1-Naphthyl 1 56.30 � 0.37n 39.05 � 0.42i 23.46 � 0.31l 18.23 � 0.36j

5 72.75 � 0.13j 56.02 � 0.36mn 38.53 � 0.36l 27.17 � 1.26kl

10 77.61 � 0.45l 71.02 � 0.33ij 60.45 � 0.59l 44.88 � 0.32i

12 4-CF3C6H4 1 68.15 � 0.25i 50.52 � 0.46fg 35.29 � 0.22h 28.81 � 0.59fg

5 79.95 � 0.93e 69.48 � 1.05fg 50.48 � 0.53i 37.79 � 0.85g

10 96.05 � 0.65b 77.13 � 1.02gh 69.70 � 1.20hi 58.23 � 0.67ef

13 4-SCH3C6H4 1 58.49 � 0.73l 37.12 � 0.29ij 27.04 � 1.72k 19.07 � 1.04ij

5 75.72 � 0.16hi 60.79 � 0.37k 41.91 � 0.24k 31.29 � 0.88j

10 91.62 � 0.47cde 79.92 � 0.60f 65.68 � 0.12kj 48.83 � 0.17h

14 4-C(CH3)3C6H4 1 70.57 � 0.69fgh 54.03 � 0.74e 39.87 � 0.67fg 30.54 � 0.62efg

5 87.86 � 0.16bcd 73.69 � 1.01e 59.42 � 1.41e 40.21 � 0.56ef

10 88.15 � 0.38ghi 82.52 � 0.41e 74.75 � 0.93ef 63.60 � 1.05d

15 4-C2H5C6H4 1 77.54 � 0.91b 62.16 � 1.86c 41.00 � 0.22f 33.91 � 0.58d

5 89.55 � 0.38b 78.64 � 1.60c 57.84 � 0.91ef 40.97 � 0.80e

10 86.05 � 1.50ij 76.56 � 1.28h 67.77 � 0.48ij 59.08 � 0.43e

16 4-OC2H5C6H4 1 41.81 � 0.91p 26.33 � 0.44m 15.81 � 0.41n 12.18 � 0.48l

5 60.25 � 0.46l 44.66 � 0.07p 31.51 � 0.11n 20.00 � 0.18m

10 79.88 � 0.30k 67.04 � 0.10k 52.27 � 0.41n 37.00 � 0.12k

17 4-OHC6H4 1 70.54 � 0.35fgh 52.86 � 0.76ef 37.99 � 0.48g 33.21 � 1.24efg

5 85.16 � 0.96d 70.54 � 0.72fg 55.03 � 0.23gh 43.51 � 0.89d

10 86.96 � 1.01hij 79.49 � 0.58fg 72.81 � 0.36fg 59.46 � 0.35e

18 4-CH3C6H4 1 74.36 � 1.11d 58.97 � 0.42d 40.18 � 0.31f 25.06 � 0.89g

5 87.11 � 2.16bcd 75.54 � 0.47de 58.68 � 0.33e 35.09 � 0.04hi

10 90.59 � 0.63def 83.33 � 0.66de 74.62 � 1.32ef 56.49 � 1.12f

19 2-Naphthyl 1 68.07 � 0.59i 48.23 � 0.43g 32.45 � 0.79i 28.32 � 0.52g

5 76.01 � 1.06ghi 68.59 � 0.40fghi 53.36 � 0.58h 39.10 � 1.01efg

10 85.09 � 0.37j 78.62 � 0.77fgh 71.04 � 0.37gh 53.06 � 0.38g

20 4-(CH3)2CH C6H4 1 77.05 � 0.70b 64.21 � 0.60c 48.65 � 0.17d 31.67 � 0.92de

5 79.59 � 0.80ef 68.06 � 0.92ghi 58.46 � 1.26e 44.76 � 0.92d

10 87.54 � 0.55hi 82.44 � 0.28e 74.14 � 1.24ef 67.23 � 0.82c

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 10549–10564 | 10557
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Table 4 (Contd. )

Sl. no. R Dose (%)

Nitrication inhibition %

7th day 14th day 21st day 28th day

21 2,4-(OCH3)2C6H3 1 67.72 � 0.40i 54.06 � 1.07e 43.78 � 0.85e 32.62 � 1.02de

5 78.97 � 0.60ef 68.85 � 0.71fgh 55.86 � 0.74fg 48.55 � 0.62c

10 90.33 � 0.57ef 83.37 � 0.65de 68.40 � 0.63i 49.66 � 0.59h

Std.1 Nitrapyrin 1 89.22 � 1.41a 74.71 � 1.41a 61.05 � 1.02a 48.01 � 1.42a

5 94.27 � 0.83a 84.86 � 0.65a 72.27 � 0.90a 62.55 � 0.56a

10 97.78 � 0.21ab 93.12 � 0.60ab 87.27 � 0.88a 77.28 � 1.19a

Std.2 DCD 1 71.78 � 0.45ef 58.64 � 1.30d 43.12 � 0.73e 31.08 � 0.62ef

5 86.82 � 1.19bcd 75.52 � 0.97de 61.87 � 0.77d 37.09 � 0.29gh

10 92.82 � 1.06cd 86.13 � 0.67c 75.50 � 0.80e 61.89 � 1.08d

LSD (5%) — 3.1 4.3 2.7 1.4

a Data are presented as mean ± standard error (n = 3), means with the same letter are not signicantly different (P < 0.05) level of signicance
according to DMRT.
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114 mg kg−1, 140 mg kg−1, and 165 mg kg−1 on the respective
days. All tested chemicals showed marked superiority over urea
similar result was reported by Thombare et al. (2012) and
Aggarwal et al. (2009).20,24 Gao et al. (2021) reported that the use
of a polymer nitrication inhibitor (PNI) signicantly slowed
the conversion rate of NH4

+-N to NO3
−-N and reduced the

release of NO3
−-N during the incubation period.39 The reference

inhibitors, nitrapyrin and DCD, achieved NO3
−-N contents of 2–

22 mg kg−1, 10–35 mg kg−1, 18–54 mg kg−1, and 29–68 mg kg−1

for nitrapyrin, and 7–41 mg kg−1, 18–64 mg kg−1, 34–83 mg
kg−1, and 50–109 mg kg−1 for DCD on the 7th, 14th, 21st, and
28th days, respectively (SI Table 4). Among the test series, C3,
C20, and C21 were the most effective in reducing NO3

−-N
content throughout the incubation period.

At a higher concentration level (10%), compounds C1, C3,
C5, C6, C15, C18, and C20 demonstrated signicant effective-
ness in droppingNO3

−-N content all over the incubation period.
Among these, compound C1 was the most potent, lowering the
NO3

−-N levels to 6 mg kg−1, 11 mg kg−1, 21 mg kg−1, and 33 mg
kg−1 on the 7th, 14th, 21st, and 28th days, respectively. Other
effective compounds C3, C20, C15, C16, C6, and C21 showed
nitrate-N levels ranging from 9–37 mg kg−1, 11–42 mg kg−1, 12–
42 mg kg−1, 6–47 mg kg−1, 6–48 mg kg−1, and 10–50 mg kg−1

during the same period. The remaining compounds were less
effective in reducing NO3

−-N compared to the reference inhib-
itors nitrapyrin (2–29 mg kg−1) and DCD (7–50 mg kg−1).
Compound C16 was found the least effective, with NO3

−-N
levels of 24mg kg−1, 43mg kg−1, 67 mg kg−1, and 91mg kg−1 on
the 7th, 14th, 21st, and 28th days, respectively.

At medium concentration (5%) tested Schiff bases showed
similar effect as in higher dose. The standard inhibitor, nitra-
pyrin provided best results at the 5% level, reducing NO3

−-N
content to 8–52 mg kg−1. The signicantly active compounds
were C21, C20, C6, C18 and C3. Among these, most active
compounds were C20 and C21 with NO3

−-N content of 11, 23,
46, 66 mg kg−1 and 10, 24, 46, 67 mg kg−1 on the respective
sampling days. They showed better activity than reference
compound i.e. DCD (22–72 mg kg−1). Remaining test materials
10558 | RSC Adv., 2026, 16, 10549–10564
were low to quite active in lowering the NO3
−-N content (SI

Table 4).
Compounds C17 and C10 were observed the lowest effective

in minimizing NO3
−-N level, with values ranging from 56–

116 mg kg−1 and mg kg−1, respectively, throughout the incu-
bation period. At the lower treatment doses (1%), the tested
compounds performed similarly to higher doses, showing
nitrate-N levels between 23–137 mg kg−1 during the study
period. Among them, compounds C21, C20, and C3 were
particularly effective in reducing NO3

−-N.
3.4. Nitrication inhibition

All the synthesized Schiff bases were efficient NI, presented in
Table 4 and showed 4–95, 8–90, 18–85 and 15–77% reduction in
nitrication process at different incubation days (7, 14, 21 and
28th days). Nitrapyrin and DCD as a reference inhibitor showed
76–97, 70–91, 65–88, 60–82% and 51–91, 43–84, 45–77, 36–69%
nitrication inhibition on days 7, 14, 21, and 28, respectively.
Among the series, C3, C20 and C21 were emerged as promising
nitrication inhibitors and proved highly effective at low doses.
The incubation study by Cui et al. (2021) found similar results:
they observed that the use of NIs (nitrapyrin, 3,4-di-
methylpyrazole phosphate, and dicyandiamide) with ammo-
nium sulfate signicantly increased the releases of NH4

+-N
contents and reduced NO3-N content by reducing soil nitri-
cation process.40

At 10% concentration level, all the compounds were highly
effective and showed 47–77% NI as compared to nitrapyrin
(82%) and DCD (69%). Among the series, compound C1 was the
most effective, exhibiting NI percentages of 94%, 90%, 85%,
and 77% on days 7, 14, 21, and 28, in that order. This was fol-
lowed by compound C3, which showed NI percentages ranging
from 91% to 74% over the same period. Though, this compound
was not able to maintain the same potency at lower doses. Other
active novel synthesized compounds were C18 with 70–93% NI;
C15with 71–94%NI and C20with 72–87%NI during incubation
period.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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At medium concentration level, C21 compounds showed
highest NI i.e. 89, 78, 67 and 56% at different incubation days
respectively (Table 4). The performance was quite comparable
with nitrapyrin but more effective than DCD up to 21 days. The
next active compounds were C20 and C3 with 56–86% and 55–
81% NI respectively during the study period. Rest of the
compounds exhibited low to moderate nitrication inhibition
potential in comparison to nitrapyrin and DCD.

Based on overall performance at 1% dose, C21 performed the
best with NI value 72, 60, 53 and 43% on the same days
respectively, followed by C20, C3, C15 and C18 showed
moderate to high NI activity (Table 4). All the synthesized Schiff
base compounds showed an increase in NI with the increase in
dose, though the rate of increase varied with the different
compounds, which also matched with the ndings of Sidhu and
Wille's research on 1,4-disubstituted 1,2,3-triazoles as a novel
class of nitrication inhibitors (NIs).41
4. Assessment of soil health indicator
parameters

The impacts of different treatments on key soil health indica-
tors, including soil respiration, dehydrogenase activity, and
microbial biomass carbon (MBC) presented in Table 5, revealed
signicant variation between the treatments according to
Fig. 5 Effect of number and position of hydroxy and alkoxy groups on n

Table 5 Effects of 2,4,5-trichloro aniline-based nitrification inhibitor on

Test compound
Soil respiration
(mg CO2-C per g)

C3 34.0 � 0.83a

C20 32.8 � 1.61b

C21 32.2 � 1.10b

DCD (Std) 27.6 � 0.67c

Nitrapyrin (Std) 27.3 � 0.79c

Urea alone (control) 30.9 � 0.91b

Initial status 29.1 � 1.79b

a Data are means ± S.Em with three replications and the letters a, b, c, d, a
same letter are not signicantly different.

© 2026 The Author(s). Published by the Royal Society of Chemistry
DMRT results. The C3 treatment demonstrated the highest
values across all indicators, with soil respiration at 34.0 (mg CO2-
C per g), dehydrogenase activity at 46.4 (mg TPF per g soil per 24
h) and MBC at 556.3 (mg gm−1), indicating superior microbial
activity and soil health, signicantly differing from all other
treatments. Li et al. (2024) also observed the similar kind of
ndings, they reported 3,4-dimethylpyrazole phosphate, a novel
nitrication inhibitor has potential to enhance the soil micro-
bial activities which helps to promote the plant root and shoot
growth.38 The C20 and C21 treatments showedmoderate values,
with soil respiration at 32.8 and 32.6 (mg CO2-C per g), dehy-
drogenase activity at 44.2 and 43.0 (mg TPF per g soil per 24 h),
and MBC at 542.5 and 537.2 (mg gm−1) respectively. These
values were signicantly higher than those of the standard
inhibitors DCD and nitrapyrin. The DCD treatment exhibited
soil respiration at 27.6 (mg CO2-C per g), dehydrogenase activity
at 40.9 (mg TPF per g soil per 24 h), and MBC at 498.2 (mg gm−1),
while the nitrapyrin treatment had soil respiration at 27.3 (mg
CO2-C per g), dehydrogenase activity at 39.0 (mg TPF per g soil
per 24 h), and MBC at 470.6 (mg gm−1), indicating suppressed
microbial functions and signicant differences from other
treatments.42,43 The urea alone control showed intermediate
values, with soil respiration at 30.9 (mg CO2-C per g), dehydro-
genase activity at 43.5 (mg TPF per g soil per 24 h), and MBC at
530.6 (mg gm−1), which were higher than the standard inhibi-
tors but signicantly lower than the C3 treatment. The initial
itrification inhibition (bar indicates standard error of mean).

various soil health indicatorsa

Dehydrogenases
(mg TPF per g soil per 24 h) MBC (mg gm−1)

46.4 � 0.79a 556.3 � 8.57a

44.2 � 0.81b 542.5 � 6.48b

43.0 � 0.31b 537.2 � 8.84b

40.9 � 1.17c 498.2 � 7.92d

39.0 � 0.90d 470.6 � 6.10e

43.5 � 1.75b 530.6 � 7.21c

44.8 � 1.28b 535.9 � 9.08b

nd e indicate Duncan grouping of treatment differences. Means with the

RSC Adv., 2026, 16, 10549–10564 | 10559
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status had soil respiration at 29.1 (mg CO2-C per g), dehydro-
genase activity at 44.8 (mg TPF per g soil per 24 h), and MBC at
535.9 (mg gm−1), showing no signicant differences from C20
and C21 but signicantly differing from DCD, nitrapyrin, and
urea alone. Overall, the 2,4,5-trichloro aniline-based nitrica-
tion inhibitors, particularly C3, signicantly improved soil
health indicators compared to the standard inhibitors and
control, with clear statistical differences observed among the
treatments.
5. Structural activity relationships

An increase in the number of methoxy and hydroxy group in the
phenyl ring of 2,4,5 trichloro aniline, increases the microbial
inhibitory activity signicantly (Fig. 5).25 The compound con-
taining three methoxy groups (C3; 46, 59 & 74%) in the ring
showed the highest nitrication inhibition activity as compare
to the compounds having one (C5; 29, 39 & 62%) and two
methoxy groups (C4; 16, 32 & 48%) in the phenyl ring at 1, 5 and
10% treatment doses on 28 days.20,24 Introduction of ethoxy
group (C17, 31, 44 & 59%) and hydroxy group (C18; 29, 39 &
62%) in place of methoxy group (C5) showed similar affect at all
treatments level. However substitution of two hydroxy group
Fig. 7 Influence of substituted electron withdrawing groups of 2,4,5-tric
standard error of mean).

Fig. 6 Effect of carbon chain of alkyl groups and heterocyclic substituti

10560 | RSC Adv., 2026, 16, 10549–10564
(C1; 42, 59 & 72%) increase the inhibition activity tremendously
reported by Sonnekar et al. 2013.44,45 The nitrication inhibition
activity also inuence on the number of alkyl chain in the
aromatic ring, study of the effect of carbon chain was presented
in Fig. 6. The result revealed that introduction of more number
of carbon in the alkyl group enhances the activity, similar
ndings was observed by Datta et al. (2001).21 The compound
having double methyl group (C20; 32, 45 & 67%) and three
methyl group (C14; 31, 40 & 64%)providing good result as
compare to single (C18; 25, 35 & 56%) containing Schiff bases.
But substitution of hetero cyclic group retarded the inhibitory
activity extensively (Fig. 6). Other side electron withdrawing
group reduces the nitrication inhibition percentage except
compound containing nitro group (C6; 24, 35 & 57%) in their
phenyl ring (Fig. 7).
5.1. Statistical analysis within the treatment concentration

At different treatments concentrations combinations paired t-
test has been performed to check whether there is any signi-
cance difference in mean for any treatment combination
mentioned in the SI Table 5. From the table, it can be concluded
that all the treatments differ signicantly in terms of mean
hloro aniline based Schiff base on nitrification inhibition % (bar indicates

on on nitrification inhibition (bar indicates standard error of mean).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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response from each other. The treatment mean difference of 1%
is less than at 5% and 10% respectively and the treatment mean
difference at 5% is also less than 10%.
Fig. 8 Variable importance plot of random forest model for nitrifica-
tion inhibition activity at 1% (a), 5% (b) and 10% (c) treatment dose as
dependent variable.
5.2. QSAR model and validation

5.2.1. Stepwise regression. The summaries of stepwise
regression analysis of the threemodels are presented in SI Table
6. The models are represented as below:

Stepwise regression model at 1% treatment dose

Nitrification inhibition (NI) % = −29.87 + 1.82VV

− 10.89Pol − 0.04Sz

Stepwise regression model at 5% treatment dose

Nitrification inhibition (NI) % = 48.37 + 0.22 MW

+ 4.43VV − 30.32Pol + 0.60Polar.2D.SA

+ 23.03 logP − 57.39BI − 0.09WI + 8.29Wp − 7.71PI

Stepwise regression model at 10% treatment dose

Nitrification inhibition (NI) % = −401.70 − 56.96 MR

+ 13.07VV + 33.86Pol + 56.15HbA + 94.31 logP

+ 0.89Sz − 2.13WI − 11.94Wp + 88.94RI + 7.73PI

At 1% treatment dose, multiple R-squared and adjusted R-
squared values of the tted stepwise regressionmodel are found
to be 0.438 and 0.310 respectively. At 5% treatment dose,
multiple R-squared and adjusted R-squared values of the tted
stepwise regression model are found to be 0.720 and 0.360
respectively. At 10% treatment dose, multiple R-squared and
adjusted R-squared values of the tted stepwise regression
model are found to be 0.898 and 0.728 respectively. Hence, it
may be concluded that the model with 10% treatment dose is
the best tted stepwise regression model.

5.2.2. Random forest. Three random forest model was
tted using nitrication inhibition activity at 1%, 5% and 10%
treatment dose as dependent variable. The hyperparameters of
the tted random forest models are presented in SI Table 7.

The variable importance plots generated from the random
forest models are presented in the Fig. 8. For nitrication
inhibition activity at 1% treatment dose, important feature
variables identied from variable importance plot based on %
increase in node impurity are VV, MR, BI, and Pol. Similarly, for
nitrication inhibition activity at 5% treatment dose important
feature variables identied from variable importance plot are
MR, VV, Pol and MW, whereas for 10% treatment dose impor-
tant feature variables Log P, VV, Sz and MW respectively.

5.2.3. Support vector regression (SVR). Three support
vector regression models were tted using nitrication inhibi-
tion activity at 1%, 5% and 10% treatment dose as dependent
variable and important variables selected from random forest
variable importance plots as feature variables respectively. The
hyperparameters of the tted SVR models are presented in SI
© 2026 The Author(s). Published by the Royal Society of Chemistry
Table 8. This table presents the optimized hyperparameters
(kernel type, cost, gamma, and epsilon values) for the developed
SVR models at different treatment doses. The performance
metrics indicate that the SVR models tted using the selected
key descriptors demonstrated satisfactory prediction accuracy
with lower RMSE and higher R2 values for both training and
RSC Adv., 2026, 16, 10549–10564 | 10561
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testing datasets. This conrms the robustness and reliability of
the SVR models in predicting the nitrication inhibition
potential of synthesized Schiff bases.
Fig. 9 Artificial neural network (ANN) architecture for nitrification
inhibition activity at 1% (a), 5% (b) and 10% (c) treatment dose as
dependent variable.

10562 | RSC Adv., 2026, 16, 10549–10564
5.2.4. Articial neural network (ANN). Three ANN model
was tted using nitrication inhibition activity at 1%, 5% and
10% treatment dose as dependent variable and important
variables selected from random forest variable importance plots
as feature variables respectively. The schematic diagrams of the
tted ANN models are presented in Fig. 9 respectively. Fig. 9
depict the schematic architecture of the ANN models developed
to predict the nitrication inhibition activity of synthesized
Schiff bases at 1%, 5%, and 10% treatment doses, respectively.
Each model consists of an input layer comprising the most
inuential physicochemical descriptors selected from random
forest model, one hidden layer optimized through iterative
training, and a single output neuron representing the predicted
nitrication inhibition percentage. The interconnected neurons
with weighted links demonstrate the nonlinear mapping
between molecular descriptors and observed inhibition
responses, highlighting the ANN model's superior learning and
predictive capabilities compared to other statistical methods.

5.2.5. Model validation. Stepwise regression and machine
learning models are validated using the criteria of root mean
square error (RMSE) for both training and testing data set, and
the results are presented in SI Table 9. SI Table 9 summarizes
the validation results of the developed stepwise regression and
machine learning models. The developed ANN models for pre-
dicting nitrication inhibition activity at 1%, 5%, and 10%
treatment doses exhibited the lowest RMSE values for both
training and testing data set, indicating excellent prediction
accuracy and minimal over tting. In comparison, the SVR and
Random Forest models showed moderate RMSE values for both
training and testing data set. The stepwise regression models,
although statistically signicant, explained less variability.
Hence, it can be concluded that ANN models are the best tted
and most reliable for predicting nitrication inhibition activity
of the synthesized compounds.

6. Conclusions

A novel series of 2,4,5-trichloro aniline-based Schiff bases were
successfully synthesized through a single-step green synthesis
method and assessed for their nitrication inhibitory activity
against soil nitrifying bacteria. The study revealed that these
compounds not only demonstrated moderate to strong nitri-
cation inhibition but also positively inuenced soil microbial
activities. Among the synthesized compounds, C3 showed the
strongest inhibition of nitrication, being only 3–5% less
effective than nitrapyrin and surpassing DCD by 19–60%. C20
was 27–33% less effective than nitrapyrin but 3–22% more
effective than DCD. C21 was 23–36% less effective than nitra-
pyrin and 6–30%more effective than DCD at lower doses, but at
a 10% concentration, it was 21% less effective than DCD. In
terms of soil biological activity, C-3 improved soil respiration,
dehydrogenase activity, and microbial biomass carbon by
13.3%, 7.0%, and 4.9% over urea, whereas C20 (2–10%) and C21
(1–6.7%) showed moderate improvements; conversely, nitra-
pyrin and DCD decreased microbial biomass by 6–11%, DHA by
7–9%, and soil respiration by up to 10%, indicating negative
effects on soil microbial functioning. The eco-friendly nature of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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these compounds, along with their efficiency in conserving
ammonium-N levels and boosting microbial activity, highlights
their potential in promoting sustainable agricultural practices.
By reducing nitrogen losses through nitrication, these inhib-
itors can help to improve nitrogen use efficiency in soils,
leading to enhanced crop productivity and reduced environ-
mental pollution. Future research should focus on molecular
modications of these compounds that can lead to the devel-
opment of even more potent nitrication inhibitors, offering
a valuable tool for sustainable agriculture and mitigating the
environmental impacts of excessive fertilizer use. This study
provides a strong foundation for the future design of eco-
friendly nitrication inhibitors that can support long-term
soil health and agricultural productivity.
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