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REVIEW ARTICLE
Titanium: Metal of the future or an emerging
environmental contaminant?

Shailja Sharma'(?, Shiv Bolan***{), Santanu Mukherjee*(, Pingfan Zhou®®),
Xiaodong Yang®®, Jason C. White’, Nubia Zuverza-Mena’”, Tao
Zhang®®), Jianjun Chen’®, Qing Xu?, Xiangying Wei'*(®, Shiheng Lyu', Sandun
Sandanayake'?(®, Meththika Vithanage®'?(®, Kadambot H.M. Siddique®», and
Nanthi Bolan?34*

'School of Biological and Environmental Sciences, Faculty of Science, Shoolini University of
Biotechnology and Management Sciences, Solan, Himachal Pradesh, India

2UWA School of Agriculture and Environment, The University of Western Australia, Perth, Western
Australia, Australia

3The UWA Institute of Agriculture, The University of Western Australia, Perth, Western Australia,
Australia

“Healthy Environments and Lives National Research Network, Canberra, Australia

5School of Agriculture, Faculty of Agriculture, Shoolini University of Biotechnology and Management
Sciences, Solan, Himachal Pradesh, India

8School of Environment, Tsinghua University, Beijing, People’s Republic of China

"Department of Analytical Chemistry, The Connecticut Agricultural Experiment Station, New Haven,
Connecticut, United States of America

8Beijing Key Laboratory of Farmland Soil Pollution Prevention-control and Remediation, College of
Resources and Environmental Sciences, China Agricultural University, Beijing, People’s Republic of China

®Mid-Florida Research and Education Center, Environmental Horticulture Department, Institute of
Food and Agricultural Sciences, University of Florida, Apopka, Florida, United States of America

YInstitute of Oceanography, College of Geography and Oceanography, Minjiang University, Fuzhou,
Fujian, People’s Republic of China

""Department of Laboratory Medicine of the First Affiliated Hospital and Liangzhu Laboratory, School
of Medicine, Zhejiang University, Hangzhou, Zhejiang, People’s Republic of China

?Ecosphere Resilience Research Centre, Faculty of Applied Sciences, University of Sri
Jayewardenepura, Nugegoda, Western Province, Sri Lanka

Abstract

Naturally occurring and anthropogenic sources, such as ore (minerals), waste disposal,
and minetailings, canintroduce titanium (Ti) into both soilsand aquatic environments.
Ti is the ninth most abundant element in nature (0.63% w/w) and is found in igneous
rocks. Major Ti-bearing minerals include rutile, brookite, anatase, ilmenite, and
titanite. Among Ti compounds, Ti dioxide (TiO,) is of particular environmental and
health concern. It is classified as potentially carcinogenic to humans (Group 2B) by
the International Agency for Research on Cancer. Ti is increasingly used in aviation
and aerospace fields and has important biomedical applications, including in joint
replacements and dental implants. TiO, nanoparticles (NPs) are one of the most
important Ti compounds, entering the environment through various pathways,
including biosolid applications, and have been shown to cause deleterious effects
on soil microorganisms and, consequently, on soil functioning and health. Excessive
Ti uptake can cause toxicity in plants, soil microorganisms, aquatic organisms,
animals, and humans. Dust inhalation of TiO, NPs by humans may cause chest pain,
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coughing, and breathing difficulty, while dermal contact may cause irritation. To
control the main anthropogenic input sources of Ti in the environment, it is critical
to develop affordable technologies for Ti removal during wastewater treatment. This
comprehensive review examines the presence, sources, biogeochemical behavior,
and potential risks of Ti in the environment and provides an in-depth outline of
the network visualization bibliography to graphically represent the relationships
between key publications, research areas, and authors. Additionally, future research
priorities are suggested for the sustainable management of Ti contamination.

Keywords: Titanium dioxide; Carcinogen; Biogeochemistry; Human health; Remediation

1. Introduction

Titanium (Ti) is the ninth-most abundant element in
nature (0.63% w/w) and is present in most igneous rocks
and their associated sediments, although it is primarily
found bound to other elements in the Earth’s crust.!* The
main mineral sources of Ti are anatase, rutile, and brookite,
each contains approximately 95% Ti dioxide (TiO,), as
well as ilmenite (FeTiO,) and titanite (CaTiSiO,), which
contain 40 - 65% TiO,.** The countries with the largest
reserves of ilmenite and/or rutile are China, Australia,
India, South Africa, Brazil, Madagascar, Norway, Canada,
and Mozambique (Table S1).

Two major processing technologies, the sulfate and
chloride processes, are used to produce industrial pure
TiO, for use in pigments or to produce Ti metal from
enriched raw materials, including ilmenite and rutile.®” In
the sulfate process, ground ilmenite ore or high-TiO, slag
is treated with sulfuric acid, while in the chloride process,
Ti-enriched materials are converted into Ti chlorides using
hydrochloric acid at high temperature. As the chloride
process produces high-quality TiO, pigments with
fewer waste products, this approach has largely replaced
the sulfate strategy. This shift from sulfate to chloride
processing in TiO, pigment production has resulted
in increasing demand for high-grade Ti raw materials,
including rutile and Ti-enriched slag.®

The significance of Ti in various industries, such as
aerospace and biomedical applications, has been extensively
discussed.”!* Ti is light yet strong and corrosion-resistant.
These unique properties enabled its wide application in
the building and sporting goods industries, as well as in
implants in a number of medical procedures. Furthermore,
due to its strong resistance to salinity, Ti is used in offshore
rigs, propellers and rigging of ships, and desalination units.
Ti is capable of osseointegration, indicating that it is readily
accepted by bone, and is nonreactive; thus, it is widely used
in medical applications, including hip and knee joints,
bone screws and plates, and dental implants."” TiO, is one

of the most important Ti compounds, accounting for the
largest application of the metal. Based on the United States
Geological Survey (USGS) statistics, there are more than
2.00 billion metric tons of Ti ore in the world, including
0.70 billion metric tons of ilmenite and 0.049 billion metric
tons of rutile.”*"

Larger-particle TiO,, or bulk TiO, (>200 nm), is
frequently utilized as a pigment in paints and coatings.
TiO, nanoparticles (NPs), or nano-TiO,, are much smaller,
typically <100 nm. Natural nanoscale Ti (20 - 300 nm) can
be found in a variety of ores and minerals.TiO, is primarily
available in two sizes, i.e., micrometer (250 - 400 nm)
and nanometer (<250 nm) ranges.'’*** Due to differences
in surface area-to-volume ratios, these various size ranges
have distinct physical characteristics. In the food industry,
micrometer-sized TiO, particles are frequently employed
as a food coloring agent to enhance texture, avoid caking,
and brighten or whiten food products due to their low
toxicity compared to pigmentary and nano-TiO,."*"* For
applications as a pigment material, TiO, particle sizes of
250 nm were found ideal.'*"” TiO, nanomaterials are the
second-most produced nanomaterial worldwide. These
materials are bright white pigments that have many
applications, such as white paints, sunscreens, infrared
reflectors, self-cleaning glass, and food additives. Ti
metal alloys are in demand due to their high strength-to-
weight ratio and corrosion resistance.'® Although there are
different Ti- and TiO,-containing compounds—such as
total Ti, soluble ionic Ti, insoluble minerals, TiNPs, TiO,
NPs—the present review will focus primarily on TiO given
its widespread use/applications. A detailed discussion
of the applications of TiO, as food additives has been
provided elsewhere by the authors."

The chemistry of Ti is similar to that of silicon and
zirconium."” The Ti element does not exist alone in
nature, as it is mostly chemically bound with oxygen or
iron, and chemical processing is applied to synthesize
a low-density, high-strength metal.>* Ti has three
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oxidation states: Ti**, Ti** (titanous), and Ti** (titanic).
Among them, Ti** and Ti’* are not stable, while Ti** is
the most stable ionic form, which commonly exists as
TiO, (Table S2). The major sources of anthropogenic
Tiin the environment include the combustion of fossil
fuels and the incineration of Ti-containing products
(Figure 1). Globally, Ti concentrations in aquatic
freshwater systems range from 12 to 926 pg/L.” The
mean level of Ti in worldwide river sediments is 0.44%
(w/w)."»2 In the atmosphere, Ti level ranges from 0.5 to
2.5 ng/m*and from 15 to 25 ng/m*for regional and urban
areas, respectively.! The fate and dynamics of Ti in the
environment are controlled by its limited solubility and
the low reactivity of Ti minerals.

Ti is not an essential element for humans, animals,
or plants, andit is not considered inherently hazardous
either.”? However, excessive uptake of Ti can be toxic to
humans, animals, soil organisms, and aquatic life. Heringa
et al.® reported a detection limit of 0.3 mg/kg for Ti in
human tissues associated with medical applications. As
noted above, inhalation of nano-TiO,-containing dust
may cause tightness and pain in the chest, coughing, and
breathing difficulty in humans, while dermal exposure may
also result in irritation.”* According to the International
Agency for Research on Cancer (IARC), “TiO, is probably

dile: ™ £

Fabrics

\ Cosmetics Paints

carcinogenic to humans (Group 2B) on the basis of
sufficient evidence in experimental animals and insufficient
evidence from epidemiological studies.”*®?>

Tienters the human body through ingestion, inhalation,
and dermal contact; fortunately, and importantly, most
ingested Ti is eliminated from the body. However, the
mining of Ti ore and the industrial processing of Ti
extraction generate airborne dust, leading to inhalation
exposure to high levels of Ti that can be toxic."**
Drinking water guidelines and soil screening levels for
Ti have not been established by the US Environmental
Protection Agency and the World Health Organization for
either industrial or residential land use. In fact, due to the
low toxicity of Ti to humans, TiO, is being increasingly
used to replace lead carbonate and lead oxide as the
whiteners in paints. Similarly, water-quality criteria for
Ti have not been established for the protection of aquatic
species, largely because Ti minerals are almost insoluble
and have low bioavailability.

Ti is both an industrially important metal and a
potential environmental contaminant, making it highly
relevant to current environmental research priorities. The
present article covers a broad variety of subjects, from
Ti’s natural and human-made origins to its effects on the
environment and human health, remediation techniques,
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Figure 1. Sources of titanium in terrestrial and aquatic environments. Created with Microsoft PowerPoint 2013 by Sandun Sandanayake and Meththika
Vithanage (2025).
Abbreviation: TiO,: Titanium dioxide.
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and regulatory ramifications. This work also seeks to
fill important knowledge gaps regarding the dynamics,
ecotoxicity, and remediation of Ti materials, including
a critical assessment of the most recent experimental
and theoretical results. As noted above, there is limited
information available on the accumulation, fate, transport,
and ecotoxicity of Ti in terrestrial and aquatic ecosystems,
which is concerning given its increased use in a variety
of industries that have resulted in the release of Ti into
the environment. Similarly, there are few reviews on the
remediation of Ti contamination in aquatic and terrestrial
ecosystems,”” as well as a dearth of comprehensive
information on the specific pathways of Ti contamination,
environmental effects, and mitigating techniques. This
review seeks to: (i) Identify the sources of Ti inputs and
contamination in terrestrial and aquatic ecosystems; (ii)
elucidate the dynamics and interactions of Ti in the soil-
water—-plant continuum; (iii) characterize the effects of
Ti accumulation in the environment on ecotoxicity; and
(iv) discuss sustainable management strategies to reduce
the risks that Ti accumulation in terrestrial and aquatic
ecosystems presents.

The following search terms were used in a
Web of Science Core Collections literature search:
TS = (“Titanium”) AND TS = (“environment” OR “soil”
OR “aquatic” OR “terrestrial” OR “sediment” OR “river”
OR “lake” OR “marine” OR “ocean” OR “porous media”)
AND TS = (“contamination” OR “origin” OR “source” OR
“distribution” OR “speciation” OR “biogeochemical” OR
“geochemical” OR “geochemistry” OR “biogeochemistry”
OR “remediation” OR “toxic” OR “toxicity” OR
“availability” OR “bioavailability” OR “management”
OR “adsorption” OR “immobilization” OR “passivation”
OR “phytoremediation”). The VOSviewer program
(version 1.6.20; The Centre for Science and Technology
Studies (CWTS), Leiden University, The Netherlands)
was used to visualize the 5,819 results that were obtained
from this search. This approach is intended to maximize
under standing of the research landscape, highlight
existing knowledge gaps, and guide future studies in Ti
biogeochemistry, environmental impacts, and remediation
strategies. Figure S1 presents the number of published
papers on Ti in soils and aquatic ecosystems, as well as
a keyword co-occurrence map indicating the themes
that have been studied most frequently in this field. This
figure includes a comprehensive roadmap on the topic,
providing a visual representation of the progression and
interconnected themes in Ti research.

2. Sources of Ti contamination

Although Ti was discovered in 1791 by the clergyman and
geologist William Gregor,® it was not commercially used

until 1940 when the Kroll process was invented.* Raw ores
are reduced with petroleum-derived coke in a fluidized
bed reactor at 1,000°C. After the mixture is treated with
chlorine gas, TiCl , s produced, which is then reduced by
liquid magnesium at 800 - 850°C. The resulting material
is a porous sponge of Ti that is leached for purification,
crushed, and melted in a consumable electrode vacuum arc
furnace. To increase uniformity, Ti is remelted to remove
inclusions. Other Ti extraction methods include Hunter’s
sodium reduction of TiCl and the fused salt electrolysis of
TiCl,.*

TiO, is manufactured and used in various particle
sizes, as discussed earlier. TiO, NPs are among the most
used forms of the material, having a high refractive index
(n = 2.4) that makes them ideal in coating applications,
cosmetics, food, inks, medicine, plastics, and textiles.* The
NPs are also used in agriculture for enhancing the rate of
photosynthesis, promoting plant growth,* and controlling
plant diseases,” as well as for photocatalysts in water
treatment and air purification.

Such a wide application of Ti has stimulated increased
mining and processing of Ti minerals. Based on the
USGS, 92% of the world’s consumption of TiO, relies on
ilmenite.* Ti material production in China increased from
1.70 million metric tons in 2013 to 3.10 million metric
tons in 2023.7 Australia has abundant ilmenite and rutile,
producing 790,000 metric tons of Ti minerals. Japan and
Russia have limited resources of Ti minerals but produce
35,000 and 27,000 metric tons of Ti sponge, respectively
(Table S1). The global implications of Ti contamination,
particularly for regions with significant industrial or
mining activities, have been discussed elsewhere.**

2.1.Ti contamination from geogenic origin

Ti minerals are generally known to be inert in soils and
resistant to weathering. As such, Ti concentrations in
soils are commonly used to assess the rate of weathering
of parental minerals. In contrast to many primary and
secondary minerals, the weathering of Ti minerals does
occur, albeit rather slowly.* For example, neoformed
anatase or the slow weathering of bedrock are the sources
of rutile, which is most prevalent in soils.*? In contrast,
the weathering of Ti minerals occurs more quickly in
tropical soils. For example, 3.4% of Ti was found in soils
from Australia,” 15% in soils from Norfolk Island,*
and 15% in soils from Hawaii.*® Due to extensive and
prolonged weathering, 2.3% Ti is present in Brazilian
soils.* It has been reported that regarding Ti mobility
in an Amazonian ferralsol, weathering of Ti minerals
proceeds as follows: Ilmenite, pseudorutile, rutile,
and anatase. The authors noted that the weathering
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process results in absolute Ti losses on the profile
scale. Assessment of the mineral reactivity of Ti in soil
indicates the movement of Ti at both the centimetric
and profile scales, either as a dissolved element or as an
organometallic compound. Furthermore, a large amount
of Ti is recycled by vegetation, which also increases Ti
mobility in soils.* These findings indicate that a soil’s Ti
content may be largely influenced by the weathering of Ti
minerals, except for certain tropical soils.

In addition to Ti minerals, coal is rich in Ti. The Ti
concentrations in coal samples collected from Colorado,
Pennsylvania, Texas, and Washington, US, ranged from
2,800 to 6,500 mg/kg.” Meanwhile, the Ti concentrations
in 37 coal samples collected at Xuzhou-Datun coal mine
district, Jiangsu province, China, ranged between 266
and 7,430 mg/kg.* The combustion of coal results in the
production of Magnéli-phase Ti oxides—nanoscale Ti
suboxides (Ti O, ,, where 4 < x < 9)—whose toxicity
hazards on human health are still unknown.* The
physicochemical characteristics of TiO, NPs have the
potential to significantly impact both their toxicity
and bioavailability. Researchers have documented that
anataseTiO, NPs are cytotoxic or genotoxic.*** Inhalation
of TiO, NPs is often reported as the primary exposure
pathway in the human body during occupational exposure.
Additionally, exposure to nano-TiO, has been shown to
have negative consequences, including oxidative stress
in human cells and genetic instability in animals. When
exposed to TiO, NPs, the two most significant impacts
reported in experimental animals (mice and rats) are
lung cancer and pulmonary inflammatory reactions.**
Zeman et al.* reported that when actual dosages were the
only factor taken into account, as in certain inhalation
experiments, inflammatory reactions resulted in noticeable
adverse effects. Through the lung or gastrointestinal tract,
TiO, NPs enter the systemic circulation and are distributed
to the brain, spleen, liver, and kidneys, subsequently
exerting localized toxicity.***

A limited number of in vivo and in vitro studies have
noted specific reproductive and developmental toxicity in
experimental animals or cell cultures.*** It is unknown if
human exposure to TiO, NPs results in similar toxicities.
According to research on animals, prolonged exposure
(environmental) may cause TiO, NPs to accumulate in
organs or tissues.”® Furthermore, at relatively high doses,
TiO, NPs induce reactive oxygen species production and
cell signal transduction pathway alteration, likely playing
a key role in the etiology of TiO,-NP carcinogenesis.**'In
general, TiO, NPs are more harmful than TiO,
microparticles. Additional details on Ti toxicity are
presented in Supplementary Information 1.

2.2.Ti contamination from anthropogenic activity

Concerns about Ti as an emerging contaminant have
been largely focused on anthropogenic activity. Table 1
lists studies describing Ti contamination in the air/dust,
mining zones, and sediments.

2.2.1. Ti mining sites and associated contamination of
soils and sediments

Interestingly, there islimited information on environmental
contamination resulting from mining activity. The
Panzhihua region in Sichuan province, China, is the
world’s largest vanadium-Ti magnetite deposit. Yanguo
et al’! reported that concentrations of heavy metals were
higher in the topsoil of the Panzhihua region, with Ti
ranging from 0.29% to 0.44%, and Ti in stream sediments
ranging from 0.37% to 5.28%. Based on the Muller index
ofgeoaccumulation,® the authors concluded that metal
pollution was more serious in the sediment than in the
soils. Similarly, high concentrations of Ti, along with other
heavy metals, were identified in a Ti mining site in Kwale
County, Kenya, where Ti concentrations ranged from
0.47% to 2.8%.”> Another study was also conducted in
Kwale at a distance of 2.86 km from the Ti mining plant,
and the Ti content of the soils ranged from 0.3% to 1.5%.
Based on the data from Kabata-Pendias and Pendias,* Ti
content in surface soils varied from 0.1% to 0.9% with a
mean value of 0.35%. Ti soil concentrations higher than a
background level could indicate potential risks to sensitive
species.

2.2.2. Airborne particulate matter and dust

Airborne particulate matter (PM) is known to be a group 1
carcinogen to humans due to the presence of contaminants,
such as polycyclic aromatic hydrocarbons (PAHs)
(e.g., benzo(a)pyrene, nitro-PAHs, and quinones) and
heavy metals (e.g., vanadium, copper, iron, and nickel). In
an industrial suburban station located in Langreo, Spain,
Ti in the PM  was 15.3 ng/m’, which was determined to
be of anthropogenic origin from the use of coal and coke
production.” In China, coal burning is a major contributor
to PM. Ti concentration in the fallen dust in arid and semi-
arid Northern China was detected at 3,600 mg/kg.* In the
dust storms of arid and semi-arid Northwest China, Ti
concentrations ranged from 2,558.1 to 3,342.6 mg/kg.*®
Furthermore, indoor air pollution is a major global public
health threat. A study conducted in Columbia and South
Carolina, US, showed that the concentration of Ti in
house hold dust ranged from 0 to 8,000 mg/kg,” primarily
due to anthropogenic releases from paint during home
renovations.
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Table 1. Titanium (Ti) concentrations detected in the air/dust, sediments, and mining zones

Contaminated Contamination sites Ti concentrations Locations References
objects
Mining zones/ Near a mining zone 0.29 - 0.44% Panzhihua region, China 51
near mining Ti mining zone 0.47 - 2.80% Kwale District, Kenya 52
zones
2.86 km from Ti mining 0.30 - 1.50% Kinondo area in Kwale, Kenya 53
plant
Air/dust In the air (PMyo) 15.3 ng/m’ Langreo, Spain 54
Home (home dust) 0-8,000 mg/kg with particle size Columbia, South Carolina, US 55
>450 nm
Dust storms 2,558.1 - 3,342.6 mg/kg Arid and semiarid Northwest China 56
Fallen dust in arid and 3,600 mg/kg Arid and semiarid Northern China 57
semiarid Northern China
Brake pad dust 25,400 mg/kg Katowice, Poland 58
Sediments Bay area sediments 1,000 - 21,200 mg/kg with a mean From Thazhankuda to Kodiyakkarai 59
of 5,550 mg/kg coast, India
Marine sediments 530 - 19,539 mg/kg Periyakalapet to Parangipettai coast of 60
Tamil Nadu, India
River sediments 4,600 - 5,200 mg/kg upstream and Dan River, North Carolina, US 61
4,700 - 6,100 mg/kg downstream
from a coal ash spill site
River downstream TiO, NPs ranging 75 - 193 mg/kg A river downstream of a 62
sediments nano-manufacturer industrial site
River sediments TiO, NPs ranging 365 - 871 mg/kg Sava River, Slovenia 63
2.2.3. Sediments sources in Vrhovo, Slovenia, are the chemical and glass

Sediment contamination is mainly due to the release
of Ti from mining sites and manufacturing plants. Ti
concentrations in the Bay of Bengal coastline from
Thazhankuda to Kodiyakkarai coast, India, ranged from
1,000 to 21,200 mg/kg, although the cause of the pollution
was not specified.” In another study, Ti concentrations in
marine sediments from the Periyakalapet to Parangipettai
coast of Tamil Nadu, India,ranged from 530 to
19,539 mg/kg.®° This area has intensive industrial activities,
and the discharge of effluents to the river is a common
practice. A coal ash spill in the Dan River in North
Carolina, US, resulted in Ti in the sediments of upstream
and downstream areas, ranging from 4,600 to 5,200 mg/
kg and 4,700 to 6,100 mg/kg, respectively. This type of spill
is significant as Ti concentrations in the sediments were
similar to those in coal ash.®*

In addition to the bulk form of TiO,, TiO, NPs have
been detected in sediments. The concentrations of TiO,
NPs in the sediment downstream of the Thur River,
France, were found to be 75 - 193 mg/kg, which was
caused by the release of manufactured TiO, NPs from
industrial effluent and the wastewater treatment plant.*
In the Sava River, Slovenia, TiO,-NP concentrations
ranged from 365 to 871 mg/kg,” with the main pollution

industries.

2.3. Distinguishing features of natural (geogenic)
and anthropogenic origins

As discussed, TiO, in the environment originates from
either natural or anthropogenic sources. Distinguishing
the two origins aids in interpreting toxicity data and the
implementation of methods for remediation. However,
determining the source is challenging. Particle size
distribution was found not to be a significant factor for
TiO, NPs in sludge-amended soils by del Real et al.,”” who
studied the physical and chemical features of natural and
anthropogenic origin TiO, NPs. However, the structure
of TiO, particles and their association with mineral-
organic assemblages may provide some insights into their
origin. When there were differences in the elemental
fingerprints and mass distribution of engineered and
geogenic Ti-containing nanomaterials, Bland et al.®
distinguished sources using binomial logistic regression
machine learning models. The nanomaterials were also
characterized by single-particle inductively coupled
plasma time-of-flight mass spectrometry (SP-ICP-
TOFMS); this technique found that most of the
geogenic Ti-containing nanomaterials had no elemental
association. Consequently, a different strategy was applied
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to analyze and categorize individual Ti-containing
natural and engineered particles using SP-ICP-TOFMS.®
The authors developed quantification techniques based
on multielement fingerprints along with element mass
ratios—and detection limits of particle types—using
decision tree strategies that are independent of Ti’s
particle size distribution.

3. Distribution and biogeochemistry of Ti in
the soils

3.1. Distribution

The weathering of ilmenite and rutile increases TiO,
concentrations in soils, particularly those in tropical
regions. For example, Ti concentrations in the topsoil of
the Seville area, Spain, ranged from 1,162 to 8,353 mg/
kg’® The authors found that this concentration range
was attributed to natural processes rather than traffic
and fertilizers. Although healthy, unpolluted soil is an
element of the ecosystem, soils are often contaminated
by anthropogenic materials that accumulate over
extended periods. Agricultural soils subjected to long-
term recycled water irrigation in Kano, Nigeria, resulted
in Ti concentrations ranging from 4,600 to 14,300 mg/
kg”" Concentrations of TiO, NPs in Stormwater Green
Infrastructure (SGI) soils varied between 550 and
1,800 mg/kg in Orange County, California, US.”” The SGI
is an approach to filter stormwater through growing plants;
thus, SGI soils can retain chemicals from the stormwater,
including pollutants such as TiO, NPs. The mean Ti
concentrations in topsoil and sub soils collected from
Frydek-Mistek, Czech Republic,were 4,664.4 mg/kg and
4,863 mg/kg, respectively, potentially due to atmospheric
deposition resulting from the steel industry, vehicular
emissions, tire abrasion, and agricultural operations.”

The TiO,-bearing rocks from quartzite and quartzitic
sandstone quarries in Wi$niéwka, Poland had a mean Ti
content of 5,036 + 696 mg/kg in clayey-silty shales and
1,972 + 682 mg/kg in quartzites/sandstones, while the
rocks from Fe-Ti oxide ore in gabbroic complexes in Abu
Ghalaga, Egypt, had a mean Ti content of 481,100 mg/kg
in ilmenite minerals and 88,800 mg/kg in titano-magnetite
minerals (Table 2).°

Ti concentrations in soil vary based on the geological
characteristics of a particular location (Table 2). The soil
Ti content in areas with fewer human activities, such as
forest areas (e.g., Amazonian Craton),ranged from 116
- 741 mg/kg (mean: 433 + 178 mg/kg) in Brazil™* while
Scandinavian Mountain slopes in Sweden reported a Ti
content of 3,660 - 7,830 mg/kg (median: 4,170 mg/kg).”
Topsoil in agricultural lands at the Hexi Corridor in
China showed a similar Ti content (1,448 - 7,919 mg/kg,

mean: 3,022 + 1,047 mg/kg); however, agricultural topsoil
from various countries in Europe showed higher Ti
contents, depending on the parent material of the soils
(median values from granite: 5,600 mg/kg, gneiss:
5,700 mg/kg, and schist: 8,000 mg/kg).” Ti contents
recorded in the topsoil from urban areas, such as gardens
and roadsides, had averages of 1,547 + 765 mg/kg at Cape
Town in South Africa,”® 3,087 + 947 mg/kg at Puning in
China,* and 2,308 + 154 mg/kg at Xining in China.®
However, as noted above, human activities can release Ti
to the soil environment.” The disposal of Ti-containing
industrial wastes contributes to high Ti levels in the
nearby soils, as evident in Yerevan in Armenia, where
the mean level was 4,115 = 529 mg/kg due to direct
industrial activity.*? Surprisingly, the soils and dust near
the industrial region of Riyadh in Saudi Arabia recorded
low Ti levels of 24 - 240 mg/kg (mean: 117 mg/kg). The
soil and dust samples from gold mining areas in Mahd Al
Dhahab, Saudi Arabia, had slightly increased Ti content
(631 - 987 mg/kg, mean: 809 mg/kg).** Understanding
local Ti concentrations in soil is critical for a variety of
applications and responses, ranging from agriculture to
environmental management.

3.2. Biogeochemistry

Understanding the biogeochemistry of Ti in soil involves
the study of the interaction between Ti and the soil
environment. Ti is not an essential element for plant
growth, and it is generally considered an inert element in
soils, meaning it generally does not play a significant role in
biological processes.* As discussed earlier, soil Ti is typically
present in the form of minerals or mineral compounds.
These Ti-containing minerals are often part of the natural
geological composition of soil and rocks. IImenite contains
both Fe and Tiand is often found in igneous rocks, sediments,
and beach sands. When ilmenite weathers and breaks down,
it releases Ti into the surrounding soil.*” Rutile contributes
to the Ti content in soil when metamorphic rocks undergo
weathering. Anatase, another form of TiO, found in some
igneous and metamorphic rocks, is less common than rutile.

Volcanic eruptions can introduce Tiinto the soil through
the deposition of volcanic ash and lava, which may contain
Timinerals.®® Small amounts of Ti are also deposited into
the soil from the atmosphere, mainly through dust and
aerosol particles that contain Ti. At the same time, some
fertilizers and soil amendments may contain traces of Ti,
contributing to its presence in soil when these products
are used.” The elevated concentrations of Ti in soil due to
human activities couldexert environmental implications
and may require remediation efforts to mitigate potential
impacts. Importantly, the pH and redox conditions of the
soil affect the solubility and speciation of Ti, although the
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Table 2. Titanium (Ti) concentrations and distribution in different soil environments across countries/regions

Country/region Source/environment Ti forms Mass concentration (mg/kg) References
Canaa dos Carajas, Brazil Topsoil from undisturbed forest areas in  Ti in soil minerals 116 — 741 (mean: 433+178) 74
the Amazonian Craton
Abisco, Sweden Soil from Scandinavian Mountain slopes Ti in soil minerals 3,660 - 7,830 (median: 4,170) 75
Hexi Corridor, China Topsoil from farmlands Ti in soil minerals 1,448 - 7,919 (mean: 3,022+1,047) 76
Europe (33 countries) Topsoil from agricultural lands TiO, in soil derived from 1,800 - 55,100 (median: 5,600) 77
granite rocks
TiO, in soil derived from 1,400 - 15,700 (median: 5,700)
gneiss rocks
TiO, in soil derived from  3,000-19,900 (median: 8,000)
schist rocks
Cape Town, South Africa  Topsoil from gardens/playgrounds/ Ti in soil minerals 441 - 4,378 (mean: 1,547+765) 78
roadside
Puning, China Topsoil from urban areas Ti in soil minerals 1,216 - 6,896 (mean: 3,087+947) 79
Xining, China Topsoil and dust from urban roadside Ti in urban soil and dust 1,580 - 2,610 (mean: 2,308+154) 80
minerals
China Mainland Topsoil from sediments or alluvial soils  Ti in soil minerals 266 — 24,674 (mean: 3,661) 81
Magmatic rocks Ti in rock minerals 16 - 33,950 (mean: 3,749)
Sedimentary rocks Ti in rock minerals <10 - 29,888 (mean: 2,415)
Metamorphic rocks Ti in rock minerals <10 - 24,030 (mean: 3,597)
Yerevan, Armenia Topsoil from urban and industrial areas  Ti in soil minerals 2,169 - 6,835 (mean: 4,115+529) 82
Riyadh, Saudi Arabia Industrial activity impacted the topsoil ~ Ti in soil and dust particles 24 - 240 (mean: 117) 83
and dust particles
Mahd Al Dhahab, Saudi ~ Gold mining impacted the topsoil and  Ti in soil and dust particles 631 — 987 (mean: 809) 83
Arabia dust particles
Abu Ghalaga, Egypt Rocks from Fe-Ti oxide ore in gabbroic ~ TiO, in the ilmenite 445,100 - 490,700 (mean: 481,100) 5
complexes minerals
TiO, in titano-magnetite 13,800 - 185,000 (mean: 88,800)
minerals
Wiséniéwka, Poland TiO,-bearing rocks from quartzite and  Ti in clayey-silty shales 4,124 - 6,300 (mean: 5,036+696) 84
quartzitic sandstone quarries Ti in quartzites/sandstones 1,259 — 3,038 (mean: 1,972+682)
Seville, Spain Topsoil, Nerium oleander leaves, and Ti in soil minerals 1,162 - 8,353 70
Lantana camara leaves
Kano, Nigeria Urban agricultural soils Ti in rock minerals 4,600 - 14,300 71
Orange County and Topsoil from stormwater green Natural and engineered 1,300 - 2,500 72
Los Angeles, California,  infrastructures TiO, nanoparticles
United State
Frydek-Mistek, Czech Topsoiland subsoils from agricultural Ti in rock minerals Topsoil: 3,134 - 5,560 (mean: 4,664); 73

Republic

lands

Subsoils: 3,357 - 6,724 (mean: 4,863)

specific effect of pH on the solubility of Ti compounds in
various soils is out of the scope of the present review. The
chemical speciation of Ti under pH-dependent reactions
is discussed in detail in the next section. In solution,
Ti(OH),* ions, Ti(OH)** ions, and Ti(OH), exist in
different pH ranges; i.e., when pH <1, titanyl ions exist, and
with increasing pH, Ti(OH), dominates.” Finally, Ti(OH),
precipitates and dehydrates to form stable TiO,.

The biogeochemistry of Ti in both soil and
water is influenced by various factors, including the
geological characteristics of an area.”’ Regions with
Ti-rich minerals are more likely to demonstrate high
Ti concentrations in soil. Soil properties, such as pH,
organic matter content, and mineral composition—all
that can affect the mobility and solubility of Ti—are
also key factors.”>”® Acidic soils may release more Ti
into solution, while organic matter can complex with
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Ti and hinder mobility. Under reducing conditions,
Ti becomes more soluble and mobile.” Sedimentation
leads to the accumulation of Ti in certain areas. Aquatic
organisms accumulate Ti from the water column or
sediments; this accumulation may vary depending
on the species and their trophic level. Local climate,
weather patterns, and seasonal variations can all
significantly impact the mobility and behavior of Ti in
both soil and water.

There is a range of different Ti chemical (polymorphic)
forms and speciation stages, such as Ti oxocation (titanyl
TiO**) andTi(IV) dihydroxideion (Ti[OH],*), each with
a distinct set of features and environmental implications
(Table S2). Being aware of Ti speciation is essential for
comprehending its behavior, mobility, and potential impact
ontheenvironment. In general,inaqueous (acidic) solutions,
Ti forms different complexes with hydroxyl groups (the
dominance of di/tetra-valent ions). The general formula
for these complexes is [Ti(OH)n(HZO)(Grn)](4‘“)+ (0<n<4).”
Kumar et al.*® and Migaszewski and Galuszka™ discussed
that TiO, exists in different polymorphs in nature, including
tetragonal anatase, tetragonal rutile, nanocrystalline TiO,,
and orthorhombic brookite. Amorphous TiO, is a non-
crystalline type of TiO,.” Thermodynamically, rutile is
more stable due to its formation under high pressures
and temperatures (>500°C), while brookite and anatase
are often created under low pressures. This increases the
likelihood of anatase and brookite conversion to the rutile
form rather than the reverse process. Notably, Ti mobility
and solubility usually increase when complexed with
organic and inorganic ligands.?>*>%

4, Distribution and biogeochemistry of Ti in
the aquatic environment

4.1. Distribution

Sanitary sewer overflows are a major issue in the US, which
often leads to the release of contaminants, such as TiO, NPs,
intowater. Sousa et al.” reported that TiO, NPs are not removed
during the sewage treatment process, and the particles enter
surface waters along with the treated sewage at estimated
concentrations of 20 — 10,000 ng/L. Surface water samples
collected from Crane Creek, Stoop Creek, and Gills Creek
in Columbia, South Carolina, US, demonstrated TiO,-NP
concentrations ranging from 1 to 95 mg/L, with a mean of
25 mg/L.” TiO,-NP concentrations in the beach shorelines
close to the bathing zones in the French Mediterranean ranged
from 100 to 900 mg/L; this presence was attributed to the use
of sunscreens that contain TiO, NPs. TiO,-NP concentrations
downstream of the Thurriver, France, were found to be 133 -
260 mg/L, which was attributed to the nearby nanomaterial
manufacturing industry.®” In Taihu Lake, China, TiO,-NP

concentrations ranged from 0.1 to 10 mg/L, with a mean
level of 21.1 mg/L.'* Additionally, TiO, NP contamination
has been reported in other freshwater locations, including
forest brooks, agricultural streams, urban streams, and urban
watersheds (Table 3).

Ti is detected in aquatic habitats, such as freshwater
and marine ecosystems, mostly in the form of TiO, NPs.'*
The accumulation of Ti in these water bodies is caused by
a complex interaction of natural geological processes and
human activities. TiO, contents in surface waters have been
estimated to range from 2 to 700 ng/L,'*> demonstrating
that the distribution of Ti in aquatic environments is not
homogeneous and varies from place to place (Table 3).
Minerals such as ilmenite, rutile, and anatase in rocks
and soils weather and degrade over time, releasing TiO,
particles into surface water bodies, including rivers,
lakes, and oceans. The richness of these minerals in the
surrounding geology could have a direct influence on the
concentration of Ti in the water bodies, and anthropogenic
activities based on these minerals could aggravate the
release of Ti into surface waters.'*

Kiser etal.'*reported that the raw sewage of a wastewater
treatment facility in Central Arizona, US, contained Ti
as 1 - 30 x 10° ng/L, and the effluents of the treatment
facility still exhibited 5 - 15 x 10° ng/L of Ti. Aside from
wastewater treatment plants, surface water bodies canbe
directly or indirectly exposed to TiO, NPs via landfills,
combustion processes, product applications, rainwater
deposition, agricultural non-point sources, surface runoff,
underground leaching, and accidental release during
production and transportation.'* Azimzada et al.'™ found
that the Ti content of river water samples collected from
the Netherlands, Germany, Italy, and the US were 5.8 + 5.6,
75.1 + 11.5, 143 £ 114, and 524 + 255 ng/L, respectively,
while in Brazil, the levels were reported at 2,262 + 423 ng/L.
Similar values were observed in lake water samples from
China (6.4 + 4.8 ng/L) and the United Kingdom (135 +
45.9 ng/L). Meanwhile, the Tamsui River basin in Taiwan
showed high Ti levels (1,040 + 40.0-31,700 + 600 ng/L).***
Importantly,the intensification of industrialization and the
applicationof Ti-nanomaterials are expected to increase
NP release and dispersion in river systems.

Due to the protonation-deprotonation equilibria
of the surface hydroxyl groups, TiO, surfaces present a
pH-dependent charge. More specifically, there is a negative
charge in higher pH environments and a positive charge
in acidic environments.”® The pHat which the particle’s
total charge is zero, or the point of zero charge, divides
these regimes.">"'¢ Since the Derjaguin-Landau-Verwey-
Overbeek force typically controls the aggregation of TiO,
particles, the strength of the repulsive forces coming
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Table 3. Titanium (Ti) concentrations and distribution in aquatic environments across countries/regions

Country/region Source/environment Ti forms Mass concentration Particle number References
concentration (particles/L)

Arnhem, Netherlands ~ Ti-based nanoparticles in the  TiO, in 5.8+5.6 ng/L (1.7£1.2)x107 101
Nederrijnriver water nanoparticles

Tamsui River basin, TiO2 nanoparticles in river TiO, in 1,040+40.0 — (4.54+0.56 — 47.9+16.3)x10* 102

Taiwan water nanoparticles 31,700+600 ng/L

Munich, Germany Ti-based nanoparticles in the  TiO, in 75.1+11.5 ng/L (1.5+0.2)x10° 101
Isar river water nanoparticles

Le Ti-based nanoparticles in the  TiO, in 332+56.9 ng/L (1.940.3)x10° 101

Chambon-sur-Lignon, Lignon du Velayriver water nanoparticles

France

Besosriver basin, Spain  Ti-based nanoparticles in river Ti-based - (2.32 - 29.8) x107 (mean: 103
water nanoparticles 8.0x107)

Sao Paulo, Brazil Ti-based nanoparticles in the ~ TiO, in 2,262+423 ng/L (6.8+1.2)x10° 101
Rio Passo River water nanoparticles

Venice, Italy Ti-based nanoparticles in the ~ TiO, in 143+114 ng/L (8.0+1.8)x10° 101
Rio del Gozzi Canal water nanoparticles

Durham, US Ti-based nanoparticles in TiO, in 524+255 ng/L (2.9£1.2)x10° 101
stream water nanoparticles

Zhuzhou, China Terrigenous TiO, in the TiO, in river 7,400-58,700 mg/kg - 104
Xiangjiang River sediments sediments

Bayannur, China Ti-based nanoparticles in the  Ti-based 6.4+4.8 ng/L (2.0£1.0)x10” 101
Ulansu Lake nanoparticles

London, UK Ti-based nanoparticles in the  Ti-based 135+45.9 ng/L (1.9£1.2)x10° 101
Long Water lake nanoparticles

Melbourne, Australia  Ti-based nanomaterials in Ti-based - (1.6440.26 — 25.8+1.0)x10° 105
lakes, basins, and wetlands nanomaterials
Ti-based nanomaterials in Ti-based - LOD-(3.20+0.12)x10°
wastewater treatment plant nanomaterials
effluents

Vancouver, Canada Ti-based nanoparticles in the ~ TiO, in 15.5 ng/L (2.3£0.0)x108 101
Strait of Georgia (seawater) nanoparticles

Forde Fjord, Vestland  Ti-based nanoparticles in the  Ti in nanoparticles LOD-127 ng/L - 106

county, Norway fjord (seawater)

Laizhou Bay, China Ti-based nanoparticles in TiO, in 200 - 199,000 ng/L (5.75 - 97.3) x107 (mean: 107
seawater nanoparticles (median: 820 ng/L) 1.75x10%)
Ti-based nanoparticles in TiO, in 1.02 - 123 mg/kg (3.70 - 156) x10'1 particles/kg
marine sediments nanoparticles (median: 27.3 mg/kg) (mean: 77.5x10'1)

Casablanca, Morocco  Ti-based nanoparticles in the  TiO, in 48.9 ng/L (5.2+0.0)x10° 101
Atlantic Ocean nanoparticles

Xiamen Bay, China Ti-based nanomaterials in Ti-based 2,340 - 6,330 mg/kg - 108
marine sediments nanomaterials (mean:

4,360+1,480 mg/kg)
Pulmoddai, Sri Lanka ~ Heavy mineral coastal deposits TiO, in ilmenite 493,400 mg/kg - 109
minerals

South Carolina, US Ti-based nanoparticles in TiO,-engineered 95 ug/L - 99
surface water (Crane Creek, nanoparticles
Stoop Creek, and Gills Creek)

French Mediterranean  Ti-based nanomaterialsin TiO,-based 100 -9 00 pg/L - 110

coast surface water (beach shoreline nanomaterials
in bathing zones)

(Contd...)
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Table 3. (Continued)

Country/region Source/environment Ti forms Mass concentration Particle number References
concentration (particles/L)
France Ti-based nanomaterials in TiO,-based 133 - 260 pg/L 62
the river downstream of a nanomaterials
nano-manufacturer industrial
site
Taihu Lake, China Ti-based nanoparticles in lake  Ti in nanoparticles 0.1 -10 pg/L (2.28 - 2.78) x10° 100
water
Sava River, Slovenia Ti-based nanoparticles in river TiO,in 1.96 - 7.23 pg/L (0.07 - 7.0) x10° 63
water nanoparticles
Seine River watershed, ~Ti-based nanoparticles in TiO, in 3.5-23.4pg/L (9 -900)x10® 111
west of Paris, France  aforested brook nanoparticles
Ti-based nanoparticles in an 1.4 - 69.6ug/L
agricultural stream
Ti-based nanoparticles in an 0.5-5.9ug/L
urban stream
Columbia, South Ti-based nanoparticles in TiO,-engineered Lower Saluda: - 112
Carolina, US the surface waters of urban nanoparticles 39.246.7 pg/L,
watersheds (Lower Saluda Broad: 233.4+8.1 pg/L,
River, Broad River, and Congaree:

Congaree River)

5,975.7+88.8 pg/L

Abbreviations: LOD: Limit of detection; UK: United Kingdom; US: United States.

from the overlapping of electrical double layers that
develop around the particles is determined by the surface
potential and surface charges. The stability ratio values are
usually calculated to represent the rate of aggregation in
adispersion. Aggregation rates are normalized to those
observed in unstable dispersions, where particle diffusion
alone controls aggregation, in order to compute the
stability ratios."”!!8

Due to the dilution effect, Tilevels in marine ecosystems
maybe lower than in freshwater systems. Tilevels recorded
in coastal seawater samples from Canada and Norway were
10,000 ng/L and 40 — 400 ng/L, respectively, while seawater
from Laizhou Bay, China, showed levels of Tiat 200 -
199,000 ng/L (median: 820 ng/L).'°'%!” Anincreasein
Ti levels may occur around industrialized coastal areas
or in estuaries where rivers deliver larger quantities of Ti
from upstream sources. Suspended TiO, NPs in rivers and
seawater have various surface characteristics and particle
sizes, but eventually all will sink into the river and marine
sediments due to aggregation with organic substances.'®
Therefore, the Ti concentrations in river and marine
sediments could be much higher than the Ti content in
the aqueous medium. Sediments in Xiangjiang River,
China, showed a high Ti content of 7,400 to 58,700 mg/
kg, which was largely due to the weathering of terrigenous
minerals in the surrounding environment.'” Ti in marine
sediments was observed in Xiamen Bay, China, at 2,340
- 6,330 mg/kg (mean: 4,360 + 1,480 mg/kg), while

comparatively low Ti content was present in Laizhou
Bay, China (1.02 - 123 mg/kg, median: 27.3 mg/kg).'*®
The potential factors for the large differences between Ti
concentrations in these two sediments include organic
matter contents, abundance of fine fractions of sediment
(<63 um), and pollution from industries and sewage
discharges, as well as the occurrence of natural kaolinite
minerals in the surrounding regions.

As noted earlier, atmospheric deposition is another
natural mechanism for Ti to reach aquatic habitats. Ti
particles in the atmosphere can be generated from a range
of sources, including natural dust and industrial emissions,
such as windblown mineral dust aerosols. In addition,
agricultural activities (generate atmospheric dust),
airborne PM (PM,./PM ), and photochemical reactions
of TiO,-coated material surfaces with atmospheric water
vapor and oxygen/irradiation wave lengths are also the
sources of TiO, in the air.'"” These particles accumulate
in water bodies, thus increasing the total Ti content.'®®
Importantly, the non-homogeneous distribution of the Ti
in aquatic environments is controlled by the availability
of Ti minerals in the surrounding geology, the presence
of industrial activity, and the type of water body, either
freshwater or the oceans.

4.2. Biogeochemistry

In aquatic environments, Ti typically exists in the form
of suspended PM and is often found associated with
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solid particles suspended in water."”* TiO, can originate
from the natural weathering of Ti minerals or industrial
processes, such as the production of TiO, pigments. In
some cases, Ti can form complexes with organic matter in
water, resulting incolloidal complexes that may enhance
its mobility. Sediments and suspended matter particles
can transport Ti within aquatic systems, affecting its
distribution and sedimentation processes.”! Although
TiO, NPs are known to aggregate rapidly upon contact
with solutions lacking electrolytes, it should be noted
that this process is influenced by a variety of factors. For
example, TiO, NPs tend to assemble in seawater within
an hour, whereas they are stable in treated wastewater for
hours.””!?? Furthermore, Gan et al.'? reported that natural
organic matter inhibited the aggregation of TiO, NPs.
Notably, when using coagulation techniques to extract
TiO, NPs from water, coagulant types and water quality
can significantly impact overall efficacy. Alkalinity, natural
organic matter contents, and the type of ionic solutes and
their strength are the factors that usually influence water
quality parameters. Several groups have documented
the application of Ti salts as an excellent coagulant for
the purification of natural water and wastewater.'?*'*
TiO, NPs' remarkable adsorption and photo catalytic
degradation properties make them effective for treating
environmental pollutants. A suite of contaminants in soil,
water, and air could be degraded by TiO, NPs due to their
potent oxidative potential.'** In aquatic environments,
the adsorption or redox transformation of pollutants
by TiO, NPs maydecrease the elements’ mobility and
bioavailability.

Improper disposal of waste materials that contain Ti
can result in leachingto soil and groundwater. This occurs
when industrial wastes, construction debris, or discarded
consumer products with Ti are not managed and disposed
of properly. Some agricultural practices involve the use of
Ti-based materials, such as TiO,, as a whitening agent in
animal feed. Runoff from agricultural fields carries these
materials into nearby water bodies or soil. Additionally,
stormwater runoff from urban areas may also transport
these particles into water bodies. Notably, accidental spills
of Ti-containing materials can result in the sudden release
of Ti into the environment, including soil and water.'*

4.3. Bioavailability and toxicity of Ti
4.3.1. Microorganism and plant-Ti interactions

The toxicity of NPsto plants and microorganismsdepends
not only on their concentration but also on the particle
size. A number of published papers investigated the impact
of Ti on soil microorganisms and reported that TiO, can
inhibit the growth of essential soil microorganisms.'?*'%’

Simonin et al.'”* added 1 - 500 mg/kg nano scale TiO, to
the soil for 90 days and observed significant shifts in several
bacterial groups, leading to compromised nitrification
and other nitrogen cycling processes. Meanwhile, Moll
et al'® showed that although prokaryotic organisms
were impacted by TiO, exposure in the soil, fungal
groups remained unaffected. Bellani et al.'** reported
dose-dependent impacts of nanoscale TiO, on bacterial
diversity and observed that 800 mg/kg induced changes,
but 80 mg/kg had little impact on bacterial diversity and
populations. Conversely, Kaur et al.'*” exposed soils to 1 -
20 mg/L TiO, and reported dose-dependent impacts, with
stimulated microfloral growth and activity at low doses
but inhibitory effects at high concentrations (>15 mg/L).
Interestingly, contradictory results were obtained by
Zhang et al.,"*" who exposed soils to 1,000 mg/kg TiO, and
Fe,O, NPs. The authors observed changes in soil pH and
available nutrient fractions, but there was no impact on the
populations of soil bacteria or fungi.

The existing literature on plant-Ti interactions falls into
three general categories, includingphytotoxicity, growth
promotion/disease suppression, and the biosynthesis of
nanoscale TiO, for other purposes (Tables 4, 3 and S4). The
number of papers published in the former two categories
is roughly equivalent, with the vast majority being focused
on nanoscale TiO,; the literature on biosynthesis is more
limited (Figure 2).

With regard to phytotoxicity, a number of mechanisms
have  been  proposedfor  TiO,-induced  toxicity
(Figures 3 and S2). Doronila and Fox"' reported on the
regrowth of native plant species on a TiO, residue pond
in Australia, and observed that by 5 years, species richness
and metal contents were largely equivalent to the control
sites. Experimentally, Asliand Neumann'*? exposed corn
to TiO, colloidal suspensions under laboratory hydroponic
or soil conditions. They noted a reduction in planta water
flow, potentially resulting from apoplastic inhibition;
however, shoot production recovered after extended
exposure. Besides, Ghosh et al.'** observed increased lipid
peroxidation and DNA damage in TiO, (4 mM)-exposed
onion and tobacco. Similarly, Song et al.'** observed a
dose-dependent toxicity in Lemna minor L. upon anatase
TiO, NP exposure, with concentrations above 200 mg/L
causing progressively greater impact.

Alternatively, Larue et al" reported minimal
physiological impact on wheat and canola from TiO,
NP exposure, despite Ti accumulation occurring in both
species. Song et al.'"” demonstrated minimal phytotoxicity
of nanoscale TiO, to three plant species as measured by a
range of parameters; the authors suggested that particle
agglomeration under environmentally relevant conditions
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Table 4. Selected studies onplant-titanium (Ti) interactions and corresponding treatment technologies

Plant species Concentration Treatment technology Effects References
(mg/L, unless
otherwise stated)
Multiple native species Not stated Native species growth on a TiO, residue ~ Normal native plant species rehabilitation 131
containment pond was measured 5 years  on site
after exposure
Zea mays 300 - 1,000 Laboratory Ti exposure in water to maize Exposure caused reduced water transport; 132
roots; impacts on water transport and leaf impacted leaf function from physical
response were measured inhibition of apoplastic flow
Allium cepa, Nicotiana 0-10 mM Genotoxicity evaluated by comet assay Micronuclei, chromosomal aberrations, 133
tabacum and DNA laddering and reduced root growth linked to lipid
peroxidation
Lemna minor 1-2,000 Exposure in media to nanoparticles (NPs) Particle size- and dose-dependent effects; 134
or bulk TiO, for 7 days. Plant growth, growth stimulation at low doses but
chlorophyll, and antioxidant defense toxicity at high doses
enzymes were measured
Brassica napus, Triticum 10 Hydroponic exposure. Germination, Ti accumulated in planta, but no impacts 136
aestivum, Arabidopsis thaliana root elongation, dry biomass, and on germination or growth
evapotranspiration were measured.
Particle uptake evaluated by electron
microscopy and X-ray techniques
Brassica campestris ssp. Napus, 0 - 5,000 Hydroponic exposure. Germination, Ti accumulated in plants but little 137
Lactuca sativa, Phaseolus root elongation, chlorophyll and stress phytotoxicity evident
vulgaris enzymes measured
Lactuca sativa, Lycopersicon 250 - 1,000 Seed germination, cotyledon Eight of 10 species responded to exposure; 138
lycopersicum, Brassica development, and root length many with enhanced germination and
oleracea, Glycine max, Daucus growth at lower concentrations. Nonlinear
carota, Lolium perenne, dose-response evident
Z. mays, Cucumis sativus,
Avena sativa, Allium cepa
Panicum virgatum 0-2.5% TiO, NPs” impact on plant growth, Dose-dependent toxicity as measured by 139
development, and expression of inhibited root development and altered
microRNAs measured microRNA expression
Aristolochia debilis 10 Transfer of NPs within the terrestrial food TiO, detected in plant vasculature; 140
chain assessed. Eggs of the swallowtail particles transferred from the plant
butterfly were hatched on the leaves of to the larvae, and with release to the
A. debilis grown in the presence of TiO,  environment via larval excretion
Glycine max 250 - 1,000 Impact of exposure on seed germination, No impact on germination; some root 141
growth, content of reactive oxygen damage due tothe physical adsorption of
species, lipid peroxidation, and activity of aggregated TiO,
antioxidant enzymes in roots
Vallisneria natans 5-20 Exposure to nanoscale and bulk TiO, Exposure damaged plant leaf cells and 142

NPs; impact on plant health and epiphytic
microbial community assessed

disrupted the epiphytic community
(increasing some groups, decreasing others)

Z. mays

100 - 1,000 mg/kg

Maize growth, photosynthetic activity, and
biochemical response were determined, as

was Ti uptake. Impacts on soil microbiome
and enzyme activity were assessed

Plant growth, biomass, and photosynthetic
activity. Some lipid peroxidation
occurredat higher doses. Evidence of
some disruption of soil health

143

limited the effective dose. Meanwhile, Andersen et al.'*
developed a modified standard phytotoxicity assay and
noted that eight of 10 plant species exhibited negative
effects upon exposure to 250 - 1,000 mg/L TiO,. Similarly,
Boykov et al." reported that TiO, NPs significantly reduced

switchgrass root development and altered microRNA
expression. In an interesting demonstration of trophic
transfer, Kubo-Irie et al'* observed that swallowtail
butterflies that fed on Aristolochia debilisexposed to 10 mg/L
TiO, NPs accumulated Ti, with subsequent transfer to the
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environment from excretion. More recently, de Melo et al.'*!
observed that exposure of soybean to 250 - 1,000 mg/L

TiO, aerial
deposition

e Increase
nutrient content

¢ Increase yield

¢ Photoactivity
; mitigates disease

¢ Increase pigments
and photosynthesis

e Accelerates growth

e Alleviate abiotic
stress

@

® TiO, from roots
not translocated

Figure 2. Schematic highlighting the overall beneficial effects on plants
exposed to TiO, nanoparticles. Created with BioRender.com. Zuverza-
Mena, N. and White, J. (2025) https://BioRender.com/lwvj7Ix.

Tyr. Phe. Trp. Met a

TiO NPsled to significant root tissue damage, largely
through particle adsorption and direct physical interaction.
Similarly, Alklaf et al'** reported that exposure of the
aquatic plant Vallisneria natans to 5 - 20 mg/L anatase for
30 days resulted in damaged leaf cells, altered epiphytic
species composition, and reduced interaction intensity
among the epiphytic genera in the microbiome. Bakshi and
Kumar'® reported that exposure of corn grown in soil to
TiO, NPs at concentrations of 100 - 1,000 mg/kg had little
impact on growth or photosynthesis. However, oxidative
stress and Ti uptake were observed at the high dose range.
Similar observations were reported for green pea (Pisum
sativum L.) at 10 — 100 mg/L TiO, NPs.'*

5. Risk management of Ti in the
contaminated environment

5.1. Remediation of Ti-contaminated soil

The investigation of Ti removal from the environment
is limited due to the generally perceived low biological
toxicity of the element.'” However, with the escalating
utilization of Ti-containing products and the emergence
of negative incidents, such as the European Food Safety
Authority (EFSA)’s prohibition on the use of nano/micro
TiO, in food and the genotoxicity of TiO, indicated by
meta-analyses,"**'*” it has become imperative to regulate

Endopplasmic
reticulum

Figure 3. TiO, nanoparticles (NPs) interactions/mechanisms of toxicity with plant cells. Reprinted with permission from Hou et al.'*>; Copyright 2019 Elsevier.
Abbreviations: Cys: Cysteine; Met: Methionine; mRNA: Messenger RNA; OH: Hydroxyl group; Phe: Phenylalanine; ROS: Reactive oxygen species; SOD:

Superoxide dismutase; Trp: Tryptophan; Tyr: Tyrosine.
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the accumulation rate of Ti in the environment and
mitigate associated environmental risks.'*

The National Institute for Occupational Safety and
Health (NIOSH) classifies TiO, as a potential occupational
carcinogen. However, in response to growing concerns over
TiO, NPs'toxicity and the evidence of TiO, carcinogenic
qualities in animal studies revealed by IARC, France has
started a classification process under European Regulation
(EC) No.1272/2008."%!*  According to the Toxic
Enforcement and Safe Drinking Water Act administered
by the Office of Environmental Health Hazard Assessment
of the California Environmental Protection Agency, the list
of chemicals known to cause cancer, created in 1986 under
Proposition 65, was revised on September 2, 2011.!181%°
This list was expanded to include respirable TiO, airborne
particles.””! The US Food and Drug Administration has
allowed TiO, as a food additive as long as its content is less
than 1% of the food’s weight. Similarly, as long as acceptable
manufacturing procedures are adhered to, the EFSA also
permits TiO, as a food additive with no maximum limit.**
According to time-weighted average concentrations, the
USNIOSH recommends exposure limits of 2.4 mg/m® for
“fine TiO,” (including pigmentary TiO,) and 0.3 mg/m’ for
“ultrafine TiO,” (including nano-TiO,) for up to 10 h/day
over a 40-h workweek."**** Additional detailed discussions
on regulatory measures regarding the use of TiO, in
consumer products are beyond the scope of the present
review.

In the environment, the most prevalent oxidation state
of Ti is the Ti(IV) ion, which shares similar characteristics
with aluminum(III) and iron(III) ions, including the ionic
radius.?* Therefore, the removal of metal elements, such as
aluminum and iron, can serve as a reference for Ti removal
(Figure 4 and Table S5). In soil, Ti predominantly exists in
a stable form, with limited concentrations in itsavailable
state and restricted uptake of NPsby plants, thereby making
phytoremediation the primary approach for remediating
elemental Ti and nano-Ti.>*'*? More details are discussed
in Supplementary Information 2.

6. Conclusion and future research
directions

Although Ti is found naturally in certain mineral forms,
such as rutile, brookite, anatase, ilmenite, and titanite,
paints, nanomaterials, and wastes from mining and
industrial processing are the primary anthropogenic
sources of Ti accumulation in terrestrial and aquatic
ecosystems. In general, Ti comes from terrestrial
environments, such as ore. However, low mineral solubility
and relatively strong adsorption onto soils and sediments

Ti-contaminated soi

Soil washing

Phytoremediation Immobilization

Sedimentation
Flocculation
Coagulation

aquatic environments

Figure 4. Technologies for the removal of titanium (Ti) from
aquatic and soil environments. Created with Edraw Max by
Xiaodong Yang (2025) https://www.edrawsoft.cn/viewer/public/s/
max/578{c91242b811f0aadcfda6796e95fb.

limit the mobility of Ti in soil and groundwater sources;
conversely, Ti’s solubility and mobility are increased when
it complexes with both inorganic and organic ligands. The
current review summarizes the sources, biogeochemistry,
and its effects on the environment and human health, as
well as suggests future research areas of concern. This work
also addresses Ti contamination’s potential advantages or
disadvantages in comparison to other materials, although
there is a clear focus on negative impacts. Ti is considered
a non-essential element for plant, animal, and human
nutrition and is not toxic at low levels of uptake. However,
excessive Ti uptake can cause toxicity to plants, soil
organisms, aquatic life, animals, and humans. For example,
dust inhalation of TiO, NPs by humans has resulted in
chest pain, coughing, and breathing difficulty. There are
several methods for remediating Ti-enriched aquatic
and terrestrial environments, including ion exchange,
flocculation, adsorption, phytoremediation, reverse
osmosis, and nanofiltration.

Increased mining and processing, along with the wide
application of Ti, have raised concerns about its pollution
in the environment. TiO, particles are traditionally known
to have low solubility and toxicity, and have been used as
negative controls in many in vivo and in vitro toxicological
analyses. Thus, Ti is not only a metal likely to see increased
use but also potentially an emerging contaminant in the
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environment. Research has demonstrated that TiO, NPs
can have adverse effects on human health and ecosystems,
as they accumulate in the environment and pose risks
to various organisms. Given the importance and brief
overview of Ti’s application throughout history, its natural
occurrence, anthropogenic sources, environmental effects,
mitigation techniques, and existing knowledge gaps
regarding the long-term environmental fate of TiO, NPs,
the following research directions are suggested:

(i) Processes of biogeochemical transformation: In
both terrestrial and aquatic environments, Ti can
be found in a variety of forms, such as free ionic
species and inorganic and organic complexes.
The interactions of Ti with soil and sediment
components, as well as the transformation
and bioavailability of Ti, are influenced by soil
properties (e.g., pH, organic matter, and clay
content), aquatic conditions (e.g., salinity and
dissolved organic carbon), and environmental
variables (e.g., moisture content and temperature).
Additional mechanistic studies are needed to
gain a comprehensive understanding of the
underlying processes that ultimately control the
environmental fate and disposition of Ti.
Ecotoxicological assessment: While soluble Ti
species in aquatic systems and soil solutions
are generally less harmful to living organisms,
excessive accumulation of TiO, NPs in soil
and aquatic environments can be harmful
to organisms. Therefore, it is necessaryto
employ biomonitoring techniques to track the
ecotoxicity of TiO, NPs in both terrestrial and
aquatic environments. An analysis of gaps in
current policies is needed to identify how these
shortcomings can be addressed to effectively
manage environmental risks, i.e., the detailed
discussions of regulatory requirements for
Ti contamination. Discussions on regulatory
measures regarding the use of TiO, in consumer
products are also necessary. Increasing scrutiny
may result in stricter regulations aimed at
mitigating its environmental impact, especially as
concerns grow overits toxicity and accumulation
in ecosystems.

Ti-contaminated soil and aquatic system
remediation: To reduce the input of TiO, NPs
into terrestrial and aquatic ecosystems through
irrigation with recycled water and the application
of biosolids, it is imperative to assess source control
strategies. To accomplish risk-based remediation,
in situ Ti stabilization techniques in contaminated
soils and sediments—utilizing innovative and

(ii)

(iii)

effective adsorbents, such as biochar—and long-
term monitoring of the release and remobilization
of Ti are essential. The challenges associated with
implementing conventional remediation techniques
(e.g., cost, scalability, or regional feasibility) need to
be discussed in detail. Furthermore, experimental
methodologies for studying the long-term
environmental fate of TiO, NPs, along with merging
approaches such as machine learning for Ti removal
from aquatic systems, need to be studied. Finally,
long-term environmental effects and field-based
toxicity data must be taken into account in future
studies to bridge the knowledge gaps in these areas.
Costs of remediation: It is imperative to critically
evaluate the feasibility and cost-effectiveness
of existing remediation techniques, such as
phytoremediation and nanofiltration methods.
Additionally, a comparison of the strengths
and limitations of these methods, along with
their applicability to real-world contamination
scenarios, needs to be considered.
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Abstract

Air pollution represents a critical dimension of environmental contamination and
poses severe risks to human health and ecological systems. While environmental
pollution can manifest in various forms—such as air, water, and soil pollution—air
pollution remains the most pervasive and damaging. Rapid industrialization and the
proliferation of pollution-intensive technologies have significantly contributed to
the degradation of air quality. This review provides an overview of existing research
focused on strategies for controlling and mitigating air pollution. Emphasis is placed
on technological interventions, regulatory measures, and innovative approaches
being explored to reduce airborne pollutants. The study also addresses current
research gaps and proposes future approaches for air pollution mitigation measures.

Keywords: Air pollution; Air pollution control; Environment pollution; Carbon monoxide;
Particulate matter; Volatile organic compounds; Electrification

1. Introduction

Air pollution remains one of the most concerning environmental issues in modern society,
contributing considerably to worldwide illness loads and environmental degradation.
According to the World Health Organization, air pollution causes approximately 7
million premature deaths each year, with low- or middle-income countries bearing
the greatest burden due to rising urbanization and insufficient regulatory restrictions.’
Pollutants, including particulate matter (PM), .and PM , nitrogen oxides (NO,), sulfur
dioxide (SO,), and volatile organic compounds (VOCs), are increasingly prevalent due
to both anthropogenic and natural sources. PM, . (PM with a diameter of <2.5 um)
can carry hazardous chemicals deep into the lungs, where they may enter the human
bloodstream and cause significant health issues.?

A defining challenge of the Anthropocene is the catastrophic impact of air pollution
on both health and economic growth.” According to the Global Burden of Disease
research, various kinds of pollution caused 9 million deaths in 2015, with air pollution
accounting for 6.5 million of them.? Furthermore, air pollution reduces gross domestic
product in low- and middle-income nations by 2% every year.? If air pollutants are not
effectively managed, they will continue to endanger human health.?

One of the most effective strategies for mitigating air pollution is reducing emissions.’?
The effectiveness of air pollution control primarily depends on the political climate,
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governmental transparency, and the nations economic
standing.’ Local issues can be addressed more effectively
when there is a targeted approach supported by flexible
policies.® In developed nations such as the United States
(US), industrialization has contributed to deteriorating
air quality. In China, rapid technological advancement
and urbanization have driven recent initiatives to reduce
air pollution. Several studies indicate that technological
improvements remain the most effective approach.
Additional mitigation techniques include photocatalysis,
strict enforcement of environmental regulations, smart
city planning, the use of alternative vehicle fuels, radical-
induced oxidation, renewable energy adoption, stainless
steel catalysts, green infrastructure, and energy-based
biofiltration. In particular, biofiltration, a technique
in which off-gases containing inorganic air toxics or
biodegradable VOCs are vented through a biologically
active medium, has proven effective in controlling air
pollution.*

As expected, coal continues to serve as a major source
of electricity worldwide. Improving air quality requires
better emission management, which can be supported by
technological solutions.” Photocatalysis, for example, has
been demonstrated as an effective strategy for removing
environmental contaminants from the atmosphere.® In
this process, powerful oxidizing and reducing agents are
photochemically generated on a catalyst’s surface, leading
to the degradation of contaminants, particularly organic
compounds.® When treating air pollution in indoor or
semi-enclosed spaces, photolysis, also known as visible
light-driven photocatalysis, is recommended.” However,
nitrate compounds have been less responsive to efforts
aiming at lowering NO_ emissions, which often increase
during wintertime pollution episodes that cause haze.®
Weak deposition has been identified as the primary factor
contributing to this seasonal rise in nitrate.®

Urban design also plays a significant role in reducing
air pollution, as hotspots are not always directly associated
with high traffic density.” The Google ranking-inspired
General Information Report approach can assist in ranking
cities based on their environmental conditions.”® In
addition, sensor modules are valuable tools for mitigating
air pollution.” These devices continuously monitor air
pollutants such as PM, nitrogen dioxide (NO,), SO,,
carbon monoxide (CO), ozone, and VOCs. By providing
real-time data, they facilitate early detection of hazardous
air quality conditions. Sensor modules can be strategically
installed near traffic signals or toll booths.” Furthermore,
plant leaves can absorb PM, thereby lowering ambient
concentrations.!' Improving energy efficiency in the non-
power sector can further reduce SO,, NO_, PM, and carbon
dioxide (CO,) emissions."

The shipping industry is another contributor to air
pollution, as oil combustion produces black smoke and
emits high concentrations of NO, CO, CO,, and other
pollutants.”® In response, the global maritime and port
sectors are developing new technologies, such as advanced
engine systems and improved fuel quality.”® Biofuels,
derived from organic matter, offer a promising alternative
to conventional fossil fuels. They can reduce overall
energy consumption and emissions."* Different types of
biofuels each offer specific advantages, such as enhanced
atomization and low viscosity. Moreover, various renewable
energy resources have the potential to replace fossil fuels,
whereas hybrid power systems integrating multiple
renewable sources can supply electricity more efficiently
and significantly reduce carbon emissions.

This study aims to examine the technologies and
techniques currently employed for air pollution mitigation,
analyzing their mechanisms, applications, and overall
effectiveness. It also seeks to identify research gaps and
limitations in current air pollution control strategies,
highlighting critical areas that require further investigation.
In addition, the study assesses the effectiveness of various
mitigation solutions across diverse environmental and
socioeconomic contexts to understand their adaptability
and real-world impact. Based on these findings,
recommendations for future research are proposed to
support the development of more effective and sustainable
air quality management strategies.

2. Methodology

This study adopts a qualitative research approach through
a comprehensive literature review to examine various
methods and technologies for mitigating air pollution.
The methodology involves collecting, analyzing, and
synthesizing data from previously published research
articles, industrial reports, environmental assessments,
and relevant case studies. Sources were selected from
peer-reviewed journals, reports by governmental and
non-governmental  organizations, and recognized
environmental databases.

The literature review specifically focused on identifying
the types and mechanisms of air pollution control, as
well as distinguishing between active and passive control
methods and technologies. Data collection was conducted
through searches of electronic databases such as Google
Scholar, ScienceDirect, ResearchGate, and other academic
repositories, using keywords including “air pollution,” “air
pollution control,” “environment pollution,” “CO,” “PM,”
“VOCs,” and “electrification.” Articles published between
2000 and 2023 were prioritized to ensure relevance and
currency of information.
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The findings were thematically categorized to highlight
key concerns related to air pollution control technologies.
Where applicable, comparative data and statistics were
tabulated or referenced to support critical analysis.

3. Technical strategies

Effective air pollution control requires an integrated
combination of technological, regulatory, and societal
approaches. These strategies aim either to prevent pollutant
formation at the source or to capture and treat emissions
before they are released into the atmosphere. Control
measures vary depending on the type of pollutant, source
characteristics, and applicable environmental regulations.
This section provides an overview of key methods and
technologies for air pollution control, drawing on data
from previous research.

Electrostatic precipitators (ESPs) are widely used in
power plants and industrial facilities to remove PM, dust,
and smoke. They operate by applying high-voltage electric
fields to charge airborne particles, which are then attracted
to oppositely charged collector plates. The particles
accumulate on the plates and are periodically removed.
Baghouse filters, also known as fabric filters, are highly
effective in capturing fine particulates such as PM_, and
PM, , as well as heavy metals. Contaminated air passes
through fabric filter bags that trap particles, allowing clean
air to exit. Accumulated dust is periodically removed,
making this system particularly efficient in industries
such as cement, steel, and chemicals. Cyclone separators
are typically used to eliminate coarse particle debris. In
a cylindrical chamber, centrifugal force drives heavier
particles toward the walls, separating them from the air
stream. Cyclones are often used as pre-cleaners before
more efficient filtration systems. Wet scrubbers are versatile
devices capable of removing PM, SO,, ammonia (NH,),
and certain VOCs. In these systems, polluted gas comes
into contact with a scrubbing liquid—usually water (H,0)
or a chemical solution—that absorbs or reacts with the
pollutants. The cleaned gas is released into the atmosphere,
and the resulting liquid waste is treated separately.
Activated carbon adsorption is widely used for removing
VOCs, odors, and mercury. The high surface area and
porosity of activated carbon granules enable pollutants to
adhere to their surfaces. Spent carbon can be regenerated
or replaced, making this method suitable for both indoor
air purification and industrial exhaust treatment. Selective
catalytic reduction (SCR) is commonly used to control
NO,_ emissions, especially in power plants and heavy-duty
vehicles. In this process, NO_gases react with NH, in the
presence of a catalyst, producing harmless nitrogen and
H, 0. Biofiltration is an environmentally friendly technique
for treating air containing VOCs, hydrogen sulfide (H,S),

and other odorous compounds. Polluted air is passed
through a biologically active medium, such as compost or
soil, where microorganisms degrade the organic pollutants.
This method is particularly useful in wastewater treatment
plants and food-processing industries. Finally, low-NO_
burners and combustion modification techniques aim to
minimize NO_formation during combustion. By altering
conditions such as temperature, air-to-fuel ratio, and
burner design, these approaches reduce NO_emissions and
are commonly applied in industrial boilers and furnaces.

Numerous methods and technologies are available for
controlling air pollution. The most effective approaches,
along with supporting data, are presented in the subsequent
subsections.

3.1. Emission control technology improvements

Coal remains the primary fuel source for many power
stations. While combustion of coal generates power, it also
releases substantial amounts of pollutants, including SO,,
nitrous oxide (N,0), PM, and mercury. Coal-fired power
plants are major emitters of SO, and NO,.> PM is primarily
released from coal ash generated during combustion.> The
quality of the coal plays a significant role in determining
emission levels.” Advancements in pollution control
technologies can substantially reduce the concentration of
pollutants emitted into the atmosphere. These technologies
must be both cost-effective and efficient in removing
pollutants. Table 1 summarizes findings from previous
studies on various air pollution control techniques,
including their pollutant removal efficiencies, costs, and
applicability.

3.2. Photocatalyst immobilization methods

Photocatalysis, especially using semiconductor materials
such as titanium dioxide (TiO,), offers a sustainable
approach toair pollution mitigation by degrading pollutants
such as NO , VOCs, and other hazardous air contaminants
under ultraviolet or visible light. However, practical
deployment of photocatalysts requires immobilization
onto a substrate to prevent catalyst loss and facilitate
continuous operation.® Free (powdered) photocatalysts
possess high surface area and reactivity but are impractical
for large-scale, real-world applications due to challenges in
recovery, particle agglomeration, and the risk of secondary
pollution. Immobilization overcomes these limitations by
anchoring the photocatalyst to a solid matrix or support,
thereby improving durability and reusability.

The main photocatalyst immobilization techniques include

(Table 2):

e Sol-gel method: A solution of metal alkoxides is
hydrolyzed and polymerized to form a gel that
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Table 1. Summary of techniques for air pollution control®

Techniques SO, (%) NO, (%) Mercury (%) Particulate matter (%) Cost ($/kW)  Applicability
Advanced dry scrubber 90-95 - 0-90 - 50-150 Pilot to commercial scale; it
depends on the type of coal
Activated carbon injection with an - - 50-90 99 3-8 Pilot scale; retrofit and new
electrostatic spray adsorption process plants with FF and ESP
Combined mercury and SO, sorbents ~ 40-85 - Up to 90 - 30-60 Pilot scale; integrated with
ESP or FF unit
WEGD with mercury oxidation 95 - >80 90% for>10 um 160-275 Pilot scale testing
process (up to 39.6% for PM, ,)
Wet scrubbers with a wet electrostatic 99 - 80 90-99 10-20 Commercial level; integrated
precipitator with existing wet scrubbers
Activated coke 90-98  15-80 90-99 80-85 150-200 New plants and retrofits
SCR with WEGD 95 90-95 40-90 90% for>10 um SCR: 50-140; Commercial level
(up to 39.6% for PM,,) WEFGD: 160-275
Electrocatalytic oxidation 98 90 90 86 200 (for 500  Demonstration level: new
MW) plants and retrofits

Abbreviations: SO,: Sulfur dioxide; NO,: Nitrogen dioxide; WFGD: Wet flue gas desulfurization; SCR: Selective catalytic reduction; FF: Fabric filter;

ESP: Electrostatic precipitator; PM: Particulate matter.

Table 2. Factors influencing photocatalyst immobilization
method selection®

Criteria Consideration

Substrate type Porous ceramics, glass, metals

Operating environment Indoor versus outdoor, ultraviolet versus

Advantages include simplicity, scalability, and
potential good adhesion depending on the substrate.
Limitations are the difficulty in controlling coating
thickness and the need for multiple application cycles
Spin coating: A small amount of catalyst suspension is

visible light

Pollutant target

Nitrogen oxides, volatile organic compounds,
and particulate matter

Durability requirements Resistance to weathering, abrasion

Reactor design

Batch versus continuous flow

embeds the photocatalyst onto a substrate (e.g., glass
or ceramics). Advantages include excellent coating
uniformity, strong substrate adhesion, and pore
structure control that enables high surface area. The
highest reported NO_ removal rate using this method
is 16 mg/m* min.® Limitations include the potential
for cracking during drying and the complexity of its
multi-step process

Thermal spraying: The photocatalyst is deposited onto
a surface by spraying at high temperatures, causing
partial melting and strong adhesion. Variants include
plasma spraying, flame spraying, and high-velocity
oxy-fuel. Advantages are high durability and suitability
for coating large and irregular surfaces. The highest
reported VOCs removal rate is 107 mg/m’emin.
Limitations include possible thermal degradation of
photocatalyst (especially TiO,) and reduced surface
area and porosity

Dip coating: The substrate is immersed in a suspension
of photocatalyst, then withdrawn, dried, and calcined.

dropped onto a substrate, which is then rapidly spun
to distribute the liquid uniformly. Advantages include
high uniformity and production of thin films ideal for
optical applications. Limitations are its restriction to
flat, small substrates and the poor mechanical strength
of the resulting film

e  Chemical vapor deposition: Volatile precursors
decompose or react on a heated substrate to form a
thin film. Advantages include strong adhesion, high
purity, and good crystallinity. Limitations are high
cost, operational complexity, and potential substrate
damage from elevated temperatures

e  Electrophoretic deposition: Charged photocatalyst
particles are deposited onto a conductive substrate
under an electric field. Advantages are rapid, efficient
deposition and suitability for complex geometries.
Limitations include the requirement for a conductive
substrate and the need for post-deposition sintering.

3.3. Radical-induced oxidation

To remediate air pollutants present in flue gas, additional
oxidants can be introduced as radical precursors. Various
types of reactive radicals are used in this process, such
as hydroxyl radicals, sulfate radicals, chlorine radicals,
and ozone. These radicals can be generated and applied
through different catalytic and photochemical pathways,
such as homogeneous catalysis, heterogeneous catalysis,
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thermal catalysis, photolysis, photocatalysis, and electrical
catalysis. For sulfate radical-based processes, both single-
catalyst and synergistic-catalyst approaches are possible,
with the latter often achieving higher removal efficiencies
due to enhanced reaction pathways. Table 3 summarizes
the reported pollutant removal efficiencies for SO,, NO,,
and mercury using different types of radicals.

3.4. Expansion of renewable energy use

The primary source of CO, emissions is the combustion of
fossil fuels. Reducing fossil fuel use is therefore essential for
mitigating air pollution. Transitioning to renewable energy
offers multiple benefits, including lowering the demand for
fossil fuels, ensuring a sustainable clean fuel resource, and
reducing greenhouse gas emissions.

Previous research has examined hybrid power systems,
such as one combining a lead-acid battery with renewable
regeneration, and another applied in coastal regions of
Bangladesh. Both systems demonstrated effective results in
achieving sustainable electrification.! From these studies, it
was observed that CO, emissions decreased from 67% to
64%. For instance, while a 1% increase in renewable energy
can reduce air pollution management costs in China by
17-35%, the same increase yields a reduction of more than
two-thirds in India. Increasing renewable energy capacity
not only lowers CO, emissions but also contributes to
controlling NO, and PM levels in China; however, it is less
effective in reducing SO, emissions.'®

3.5. Catalytic methods for air pollution control

Catalysis, which encompasses catalytic oxidation and
catalytic reduction, is an effective and energy-efficient
approach to air pollution mitigation that produces no
secondary pollutants.’® It has substantial emission-
reduction potential, making it an essential component
of global air pollution control strategies.'® Stainless steel
catalysts have properties that make them suitable for
installation near diesel engines to control emissions. For
example, Co-Ba-K/ZrO,/AISI 314 foam catalysts can be
manufactured and utilized to remove both soot and NO_."®
Catalytic combustion is particularly effective'® for oxidizing
VOCs into CO, and H,O at relatively lower temperatures

Table 3. Summary of multi-pollutant removal efficiencies
using different radicals’

Radical type SO,removal NO removal Mercury removal
efficiency (%) efficiency (%) efficiency (%)
Hydroxyl radical 99-100 75-100 75-98
Sulfate radical 99-100 72-100 85-99
Chlorine radical 99-100 77-98 90-95
Ozone 97-100 91-97 82-91

(200-500°C). Stainless steel is affordable, widely available,
and its elemental compositions make it an effective support
for VOC oxidation.

For NO_ control, SCR with NH, is the most effective
method for tail gas denitrification. N,O, which has a
global warming potential approximately 300 times greater
than CO, can be decomposed using monolithic stainless-
steel supports, which have been widely applied in N,O
abatement.'

3.6. Biofiltration

Biofiltration is a low-cost biological process for air
pollution control that requires minimal maintenance'” and
produces fewer hazardous byproducts compared to many
physicochemical techniques."” It is also recognized for its
potential to reduce atmospheric CO, levels. It entails passing
polluted air through a bed of solid media, often maintained
at a specific moisture level, where microorganisms degrade
methanotrophs, ammonia-oxidizing bacteria, oligotrophic
bacteria, fungi, and algae. Bacteria play the primary role in
contaminant removal during biofiltration, whereas fungi
aid in the degradation of complex compounds."’

Biofiltration can remove HS, odor, and VOC:s, as well
as carbon disulfide, when combined with biotrickling
filtration."” The efficiency of the process depends largely on
the concentration and activity of microorganisms, as well
as environmental factors such as temperature, pH, and
moisture content."”

3.7. NH, emission reduction strategies

According to the GEOS-Chem model, decreasing VOCs
and NO, by 30% during winter leads to only an 8.6%
reduction in PM levels. In contrast, NH, reduction is
the most effective strategy for lowering PM,, nitrate
concentrations, especially during winter haze events. Even
small reductions in NH, emissions are beneficial.

A 50% reduction in NH, emissions can lower nitrate-
containing PM, , by 25% and decrease haze days by 31%.
Such a reduction also lowers total PM, by 13% in winter,
18% on winter haze days, and 14% annually 8. Agriculture
is a major source of NH, emissions, which can be reduced
through measures such as optimized fertilizer application
and improved manure management practices.

3.8. Traffic management and urban planning

Two primary strategies can be applied to mitigate urban air
pollution: improving traffic systems and enhancing urban
planning efficiency.

Traffic systems can be improved by establishing low-
emission zones and enforcing strict penalties for traffic
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law violations, which can moderately reduce air pollution.’
Studies show that heavy-duty diesel vehicles are responsible
for 40-60% of NO_emissions and 70-90% of CO, emissions
from black smoke.” One-way traffic flow has been found
to be more effective in reducing emissions.” Reducing
the number of heavy diesel vehicles and improving road
pavement quality can further limit air pollution.’

The adoption of electric vehicles and advancements
in engine technology can mitigate transport-related
emissions.” Between these two options, electric vehicles
are considered the most effective;” VOC emissions are
reduced by 98% and NO_ emissions by 34% compared
to conventional vehicles.” Strict regulatory enforcement
remains critical to further reduce transportation-related
pollution.’

Urban planning also plays a significant role in air
quality management. Effective city layouts should facilitate
natural ventilation into open spaces. Building height is
an important factor in dispersing pollutants.” Weather
conditions, such as wind speed, sunlight, temperature,
and humidity, should be considered in planning. Urban
greenery, such as roadside tree planting, promotes
pollutant deposition and can facilitate beneficial chemical
reactions that further reduce air pollution.’

3.9. XGBoost and grid ranking for pollution source
identification

Research on XGBoost and grid ranking methods has not
adequately captured air quality dynamics across entire
regions, despite broad geographic coverage. The General
Information Report approach is comparable to the Google
PageRank algorithm, which ranks web pages based on
their impact.’® XGBoost, a non-linear machine learning
algorithm, incorporates variable relevance mechanisms
to enhance predictive performance.'®" This approach can
identify the pollution sources that have the greatest influence
on other areas, enabling targeted interventions to mitigate air
pollution.' For example, studies have shown that XGBoost
can be applied in various fields, including environmental
monitoring, and can guide governments to prioritize
air pollution prevention in high-impact regions, such as
southern Oregon, which has been identified as significantly
affecting air quality in northern parts of the US."

3.10. Cloud computing-based air pollution
monitoring systems

Cloud-based air pollution monitoring systems store air
pollution data in a centralized database. In this approach,’
sensor modules are installed at toll collection centers and
traffic light intersections. When a vehicle passes these
points, the system measures its emissions and uploads the

data to the cloud. If emissions exceed permissible limits,
both the local police and the vehicle owner are notified.
The system can also verify inspection compliance, such as
insurance expiry dates and smoke test results.’

High traffic volumes in street canyons can significantly
elevate pollution concentrations. Green infrastructure can
help improve air quality in areas where planting space is
limited. Options include green walls, green screens, and
green roofs. The effectiveness of green infrastructure
interventions depends on the design of the street canyon.’
Roadside vegetation can reduce PM concentrations by
up to 60% and NO, levels by up to 40%.” Where planting
space is available, trees are an excellent long-term solution;
in more constrained areas, smaller potted plants and
rooftop gardens can also contribute to localized air quality
improvements.

3.11. Energy intensity improvements and
electrification

Improving energy intensity can reduce SO, emissions by
26-44%, NO_ emissions by 19-44%, PM emissions by
25-46%, and CO, emissions by 18-50%. Electrification
can lower SO, emissions by 19-25%, NO_ emissions by
4-28%, PM emissions by 20-29%, and CO, emissions by
11-12%."

Among industrial sub-sectors, the non-ferrous
industry demonstrates the largest spectrum of co-benefits,
with reduction rates ranging from 20.9% to 55.8% for
SO, emissions, 17.5% to 44.6% for NO_emissions, 24.5%
to 47.8% for PM emissions, and 24.0% to 58.3% for CO,
emissions 15. The paper sector achieves substantial
reductions in NO_ (7.9-38.1%) and CO, (9.6—41.3%), but
lower reductions in SO, and PM emissions."> According
to Qian et al.,'? the average direct co-benefits are highest
in the non-ferrous industry and lowest in the non-power
sector. In the non-ferrous industry, average reduction
rates are 43.7% for SO,, 44.2% for NO , 46.4% for PM, and
49.6% for CO,."” In contrast, the non-power sector achieves
reductions of 25.5% for SO, 24.1% for NO,, 32.5% for PM,
and 18.5% for CO,, which remain significant.

Coal power plants, due to their higher energy intensity,
provide smaller co-benefits to the non-power sector,"
with reductions of 6.1% for SO,, 3.6% for NO, 6.0% for
PM, and 2.5% for CO,. NO, reduction rates vary the most
across industries.'”” Petroleum and non-metallic sectors
achieve the highest NO_ reductions'>—19.3% and 27.6%,
respectively—when 30% of fossil fuels are replaced with
electricity.”” In other industries, NO_reductions are below
12% under the same conditions.'” CO, reduction rates are
relatively similar across sectors when electricity substitutes
12-30% of fossil fuel use.'?
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3.12. Plastic waste disposal and recycling

Plastic is recognized as a significant contributor to air
pollution. Most plastic products are single-use and
cannot be reused. While biodegradable plastics have
been developed as eco-friendly alternatives, their
limited availability reduces their overall impact. Several
strategies exist for plastic waste disposal. At present, a
large proportion of plastic waste is sent to landfills, which
has negative environmental impacts. Thermal treatment
offers an alternative, as the heat generated during waste
incineration can be utilized for other purposes.” Recycling
is another viable option; however, it is constrained
by factors such as polymer impurities and economic
feasibility. Contamination of the plastic stream can disrupt
the recycling process, and when economic returns are
minimal, recycling becomes impractical.’®

3.13. Air pollution predictor system development

Air pollution affects regions worldwide, and the ability
to predict pollutant concentrations is essential for timely
countermeasures. Several predictive systems have been
developed, with advanced models increasingly built on
deep learning frameworks.'® One such approach employs
recurrent neural networks in combination with particle
swarm optimization algorithms.'® The prediction process
generally involves several steps. First, air quality data are
collected from multiple monitoring stations. Second,
the data are processed and prepared for analysis. Third,
the dataset is divided into training and testing subsets
according to established principles. The predictive model
is then trained to interpret patterns from the collected
data and generate forecasts.”® Although data are typically
collected over 30 days, using 25 days of data for model
input has been demonstrated to yield optimal results.**

3.14. Fuel quality improvements

China produces the largest number of automobiles globally
and is also among the worlds most heavily polluted
countries.” Faulty vehicles and low-quality gasoline are
major contributors to urban air pollution.” Implementing
strictfuel standardsisaviable strategy for reducing pollutant
emissions. For example, improvements in gasoline quality
in China have resulted in a 12.9% reduction in pollutant
emissions and an estimated financial benefit of USD
26 billion."” Under the new standards, the sulfur content of
fuel is significantly reduced.’ Biofuels also offer a promising
solution for reducing air pollution.' Each type of biofuel
provides specific benefits; for instance, oils derived from
lemon peel and orange peel have been identified as suitable
biofuel feedstocks.' Research indicates that blending 20%
biofuel with conventional diesel can be used effectively in
traditional diesel engines without major modifications.**

3.15. Sensor and monitoring systems

Low-cost sensors provide a practical approach for
evaluating air pollutants in urban settings. However,
they can sometimes produce inaccurate readings due to
environmental factors. The integration of machine learning
and advanced computational techniques can help overcome
these limitations. In addition, calibration methods can be
used to ensure accurate operation under extreme weather
conditions. Intelligent calibration systems allow sensors to
function reliably even in challenging environments, such as
those with heavy smoke.” Calibration results have shown
that these sensors can measure aerosol mass accurately.
Two primary types of calibrators are used: (i) White-box
calibrators and (ii) black-box calibrators.?

Black-box calibrators generally outperform white-
box calibrators, although their performance may vary
depending on environmental conditions.”® Advanced
monitoring systems can be developed by integrating wireless
sensor network technology with building information
modeling.?! Previous research has demonstrated that the
integration of these two technologies provides accurate
monitoring, as shown in tests conducted over distances of
up to 250 m.*! However, signal strength was decreased by
15-20% when the receiver was rotated by 90° 23 and by
30-40% when penetrating thick walls.?*

4. Non-technical strategies
4.1. Public awareness and education

Public awareness campaigns play an important role
in encouraging behaviors that reduce air pollution,
such as reducing private vehicle use, promoting public
transportation, preventing open burning, and supporting
clean energy initiatives. These campaigns should focus on
educating individuals about the sources and health effects
of air pollution while fostering community-level action.

Several case studies illustrate the impact of awareness
initiatives. For example, Mahajan et al.** reported that
involving approximately 400 citizens in air quality
monitoring increased awareness of PM,, and NO,
exposure risks and led to a 21% reduction in car usage
among participants in European urban areas. Similarly, a
survey of 800 citizens in Isfahan by Jokar et al.” found that
higher environmental awareness significantly predicted
pro-environmental behavior (p<0.01), with educational
interventions improving willingness to adopt cleaner
practices by 30%. In Spain, Sanchez-Garcia et al** found
that among 1200 respondents, 68% were willing to pay
for policies aimed at reducing traffic-related air pollution.
The average willingness to pay was EUR 3.95/month per
person, highlighting the connection between awareness
and economic support for pollution control policies.
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4.2. Government policy and regulation

Governments can implement regulatory frameworks that
set emission limits, monitor air quality, enforce pollution
control standards, and promote cleaner technologies.
Examples include establishing ambient air quality
standards, incentivizing the installation of pollution
control equipment, phasing out high-emission vehicles,
and promoting renewable energy adoption. Successful
policy implementation typically requires a combination
of legal enforcement, financial incentives, and regular
monitoring. Selected case studies are outlined below.

In a study by Jin ef al.,” implementation of the 2013 Air
Pollution Action Plan led to a 33-47% reduction in PM,
concentrations in key Chinese cities, resulting in an average
life expectancy gain of 0.4 years in urban areas. Industrial
regulations and vehicle emissions control policies achieved
30-60% reductions in SO, and NO, emissions over 5 years.
Amann et al* reported that integrating air pollution
and climate policies (e.g., EURO vehicle standards,
low-emission zones) reduced premature deaths by
approximately 500,000 annually across European nations.
Nasir et al.” demonstrated that regulatory enforcement in
the cement and textile sectors reduced PM emissions by
15-25% in pilot cities, with industries receiving incentives
for pollution control equipment demonstrating 50% higher
compliance than non-incentivized facilities. According
to Mir et al.,”® integrated strategies combining cleaner
transportation and renewable energy promotion could
yield a 16% reduction in CO, emissions, an 18% decrease
in PM, , and annual health cost savings of approximately
USD 800 million. Meanwhile, Li et al® reported that
upgrading fuel standards (2010-2015) reduced PM_ , levels
in urban centers by an average of 12.5 ug/m’.

5. Discussion

The increasing threat of air pollution, as outlined in
earlier sections, underscores the urgent and growing
need for integrated, multidimensional control strategies.
The comprehensive analysis of existing technologies and
non-technical approaches reveals a wide spectrum of
methods that are currently applied worldwide to mitigate
the impacts of air pollutants—ranging from traditional
engineering-based solutions to innovative, sustainable,
and community-driven practices. The effectiveness of
these strategies, however, is not uniform. Success depends
largely on a region’s geographical, climatic, socioeconomic,
and regulatory context. For instance, countries with robust
regulatory frameworks and strong economies can often
deploy high-cost, technologically advanced solutions,
while developing regions may need to rely on cost-effective,
scalable alternatives.

Recent studies emphasize the critical importance
of integrated approaches that combine PM control
technologies—such as ESPs, baghouse filters, and cyclone
separators—with advanced gaseous pollutant treatment
systems such as SCR, wet scrubbers, and chemical
absorbers.?®* Evidence supports that no single technology,
regardless of sophistication, can adequately address the
complex and multifaceted nature of air pollution. Instead,
hybrid strategies that merge end-of-pipe control (targeting
pollutants after formation) with preventive measures
(minimizing pollutant formation at the source) have
proven more effective in achieving significant reductions
in air pollutant concentrations across urban, industrial,
and rural settings.

Furthermore, sustainable and low-cost alternatives
such as biofiltration systems and activated carbon
adsorption show significant promise. These methods are
not only effective in pollutant removal but also align with
environmental sustainability goals, owing to their low
energy consumption and minimal secondary pollution.
For example, biofilters, which use microorganisms
to degrade VOCs and odorous substances, have been
successfully deployed in multiple industrial zones across
Southeast Asia. Previous studies’ have demonstrated
that biofilters can significantly reduce VOC levels and
odor emissions, making them particularly appealing for
application in regions with limited financial and technical
resources.

In addition to technological interventions, non-
technical strategies play a crucial role in comprehensive air
quality management. This review reinforces the findings
of past research,”” who argue that public awareness
campaigns, community education programs, and
behavioral change initiatives can meaningfully contribute
to emission reductions at the community level. These
efforts foster a sense of environmental responsibility
among citizens, which in turn supports broader pollution
control objectives. However, the long-term effectiveness
of such initiatives hinges on several key factors, including
consistent enforcement of environmental regulations, the
availability of institutional support, and public perceptions
of both the seriousness of air pollution and the benefits of
mitigation.

Moreover, the regulatory and policy frameworks
discussed earlier in this review align with key international
environmental governance instruments, such as the
World Health Organization’s Air Quality Guidelines,
the United Nations Sustainable Development Goals, and
various regional climate action plans. These frameworks
advocate the use of adaptive policy tools, market-based
economic incentives, and the integration of technological
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innovation into national and local governance systems. The
importance of aligning national efforts with international
best practices emerges as a recurrent theme in the reviewed
literature, further supporting the call for cohesive and
harmonized policy actions.

In summary, the evidence presented in this discussion
demonstrates that while a wide array of air pollution
control technologies and strategies is currently available,
their ultimate success is largely dependent on thoughtful
integration, strong policy support, active public
engagement, and a nuanced understanding of the local
context. The findings of this review not only corroborate
previousresearch butalso extenditby offeringa synthesized,
holistic perspective that bridges conventional engineering
solutions with emerging sustainable practices. In addition,
it identifies critical areas where further research, policy
innovation, and cross-sector collaboration are necessary to
address existing gaps and enhance the overall effectiveness
of air pollution mitigation efforts.

6. Conclusion

Air pollution remains an important environmental and
public health concern, with multiple factors contributing
to degraded air quality in both urban and industrial
settings. This study has reviewed several key technologies
for air pollution control, including ESPs, wet scrubbers,
bag filters, and SCR systems, as well as alternative methods
such as biofiltration and activated carbon adsorption. In
addition, non-technical strategies, such as public awareness
and regulatory policies, were highlighted as essential
complements to technological interventions. Despite these
developments, significant gaps remain. Many existing
technologies are either cost-prohibitive or limited in scope,
particularly when addressing mixed pollutant loads. The
impact of public awareness campaigns is often hampered
by inadequate educational outreach and inconsistent
implementation. Similarly, regulatory policies, while in
place in many regions, frequently lack the enforcement
mechanisms necessary to achieve meaningful results.
Future progress should focus on improving the efficiency
and affordability of control technologies to facilitate
broader adoption, especially in developing countries.
There is also a pressing need for integrative frameworks
that combine technological, behavioral, and policy-based
approaches in a context-sensitive manner. Strengthening
monitoring systems, promoting community participation,
and reinforcing regulatory compliance mechanisms
can amplify the overall impact of air pollution control
measures.

Overall, this study underscores the importance of a
multidimensional approach to air quality management

and emphasizes the importance of continual innovation
and adaptation, guided by environmental, economic, and
social considerations.
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Diversifying cropping systems to enhance
productivity using agroforestry trees: A case
study of maize—pigeon pea intercropping in
Ghana
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Theophilus Frimpong'(®, Joel Adu'®, Frank Osei Danquah?®®, Natson Eyram
Amengor'”, and Patricia Amankwaa-Yeboah'

'Council of Scientific and Industrial Research-Crops Research Institute, Kumasi, Ashanti Region, Ghana

2Department of Plant Resources Development, Faculty of Natural Sciences and Environmental
Management, Council of Scientific and Industrial Research College of Science and Technology,
Kumasi, Ashanti Region, Ghana

3Department of Forest Resources Technology, Faculty of Renewable and Natural Resources, Kwame
Nkrumah University of Science and Technology, Kumasi, Ashanti Region, Ghana

Abstract

Amid growing global challenges such as population growth, climate change, and
limited natural resources, the need for sustainable farming systems to ensure food
security and environmental conservation has become increasingly critical. This study
- conducted in the forest zones of Ghana during the major and minor cropping
seasons of 2023 - evaluates the effects of integrating Cajanus cajan (also known as
pigeon pea), a leguminous shrub, into a maize cropping system. This maize-pigeon
pea (MPP) intercropping approach is part of an innovative integrated soil fertility
management strategy aimed at improving maize yield, farm profitability, and climate
resilience of smallholder farmers. A split-plot experimental design was employed,
with the cropping systems — MPP intercrop and sole maize —as main plots, and varying
recommended inorganic fertilizer (full rate [FR], half rate [HR], and a no-fertilizer
control) as subplots. The findings revealed a significant association between the
MPP intercropping system and the rate of inorganic fertilizer application on maize
growth and yield, with improved and comparable maize productivity observed
when either the HR or FR fertilizer was applied. This suggests that integrating pigeon
peas and their biomass could reduce the recommended fertilizer rate by half, thereby
enhancing farmers’ income and profitability while promoting sustainable maize
production amid climate change. Future research should explore long-term soil
fertility dynamics and broader agroecological applications.

Keywords: Agroforestry; Climate change; Integrated soil fertility management; Maize;
Pigeon pea; Resource utilization

1. Background and rationale

The escalating global demand for food production requires urgent attention to the
challenges associated with agricultural intensification, particularly in resource-limited
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regions such as Ghana and other parts of Africa, where
smallholder farming systems predominate."? Sustainable
agricultureisa crucial strategy for reducing environmental
damage and ensuring the long-term sustainability of
these farming systems.” Understanding the factors that
influence farmers’ adoption of sustainable practices is
essential to promote their widespread implementation.’
In Ghana, maize (Zea mays) - a major staple crop -
continues to face significant productivity challenges
due to declining soil fertility and unpredictable climate
changes.*® These challenges are further intensified by
continuous monocropping and inadequate application
of soil amendments.® Despite the increase in maize
production over the past decade, this growth is largely
driven by the expansion of cultivated areas rather
than improvements in yield per unit area.” This trend
highlights the urgent need for integrated soil fertility
management (ISFM) strategies to enhance and maintain
maize productivity.®!!

One promising approach to improving maize
productivity and sustainability is the integration of pigeon
pea (Cajanus cajan), a nutrient-rich legume, into maize-
based cropping systems. Pigeon pea has the capacity to fix
atmospheric nitrogen through biological nitrogen fixation,
thereby enhancing soil fertility and reducing the need for
synthetic nitrogen fertilizers. This can lower production
costs for farmers while mitigating the environmental risks
associated with excessive fertilizer use. Previous studies
have demonstrated that intercropping pigeon pea can
improve soil structure and nutrient availability, benefiting
maize and other associated crops.”*'* The combined use
of organic and inorganic fertilizers has the potential to
improve soil health, mitigate climate-related risks, and
offer a cost-effective strategy for smallholder farmers. In
addition, pigeon pea’s protein-rich grains can enhance
household nutrition and food security.

Pigeon pea is increasingly recognized as a valuable
agroforestry crop — particularly in tropical and subtropical
regions — due to its resilience and ability to improve soil
fertility.'>'>! When intercropped with maize, pigeon pea
offers numerous agronomic benefits, including biological
nitrogen fixation, enhanced soil structure, and reduced
reliance on synthetic fertilizers.® Furthermore, pigeon pea
contributes to ecosystem sustainability by supporting soil
erosion control, biodiversity conservation, and increased
reliance to climate variability.®"®

Despite these benefits, the success of maize—pigeon
pea (MPP) intercropping largely depends on various
factors, including agronomic practices, environmental
conditions, and socioeconomic factors.*!* Unlike previous
studies, this research employs a comprehensive approach

to assess MPP intercropping. It examines agronomic
performance, economic viability, and long-term soil
fertility effects — areas that remain unexplored in Ghana.
Furthermore, the research is grounded in ethnobotanical
principles, highlighting the traditional knowledge and
cultural importance of pigeon pea cultivation among local
farmers. The integration of traditional cropping systems
and local adaptation strategies distinguishes this study
from conventional agronomic studies.>"”

The primary objective of this study is to evaluate the
agronomic and economic benefits of MPP intercropping,
focusing on increased crop yields, reduced reliance on
inorganic fertilizers, and improved soil health. By assessing
the performance of this system in Ghana’s forest zones,
the research aims to provide valuable insights into its
impact on maize productivity, soil fertility, and the climate
resilience of smallholder farmers. Ultimately, the study
aims to optimize resource use and advance sustainable
maize production amid ongoing environmental challenges.
The findings are anticipated to advance the current
understanding of agroforestry, ISFM, and sustainable
cropping systems, thereby supporting policy development,
improving agricultural practices, and guiding future
research efforts.

2. Materials and methods
2.1. Study location

This study was conducted between 2022 and 2024 at the
Council of Scientific and Industrial Research (CSIR)-Crops
Research Institute in Fumesua, Ghana (latitude: 6.7155729;
longitude: —1.5316034; Figure 1). The site is located in the
humid forest agroecological zone, characterized by Ferric
Acrisol soils with a sandy clay loam topsoil. This region
experiences a bimodal rainfall distribution, with the major
rainy season occurring from March to mid-August and
the minor season from September to November. Annual
rainfall averages between 1,027 mm and 1,322 mm
(Table 1 and Figure 2).

2.2. Experimental design and intercropping
arrangement

A split-plot design with four replications was employed.
The main plot treatments comprised two cropping systems
(Figure 3):

(i) MPP intercropping.
(ii) Maize monoculture (no pigeon pea [NPP]).

The subplots included three fertilizer treatments:

(i) Full rate (FR): 250 kg/ha of 15-15-15 nitrogen-
phosphorus pentoxide-potassium oxide (N-P,O,-
K,0) + 250 kg/ha of sulfate of ammonia (SoA).
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Figure 1. Location map of Ghana showing the CSIR-Crops Research Institute site in Fumesua (indicated by a red circle), where the research was conducted

between 2022 and 2024

Abbreviation: CSIR: Council of Scientific and Industrial Research.

Table 1. Study location characteristics

Characteristics

Fumesua (6° 41’ N, 1° 28’ W)

Agroecological zone

Soil type

Temperature (min-max, °C) from 2020 to 2023
Rainfall pattern

Major raining season

Minor raining season

Total annual rainfall (mm), from 2020 to 2023

Humid forest

Ferric Acrisol, specifically the Asuasi series. The upper topsoil consisted of approximately 5 cm of
grayish-brown sandy loam and dark brown, gritty clay loam

21-37°C

Bimodal rainfall distribution
March-mid-August
September—-November, peak in October

1,027 - 1,322 mm, averaging at 1,184 mm/year

Source: Adopted from Adu and Asiamah.*

(ii) Half rate (HR): 125 kg/ha of 15-15-15 N-P,0,.-K,O +

125 kg/ha of SoA.
(iii) No fertilizer (NF):
inorganic fertilizer application.

Control treatment without

Planting and crop management:

(i) NPP: Maize was planted at a spacing of 0.8 m x
0.4 m with two plants per hill, following CSIR-
Crops Research Institute guidelines, resulting in a
population density of 62,500 plants/ha. Two central

Pigeon pea was planted during the minor season of 2022
to allow sufficient biomass accumulation for incorporation
into the soil during the 2023 cropping seasons. A late-
maturing pigeon pea variety (8 months to maturity) was
selected and used to maximize biomass production. The
maize variety used was Abontem, an improved open-
pollinated variety developed by the CSIR-Crops Research
Institute.

maize plots were designated for data collection, with
adjacent rows used for destructive sampling.

(ii) MPP: A substitution model allocated approximately
30% of the maize area to pigeon pea by alternating six
rows of maize with two rows of pigeon peas. Pigeon
peas were planted at a spacing of 1 m x 5.6 m (intra-
row and inter-row spacing respectively), resulting in
a population density of 3,571 plants/ha, while maize
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Figure 2. Monthly weather parameters recorded in Fumesua in 2022 (A)
and 2023 (B), including rainfall distribution, temperature trends, and
relative humidity levels

density was 4,875 plants/ha. Similar to NPP, the two
central maize rows were used for data collection and
adjacent rows for destructive sampling.

(iii) Pigeon pea monoculture: Adjacent sole pigeon pea
plots were established to calculate land equivalent
ratios [LERs]. Pigeon pea was planted at 1 m x 0.5 m
spacing, resulting in a population of 40,000 plants/ha.
Planted in 2022, pigeon pea was managed as a perennial
crop, while maize was grown during the major and
minor seasons of 2023. Fresh pigeon pea biomass of
2,210 and 1,620 kg/ha was evenly incorporated into
the soil in intercrop plots during the major and minor
seasons of 2023, respectively.

(iv) Fertilizer application: 15-15-15 N-P,0,-K O fertilizer
was applied 2 weeks after planting, followed by SoA at
6 — 8 weeks.*

2.2.1. Measurements and determination of LER

Maize was harvested at physiological maturity, and all
cobs from the designated harvest area were weighed to

determine plot yield (kg). A total of 20 cobs from each plot
were shelled to measure fresh grain weight, and shelling
recovery was calculated as the ratio of fresh grain weight to
the total weight of the 20 cobs. Similarly, pigeon pea grain
yield was determined at physiological maturity by shelling
all pods from the harvest and recording the fresh grain
weight (kg). Grain moisture content for both maize and
pigeon peas was measured using a universal grain moisture
meter (INDOSAN S6010, Indosaw, India), and grain yields
were adjusted to a standardized moisture content of 15%,
with final yields expressed in tons/ha, as indicated in the
equations.

Adjusted mositure _ 100 — Actual moisture content
content(MC, & )

B 100 — Desired moisture content

(1)
Plot yield (kg) x 10,000 m
Grain yield xMC,;; x SR%
(tons/ha at15% MCadj) - 12 m~ x 1,000
(I

To compare the productivity of monoculture and
MPP intercropping, the LER was employed, calculated as
follows:

LER = wl | Yol (1)
S Y,S

Where:

e Y Iis maize yield under intercropping (tons/ha),

* Y Sis maize yield under sole cropping (tons/ha),

* Y 1is pigeon pea yield under intercropping (tons/ha),

°

Y S is pigeon pea yield under sole cropping (tons/ha).

An LER value greater than 1 indicates a yield advantage
of intercropping over sole cropping, while a value <1
indicates a disadvantage.'*?

2.3. Data collection and statistical analysis

Data on the growth, biomass, and grain yields of maize
and pigeon peas were analyzed using a three-way analysis
of variance (cropping system x fertilizer x experimental
season) with type III error at a 5% significance level
(p<0.05). Analyses were performed using Jeffreys's
Amazing Statistics Program (version 0.19.1.0, University
of Amsterdam, Netherlands), available at https://jasp-stats.
org.?! Before analysis, the homogeneity of variances was
verified using the Shapiro-Wilk and Levene’s tests. When
significant differences were observed among treatment
means, Tukey’s Honestly Significant Difference test was
employed for mean separation, with groupings indicated
using letter annotations.
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Figure 3. Plot design for maize-pigeon pea intercropping and sole maize plots at the CSIR-Crops Research Institute site in Fumesua, Ghana
Abbreviations: CS: Cropping system; FR: Full rate; HR: Half rate; MPP: Maize—pigeon pea intercropping; NF: No fertilizer; NPP: No pigeon pea/sole maize;

Rep: Replicate; CSIR: Council of Scientific and Industrial Research.

3. Results

Analysis of variance across the two experimental seasons
(major and minor cropping seasons) in 2023 at the CSIR-
Crops Research Institute site in Fumesua shows significant
factor interactions (p<0.05). Consequently, growth and
yield results across seasons, cropping systems, and fertilizer
treatments are presented in Tables 2 & 3, and Figure 4.

3.1. Growth of maize in the MPP cropping system
and fertilizer treatment

The growth performance of maize in the MPP cropping
system provides valuable insights into the interaction
of cropping systems, fertilizer application, and seasonal
variation on growth parameters. This analysis focused on
plant height, estimated leaf area, fresh leaf biomass, and dry
leaf biomass, providing a comprehensive understanding of
the trade-offs and synergies between intercropping and
monoculture systems.

3.1.1. Plant height

Maize height growth was consistently higher with FR
fertilizer across both cropping systems and seasons, peaking
in the NPP system during the minor season (201.7 cm,
Table 2). This highlights the critical role of nutrient
availability in promoting vertical growth. The superior
height observed in fertilized treatments during the minor

season suggests favorable environmental conditions, such
as optimal rainfall, which enhance fertilizer efficiency. In
contrast, maize without fertilizer (NF) recorded the lowest
heights, particularly in the intercrop system during the
major season (Table 2). This suggests that competition
for resources in intercropping systems may further limit
growth under nutrient-poor conditions.

3.1.2. Estimated leaf area

Leaf area - an indicator of photosynthetic capacity —
followed a similar trend, with FR treatments significantly
outperforming others (Table 2). The NPP system with FR
treatment in the minor season recorded the largest leaf area
(9,751.3 cm?), indicating reduced competition for light and
nutrients (Table 2). While leaf area was lower under NF
treatment, the MPP intercrop system demonstrated stability
with the HR treatment, particularly in the minor season.
This suggests that intercropping with pigeon peas may buffer
maize against environmental stress by providing benefits such
as nitrogen fixation and improved soil nutrition. However,
the reduced leaf area in intercrops under low fertilizer
conditions indicates a trade-off, where intercropping benefits
are insufficient to fully offset resource competition (Table 2).

3.1.3. Fresh and dry leaf biomass

Biomass production - an integrative measure of growth
performance - was the highest in the NPP with FR
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Table 2. Maize growth parameters - height (cm), leaf area (cm?®), fresh leaf biomass (g), and dry leaf biomass (g) - in pigeon
pea-maize intercrop and sole maize systems during the major and minor 2023 seasons in Fumesua, Ghana

Trait Cropping system Fertilizer Season Mean SD SE Rank [0\
Plant height (cm) MPP FR Major 183.333 27.429 15.836 a,b,and ¢ 0.150
FR Minor 188.600 10.800 6.235 a,b,and ¢ 0.057
HR Major 171.667 4.041 2.333 a,b,and ¢ 0.024
HR Minor 183.733 12.232 7.062 a,b,and ¢ 0.067
NF Major 165.667 6.028 3.480 aandb 0.036
NF Minor 183.200 11.459 6.616 a,b,and ¢ 0.063
NPP FR Major 186.333 12.897 7.446 a,b,and ¢ 0.069
FR Minor 201.733 5.991 3.459 c 0.030
HR Major 183.000 1.732 1.000 a,b,and ¢ 0.009
HR Minor 199.800 6.264 3.617 bandc 0.031
NF Major 155.000 8.660 5.000 a 0.056
NF Minor 190.667 10.576 6.106 bandc 0.055
Estimated leaf area (cm?) MPP FR Major 3,344.000 1,111.367 641.648 aandb 0.332
FR Minor 5,971.227 1,262.122 728.687 bandc 0.211
HR Major 2,444.833 722.885 417.358 a 0.296
HR Minor 6,222.638 854.590 493.398 bandc 0.137
NF Major 2,531.600 656.660 379.123 a 0.259
NF Minor 5,248.935 1,299.948 750.525 a,b,and ¢ 0.248
NPP FR Major 3,324.267 1,606.432 927.474 aand b 0.483
FR Minor 9,751.329 2,250.264 1,299.190 d 0.231
HR Major 2,832.987 1,044.594 603.096 aandb 0.369
HR Minor 7,609.492 451.322 260.571 candd 0.059
NF Major 2,377.856 488.550 282.064 a 0.205
NF Minor 5,462.927 840.269 485.129 a,b,and ¢ 0.154
Fresh leaf biomass (g) MPP FR Major 15,614.993 1,767.147 1,020.263 a 0.113
FR Minor 25,158.700 6,642.259 3,834.910 b 0.264
HR Major 13,638.263 2,818.075 1,627.017 a 0.207
HR Minor 19,418.467 1,210.187 698.702 aand b 0.062
NF Major 13,558.767 1,453.365 839.101 a 0.107
NF Minor 11,699.450 3,185.983 1,839.428 a 0.272
NPP FR Major 16,528.237 2,614.294 1,509.363 a 0.158
FR Minor 25,605.358 11,597.683 6,695.926 b 0.453
HR Major 14,281.808 2,982.279 1,721.820 a 0.209
HR Minor 22,687.292 10,530.918 6,080.028 b 0.464
NF Major 14,851.900 4,626.948 2,671.370 a 0.312
NF Minor 11,164.533 2,197.746 1,268.869 a 0.197
Dry leaf biomass (g) MPP FR Major 6,692.140 757.349 437.256 a 0.113
FR Minor 10,782.300 2,846.682 1,643.533 b 0.264
HR Major 5,844.970 1,207.747 697.293 a 0.207
HR Minor 8,322.200 518.652 299.444 aand b 0.062
NF Major 5,810.900 622.871 359.615 a 0.107
NF Minor 5,014.050 1,365.421 788.326 a 0.272
NPP FR Major 7,083.530 1,120.412 646.870 a 0.158
FR Minor 10,973.725 4,970.436 2,869.682 b 0.453
HR Major 6,120.775 1,278.120 737.923 a 0.209
HR Minor 9,723.125 4,513.250 2,605.726 aandb 0.464
NF Major 6,365.100 1,982.978 1,144.873 a 0.312
NF Minor 4,784.800 941.891 543.801 a 0.197

Note: Means with the same alphabet ranking are not significantly different from each other.
Abbreviations: CV: Coefficient of variation; FR: Full rate of recommended fertilizer; HR: Half rate of recommended fertilizer; MPP: Maize—pigeon pea;
NF: No fertilizer; NPP: No pigeon pea/sole maize; SD: Standard deviation; SE: Standard error.
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Table 3. Maize yield components (cob number, cob weight per plant, hundred-seed weight, and total grain yield) in pigeon

pea-maize intercrop and sole maize systems during the major and minor 2023 seasons in Fumesua, Ghana

Trait Cropping system Fertilizer Season Mean SD SE Rank Cv
Cob number MPP FR Major 53.667 3.055 1.764 a 0.057
FR Minor 125.667 12.097 6.984 b 0.096
HR Major 45.667 7.767 4.485 a 0.170
HR Minor 122.667 2.082 1.202 b 0.017
NF Major 54.667 9.074 5.239 a 0.166
NF Minor 56.000 24.759 14.295 a 0.442
NPP FR Major 59.000 1.732 1.000 a 0.029
FR Minor 205.667 125.437 72.421 bandc 0.610
HR Major 48.667 10.693 6.173 a 0.220
HR Minor 104.667 21.572 12.454 b 0.206
NF Major 57.333 8.083 4.667 a 0.141
NF Minor 31.667 16.073 9.280 a 0.508
Total cob weight (g) MPP FR Major 836.333 135.664 78.326 a 0.162
FR Minor 14,698.767 3,935.081 2,271.920 dande 0.268
HR Major 858.600 144.849 83.628 a 0.169
HR Minor 11,344.533 725.511 418.874 b,c,and d 0.064
NF Major 714.733 65.655 37.906 a 0.092
NF Minor 4,327.733 2,129.132 1,229.255 a,b,and ¢ 0.492
NPP FR Major 803.133 146.879 84.801 a 0.183
FR Minor 22,279.567 8,443.772 4,875.014 e 0.379
HR Major 844.933 110.630 63.873 a 0.131
HR Minor 12,909.800 5,939.399 3,429.113 ¢,d,and e 0.460
NF Major 733.633 153.568 88.662 a 0.209
NF Minor 2,488.833 1,686.059 973.447 aand b 0.677
Hundred-seed weight (g) MPP FR Major 33.500 6.384 3.686 b 0.191
FR Minor 27.167 0.666 0.384 b 0.025
HR Major 32.833 7.943 4.586 b 0.242
HR Minor 32.467 6.401 3.696 aandb 0.197
NF Major 28.833 1.041 0.601 b 0.036
NF Minor 21.733 8.601 4.966 a 0.396
NPP FR Major 37.333 5.008 2.892 bandc 0.134
FR Minor 31.333 3.828 2.210 aandb 0.122
HR Major 37.000 4.770 2.754 bandc 0.129
HR Minor 34.033 6.809 3.931 b 0.200
NF Major 33.167 2.930 1.691 b 0.088
NF Minor 28.533 1.007 0.581 b 0.035
Total grain yield (tons/ha) MPP FR Major 6.468 1.808 1.044 b 0.280
FR Minor 3.892 0.694 0.401 aandb 0.178
HR Major 6.096 0.628 0.362 b 0.103
HR Minor 3.755 0.673 0.388 aandb 0.179
NF Major 3.848 0.470 0.271 aandb 0.122
NF Minor 2.481 0.394 0.227 a 0.159
NPP FR Major 5.819 1.590 0.918 b 0.273
FR Minor 3.836 1.057 0.610 aandb 0.275
HR Major 6.037 1.234 0.712 b 0.204
HR Minor 3.745 0.880 0.508 aandb 0.235
NF Major 4.349 0.936 0.540 aandb 0.215
NF Minor 1.999 0.809 0.467 a 0.405

Abbreviations: CV: Coeflicient of variation; FR: Full rate of recommended fertilizer; HR: Half rate of reccommended fertilizer; MPP: Maize-pigeon pea;
NF: No fertilizer; NPP: No pigeon pea/sole maize; SD: Standard deviation; SE: Standard error.
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Figure 4. Growth measurements of maize height (A), stem girth (B), and
leaf area (C) in maize-pigeon pea intercropping and sole maize plots,
recorded at 6 — 15 weeks after planting during the minor season of 2023

treatment during the minor season (fresh = 25,605.4 g;
dry = 10,973.7 g; Table 2). This highlights the system’s
ability to effectively utilize high nutrient inputs when
resource limitations — such as light and space - are
minimal. Conversely, the MPP intercrop system exhibited
lower biomass under NF but maintained competitive
performance under HR, particularly in the minor season
(Table 2). This suggests that intercropping can sustain
reasonable productivity with moderate inputs, supporting
principles of sustainable agriculture (Table 2).

3.1.4. Seasonal variation and system dynamics

Seasonal effects were pronounced, with growth improving
in the minor season across all treatments, likely due to the
accumulation of soil organic matter and nitrogen fixation
from pigeon pea biomass incorporation (Table 2). In the
intercrop system, HR treatments balanced growth and
resource use, showing adaptive potential under moderate
nutrient levels (Table 2). The NPP system performed well

under FR but showed greater variability under low-input
conditions, indicating lower resilience than intercropping
(Table 2).

These findings highlight a key trade-off: NPP systems
excel under high input conditions but are vulnerable
to nutrient and environmental constraints. In contrast,
the MPP system prioritized stability and sustainability
over peak productivity (Table 2). The intercrop system’s
consistent growth under HR and its resilience to seasonal
changes demonstrate its suitability for resource-limited
environments. In addition, the ecological benefits of pigeon
peas — such as nitrogen fixation, organic matter addition,
and soil protection - provide long-term advantages beyond
immediate growth measurements.

3.2. Maize growth as influenced by cropping system
and fertilization

In the minor season experiment, the morphological
growth patterns of maize in the MPP intercrop and NPP
sole cropping systems were monitored from 6 to 15 weeks
after planting. Plant height (cm), stem girth (mm), and
leaf area (cm?) were recorded at each time point. Maize
height showed no statistically significant differences
between cropping systems and fertilizer treatments
throughout the growth period (Figure 4A). However, the
tallest plants were recorded at 15 weeks in the NPP system
under FR treatment (Figure 4A). In contrast, stem girth
exhibited significant differences between cropping systems
and fertilizer treatments (Figure 4B), with the thickest
stems observed in the NPP system under FR. The MPP
system under NF treatment showed reduced stem girth
development (Figure 4B).

From 12 to 15 weeks, maize leaf area (cm?) showed
significant differences among fertilizer treatments and
cropping systems (Figure 4C). The highest mean leaf area
was recorded in the NPP system under FR, followed by
HR and NE all of which are significantly higher than the
intercrop plants (Figure 4C).

3.3.Yield component of maize

Maize yield components were analyzed across the MPP
intercrop and NPP systems under different fertilizer levels
and seasons (Table 3). Key traits - including number of
cobs per plant, cob weight, hundred-seed weight, and
total grain yield — were evaluated to determine the effects
of cropping system, fertilizer application, and seasonal
variation on crop productivity (Table 3).

3.3.1. Cob number and weight

Cob numbers differed significantly across cropping systems
and seasons. The MPP system recorded the highest cob
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number under FR fertilizer treatment in the minor season
(126 cobs), while NF treatment yielded the lowest counts
(Table 3). In comparison, the NPP system produced the
highest cob number (206 cobs) under FR treatment during
the minor season, indicating that reduced competition
in sole cropping enhances reproductive development
under optimal nutrient conditions. Cob weight followed
this pattern, with the NPP system under FR treatment
in the minor season achieving the highest cob weight
(22,279.6 g), underscoring the NPP system’s ability to
maximize biomass production under high nutrient input
(Table 3).

3.3.2. Hundred-seed weight

Hundred-seed weight was generally higher in the NPP
system under FR treatment, with the highest value recorded
during the major season (37.3 g, Table 3). FR treatment also
resulted in competitive seed weights in the MPP system,
although these were slightly lower than those observed
in NPP. Under NF treatment, seed weights were notably
reduced, particularly in the MPP system, suggesting that
nutrient competition between maize and pigeon pea limits
grain filling and reduces seed size.

3.3.3. Total grain yield

Grainyield reflects the combined effects of cob development
and seed weight. In the MPP system, the highest grain yield
was recorded during the major season under FR treatment
(6.47 tons/ha), slightly exceeding that of the NPP system
under the same conditions (5.82 tons/ha, Table 3). This
suggests that intercropping under high nutrient availability
can match or even surpass sole cropping in productivity
due to complementary interactions between crops.
However, under NF treatment, grain yield in the MPP
system (3.85 tons/ha in the major season) was lower than
in NPP (4.35 tons/ha), highlighting the greater impact of
resource competition in the absence of fertilizer (Table 3).

3.4.LER

The LER was calculated using Equation III to evaluate the
productivity benefits of intercropping maize and pigeon
pea compared to their sole cropping systems:

e Y I: maize yield under intercropping (tons/ha) = 3.93
e Y S:maize yield under sole cropping (tons/ha) = 4.30
e YL pigeon pea yl.eld under 1ntercr0pang (tons/ha) =0.25
* Y S:pigeon pea yield under sole cropping (tons/ha) = 0.79

YI Y,I . .
LER :L+—P:ﬁ+%:l.23
S Y,S 430 0.79

An LER value of 1.23 indicates a productivity advantage
for the intercropping system. Since LER values greater

than one indicate higher combined yields in intercropping
compared to sole cropping, this finding highlights a more
efficient use of land resources. The increased combined
yield suggests enhanced resource utilization, where maize
and pigeon peas benefit from shared resources, such as
light, water, and nutrients. This synergy contributes to
increased overall productivity in the intercropping system.

In addition, the complementary growth patterns
of maize and pigeon peas in the intercropping system
may contribute to the observed yield advantage. Pigeon
pea, being taller, can provide partial shade during the
early stages of maize growth, which helps suppress weed
growth and supports soil moisture conservation. In
addition, as a leguminous plant, pigeon pea also enhances
soil fertility by fixing atmospheric nitrogen, thereby
benefiting maize development. The higher LER value
suggests that intercropping can offer improved economic
returns for farmers by increasing yield per unit area,
thereby enhancing overall profitability. This system also
supports environmental sustainability through increased
biodiversity, reduced dependency on chemical inputs, and
improved soil health. Overall, an LER of 1.23 indicates
a 23% advantage of intercropping maize and pigeon
peas over sole cropping in terms of land-use efficiency,
complementary resource utilization, economic benefits,
and environmental sustainability.

3.5. Soil physicochemical properties at the Fumesua
study site

Table 4 shows the physicochemical properties of soil at the
Fumesua study site analyzed at the initial stage in 2022 and
after 2 years of cropping under different treatments: pigeon
pea alley cropping and NPP cropping. The results showed
distinct variations in soil properties across depths and
treatments. At the initial stage, the topsoil (0 — 20 cm) had a
pH of 6.50, indicating slightly acidic conditions, with 0.26%
nitrogen (N) and 49.15 mg/kg phosphorus (P). Potassium
(K) measured 0.21 cmol (+)/kg, while magnesium (Mg)
and calcium (Ca) measured 0.69 cmol (+)/kgand 1.35 cmol
(+)/kg, respectively. Organic carbon (OC) accounted for
1.11%, and organic matter (OM) comprised 1.98%. The
soil texture was loamy sand, consisting of 82.10% sand,
8.89% clay, and 9.01% silt. At a depth of 20 — 40 cm, the
soil pH decreased to 6.02, accompanied by a decline in N
(0.13%) and P (33.04 mg/kg). The texture at this depth was
sandy loam, with a slightly lower sand content (73.43 %)
and higher clay (10.88 %) and silt (15.69%) contents.

In addition, soil properties in the pigeon pea alley
cropping after 2 years showed that the 0 - 20 cm layer
exhibits increased N (0.39%) and P (48.42 mg/kg) levels
compared to the initial stage. Both Ca and Mg levels
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Table 4. Physicochemical properties of soil at the study site in Fumesua during the initial stage in 2022 and after 2 years of

cropping
Soil depth Chemical properties Physical properties
(cm) pPH N (%) P (mgkg K(cmol(+)/kg) Mg (cmol (+)/kg) Ca(cmol(+)/kg) OC OM Sand Clay Silt Texture
(%) (%) (%) (%) (%) class
Initial soil parameters
0-20 6.50  0.26 49.15 0.21 0.69 1.35 1.11 198 8210 889 9.01 Loamy
sand
20 -40 6.02 0.13 33.04 0.15 0.67 0.82 075 121 7343 10.88 15.69 Sandy
loam
Soil parameters in the pigeon pea alley after 2 years
0-20 6.37  0.39 48.42 0.20 0.80 2.25 211 311 8199 899 9.02 Loamy
sand
20 -40 6.22 045 30.94 0.21 0.80 1.12 1.75 225 73.00 11.00 16.00 Sandy
loam
Soil parameters in the sole maize after 2 years
0-20 6.48  0.26 48.05 0.23 0.59 1.25 0.81 098 8190 890 9.20 Loamy
sand
20 -40 6.12  0.13 33.34 0.15 0.55 0.83 0.80 021 7403 10.80 15.17 Sandy
loam

Abbreviations: Ca: Calcium; K: Potassium; Mg: Magnesium; N: Nitrogen; OC: Organic carbon; OM: Organic matter; P: Phosphorus.

increased significantly to 2.25 cmol (+)/kg and 0.80 cmol
(+)/kg, respectively. Moreover, OC and OM improved
to 2.11% and 3.11%, respectively, suggesting enhanced
soil fertility under pigeon pea cropping. At a depth of
20 - 40 cm, the concentrations of N and P were 0.45%
and 30.94 mg/kg, respectively. Ca slightly decreased to
1.12 cmol (+)/kg, while Mg remained stable. Soil texture
remained sandy loam, with 73% sand, 11% clay, and
16% silt.

The soil properties in the NPP system after 2 years at
the 0 - 20 cm depth showed that N remains constant at
0.26%, matching the initial soil values, while P slightly
decreased to 48.05 mg/kg. Ca measured 1.25 cmol (+)/kg
and OM declined to 0.98%, both lower than in the pigeon
pea alley cropping, suggesting reduced organic input from
maize. At a depth of 20 - 40 cm, N and P levels were 0.13%
and 33.34 mg/kg, respectively, comparable to the initial soil
values. Ca and Mg levels were slightly lower than those in
the pigeon pea alley cropping, while OM content remained
low at 0.21%.

3.6. Economic analysis

The benefit-cost ratio (BCR) was employed for the
economic analysis. The MPP cropping systems were
compared to NPP system under varying fertilizer levels
to assess resource optimization and profitability. BCR,
a key indicator of economic advantage, varied across
cropping systems and fertilizer applications, reflecting
the relationship between input costs and yield benefits

(Table 5). In the MPP cropping system, the BCR under
NF treatment was 2.16, demonstrating economic viability
even under minimal input conditions. This suggests that
incorporating pigeon pea, a nitrogen-fixing legume,
can reduce the need for chemical fertilizers by naturally
enhancing soil fertility. Under the HR treatment, the BCR
slightly decreased to 1.91, indicating that the additional
fertilizer cost does not proportionally increase economic
returns. However, with FR fertilizer application, the
BCR improved significantly to 2.81, highlighting the
potential for maximized profitability when input levels are
optimized (Table 5).

In contrast, the NPP system presented a slightly
different trends. Under the NF treatment, the BCR was 2.04,
demonstrating moderate economic returns with low input
(Table 5). Interestingly, the BCR increased to 2.81 under
the HR treatment, similar to the highest return observed
in the MPP system. This suggests that maize responds
well to moderate fertilizer application, possibly due to
the alleviation of nutrient constraints that limit growth
and yield. However, under FR treatment application, the
BCR was reduced to 2.37, reflecting diminishing returns
at higher input levels (Table 5). This indicates that the NPP
system is less efficient in translating additional fertilizer
into economic benefits than the MPP system (Table 5).

4. Discussion

The study highlights the crucial role of MPP intercropping
systems in addressing the productivity, sustainability,
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Table 5. Partial budgeting between maize-pigeon pea intercrop and sole maize systems under four different fertilization

application rates averaged for the cropping seasons

Cropping system Maize-pigeon pea Sole maize

Fertilizer NF HR FR NF HR FR
Maize average yields (kg/ha) 3,165 3,426 5,198 3,174 4,891 4,828
Adjusted maize yield* 2,849 3,083 4,678 2,857 4,402 4,345
Gross benefit of maize (GH(/ha) 28,485 30,834 46,782 28,566 44,019 43,452
Pigeon pea average yields (kg/ha) 250 250 250 - - -
Adjusted pigeon pea yield* 225 225 225 - - -
Gross benefit of pigeon pea (GHC/ha) 1,575 1,575 1,575 - - -
Gross benefit of the cropping system 30,060 32,409 48,357 28,566 44,019 43,452
Cost of pigeon pea establishment (GH(/ha) 800 800 800 - - -
Cost of harvesting pigeon pea (GHC/ha) 400 400 400 - - -
Cost of pruning and spreading pigeon pea biomass (GH(/ha) 400 400 400 - - -
Cost of chemical fertilizer (GH('/ha) 1,250 2,500 - 1,250 2,500
Labor cost for the application of fertilizer (GHC/ha) 400 700 - 900 1,000
Land clearing (GH('/ha) 3,000 3,000 3,000 3,000 3,000 3,000
Cost of maize seed (GH(C) 200 200 200 300 300 300
Labor cost of planting (C/ha) 1,200 1,200 1,200 1,400 1,400 1,400
Cost of weeding (GHC/ha) 1,500 1,500 1,500 2,200 2,200 2,200
Harvesting cost (GH(C/ha) 2,000 2,000 2,000 2,500 2,500 2,500
Total costs that vary 8,700 10,350 11,900 9,400 11,550 12,900
Total cost of the system 9,500 11,150 12,700 9,400 11,550 12,900
Net benefit 20,560 21,259 35,657 19,166 32,469 30,552
Benefit—cost/ratio 2.16 1.91 2.81 2.04 2.81 2.37
Note: Asterisk (*) represents 10% of maize average yield against inflation and price volatilities.

Abbreviations: FR: Full rate of recommended fertilizer; GHC/: Ghana Cedi; HR: Half rate of recommended fertilizer; NF: No fertilizer.

and resilience challenges faced by smallholder farmers performance of intercropping systems under varying

in Ghana. The findings indicate that intercropping
systems are more productive and sustainable than
monocultures, as they efficiently utilize resources and
provide ecological benefits.*** The inclusion of pigeon pea
biomass significantly enhanced soil nutrient availability
and improved maize growth, yield components, and
total grain yield. These results support previous studies
demonstrating that pigeon pea contributes to soil fertility
through nitrogen fixation and the incorporation of OM.**

The study demonstrates that maize vyields in
intercropping systems are comparable to those in sole
cropping under FR treatment and exceed them under
moderate (HR) and low fertilizer input (NF) conditions.
These findings support the idea that pigeon pea biomass
can supplement and partially replace inorganic fertilizers
without compromising yields.*'** This finding is
particularly relevant for smallholder farmers, who often
face challenges due to the high cost and limited availability
of chemical fertilizers."** Furthermore, the strong

environmental conditions highlights their resilience,
making them well-suited for areas with erratic rainfall and
poor soil fertility.'®

The high maize yields recorded during the major
season, likely due to increased rainfall, highlight the critical
influence of environmental conditions on cropping system
performance. While monoculture systems such as NPP
demonstrated high productivity under optimal fertilizer
input, they exhibited limited resilience under nutrient
constraints and seasonal variability. In contrast, the
intercropping system maintained yield stability, suggesting
that the ecological and functional complementarities
between maize and pigeon peas contribute to enhanced
system resilience.?” In addition, intercropping systems offer
significant economic advantages. The reduced reliance
on chemical fertilizers lowered production costs, thereby
enhancing profitability and accessibility for resource-
constrained farmers.”® Pigeon pea grains also serve as
a valuable dietary supplement for farm households,
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contributing to improved food security and nutritional
diversity.” These findings align with previous studies that
highlight the role of legumes in enhancing soil fertility,
reducing chemical input dependency, and improving crop
profitability.'**

Beyond economic benefits, intercropping systems
also contribute significantly to ecological sustainability.
Pigeon pea enhances nitrogen fixation, facilitates biomass
recycling, and promotes soil carbon sequestration, all
of which support improved soil health and long-term
productivity.''¢*32 These ecological benefits align with
the principles of sustainable agriculture, positioning
MPP intercropping as a promising strategy for climate-
resilient farming systems.”” However, the scope of this
study is limited to a single agroecological zone, which may
limit the applicability of the findings. Further research
is needed to evaluate the system’s performance across
diverse regions. In addition, although economic benefits
were inferred, detailed economic analyses incorporating
BCRs and profitability metrics would provide a more
comprehensive understanding.’® The observed trade-offs
between productivity and sustainability highlight the need
for careful optimization of planting densities, row spacing,
and fertilizer application rates to maximize the system’s
overall benefits.*

Farmers should consider integrating pigeon peas
into maize cropping systems to reduce fertilizer
costs, enhance soil fertility, and increase resilience to
environmental stresses.” Future studies should focus on
identifying optimal planting densities, row spacing, and
variety selection for MPP intercropping across diverse
agroecological zones. In addition, policymakers are
encouraged to support the adoption of intercropping
systems through targeted subsidies, extension services,
and farmer training programs. The findings highlight a
strategic trade-off: while monocultures may maximize
yields under optimal conditions, they lack resilience,
whereas intercropping systems offer a balanced approach
- combining stable productivity, ecological benefits, and
resilience under variable conditions.”” Integrating pigeon
peas into maize cropping systems can therefore support
sustainable intensification, reduce environmental impacts,
and strengthen food security. This study illustrates that
pigeon peas can serve as a vital resource for farming
communities, thriving in challenging environments while
providing multiple benefits.’**’

In summary, pigeon pea alley cropping enhanced
soil fertility by increasing levels of N, P, OC, and Ca.
NPP cropping system did not significantly enhance soil
nutrients, showing values similar to those of the initial soil
properties. These findings highlight the potential of pigeon

peaalley cropping in improving soil health and maintaining
fertility over time. MPP intercropping systems represent a
promising approach for the sustainable intensification of
agriculture, effectively integrating productivity, resilience,
and ecological sustainability. They offer a practical solution
for smallholder farmers in Ghana and comparable settings,
helping to address critical challenges such as declining soil
fertility, climate variability, and limited access to inputs.
Future research and policy support will be essential to
achieving the full potential of these systems in ensuring
food security and environmental sustainability.

5. Conclusion

An ISEM approach incorporating legume agroforestry
trees, such as pigeon peas, offers a promising solution for
sustainable maize production. This approach addresses the
challenge of maintaining soil fertility, which has contributed
to declining maize yields. Pigeon pea not only provides
reliable biomass and shade that conserve soil moisture but
also helps suppress weeds. These advantages of the MPP
cropping systems enhance resource use efficiency and maize
productivity. Therefore, ISFM - planting maize with pigeon
pea combined with half the recommended fertilizer rate
(125 kg/ha of 15-15-15 N-P,O,.-K,O + 125 kg/ha of SoA) -
could be a viable strategy for sustainable maize production
on continuously cropped fields. However, further research
is needed to evaluate whether fertilizer rates can be reduced
even further without compromising maize productivity
and economic returns. This is crucial for sustaining maize
production among smallholder farmers amid climate
change, thereby contributing to improved food security.
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Nickel foam-supported nickel-cobalt layered
double hydroxide/platinum composite
electrocatalyst for ammonia oxidation reaction

Xinyu Zhao, Xinyue Wang*, Hongli Cai, Jialu Liu, Jiali Gu, Yingying Zhao,
and Liang Zhang*

Department of Chemistry, College of Chemistry and Materials Engineering, Bohai University,
Jinzhou, Liaoning, China

Abstract

With increasing interest in direct ammonia fuel cells, designing and developing high-
activity electrocatalysts for the electrochemical ammonia oxidation reaction has
become a critical research focus. In this work, a nickel foam-supported nickel-cobalt
layered double hydroxide/platinum composite (Pt-NiCo-LDH) was synthesized
through electrochemical deposition and displacement reactions for enhanced
electrocatalytic activity. Key synthesis parameters, including reaction temperature
and chloroplatinicacid hexahydrate (HthCI6 6H,0) concentration, were systematically
optimized. Electrochemical characterization using cyclic voltammetry revealed that
the optimal catalyst — synthesized in a solution containing 450 pL deionized water
and 1,050 uL 0.1 molL/L HZPtCI6-6HZO at 20°C for 8 h — showed an oxidation peak
current of 154.60 mA and a low onset potential of —0.38 V (versus mercury/mercury
oxide), indicating exceptional catalytic activity. The support of nickel foam provided
favorable conditions to deposit NiCo-LDH nanowires, providing sites for the growth
of platinum nanoparticles, thus promoting the catalytic activity of the Pt-(NiCo-LDH)
electrocatalyst.

Keywords: Electrocatalyst; Ammonia oxidation reaction; Nanocomposite; Platinum;
Nickel-cobalt layered double hydroxide

1. Introduction

With the continuous consumption of fossil fuels, the development and application of
clean energy sources have received increasing attention."? Among these, hydrogen is
considered one of the ideal energy carriers.* However, currently, hydrogen is primarily
produced from fossil fuels, which is accompanied by the generation and emission of
carbon dioxide. In addition, the application of hydrogen is also limited by challenges
related to storage and transportation.” In contrast, ammonia, owing to its high energy
density, rich hydrogen content, and low safety risks, has garnered significant attention.®
On one hand, decomposing ammonia into nitrogen (N,) and hydrogen can address the
problems associated with hydrogen storage and transportation. On the other hand, the
electrochemical oxidation reaction of ammonia can be applied to remove ammonia
nitrogen in water bodies - thereby addressing environmental issues — and for the design
and development of direct ammonia fuel cells.”® The combustion of direct ammonia
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fuel cells produces only water as a byproduct, making it an
extremely clean fuel.

Considerable research efforts have focused on
electrocatalysts for the ammonia oxidation reaction
(AOR). Among noble metals, platinum (Pt) showed the
best electrocatalytic activity compared to others. Various
morphologies of pure Pt, including cubic Pt,’ sheet-like Pt,'
and flower-like Pt,' have been reported as catalysts for the
electrochemical AOR. These different morphologies can
be achieved by controlling the electrodeposition potentials
and using surfactants. In addition, to further improve AOR
activity, research has extended to certain Pt-based binary
and ternary electrocatalysts. Vooys et al.'? established the
nitrogen adsorption strength trend as follows: Ruthenium
> rhodium > palladium > iridium > Pt >> gold, silver, and
copper.’? Therefore, Pt-based alloys, including Pt-nickel
(Ni), Pt-iridium, and Pt-gold, have been synthesized,
showing superior electrocatalyst performance compared to
pure Pt. In addition, certain oxides, such as yttrium oxide,"
stannic oxide,' and cerium oxide, have also been used to
modify Pt. For example, cerium oxide-modified Pt showed
better AOR performance, including lower onset potential
and higher oxidation peak current, compared to pure Pt.

In regard to transition metals and their oxides/
oxyhydroxides, Ni has been regarded as a promising
candidate for AOR electrocatalysts. However, challenges
remain, such as the compromised long-term stability
of Ni due to corrosion during ammonia electrolysis. To
overcome these issues, various Ni-based materials have
been developed, including Ni-copper alloys,'® copper
oxide/Ni hydroxide,"”” Ni-copper oxyhydroxide,'® Ni-
copper-iron oxyhydroxide,” and Ni-cobalt (Co) layered
double hydroxides. These materials aim to control the
electron structure and the adsorption of ammonia. For
example, Ren et al.* synthesized copper oxide/Ni through
a one-step replacement reaction and used charge density
difference and Mulliken charge analyses to explain the
enhanced electrocatalytic performance.”® Wang et al.”
developed a boron-modified Ni-iron layered double
hydroxide (NiFe-LDH) supported on Ni foam (NF), where
boron nanoclusters served as charge bridges to regulate
electron redistribution in NiFe-LDH and expose more
active metal sites.”'

In this work, to fabricate a high-performance
electrocatalyst for AOR, NiCo-LDH nanowires were
first electrodeposited onto NE followed by the growth
of Pt nanoparticles through a galvanic replacement
reaction. The ratio of chloroplatinic acid hexahydrate
(H,PtCl-6H,0), reaction time, and reaction temperature
were systematically controlled, and the resulting samples
were characterized. In addition, the samples were analyzed

using scanning electron microscopy (SEM; ZEISS 300,
HITACHI, Japan) and X-ray photoelectron spectroscopy
(XPS; ESCALAB 250X1, Thermofisher, USA).

2. Methodology

2.1.The synthesis of nickel-cobalt layered double
hydroxide/platinum composite

2.1.1. Pre-treatment of nickel foam

The NF was first cut into thin sheets measuring 10 mm x
25 mm x 1 mm. The sheets were then placed into a 50 mL
beaker and immersed in 3 mol/L hydrochloric acid for
10 min. Next, the NF was transferred to ethanol (analytical
reagent grade; Tianli Chemical Reagent Company, China)
and sonicated for 10 min. Finally, the NF was washed
with deionized water and dried in an oven (Shangcheng
Instrument Manufacturing Company, China) at 50°C for
later use. The resulting sample is referred to as NE

2.1.2. Preparation of nickel-cobalt layered double
hydroxide

First, 0.571 g of Ni(II) chloride hexahydrate (analytical
reagent grade; Shanghai Macklin Biochemical Co.,
Ltd. China) and 0.195 g of Co(II)chloride hexahydrate
(analytical reagent grade: Shanghai Macklin Biochemical
Co., Ltd. China) were added into 50 mL of deionized water
and stirred to form a homogeneous solution. Subsequently,
0.30 g of urea (analytical reagent grade; Shanghai
Macklin Biochemical Co., Ltd. China) was added to the
aforementioned mixed solution, followed by magnetic
stirring for an hour to ensure complete homogenization.
The resultant mixture and a cleaned NF substrate were
transferred into a 100 mL teflon-lined stainless-steel
autoclave (Wanruigude Company, China), which was then
sealed and maintained at 120°C for 12 h in an electric
oven (Shangcheng Instrument Manufacturing Company,
China). After naturally cooling to room temperature, the
obtained sample was collected, rinsed, and denoted as
NiCo-LDH.

2.1.3. Preparation of platinum-(nickel-cobalt layered
double hydroxide)

Nickel-cobalt layered double hydroxide was placed into
4 mL centrifuge tubes. Then, 150 uL, 300 uL, 450 uL,
and 600 uL of H,PtCl-6H,O (0.1 mol/L) (analytical
reagent grade; Shanghai Macklin Biochemical Co., Ltd.
China) were added into the centrifuge tubes along with
1,350 uL, 1,200 pL, 1,050 uL, and 900 uL of deionized
water, respectively, to obtain a solution with a volume of
1,500 uL. The mixtures were placed in a water bath at 20°C
for 8 h. The obtained Pt-(NiCo-LDH) samples were labeled
as Pt-(NiCo-LDH)-X (X = 1, 2, 3, 4). Under the optimal
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concentration of 450 uL of H,PtCl-6H,0 (0.1 moL/L) and
1,050 puL of deionized water, the temperature of the water
bath was controlled at 30°C, 40°C, and 50°C, with heating
maintained for 8 h. The obtained samples were named as
Pt-(NiCo-LDH)-X (X = 5, 6, 7). In addition, the sample
prepared without H,PtCl -6H,O (0.1 moL/L) was named
NiCo-LDH-8, the sample prepared without NiCo-LDH
was named Pt-NF-9, and the NF was designated NF-10.
Figure 1 shows the synthesis process of NiCo-LDH and
Pt-(NiCo-LDH)-X.

NiCl6H:0 CoCly611:0
0STID Ny @ ©1958) - ‘:‘ e
[ Es : Nifoam
: e r
L o W, e o ®
\ - R - R
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Figure 1. The synthesis process of nickel (Ni)-cobalt layered double
hydroxide and platinum-(Ni-cobalt layered double hydroxide)-X
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3. Results and discussion

In this work, ammonium chloride (NH,Cl) was used as the
ammonia source. The cyclic voltammetry (CV) technique
was employed to analyze the electrochemical reactions
based on the peak current, peak potential, and related
parameters.” The oxidation peak current is one of the
important parameters to evaluate the activity of catalysts.
Higher peak currents indicate better catalytic activity,
characterized by faster electron transfer, accelerated
electrode reaction rates, and lower reaction resistance.
To select the best synthesis condition of the catalyst, the
CV technique was conducted on all catalysts for the AOR.
The oxidation reaction peak currents were collected and
used as a key parameter to evaluate the catalyst activity.
In addition, to obtain an electrocatalyst with excellent
catalytic performance, the volume of H PtCl, 6H,0 and
the reaction temperatures of H,PtCl, 6H,0 and NiCo-
LDH were regulated.

First, the concentrations of H,PtCl, 6H,0 were studied.
Figure 2A-D shows the CV curves of the Pt-(NiCo-
LDH)-X (X =1, 2, 3, 4) catalysts synthesized with H PtCl_
6H,0 volumes ranging from 0.15 mL to 0.60 mL. In the
1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M
NH,CI solutions, a distinct oxidation peak emerged at

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 02 04
Potential / V vs. Hg/HgO

Figure 2. The cyclic voltammetry curves of platinum-(nickel-cobalt layered double hydroxide)-X (Pt-[NiCo-LDH]-X). (A) Pt-(NiCo-LDH)-1,
(B) Pt-(NiCo-LDH)-2, (C) Pt-(NiCo-LDH)-3, and (D) Pt-(NiCo-LDH)-4 catalysts in 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium
chloride (NH4CI) solutions. Hg/HgO refers to mercury/mercury oxide used as the reference.
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Figure 3. The cyclic voltammetry curves of (A) platinum-(nickel-cobalt layered double hydroxide) (Pt-[NiCo-LDH]-X) (X = 1, 2, 3, 4), (B) Pt-(NiCo-
LDH)-X (X =3, 5, 6, 7), (C) Pt-(NiCo-LDH)-3, NiCo-LDH-8, Pt-Ni foam (NF)-9, and NF-10 catalysts in the mixed solution of 1 M potassium hydroxide
and 0.1 M ammonium chloride, and (D) the oxidation peak currents of all catalysts. Hg/HgO refers to mercury/mercury oxide used as the reference.
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Figure 4. The cyclic voltammetry curves of platinum-(nickel-cobalt layered double hydroxide)-X (Pt-[NiCo-LDH]-X). (A) Pt-(NiCo-LDH)-3,
(B) Pt-(NiCo-LDH)-5, (C) Pt-(NiCo-LDH)-6, and (D) Pt-(NiCo-LDH)-7 catalysts in 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium
chloride (NH4CI) solutions. Hg/HgO refers to mercury/mercury oxide used as the reference.
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approximately —0.05 V. Figure 3A shows the CV curves of
Pt-(NiCo-LDH)-1, Pt-(NiCo-LDH)-2, Pt-(NiCo-LDH)-3,
and Pt-(NiCo-LDH)-4 catalysts in the mixed solution of 1
M KOH and 0.1 M NH,CI, with oxidation peak currents
shown in Figure 3D. Notably, with an increasing volume
of H,PtCl, 6H,O, the oxidation peak current exhibited
a notable upward trend, escalating from 74.47 mA to
154.60 mA, indicating an enhanced catalytic activity.
However, at 0.6 mL, the catalytic activity of Pt-(NiCo-
LDH)-4 decreased significantly to an oxidation peak
current of 116.15 mA. This indicated that during the
displacement process between PtCl* and Co*', a large
quantity of Co** was consumed, and excessive H,PtCl,
6H,0 may have destabilized the NiCo-LDH structure,
thereby resulting in the loss of catalytic activity.

Based on the addition of 0.45 mL of HZPtCI6 6H,0,
the reaction temperature (20°C, 30°C, 40°C and 50°C)
between H PtCl, 6H,O and NiCo-LDH was further
controlled. Figure 4 shows the CV curves of the Pt-(NiCo-
LDH)-X (X = 3, 5, 6, 7) catalysts in 1 M KOH and 1 M
KOH + 0.1 M NH,CI solutions. Figure 3B shows the CV
curves of Pt-(NiCo-LDH)-X (X = 3, 5, 6, 7) catalysts in the
mixed solution of 1 M KOH and 0.1 M NH,Cl. As shown
in Figure 3B, as the reaction temperature increased, the
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oxidation peak current gradually decreased. The oxidation
peak currents decreased from 154.60 mA to 81.91 mA
(Figure 3D), indicating that the catalytic activity gradually
weakened. Increasing reaction temperatures accelerated
the rate of the displacement reaction between PtCl * and
Co?. Simultaneously, the nucleation rate of Pt was also
accelerated, which hindered the formation of highly
dispersed Pt and reduced the number of catalytically active
sites.

To demonstrate that Pt-(NiCo-LDH)-3 exhibited better
catalytic activity than NE NiCo-LDH, and Pt-NE the
catalytic activities of NiCo-LDH-8, Pt-NF-9, and NF-10
were also tested in 1 M KOH and 1 M KOH + 0.1 M NH CI
solutions, as shown in Figure 5. No discernible variation
in current was observed in the CV curves of NiCo-LDH-8
and NF-10, indicating that pure NiCo-LDH and NF did
not show obvious catalytic activity in this measurement
system. In contrast, the Pt-NF-9 catalyst exhibited a clear
oxidation peak with an oxidation peak current of 57.65 mA,
indicating that the Pt showed electrocatalytic activity. In
addition, the oxidation peak current of Pt-(NiCo-LDH)-3
was 2.7 times that of Pt-NF-9, indicating that there is a
good synergistic effect between NiCo-LDH and Pt. Table 1
shows the electrocatalytic activities of some reported
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Figure 5. The cyclic voltammetry curves of (A) platinum-(nickel-cobalt layered double hydroxide)-3 (Pt-[NiCo-LDH]-X), (B) NiCo-LDH-8, (C) Pt-Ni
foam (NF)-9, and (D) NF-10 catalysts in 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium chloride (NH4CI) solutions. Hg/HgO refers

to mercury/mercury oxide used as the reference.
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catalysts. Compared to these catalysts, the onset potential
and current density of Pt-(NiCo-LDH)-3 were accepted.

To find the optimal potential ranges of Pt-(NiCo-
LDH)-3 for AOR, different potential ranges, including
-1-04V,-08-0.6V,-06-08V,-04-10YV,and
—-0.2 - 1.2 V, have been selected and measured for the
electrocatalytic test. As shown in Figure 6A-D, with the
rightward shift of the potential window, the oxidation
peak around —0.05 V gradually decreased and eventually
disappeared, whereas the oxidation peak at around 0.7 V
gradually became increasingly prominent. This shift
occurred because moving the potential window to the right
gradually deviated from the suitable operating potential of
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the Pt catalyst, revealing the potential range more suitable
for NiCo-LDH. However, as shown in Figure 4C and D, the
catalytic activity of NiCo-LDH alone was not significant,
and the current change before and after the addition
of NH,Cl was minimal. These results indicate that the
catalytic activity of Pt-(NiCo-LDH)-3 mainly originated
from Pt, with the most suitable operating window range
being -1 - 0.4V.

To investigate the kinetics of AOR on the Pt-(NiCo-
LDH)-3 surface, CV curves were recorded at scan rates
ranging from 20 to 200 mV/s, as shown in Figure 7A. With
increasing scan rates, the oxidation peak currents increased
accordingly. Figure 7B shows the relationship between
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Figure 6. The potential ranges for ammonia oxidation reaction in (A, B, C and D) 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium
chloride (NH,Cl) solutions. The cyclic voltammetry curves of different potentials (E) in 1 M KOH and (F) in 1 M KOH + 0.1 M NH,Cl solution. Hg/HgO

refers to mercury/mercury oxide used as the reference.
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Table 1. The ammonia oxidation reaction test conditions and activity of reported catalysts

Electrode Onset potential (V)  Current density (mA/cm?) Electrolyte Stability References

Platinum/cobalt-iron/nickel —-0.019 V.. 50.00 at 0.029 V.. 0.2 MN,H,* 1.0 M KOH At-0.017 V. for 23

foam 100 h

Platinum-iridium-copper 0.350 V1o 40.60 at 0.500 V. 0.1 MNH," 1.0 M KOH At 0.650 V. for 24
500 s

Silver/iron (IT) oxide/titanate -0.500 VAg/ Agcl - 0.1 M NH.CI* 1.0 M At -0.250 VAg, el for 25

nanotubes phosphate-buffered saline five cycles

Platinum-cobalt hydroxide- 0.250 V.0 10.17 at = 0.200 V. 0.1 M NH,CI* 1.0 M KOH - 31

nickel foam-3

Nickel-copper-sulfur treated/ 1.374V 0 110.00 at 1.690 V.. 0.2 M NH.Cl* 1.0 M NaOH At1.640V,  for 27

carbon paper 24h

Platinum-iridium 0.350 Vo 32.20at 0.500 V. 1.0 Mammonia® .0 MKOH At 0.500-1.000 V. 28

(5:5 atomic ratio)/XC-72 for 4,000 cycles

Platinum-(nickel-cobalt =003V, 0 154.60 at 0.24 Vo 0.1 MNH,CI* 1.0 M KOH At 0.24 Vg o for This work

layered double hydroxide)-3 5,000 s

Abbreviations: Ag: Silver; AgCI: Silver chloride; Hg: Mercury; HgO: Mercury oxide; KOH: Potassium chloride; NH,Cl: Ammonium chloride;
RHE: Reversible hydrogen electrode.
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Figure 7. Cyclic voltammetry curves of platinum-(nickel-cobalt layered double hydroxide)-3 electrode in 1 M potassium hydroxide + 1 mM ammonium
chloride at different scan rates. (B) Oxidation peak current densities versus (vs.) the square root of the scan rates. (C) Oxidation peak potentials vs. scan
rate. (D) The effect of scan rate on peak potentials. Hg/HgO refers to mercury/mercury oxide used as the reference.

oxidation peak currents and scan rates. Based on the fitted (R?* = 0.999), indicating a diffusion-controlled process.
curve, a favorable linear correlation was observed between Moreover, with the increase in scan rates, the oxidation
the oxidation peak currents and the square root of the peak potential (Epa) demonstrated a subtle positive shift.
scan rate, described by the linear equation: y = 0.37x+0.03 In addition, a strong linear correlation was established
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Figure 8. The stability measurement and SEM image after stability measurement of Pt-(NiCo-LDH)-3. (A) The stability measurements of platinum-
(nickel-cobalt layered double hydroxide) (Pt-[NiCo-LDH]-3) and Pt-nickel foam (NF)-9. (B) The scanning electron microscopic image of Pt-(NiCo-

LDH)-3 after use. Scale bar: 1 wm, magnification: 10.00 KX.

Figure 9. Scanning electron microscopy images. (A and B) Nickel-
cobalt layered double hydroxide (NiCo-LDH) and (C and D) platinum-
(NiCo-LDH)-3. Scale bars: 200 nm and 500 nm, magnifications: 200 nm
(50.00 K), and 500 nm (20.00 K).
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Figure 10. The X-ray diffraction pattern of platinum Pt-(NiCo-LDH)-3

Abbreviations: NF: Nickel foam; NiCo-LDH: Nickel-cobalt layered
double hydroxide; Pt: Platinum.

between the Epasand the scan rates (R?=0.999) (Figure 7C).
This finding suggested the presence of an irreversible
process for AOR on the Pt-(NiCo-LDH)-3 electrode.
A good linear relationship was observed between the Epa
and the logarithm of the scan rate (In v) (v = 0.06 V/s),
as shown in Figure 7D. Laviron’s theoretical model® was
employed to fit the data, resulting in Equation I. Based
on this fitting, the number of electrons (n) participating
in the rate-determining step of the AOR on the Pt-(NiCo-
LDH)-3 electrode can be calculated.

0
E, =E’ +[ RT jln RTk +( RT jlnv D
anF anF anF

The parameters in Equation I were Faraday’s constant
(F = 96,485 C/mol), temperature (T = 298.15 K), gas
constant (R = 8.314 J/[K-moL]), standard electrode
potential (E%), and electron transfer coefficient (a). The
standard rate constant is denoted as k®. The an value was
determined by the slope of the E, versus In v as 0.15.
Meanwhile, the value of a can be computed by Equation II:

RT
E, -E,,= 1.857[a—FJ (II)

In Equation II, E , is the potential of the half peak.
The o was calculated as 0.25, and the number of transfer
electrons in the rate-determining step of AOR was
determined as 0.6.

To evaluate the stability of the catalyst, stability tests
were conducted on Pt-(NiCo-LDH)-3 and Pt-NF-9. The
results, shown in Figure 8, indicate that Pt-(NiCo-LDH)-3
has a higher current and exhibits better catalytic stability
than Pt-NE After the stability test, Pt-(NiCo-LDH)-3
maintained its sheet-like morphology.
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Three analyses, SEM, X-ray diffraction (XRD, D8
advance, Bruker, Germany), and XPS, were employed
to study the morphology and composition of Pt-(NiCo-
LDH)-3. Figure 9A and B show the SEM images of
NiCo-LDH. It was observed that NiCo-LDH existed
in the form of nanowires, with a certain degree of
agglomeration. At a lower magnification (Figure 9B),
it was easy to observe that these nanowires combined
to form a flower-like morphology. However, after the
growth of Pt after incubation in the water bath, the
flower-like structure formed by the agglomeration of
these NiCo-LDH nanowires degraded, as shown in
Figure 9C and D. This could be attributed to two aspects:
first, the addition of H ,PtCl, 6H,O introduces a large
number of H*, which provides a certain corrosive effect
on NiCo-LDH, and second, the Co** ions within NiCo-
LDH dissolve out and act as reducing agents to convert
PtCl > to Pt. Unfortunately, the presence of Pt could not
be clearly identified from the SEM images of Pt-(NiCo-
LDH)-3. In addition, compared to the SEM image of
Pt-(NiCo-LDH)-3 after use, the nanowire of Pt-(NiCo-

A
Ni 2
P NP> 2p,,
2+
~ N 2P(S) N 2p (s)
2+
; 1 Ni** 2p,, t
N’
£
2]
=
]
=
L]

885 880 875 870 865 860 855 850
c Binding energy (eV)

LDH)-3 showed more apparent changes, indicating that
the NiCo-LDH underwent phase transitions and lattice
rearrangements during the electrochemical measurement
process.

Figure 10 exhibits the XRD pattern of Pt-(NiCo-
LDH)-3. As shown in Figure 7, the three strong diffraction
peaks at 44.7°, 52.0°, and 76.5° could be attributed to NE.
In addition, three diffraction peaks could be detected at
40.5° 47.1°, and 68.7°, attributable to the 111, 200, and 220
crystal planes of Pt.** In addition, a weaker diffraction peak
of NiCo-LDH was observed at 22.8°.2* The XRD diftraction
peaks of NiCo-LDH and Pt confirm the successful growth
of NiCo-LDH and Pt on the surface of NE.

To further characterize the chemical composition
of Pt-(NiCo-LDH)-3, XPS was performed, and the
corresponding results are presented in Figure 11.
Figure 11A revealed four deconvoluted peaks in the Ni
2p. The peaks at 856.14 eV and 873.81 eV correspond
to Ni** 2p, . and Ni** 2p, , respectively,’® whereas the
satellite peaks at 861.73 eV and 880.43 eV are attributed

w

Co2p
Co™ 2p3/2

Intensity (a.u.)
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D Binding energy (eV)

O1s
M-OH

Intensity (a.u.)

540 538 536 534 532 530 528 526
Binding energy (eV)

Pt 4f

Ni 3p

Intensity (a.u.)

78 76 74 72 70 68 66
Binding energy (eV)

Figure 11. The X-ray photoelectron spectroscopy spectra of (A) nickel (Ni) 2p, (B) cobalt (Co) 2p, (C) oxygen (O) 1s, and (D) platinum (Pt) 4f in Pt-(NiCo

layered double hydroxide)-3
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to shake-up processes. In Figure 11B, the Co 2p spectrum
exhibits a prominent peak at 781.42 eV, assigned to Co*
2p,,* For the oxygen 1s spectrum (Figure 11C), three
peaks at 530.52 eV, 531.44 eV, and 532.5 eV were resolved,
corresponding to lattice oxygen (M-O), hydroxyl groups
(M-OH), and adsorbed water (H-O-H), respectively.*!
Collectively, these XPS results confirm the successful
formation of NiCo-LDH. Finally, the XPS spectrum of the
Ptis shown in Figure 11D. Two peaks at 70.87 eV and 73.31
eV could be attributed to Pt 4f, and Pt 4f, , indicating that
Pt was zero-valent. In addition, the fitted peak at 68.10 eV
could be ascribed to Ni 3p.** These results indicated that Pt
nanoparticles have been deposited onto NiCo-LDH.

4, Conclusion

This study successfully developed a high-performing
Pt-(NiCo-LDH) supported by NF through a solvothermal
reaction and displacement reaction. All samples’
catalytic activities for AOR were measured. Among the
prepared samples, Pt-(NiCo-LDH)-3 exhibited superior
electrocatalytic activity, with an oxidation peak current of
154.60 mA and a low onset potential of —0.38 V (versus
mercury/mercury oxide). The excellent electrocatalytic
activity was mainly attributed to good synergistic effects;
NiCo-LDH nanowires provided alarge specific surface area,
offering favorable conditions for the growth of Pt, while
Pt showed good catalytic activity in the electrochemical
oxidation of ammonia. This work presents a potential
catalyst for the AOR in direct ammonia fuel cells.
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nanoparticles on growth parameters of chickpeas
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Abstract

Agricultural productivity remains a fundamental concern for farmers and agricultural
scientists. Today, global food security is increasingly threatened by environmental
challenges and a rapidly growing population. Environmental stressors, such as
salinity, drought, heavy metals, ozone, sulfur oxides, and nitrogen oxides have
increased crop vyield losses. Various agricultural management practices and
techniques are being employed to reduce yield loss and minimize environmental
impact on plants. Among these, the application of nanoparticles, such as
nanofertilizers, nanoinsecticides, nanofungicides, and nanosensors, has emerged
as a promising approach for achieving agricultural sustainability, particularly in pest
and soil nutrient management. Therefore, the present study was conducted to assess
the effectiveness of zinc oxide (ZnO) and titanium dioxide (TiO,) nanoparticles on
the chickpeas cultivar. Two sets of experiments were conducted: seed germination
(Petri dishes) and a field experiment analyzing various physiological, morphological,
and biomass parameters. In the seed germination experiment, TiO, nanoparticles
were more effective than ZnO nanoparticles, achieving a 100% germination rate at
48 h. Furthermore, in the field experiment, the biomass of the selected cultivar was
higher at a 50 parts/million (ppm) nanoparticle concentration compared to 25 ppm.
Conclusively, the application of both nanoparticles showed a positive impact on
seed germination and plant growth. The nanoparticles hold significant potential for
future agricultural applications, offering innovative solutions for agricultural yield
and environmental sustainability by enhancing nutrient delivery, soil health, and
pest control. Therefore, this study will be helpful for farmers and scientists seeking to
harness the potential of nanomaterials for sustainable agricultural production.

Keywords: Zinc oxide; Titanium dioxide; Nanoparticles; Cicer arietinum; Seed
germination; Plant growth; Biomass of plants

1. Introduction

Agricultural productivity is one of India’s most complex topics, with both positive and
negative aspects. The rising global population growth and simultaneous environmental
challenges highlight the urgent need for innovative and sustainable solutions in
agriculture to meet the growing demand for food worldwide.! Agricultural seeds
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face susceptibility to environmental stressors, leading
to compromised seed vigor, hindered crop growth, and
reduced yield. While conventional seed treatments by
agrochemical-based products improve seed germination,
they also pose significant environmental risks.?
Consequently, there is a pressing need for sustainable
technologies, such as nano-based agrochemicals to address
these challenges. Nano-agrochemicals offer the potential
to mitigate the dose-dependent toxicity associated with
seed treatments, thereby enhancing seed viability and
ensuring the controlled release of active constituents.
However, the excessive use of nano-agrochemicals raises
authentic concerns regarding their safety, exposure levels,
and impacts on the environment and human health.**
Consequently, there is a critical need for comprehensive
assessments and policy regulations to evaluate and manage
these risks.

Agricultural production plays a key role in the
economies of developing nations, serving as the primary
provider of food for a rapidly expanding population
globally, which currently exceeds 7.5 billion people.>®
Seeds constitute a fundamental input for sustainable
agricultural productivity, and approximately 90% of crops
are grown from seeds. High-quality seeds are essential for
generating vigorous seedlings, thereby contributing to
effective agricultural practices.” However, agriculture faces
multifaceted environmental challenges, such as salinity,
drought, and heavy metals in soil, along with the impacts
of climate change. These factors can detrimentally affect
seed germination, sprout growth, and, ultimately, crop
yield. Moreover, seeds are susceptible to damage from
seed-borne diseases and pests, leading to irregular seed
latency, reduced viability, and impaired water absorption,
all of which negatively impact crop and final yield.®

In terms of agricultural innovation, nanotechnology
is a promising new area that offers long-term solutions
to the urgent problems affecting global food security.
Through the utilization of nanoparticles’ unique features,
such as their heightened reactivity and surface area, nano-
based agrochemicals and seed priming methods hold the
potential to transform seed treatments, augment crop
yields, and guarantee the enduring viability of farming
methods. However, it is essential to proceed with caution
and conduct comprehensive assessments to mitigate
potential risks to the environment and human health,
ensuring that nanotechnology is harnessed responsibly for
the benefit of society as a whole. Nanotechnology emerged
as a promising field in agriculture, offering innovative
solutions to enhance crop productivity and stress
tolerance.*’ To guarantee sufficient crop establishment
and the effective use of production resources in profitable

agriculture, fast and identical seed germination is crucial.
Nano-enabled seed treatment has gained considerable
attention due to its potential to increase germination and
overall plant growth.

The integration of nanotechnology in agriculture has
led to a new period of revolution, contributing promising
solutions to increase crop yield and sustainability. Among
the myriad applications of nanotechnology in agriculture,
nano-enabled seed treatments have garnered significant
consideration for their potential to revolutionize
conventional seed germination practices and seedling vigor
indices. This research delves into recent advancements in
nano-enabled seed treatments and their profound impact
on the germination, seedling vigor, and growth physiology
of chickpeas (Cicer arietinum L.) cultivars. As a staple crop
rich in protein and essential nutrients, chickpeas play an
important role in food security worldwide. Therefore,
understanding the effects of nanoparticles, specifically
titanium dioxide (TiO,) and zinc oxide (ZnO), on seed
germination and seedling growth is key for improving
chickpea cultivation practices. This study examines the
comparative effectiveness of TiO, and ZnO nanoparticles
on seed germination rates and vigorous indices, elucidating
their respective roles in promoting robust seedling growth
and overall plant biomass. By elucidating the biochemical
mechanisms underlying the observed effects, including
antioxidant enzyme activity, chlorophyll content, and
nutrient uptake, this research contributes valuable insights
to the burgeoning field of nanotechnology-enabled
agriculture. Through comprehensive investigation and
analyses, this study aims to inform sustainable agricultural
practices and pave the way for informed decision-making
in crop management strategies.

To ensure sufficient crop establishment and the effective
use of production resources in profitable agriculture,
fast and uniform seed germination is crucial. Many crop
species have semi-permeable coatings in their seed coats
that limit solute leakage while facilitating gas exchange
and water absorption. The dense layer of aniline blue
staining on the seed coats may have an impact on water
permeability and, in turn, seed germination. With varied
degrees of effectiveness, treatments, such as scarification,
nicking, and removal of the seed coat have been studied
to improve the permeability of the seed coat to water and
oxygen, hence improving seed germination and vigor
of the seedlings. However, triploid seeds still have less
seedling vigor than diploid seeds. Thus, new seed priming
methods are required to increase seed germination and
seedling vigor.

Therefore, the present study was conducted to
understand the mechanisms of ZnO and TiO, nanoparticles
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on seed germination and plant growth development.
Factors such as nanoparticle concentration, size, and shape
play vital roles in determining their bio-effectiveness on
plants. Therefore, this study offers a low-cost treatment
approach that may enhance seed germination and support
sustainable agriculture.

2, Materials and methods
2.1. Experimental design

Two experiments were conducted: (i) seed germination
and (ii) a field experiment analyzing plant growth
and physiology. Both experiments were conducted in
triplicates. The germination experiment was conducted
using 150 mm glass Petri dishes (Sidhi Trading Co., India)
with a completely randomized design. Each Petri dish
contains 30 uniform seeds of chickpeas (C. arietinum L.)
treated with tap water (T1), 25 parts per million (ppm)
TiO, (T2), 50 ppm TiO, (T3), 25 ppm ZnO (T4), and
50 ppm ZnO (T5), in room temperature. A total of 30
seeds were placed in dishes that were lined with cotton
and watered. For the field experiment, the same treatments
were applied in 1 m? plots.

2.2, Seed and nanoparticle selection

The local variety (Swetha [ICCV2]) of chickpeas
(C. arietinum L.) was selected for seed treatment using
ZnO and TiO, nanoparticles.

2.3. Seed germination

The germination experiment was conducted at room
temperature. It was continuously monitored until the
radicle length touched half of the seed length. Seed
germination was assessed. The germination characteristics
were measured in triplicate using the following formula in
Equation 1.1

GP = (NS + TNS) x 100 1)

Where GP refers to germination percentage, NS is the
number of germinated seeds, and TNS is the total number
of seeds sown.

2.4. Plant analysis

Plants were harvested 10 and 20 days after germination
(DAG) and transferred to the lab for growth measurement
and physiological analysis."

2.5. Growth and biomass analysis

Plant lengths (cm/plant) were measured using a meter
scale (Jlab, India). The graphical method was used for
measuring the leaf area of plants (cm?). The dry masses of
plants were weighed after hot air oven drying at 80°C.'"**

2.6. Biochemical analysis
2.6.1. Total chlorophyll and carotenoid content

Photosynthetic pigments were measured using a 100 mg
leaf sample mixed with 10 mL of 80% acetone (v/v) solution.
The solution’s optical density was measured at 663 nm and
645 nm using the formulas described by Maclachlan and
Zalik" and Yentsh and Duxbury.*

2.6.2. Ascorbic acid estimation

The concentration of ascorbic acid was determined based
on its ability to reduce 2, 6-dichlorophenolindophenol.
A 500 mg fresh leaf sample was homogenized in 20 mL of
extraction solution (containing 5 g of oxalicacidand 0.075 g
of EDTA in 100 mL of distilled water) and centrifuged for
15 min at 12,000x g. From the resulting supernatant, 1 mL
was mixed with 5 mL of 2, 6-dichlorophenolindophenol
solution. The absorbance of the resulting pink solution
(Es) was measured at 520 nm. Subsequently, in the same
solution, one drop of ascorbic acid solution was added, and
the absorbance (Et) was measured at the same wavelength.
For the blank (Eo), 1 mL of ascorbic acid solution was used
in place of the sample.”” Ascorbic acid concentration was
calculated using the following formula in Equation II:

Ascorbic acid (mg/g fresh leaf) = [{Eo— (Es— Et)} x V]/
(v x W x 1,000) (I1)

2.7. Statistical analysis

The experiment was conducted with fully randomized
block designs. The statistical package for the social sciences
(SPSS) (SPSS Inc., version 17.0) software was used for
Duncan’s Multiple Range Test analysis. The least significant
differences were estimated at the p>0.05 level among
treatments. The mean values of each parameter were
given in triplicate of samples and the mean and standard
deviation were calculated using Microsoft Excel (2013).

3. Results and discussion

3.1. Nanoparticle effectiveness on seed germination
and vigor indices

Germination and quality of seed have a direct impact
on agricultural production, with high-quality seeds
making a substantial contribution to total crop yields.
The Indian seed industry is essential for giving farmers
access to high-quality seeds, fostering research and
development, and providing a wide range of product
options. Therefore, the experiment for seed germination
improvements will be beneficial for crop production. In
the present study, two types of nanoparticles were used
to enhance seed germination. It was found that both TiO,
and ZnO nanoparticles improved seed germination. The
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vigorous index is as follows: 50 ppm TiO, >50 ppm ZnO
>25 ppm TiO, >25 ppm ZnO > control (Figure 1). ZnO
nanoparticles showed improved germination rates and
increased seedling vigor. TiO, nanoparticles stimulated
seed germination and promoted healthy seedling growth.
TiO, particularly enhanced root and shoot growth,
contributing to overall plant biomass. TiO, demonstrated
a higher effectiveness in seed germination compared
to ZnO nanoparticles, reaching a 100% germination
rate at 48 h. Nanoparticle treatment, specifically with
ZnO and TiO,, positively impacted seed germination in
chickpeas cultivars compared to untreated seeds. The
germination rate — defined as the percentage of seeds that
successfully sprouted - increased in nanoparticle-treated
seeds.*'® Nanoparticle-treated seeds exhibited faster
and more uniform germination compared to untreated
seeds. The improvement in seed germination indicates
that nanoparticle treatment enhanced the physiological
processes necessary for seedling emergence and
establishment.'” According to a study, nanoparticles can
improve water absorption, nutritional uptake, and stress
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tolerance, which in turn can improve seed germination and
seedling growth. This method is known as “nanopriming”
It is a method that involves applying nanoparticles to
induce various physiological and biochemical changes that
promote faster and more reliable germination.

3.2. Nanoparticle effectiveness on plant growth and
development

3.2.1. Root length

Nanoparticles can have both positive and negative effects
on plant morphological characteristics depending on the
type of nanoparticle, concentration, and plant species. In
certain instances, higher concentrations of nanoparticles
can cause inhibition and even toxicity, but lower quantities
can promote plant growth. Variations in root and shoot
length, seed germination, and total biomass are examples
of morphological changes that can be induced by
nanoparticles.'” In the present study, nanoparticle-treated
plants showed an increase in root length compared to
control plants. Both ZnO and TiO, nanoparticles likely
stimulated root growth, resulting in longer and more
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Figure 1. Effectiveness of zinc oxide (ZnO) and titanium dioxide (TiO,) nanoparticles on seed germination and vigor index of selected Cicer arietinum
seeds. T1 is the control, T2 is 25 parts/million (ppm) TiO,, T3 is 50 ppm TiO,, T4 is 25 ppm ZnO, and T5 is 50 ppm ZnO.

Abbreviation: DAG: Days after germination.
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extensive root systems. Longer root length is beneficial
for nutrient uptake and water absorption, ultimately
contributing to improved plant health and productivity.
The 50 ppm TiO, showed the highest growth, followed
by 50 ppm ZnO, 25 ppm TiO,, 25 ppm ZnO, and control
(Figure 2).

Shoot length, which refers to the length of the above-
ground parts of the plant, also increased in the nanoparticle-
treated cultivar. Enhanced shoot length indicates increased
vegetative growth and biomass accumulation. The
promotion of shoot growth by nanoparticle treatment
suggests improved photosynthetic capacity and overall
plant health. In this study, the shoot length followed the
same trends as the root length of the cultivar. The 50 ppm

10 810 DAG

Root length (cm)

2

Shoot length (cm)

Shoot length (cm)

TiO, showed the highest shoot growth, followed by 50 ppm
ZnO, 25 ppm TiO,, 25 ppm ZnO, and control (Figure 2).

Total plant height was determined by summing root
and shoot lengths. A significant increase in total height
was observed with the exogenous application of ZnO
and TiO,. The increase in total height suggests that
nanoparticle treatment promoted overall plant growth
and development.” Among the treatments, 50 ppm TiO,
resulted in the greatest plant height, followed by 50 ppm
ZnO, 25 ppm TiO,, 25 ppm ZnO, and control (Figure 2).
This result indicates a dose-dependent effect on selected
cultivars. Nanotechnology represents a promising green
approach for improving agricultural yield and soil fertility
by activating nutrient availability and energy metabolism

20DAG

]
d

Figure 2. Effectiveness of zinc oxide (ZnO) and titanium dioxide (TiO,) nanoparticles on root length, shoot length, and total plant height (cm) of Cicer
arietinum cultivar. Mean + standard deviation of three replicates is shown by thin vertical bars. T1 is the control, T2 is 25 parts/million (ppm) TiO,, T3 is

50 ppm TiO,, T4 is 25 ppm ZnO, and T5 is 50 ppm ZnO.

Note: Values within same letter are not significantly different p<0.05, according to Duncan’s multiple range test.

Abbreviation: DAG: Days after germination.
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in plant cells. To increase crop yields, nanoparticles
are often used as nanofertilizers, nanoinsecticides, and
nanofungicides. Various nanoparticles, such as TiO,, ZnO,
silicon oxide, magnesium oxide, gold, and silver, are being
used to improve soil fertility, manage nutrients, and boost
crop yields.*

3.3. Nanoparticle effectiveness on biomass

Nanoparticles can improve plant growth through various
processes, such as nutrient delivery, stress tolerance, and
hormone regulation promotion. They can improve fruit
quality and productivity by scavenging free radicals,
enhancing nutrient uptake, and inducing stress response
pathways.*® In the present study, biomass accumulation
was higher in treatments with nanoparticle application,
indicating their effectiveness as enhancers of plant growth
pathways. TiO, nanoparticles showed significant efficacy
in promoting biomass accumulation in chickpeas cultivars.
The promotion of root and shoot heights by TiO, likely led
to increased biomass production. ZnO nanoparticles also
had a positive effect on biomass, although lower compared
to TiO,. T3-treated cultivars showed the highest biomass,
followed by T2, T5, T4, and T1 (Figure 3). Nanoparticle-
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treated C. arietinum L. cultivars exhibited higher fresh
weight compared to untreated plants. The increase in fresh
weight indicates greater water content and overall biomass
accumulation in nanoparticle-treated plants. Enhanced
fresh weight suggests improved growth and physiological
activity in response to nanoparticle treatments.

Nanoparticle-treated chickpeas cultivars also showed
an increase in dry weight compared to control plants.
Dry weight represents the mass of the plant’s tissues
after removing water content, providing a measure of
the plant’s physical biomass. The increase in dry weight
indicates enhanced accumulation of essential components
such as cellulose, lignin, and proteins in nanoparticle-
treated plants.” The higher dry weight reflects improved
biomass production and the potential for increased yield
in nanoparticle-treated chickpeas cultivars. These changes
indicate enhanced biomass accumulation, growth, and
physiological activity in plants. Enhanced root and shoot
growth contributed to increased biomass, suggesting
the potential for improved plant yield. While both
TiO, and ZnO nanoparticles showed positive effects on
growth, TiO, appeared to be more effective in promoting

B20DAG
e
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e

Figure 3. Effectiveness of zinc oxide (ZnO) and titanium dioxide (TiO,) nanoparticles on fresh and dry biomass (g) of Cicer arietinum cultivar. Mean +
standard deviation of three replicates is shown by thin vertical bars. T1 is the control, T2 is 25 parts/million (ppm) TiO,, T3 is 50 ppm TiO,, T4 is 25 ppm

ZnO, and T5 is 50 ppm ZnO.

Note: Values within same letter are not significantly different p<0.05, according to Duncan’s multiple range test.

Abbreviation: DAG: Days after germination.
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biomass accumulation, suggesting its potential as a seed
treatment to enhance crop productivity. The application of
nanoparticles, especially TiO,, holds promise for improving
the growth and biomass production of chickpeas cultivars,
which could have significant implications for agricultural
productivity and sustainability.

3.4. Biochemical changes

3.4.1. Chlorophyll a, b, and total chlorophyll

Chlorophyll pigments play an important role in
photosynthesis in plants, algae, and cyanobacteria. It is
essential for turning light energy into chemical energy,
which enables plants to make oxygen and glucose.
Photosynthesis and life on Earth would not be possible
without chlorophyll. Therefore, analyzing chlorophyll
pigments in plants can provide valuable insights into the
plant’s physiology. In this study, the applied nanoparticles,
ZnO and TiO,, increased the chlorophyll content in
chickpeas cultivars (Figure 4). ZnO nanoparticles
enhanced chlorophyll synthesis, leading to increased
chlorophyll a and b content.*® Similarly, TiO, nanoparticles
stimulated chlorophyll biosynthesis pathways, resulting in
higher levels of chlorophyll a and b. The total chlorophyll
content, representing the sum of chlorophyll a and b,
showed a significant increase when plants were treated
with nanoparticles. Higher chlorophyll content suggests
improved photosynthetic capacity and light absorption,
which can positively influence plant growth and biomass
accumulation.*"

In the present study, higher chlorophyll contents were
seen in the 50 ppm TiO,-treated cultivars, while ZnO-
treated cultivars showed the least increment of chlorophyll
content compared to the control. Chlorophyll a, b, and
total chlorophyll content increased with plant age, with
higher levels observed at 20 DAG than at 10 DAG across
all treatments (Figure 4). The application of selected
nanoparticles positively impacted chlorophyll pigment
levels. The findings suggest that the enhanced chlorophyll
pigment in plants, resulting from nanoparticle treatment,
improved overall plant growth. Plant chlorophyll may
be complexly affected by nanoparticles, increasing or
decreasing its content and affecting photosynthesis.
By boosting ribulose-1,5-bisphosphate  carboxylase/
oxygenase activity and photosystem II efficiency, certain
nanoparticles, such as TiO, and mesoporous silica, can
promote photosynthesis and raise chlorophyll content.
Other nanoparticles, including superparamagnetic iron
nanoparticles, can have a detrimental effect on the amount
of chlorophyll and the effectiveness of photosystem II,
which could result in less photosynthesis. The type of
nanoparticle, its size, concentration, and the type of plant

influence the effects of nanoparticles on chlorophyll
content.”!

3.4.2. Carotenoids

Carotenoids play a crucial role in photoprotection and
light harvesting during photosynthesis.'>* Increased
carotenoid content indicates enhanced photoprotection
against excess light and oxidative stress, which can
contribute to improved plant resilience and productivity.
Carotenoids facilitate chlorophyll in absorbing light
energy and offer photoprotection by releasing excess
energy as heat. In addition, they aid in the scavenging of
reactive oxygen species (ROS), protecting the plant from
oxidative damage caused by stressors, such as temperature.
In the present study, the highest carotenoid content was
noted in T3, followed by T5, compared to the control.
Carotenoid content increased with plant age, with higher
levels observed at 20 DAG compared to 10 DAG across
all treatments (Figure 4). Generally, the application of
nanoparticles enhances carotenoid production in plant cells
and helps improve plant health. However, understanding
the role of different nanoparticles and their mechanisms
in plant cell environments will be a helpful tool for future
research.

3.4.3. Ascorbic acid

Ascorbic acid is a water-soluble antioxidant that scavenges
ROS and protects cells from oxidative damage."" The
present study demonstrates elevated levels of ascorbic
acid in nanoparticle-treated chickpeas cultivar,
indicating enhanced antioxidant defense mechanisms.
Ascorbic acid helps to neutralize ROS generated during
stress conditions, such as high light intensity or drought,
thereby protecting cellular structures and maintaining
physiological functions.”® The presence of increased
levels of ascorbic acid contributes to improved stress
tolerance and overall plant health in nanoparticle-treated
chickpeas cultivars. It scavenges ROS and protects
cellular components from damage, thereby maintaining
cell integrity and function. Elevated levels of ascorbic
acid indicate improved antioxidant defense mechanisms
in the plant, which can enhance stress tolerance and
overall plant health. In the present study, ZnO and
TiO, nanoparticle treatments enhance photosynthetic
pigments (chlorophyll a, b, and carotenoids) and
antioxidant compounds (ascorbic acid). These changes
collectively contribute to improved photosynthetic
efﬁciency, photoprotection, and stress tolerance,
ultimately leading to enhanced growth and biomass
production in selected cultivars. Consistently, the highest
ascorbic acid was noted in 50 ppm TiO, (3.95 mg/g fresh
leaf) treatment, while 25 ppm ZnO (2.45 mg/g fresh leaf)
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Figure 4. Effectiveness of zinc oxide (ZnO) and titanium dioxide (TiO,) nanoparticles on chlorophyll a, b, and total chlorophyll, carotenoids, and ascorbic
acid contents (mg/g fresh leaf) of Cicer arietinum L. cultivars. Meanz+ standard deviation of three replicates is shown by thin vertical bars. T1 is the control,
T2 is 25 parts per million (ppm) TiO,, T3 is 50 ppm TiO,, T4 is 25 ppm ZnO, and T5 is 50 ppm ZnO.

Note: Values within same letter are not significantly different p<0.05, according to Duncan’s multiple range test.

Abbreviation: DAG: Days after germination.

showed the least value of ascorbic acid content compared
to the control (Figure 4). As plants matured, their
physiological processes progressed, resulting in higher
ascorbic acid content at 20 DAG compared to 10 DAG.

4, Conclusion

The global rising population and environmental stresses
are contributing to agricultural losses and food crises. At
present, environmental stresses and their mitigations are
the main research objectives in the agriculture sector.
Nanotechnology emerges as one of the best tools for

agricultural sustainability. It improves crop protection,
nutrient transport, and soil management, forming the basis
of plant growth and yield production strategies. Therefore,
the present study was conducted to assess the effectiveness
of ZnO and TiO, nanoparticles on the germination and
growth of chickpeas. The result of the study showed that
TiO, is more effective in promoting seed germination than
ZnO nanoparticles. Both nanoparticles showed positive
effects on the growth and biomass of the plants, with
50 ppm treatments stimulating greater root elongation,
shoot growth, and biomass than 25 ppm.

Volume 2 Issue 3 (2025)

doi: 10.36922/EER025120024


https://dx.doi.org/10.36922/EER025120024

Explora: Environment
and Resource

Zn0 and TiO, nanoparticles and its impact on chickpeas

In conclusion, TiO, proved more effective than
ZnO nanoparticles for seed germination, while both
nanoparticles showed dose-dependent results for the
growth and biomass of plants. This study aimed to
evaluate the mechanisms and efficacy of nanoparticles in
promoting seed germination. The findings suggest that
nanotechnology could be a useful tool for sustainable
agriculture, ultimately helping to reduce the global food
crisis. In addition, the study concluded that field research is
necessary to have a more comprehensive understanding of
the impacts of nanoparticles on the growth, development,
and health of agricultural plants.
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Abstract

The river chief system is an institutional innovation designed to mitigate the
fragmentation of watershed governance in China. The idea was to develop offices
of river chiefs and designate named individuals as responsible for water quality
across all regions and levels of government. This article examines the mechanisms
that led to the transfer of the river chief model from Wuxi to the Jiangsu Provincial
government, Nantong, and Huzhou. The objective is to examine how and why
Nantong officials created a virtual replica of the Jiangsu provincial policy, while
Huzhou officials transformed the original Wuxi model to form their unique river
chief. To do this, we undertook an extensive review of the core documents related to
the river chief systems in Nantong and Huzhou, which led to a series of interviews,
confirming our understanding of the procedures and outcomes of the transfer
process. The result demonstrated the importance of motivation, structural context,
and the ability to engage in re-engineering in policy transfer to understand the
outcomes of the transfer process. As such, this study demonstrates, unlike much of
the existing literature, that these aspects are worth further study when investigating
the policy transfer process.

Keywords: River chief; Policy transfer; Learning; China

1. Introduction

After the open door policy was launched in the late 1970s and 1980s, the Chinese central
government and Chinese Communist Party (CCP) began shifting decision-making
powers to lower-level governing divisions. Initially, this focused on reducing restrictions
on lower-level governments’ ability to engage in (or encourage) private market activities
(including the launch of special enterprise zones). Based on the success and progress of
these initial reforms, the party and government began to introduce policies designed to
decentralize elements of environmental policymaking and implementation (particularly
after the 18" and 19" national congresses of the CCP). As a result, when a cyanobacteria
outbreak occurred in Lake Taihu, the Jiangsu Provincial authority authorized a pilot
project that led to the first river chief system designed to address the outbreak without
turning to central authorities.'
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By loosening policymaking restrictions at lower levels
of government, the Chinese central government and
party created “policy laborites™ that helped launch the
internal policy transfer processes — phenomena that have
occurred in the United States since its founding.’ As local
governments engaged in policy experimentation (under an
environment of intense competition to be seen as leading
or advanced), the same issues that have been discussed
in the policy transfer literature emerged across China,
including problems associated with the transfer of what is
often discussed as “best practice” models.**® To illustrate
this, we will draw on the movement of the river chief from
Wauxi to the Jiangsu Provincial government, Nantong, and
Huzhou, focusing on the role of structural and individual
motivations in shaping the outcomes of the transfer
process.

In 2007, a cyanobacteria outbreak on Taihu Lake
threatened Wuxi’s drinking water. In response, Jiangsu
province issued the Wuxi City river section water quality
control objectives and assessment methods policy (on a trial
basis). The core idea was to allow Wuxi to establish a river
chief system that held the named party and government
officials accountable for water quality management and
restoration. In addition to holding named individuals
accountable for water quality (based on the level of core
pollutants in the water), the trial instituted the office of the
river chief to better coordinate the range of departments
and subunits involved in water management. The
problem created by having over 10 different departments
and subunits involved in water management was the
confusion of responsibility for overall water quality and
the development of numerous approaches and policies
governing the same body of water. Furthermore, having
multiple agencies responsible for water led to a lack
of bureaucratic and individual accountability in water
management. To give a flavor of this issue, we note that
the core departments involved in water management
include (but are not limited to) the Water Conservancy
Department, the Environmental Protection Bureau, the
Bureau of Housing and Urban-Rural Development, the
Development and Reform Bureau, the Department of
Natural Resources, the Health Bureau, the Bureau of
Agriculture and Rural Affairs, and even the Economy and
Trade Bureau. This complex arrangement led to a situation
where:

[TThe local water pollution control is not effective,
though the local governors are accountable for this,
they would shirk part of their responsibility toward
the departments in the vertical line. Therefore, local
governors are not motivated to take responsibility for
water pollution control.'”®)

The issue becomes even more significant when it is
realized that most rivers in China flow across different
administrative areas. This created a situation where local
governments and agencies found themselves in conflict
when pollution events occurred, particularly when
upstream pollution impacted downstream jurisdictions
and when left and right banks fell under different
administrative jurisdictions."”

To address these (and other) issues, Wuxi established
river chiefs at the municipal and county levels to monitor
and take direct responsibility for 79 river sections in the
area. Based on Wuxi’s success in cleaning river pollution
and bringing accountability to the water management
system, other municipalities began their experiments with
river chiefs.'® As information on the river chief system
filtered up to provincial governments and eventually the
central government (and the party apparatus), a decision
was taken to implement the river chief nationwide between
2016 and 2018.

The problem we will examine in the remainder of this
article is that the best practice developed in Wuxi turned
out to be the best for only a few places outside of Wuxi."**?
Part of the reason for the disjuncture is due to the need
for learning in the transfer process and the complexity of
the processes needed to engage in hard learning versus
soft learning.'>**** This comes to the forefront when it
is realized that transferred information tends to move
through a range of networks, agents, and institutions
during the transfer and adaptation processes.”**

While discussions of how policies are translated
(transformed) during the transfer process have added to
the transfer literature, in general, these discussions fit into
the original continuum offered by Dolowitz and Marsh®
relating to what happens to a policy as it transfers and enters
its new setting. Specifically, Dolowitz and Marsh” argue
that transfer can fall along a continuum running from a
perfect copy of the original model to being translated to
such an extent that a new policy is little more than a hybrid
of many different policies drawn from a range of actors and
settings. As such, we will be utilizing a slightly modified
version of the continuum originally offered by Dolowitz
and Marsh® (Figure 1) to analyze the transfer of the Wuxi
river chief system.

At its base, a transfer is possible because policymakers
face similar issues and challenges despite differences
between systems and settings. When faced with similar
issues, transfer is an attractive option because it allows for
a degree of certainty and speed in developing a solution.
After all, policymakers can see what has already been done
to address the issue.”
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Figure 1. The transformative process of policy transfer

As shown in Figure 1, the transfer process can follow
several trajectories:

(i) Directcopy: Tendstoinvolvelittle tono transformation.

(ii) Mixtures: Tend to look much like the original but
involve a greater or lesser degree of transformation
during the transfer and implementation processes.

(iil) Assortments: Tend to involve a wide network of agents
and institutions that make considerable transformations
of the original model (or models) during the transfer,
development, and implementation processes.

(iv) Inspiration: Involve ideational transfer but little actual
policy movement, can involve a single entrepreneur or
a wide number of network agents.

(v) Non-transfer: Occurs when agents involved in the
transfer process actively learn and decide that they do
not want to do what others have done, regardless of
the translation process involved in the decision.

In China, the attraction of turning to others for
information and ideas has increased over the past
20 years, as subnational governments have engaged in
a semi-encouraged competition to be seen by higher-
level administrators and governing authorities as policy
innovators and economic magnets for private sector
investment and state-owned enterprises.’

While transfer tends to be linked to success within the
literature, we will demonstrate that despite the initial success
of the Wuxi model as it entered new locations, it did not prove
to be as effective even when the transfer occurred between
municipalities facing similar issues were part of a single
province and emerged as a virtual copy of the original model.*

Part of the reason for this (despite the hierarchical
nature of authoritarian systems) relates to factors that

' While not the focus of this article, the globalization of
information and spread of information technology have
made accessing information related to policy ideas and little
more than a mouse click away, even if it’s poor, misleading,
and false.

shape actors’ perceptions and motivations in the transfer
process, including pre-existing structures, policies, mental
maps,” values® socio-political moods, and the institutional
“life spaces” agents of transfer inhabited.”” As a result,
transfer and learning tend to be conditioned by discursive
paradigms, ideational circuits, institutional frameworks,
and power structures surrounding the agents involved in
the movement and implementation of transferred ideas
and policies, regardless of the political system in which
they operate.

Due to these internal motivational and external
structural factors, transferring policy, especially when a
copy is taken by a jurisdiction operating under the same
authority, is not as straightforward as often presented in
the transfer literature. Rather, successful transfer often
involves adaptation and change, based on internal and
collective needs that influence how the agents involved
perceive their roles and the role of the transferred policy.

In other words, the motivations of the transfer agents and
where they fit into the power relations of the policymaking
system shape the outcomes of the transfer. This is true
regardless of whether the transfer results in a close copy of
the original model or an assortment that combines many
different models (Figure 1). As a result, even when agents
are predisposed to copying a model, there is no guarantee
that it will work as it did in the originating system. This is
particularly true when agents are inclined to see similarity
where it does not exist or, as in the case of Nantong, engage
in copying to gain legitimacy (particularly where promotion
is based on higher-level government and agency) rather
than a desire to improve the situation.

Similarly, contextual factors shape motivations and
abilities, which can lead to unexpected outcomes that,
despite the transfer literature’s focus on success, offer
little guarantee of success. This study demonstrates that
contextual factors are often more important in shaping
the outcomes of transfer than the policy that is ultimately
developed in response to the transfer.*’
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2. Methods and data

This study is designed around a traditional small-n case
study,* which takes the transfer of the river chief system
from Wuxi as an example of how different motivational
factors and structural constraints impact the transfer
process and outcomes. Specifically, we selected two
representative prefecture-level cities to observe how they
transfer the river chief model. The idea was to investigate
the effect of modifying a model on the outcomes in the
transferring jurisdiction. We selected Nantong because
it lies in Jiangsu Province, which was the home of Wuxi,
thus reducing the environmental differences discussed
above. Besides, the transfer occurred after the higher-level
provincial government introduced a requirement that all
municipalities produce river chiefs. This requirement not
only provided an incentive for engaging in the transfer
process, but also set a base model for the jurisdictions that
had not already developed their river chief systems in the
province.

Our second case, Huzhou, was selected as a comparison
case as it fell under the jurisdiction of Zhejiang Province.
This provided a different setting and underlying structural
factors from those that embedded actors in Nantong. In
addition, unlike Nantong, Huzhou transferred the river
chief system without being subjected to a requirement from
the Zhejiang Provincial authorities. This allowed Huzhou
a degree of freedom in transferring and developing its
river chief system that is unavailable to policymakers in
Nantong. We argue that this structural difference (when
combined with other motivational factors) led to a much
more dynamic river chief policy based on a mixture of what
others had done but modified to better fit their context and
needs.

As Table 1 illustrates, this study utilized numerous
methods to collect data from a range of sources. The core
data used in this study consisted of official government
documents associated with the introduction of the river

Table 1. Data sources and classifications

chief that were issued by all levels of the administrative
hierarchy associated with Wuxi, Nantong, and Huzhou.
The documents included among others: policy texts,
legislative releases, manuals, and the One River and
One Policy plan** To support this data, we also
examined official government work reports associated
with the implementation of the two river chief systems
and performance evaluation reports of river and lake
management and protection in the two regions.

In addition, we consulted a range of secondary
documents extending from official press releases-
relevant articles and news stories (both in Chinese and
English) to organizational reports issued by international
organizations (such as the World Wide Fund for Nature)
and international governing organizations (such as the
World Bank and the International Monetary Fund).

To gather this data, we utilized open websites found
through DuckDuckGo and Google searches, internal
ministerial and government search engines, institutional
databases (Web of Science), and archival research within
relevant ministries and departments. To prevent being
overly influenced by the tendency to promote political
performance in official reports, we also collected social
media reports and interviews to strengthen our research
findings. Finally, based on 40,000 words (in Chinese) of
case material, the qualitative data analysis software NVivo
10.0 (Lumivero, USA) was used for coding and recording
the text.

With the support of the National Social Science Fund
of China, we also conducted a series of field investigations
in Nantong and Huzhou between October and November
2019. These consisted of 26 semi-structured interviews with
the staft of the river chief’s office in the two municipalities.
These interviews were semi-structured and based on the
following questions:

(i) Did you engage in any type of policy transfer when
developing your river chief system?
(ii) Ifyou engaged in policy transfer, can you explain why?

Data sources Data classification Number of documents
Primary data  Transcripts of semi-structured interviews (in Chinese) 26

On-site recordings of the debriefing sessions (in Chinese) 3

Author’s investigation diary (in Chinese) 2
Secondary data Policy documents (in Chinese and English) 10

Internet search data: articles, NGO/IGO documents, social media coverage, and government website 200

coverage (in Chinese and English)

Internal materials of government departments (manuals, assessment documents, and research reports [in 15

Chinese and English])

Abbreviations: IGO: Intergovernmental organization; NGO: Non-governmental organization.
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(iii) Are there any major differences between your river
chief system policies and those of Wuxi City?

(iv) Was there any policy learning in the process of
developing your river chief?

(v) What achievements have you made based on the
transfer of your river chief system?

(vi) Canyoudiscussany problems that have been identified
in the operation of your river chief system?

In addition to these interviews, we also carried out
several field visits to observe the river courses and water
bodies in the municipalities under investigation, all of which
were underpinned by observational logs. The combination
of these sources helped assure the reliability of the data.

In summary, we utilized a “most different” case study
methodology. To do this, we selected two municipalities
that operated under different provincial governments,
addressed different types of water structure needs,
implemented their river chief system at different times, and
acted under different hierarchical imperatives. By doing
this, we were able to gather data for a policy transfer study
that expanded beyond the singular qualitative models
predominant in the literature, allowing a comparative study
of different jurisdictions adopting the same base policy
modeled on a single data source (Wuxi). This has allowed
us to look at micro-level and meso-level factors impacting
decisions related to transfer that are often overlooked by
single case studies and large N quantitative studies.

3. Findings
3.1. Nantong: Transfer under pressure

As illustrated in Figure 2, the transfer of the river chief
in the Nantong region is a typical example of transfer
within hierarchies of governance where a higher authority
absorbs a policy and subsequently promotes it back down
to lower-level units.>* In the case of Jiangsu, according to
our interviews, administrators were heavily influenced by
the Wuxi model. However, interviews and documents also
indicated that the resultant policy was not a direct copy.
Rather, administrators looked at many of the models that
had emerged in the province after the Wuxi model and

<| Provincial policy

Policy Mandatol
absorptionand . policyry
adjustment .~
o
Original policy (s)f~=~=""""=========-=---~- > Policy
requirement
Direct —»
Indirect —»

Figure 2. Policy transfer under vertical governance pressures

designed a soft mixture (Figure 1) when setting the policy
that they expected lower-level governments to implement.

The Jiangsu documentation clarified the objectives,
tasks, and schedule for reform. The instruction required
the establishment of a river chief system in all counties,
townships, village rivers, and ponds catchment areas across
the province by 2015. In response, Nantong issued the
Opinions on Strengthening the Work of the River Chief
System of River Management in January 2014.* While the
hierarchical pressure to comply with the directive cannot
be dismissed, interviews indicated that Nantong chose to
copy the Provincial model due to the local cadre’s desire
“to obtain the legitimacy for the river chief system in the
municipality” (X, interview, 13 September 2019).

Taking a step back, the document “Decision on
Comprehensively Establishing the River Chief System
and Comprehensively Strengthening the Comprehensive
Improvement and Management of River Courses™
issued by the Wuxi Municipal Committee and the Wuxi
Municipal People’s Government is the earliest official policy
document related to the development of the river chief
system in China. This document (and the policy contained
within it) is the summary of the measures taken by Wuxi
in the second half of 2007 to deal with the cyanobacteria
crisis in Taihu Lake.

“Decision on Comprehensively Establishing the River
Chief System” included 11 detailed policy tools covering 11
aspects of water management, including the organizational
structure, appointment of river leaders, renovation
planning, responsibility decomposition, work focus, law
enforcement supervision, departmental division of labor,
water quality monitoring, assessment and accountability,
social participation, and institutional construction (“Water
Quality Control Objectives and Assessment Measures for
Rivers [Lakes, Reservoirs, Oscillation, and Tunnels] in
Wuxi”).? The stated goal is “the complete renovation of
rivers and lakes and the comprehensive improvement of the

water environment.”*

Moving back to the provincial level, Jiangsu released its
river chief document in 2012.* This document modified
the Wuxi documentation by adding a detailed explanation
of the significance, guiding ideology, basic principles, and
goals of the river chief system. However, the documentation
also added a series of extra measures that were found in
other river chief models. These were added by officials who
hoped this would make Jiangsu a model province (X and
Y, interviews, 14 September 2019) and, in turn, enhance
the promotional prospects of Jiangsu officials. As a result,

2 The annex details the list of work leadership groups and

establishes an assessment indicator system.
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the goal of the river chief system changed from a focus on
improving water quality to a focus on the modernization
of the entire river management system and river network
construction across the province.

Intriguingly, while expanding the goal of the river
chief beyond water quality, provincial leaders elected to
simplify the choice of policy tools that had previously
been used by Wuxi and other municipalities. Interviews
indicated that they did this deliberately, knowing that
municipal officials needed some room to maneuver once
the policy was transferred back down, but “did not want to
see a considerable expansion in the range of models being
developed” (AAA, interview, 8 October 2019). We want to
emphasize this aspect of the process because much of the
literature associated with authoritarian systems overlooks
how provincial leaders view their role as guides rather than
dictators of the transfer process in China.

Comparing the policy texts of the river chief system in
Nantong and Jiangsu Province, despite the somewhat vague
nature of some elements in the Provincial documentation,
Nantong chose to copy much of the language and core
elements of documentation issued by Jiangsu. Specifically,
we found that Nantong made only slight adjustments in
the expression of the basic principles in their river chief
documentation and did not change the basic spirit of
provincial policies. Nantong followed the provincial
policies in terms of the river chief’s guiding ideology, goals
and tasks, organizational construction, and core measures.
As such, from the perspective of transfer, Nantong’s river
chief belongs closer to a copy than a mixture and falls
well below the transformations needed to be considered
an assortment of different policies when viewed from the
perspective of Jiangsu Province (Figure 1).?

Significantly, this shows that when looking at transfer,
it is important to consider the level of magnification being
observed. When examined from the perspective of Jiangsu,
Nantong appeared to have engaged in little change;
however, when Nantongs river chief is viewed from Wuxi,
it appears to be more of a hard mixture because of the
adjustments made by Jiangsu Provincial leadership and
Nantong’s officials.

3.2. Huzhou: Assortment of policies

Huzhou issued its river chief documents, “Implementation
Plan of Establishing the River Chief System in Huzhou, in
2013,* and the “Implementation Opinions on Deepening

*  This is not a surprising finding. Nantong is under the
administrative control of Jiangsu. As a result of China’s
hierarchical governing structure, policy outcomes tend to
be closer to copies when higher-level governing authorities
issue policy documents and guidelines.

the River Chief System in 2014.”*® Unlike Nantong, Huzhou
is part of Zhejiang Province and waited until late 2017 to
issue its provincial-level guidance (the “Zhejiang River
Chief System Regulations”). As a result, Huzhou was able
to choose how it was going to develop its river chief system
without the guidance and coercive pressures of a superior
governing authority.

This resulted in the development of a river chief
system that involved a considerable amount of what
is often discussed as hard learning, where Huzhou
officials consulted a range of different river chief models.
Consequently, we found that the transfer processes
Huzhou undertook culminated in a system considerably
more compatible with their structural and water quality
needs than was the case in Nantong.

Importantly, we found that huzhou policymakers
actively engaged in a hard learning process with the belief
that they could discover how to embed core local party and
government leaders in water management while designing
a system that would be capable of holding core agents
accountable for river basin governance as river chiefs (z,
interview, 6 january 2020). As part of this, huzhou integrated
three concepts (later transferred up to the provincial level).
First, huzhou worked to develop and refine specific water
control targets. To do this, huzhou put forward “three
clean and three improve” goals that the river chiefs could
be held accountable for achieving. These were themselves
grouped into categories that specified that: the riverbank is
clean, the river is smooth and clean, the water quality of the
river course is significantly improved, riverbank greening
is significantly improved, and the pollution intercepting
capacity is significantly improved. The alterations made to
these goals are important because they show that learning
and adaptation occurred in the transfer process.

Second, in Huzhou, the responsibilities of river
chiefs at different levels of government are explicitly
established. The river chief documentation creates three
core responsibilities for the municipal river chief as being:
(i) the examination and approval of the work program,
(ii) work promotion and coordination, and (iii) the
assessment of county-level river chiefs. Implementation
further defines five responsibilities for county-level river
chiefs: (i) formulating and organizing the implementation
of comprehensive water environment treatment plans and
annual plans for river chiefs, (ii) enhancing information
disclosure, (iii) organizing the supervision and assessment
of township river chiefs, (iv) reporting the annual plan and
summary, and (v) ensuring the delivery of key projects and
works progress on time.*”*

Third, as a result of learning about its internal structural
problems and how other jurisdictions dealt with the
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divisions in the departments and other units responsible
for water management, Huzhou officials wrote their
documentation to specify that the municipal river chief
department must take the lead in the overall coordination
of the river chief system and be responsible for: (i) the
development of the work program and annual plan for
Huzhou, (ii) assist the river chief in performing their
guidance function of lower-level river chiefs, including
their coordination and supervision of the municipal and
lower level activities, and (iii) to help the municipal river
chief perform their routine work.

By setting out these specific responsibilities of river
chiefs, not only did Huzhou move beyond the model
developed in Wuxi, but it also established the expectations
and conditions needed for the different levels of river
chiefs to perform their duties under the coordination
and guidance of the river chief office. Further showing
Huzhou’s efforts to learn from others was the decision to
develop a more targeted and operable assessment scheme
based on a scoring system that measures standards at the
municipal leading department and the river chief system
of the county.

In summary, in developing the river chief system,
Huzhou officials examined a range of different models
and then actively engaged in a learning process that led
them to implement a range of policy adjustments that were
based on retaining the core of the original (Wuxi) policy,
but which combined this core with other municipal river
chief models to better address their local needs (for specific
details see: “Implementation Plan of Establishing the River
Chief System in Huzhou 2013;” “Implementation Opinions
on Deepening the River Chief System 2014”). As such, the
transfer Huzhou undertook falls into the assortment side
of the transfer continuum offered in Figure 1.

4, Discussion

4.1. Situational differences, learning deficiencies,
and policy failures in Nantong

Nantong has a relatively flat terrain with a water system
characterized by a complex network of rivers and ditches
roughly bound by the Tongyang Canal and Rutai Canal,
which falls within two river basins, the Huaihe, which covers
an area of more than 2,200 km? in the north and the Yangtze,
that covers an area of more than 5,700 km? in the south. In
this, the Yangtze River coastline in the territory is 166 km,
with a surface area that extends southeast in a trumpet shape.*

This shows the difficulty of watershed governance in
Nantong lies in the complexity of the river system within

* Nantong Historical Records Network. http://www.ntszw.gov.

cn/?c=index&a=show&id=2460, (accessed 08/04/2022).”

its jurisdiction, not the lake pollution crisis that drove the
design of the Wuxi river chief system.

However, rather than learning from the experience of
municipalities that were facing similar water course issues,
Nantong officials chose to copy much of the provincial
policy, despite the implicit understanding that they could
adapt the model to local needs or, as reported, “Our
policy learning is mainly about the policy texts of the
higher authorities. The higher authorities have also held
some training meetings on the river chief system that we
attended” (W, interview, 6 January 2020).

We want to highlight that the primary reason for this
adherence to the provincial guidelines reflects the desire
for local officials to use the river chief to gain enhanced
legitimacy in the eyes of provincial leaders (allow Nantong
to be seen as “good municipality”) and gain performance
related “points” in the belief that this would help
promotional prospects. In this, Nantong officials might not
be completely to blame for their adherence to systematic
outlooks that led them to follow Jiangsu, given the nature
of the Chinese bureaucracy and its reward and punishment
mechanism.

Failing to engage in hard learning was compounded
by the fact that much of Wuxi’s success was not reflected
in the policy texts associated with their river chief but
resulted from tacit knowledge among local agents as to
what was needed to address a crisis. In fact, according to
the interviews with the office staff of the river chief system
in Nantong, their cognition of the river chief system
remained at the level of the river chief being responsible
for water control (Director F, interview, 8 October 2019).

As a result of not engaging with this tacit knowledge,
Nantong officials failed to incorporate critical design
elements that made Wuxi’s river chief system work. By
focusing only on the defined policy objectives, principles,
and main directions, Jiangsu and Nantong officials engaged
in what is often referred to as incomplete (and, in many
ways, uninformed) transfer. As a result, rather than focusing
on the operational logic of the river chief, administrators
in Nantong focused on daily management issues. This led
them to design a management model that neglected internal
and cross-departmental cooperation, which underpinned
Wauxi’s river chief system (Y, interview, 8 October 2019).
Putting it more succinctly, an administrator in the Water
Resources Bureau of Nantong noted, “Many of the contents
reported today are long-term river management.there is not
much about the river chief system. It is not clear what the
responsibilities of the river chief are, what the current river
chief has done, and what problems he has solved” (Director
C, interview, 14 September 2019).
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Through our document review, we also discovered that
instead of focusing on methods to design the best functional
river chief system, officials in Nantong saw the transfer of
the river chief as an opportunity to solicit financial input
from their superiors. For instance, in a working report, it
was emphasized that funding for investment purposes was
deemed more important than either the design of the river
chief or the operation to evaluate the system completely.
This was confirmed by Director C of the Nantong Water
Resources Bureau:

At present, river chiefs at all levels in the city are part-
time; although the city has corresponding assessment
methods, its effectiveness is small, not as strict and
specific as the evaluation of the Scientific Outlook on
Development, unless there is a major water accident,
otherwise the so-called assessment is just a formality
to comply with the assessment processes (Director C,
interview, 14 September 2019).

In summary, to please superiors, Nantong carried out
the transfer of the river chief system to gain resources and
legitimacy, which led them to neglect effective learning
opportunities. This resulted in Nantong failing to effectively
respond to situational differences in the model offered
and their own water management needs, which ultimately
resulted in lower policy performance. As found in their
initial performance review, “Jiangsu Province Backbone
River Management and Protection Performance Evaluation
Report;” it was noted that the quality of river cleaning in
Nantong was lower than the standard score received across
the nation. This outcome was reconfirmed in 2019 through
our field research, which found three interrelated problems.
First, the function of the river chief’s office was introduced as

required, butinstead of enhancing the power of the river chief,
the office was found to be weak and ineffective. We believe
that this was a result of the office not being an independent
unit with executive power, as it was in Wuxi. Rather, the
Nantong office of the river chief was set up in the municipal
Water Resources Bureau, and personnel were transferred
there from other departments. Unfortunately, in Nantong,
the Water Resources Department has a limited role in the
planning, deployment, coordination, and supervision of
river management. Not only did this reduce the effectiveness
of the river chief, but when the office was established, it
neglected any real cross-departmental coordination and
joined-up responses, which formed a core element of the
more successful river chiefs and river chief offices.

Second, we found that despite the documentation
relating to the implementation of the river chief, Nantong
(and others) left a disjuncture between the title, powers,
and activities of the river chief. As reported by the Nantong
River chief’s office:

From the perspective of more than 2 years of operation,
the vast majority of river chiefs are still only in name,
especially some grassroots river chiefs, and they do not
have a strong sense of river chiefs. They do not take the
initiative to inspect, do not actively investigate, and do
not timely plan and solve problems in their daily work.
The river chief does not play much of an organizing
and coordinating role (W, interview, 8 October 2019).

Third, we found that the assessment process used by
the Nantong authorities did not link to the corresponding
responsibilities of the river chief, which “led to awards with
no corresponding punishments” for poor performance
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Figure 3. Huzhou'’s river chief generation process
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(W, interview, 8 October 2019). Overall, despite (or more
accurately because) officials in Nantong following the
guidance of Jiangsu Province, the performance of the river
chief system has failed to reach the level found in more
successful municipalities and localities.

4.2. Huzhou and the role of mixing it up

Unlike Nantong, the Huzhou river chief system reflects
the constructive role that actors and the environment can
play in the transfer process.”® As illustrated in Figure 3,
Huzhou officials decided to develop the river chief system
to be seen as a leader in the field of water management.
This was itself partially motivated by the competition
for acknowledgement and resources encouraged by the
Chinese governing system.’!

The importance of cross-governing competition
was frequently mentioned in interviews with actors in
Huzhou, who saw the development of the river chief as
demonstrating that they were engaged in pioneering policy
innovation at higher-level governing authorities. If Huzhou
had merely copied Wuxi (or any of the other models that
had emerged), core carte actors would not have been able
to add “points” for high-level performance.

Not only did Huzhou administrators use the river chief
to add “points” to their performance reviews, but they
actively worked to make their river chief into a “brand”
that could be a model for others. As reported:

In 2007, the river chief system in Wuxi formed a
mature policy plan at the municipal level and was
regarded as the birthplace of the river chief system. We
were somewhat unconvinced about this. We want to
make Huzhou River chief system a brand, even beyond
the influence of Wuxi (Z, interview, 6 January 2020).

While Huzhou learned from Wuxi (D, interview, 6
January 2020), it is apparent that the two systems diverged in
significant ways and that this divergence was driven, in part,
by officials’ understanding of the differences in the underlying
logic for setting up the river chief in Wuxi and Huzhou. Recall
that the Wuxi model emerged to deal with an emergency
(cyanobacteria crisis in the Taihu Lake). Huzhou’s system
emerged out of the regular policy process and was seen “as
a way to improve the overall watershed management” in the
municipality (Z, interview, 6 January 2020).

As a result, Huzhou designed its river chief to engage
in overall river management, protective work, and the
development and utilization of overall water resources.
This was reflected in the design of the office of the river
chief, which was established “to better assist the river chief
effectively perform his expanded role” (D, interview, 6
January 2020), not simply holding a person responsible

for river quality. As a result, Huzhou's river chief office was
developed not as a temporary, task-oriented organization,
but as a professional organization to effectively operate
and coordinate the existing bureaucratic agents involved
in water management.

In addition, while Wuxi developed its system under a
crisis and Nantong transferred its system under pressure
from a superior level of government, Huzhou was able to
transfer and construct policies autonomously. This allowed
them to set their own goals by looking around for ideas and
structuring them to suit their unique situation. This was
supported by a constructive relationship between Huzhou
and Zhejiang Province (in terms of political performance),
which provided Huzhou with the resources and authority
needed to construct its model of river management and
protection.

Importantly, Huzhou was the first region in Zhejiang
Province to design and implement a river chief system. This
allowed Huzhou officials to frame their mission as making
their river chief “the model for Zhejiang Province” This
led officials to include various design elements borrowed
from a range of sources, packaged together to address
indigenous water needs. As one interviewee noted:

The provincial government also expects us to present
regional characteristics, form a demonstration effect
in the region and even in the whole country, and give
us a lot of support in terms of resources, including
being included in the pilot innovation of river and
lake management system and mechanism, and
demonstration river and lake construction points (D,
interview, 6 January 2020).

In summary, the transfer of the river chief system in
Huzhou was based on policy learning and the assemblage
of several models that were mixed with homegrown ideas.
In this, policy actors were motivated by the hope of building
a brand. As such, Huzhou best fits the policy transfer
concept of an assembly. Because of this, when compared
with Nantong, the outcome of the river chief system in
Huzhou is functioning at a higher level. As reported
by The Ministry of Water Resources, the Taihu Basin
Administration Bureau of the Ministry of Water Resources,
and the provincial Water Resources Department, the river
chief in Huzhou has achieved good results in terms of
improved water quality and river health (the water quality
flowing into Taihu Lake remained above Class III for 13
consecutive years). In fact, in 2021, the Water Resources
Bureau of Huzhou won the title of “National Advanced
Collective for Comprehensively Implementing the River
Chief System and Lake Chief System” issued by the
Ministry of Water Resources.*
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Table 2. Movement of the river chief system

Case Degree of transfer ~ Primary driving force =~ Degree of learning Primary motivation  Adaptability Outcome performance
Nantong Copy External Soft Legitimacy Weak Low
Huzhou Assortment Internal Hard To be seen as a leader Strong High

4.3. Summary discussion

This study selected Nantong and Huzhou to represent two
distinctly different cases of policy transfer in developing
the river chief system in China. The objective was to better
understand how a core model spreads under different
situations within a hierarchical governing system. We
selected Nantong because its administrators were acting
under the direction of a higher governing authority and
chose to follow the rules and regulations developed by the
offices in Jiangsu Province rather than look more widely for
more appropriate models. This resulted in a near copy that
failed to account for local needs or structures. Part of the
reason for this was that officials were motivated to appease
higher-level officials. Had Nantong officials undertaken a
more informed process of policy development (including
modeling their policy on what had been implemented in
other “similar” municipalities within Jiangsu), based on
the needs of the municipality and its water courses, we
believe that the outcomes of the transfer process would
have been better than those to date.

We selected Huzhou because its officials were
acting under their own initiative. As a result, this study
demonstrated that Huzhou represents the advantages
associated with harder forms of learning in the transfer
process that voluntary transfer can encourage. In the case
of Huzhou, this included understanding the specific needs
of the water resources in Huzhou (and the wider Zhejiang
Province) and how other similar jurisdictions operated
their river chief systems. This informed transfer and
learning process allowed Huzhou officials to consider how
different models could be assimilated into a new, more
appropriate, and effective system.

Considering Chinese governing structures, once a
higher-level government introduces a policy, lower-
level governments must act to implement it. In the case
of Nantong, while the Provincial guidelines allowed a
degree of freedom in how the river chief was designed and
operated, Nantong officials had to carry out the wishes of
the Jiangsu Provincial government. In this, we found that
this response was highly impacted by the institutional
setting, structuring how actors saw the transfer and thus,
what motivations they prioritized.

In contrast, Huzhou was not subjected to direct external
coercive pressure, as its superior government had not issued
mandatory policy requirements around river management.

As a result, Huzhou authorities had the freedom (and
time) to develop and institute a river chief system based
on a different set of motivational factors from those that
drove officials in Nantong. One of the primary reasons that
Huzhou officials voluntarily engaged in the transfer process
was their desire to be seen as provincial leaders who could
offer a model that was even better than the Wuxi model.

Concerning the transfer direction, Nantong reflects the
vertical transfer path of “absorption radiation,” where the
Jiangsu Provincial Government absorbed Wuxi’s chief river
system, slightly adapted it, and then promoted it across
the province. During this process, the river chief system
underwent two stages of transfer translation: bottom-up
and top-down. In the bottom-up process, the Jiangsu
Provincial Government adjusted the original policies,
adding regulatory requirements while deleting some of
the specific institutional design content. In the top-down
process, Nantong primarily copied the Provincial guide.
This uninformed/incomplete transfer subsequently led to
outcome problems (in relation to water quality measures)
that are still apparent in the Nantong region.

In contrast, Huzhou’s transfer process had no time
pressures, allowing transfer agents to engage in horizontal
(between municipal governments) transfer at their own
pace. This allowed for a considerably better learning
environment that was enhanced by the motivation of
officials in Huzhou to be seen as policy innovators and use
the river chief to improve the conditions and operation of
their river basin management.*~"!

We want to emphasize that despite both jurisdictions
being under the direction of the central government’s
authority, as shown in Table 2, different motivations
drove the actors in Nantong and Huzhou, and that these
motivations help explain the different types of transfer
that occurred. Recall that the policy transfer behavior of
actors in Nantong reflects legitimacy orientation, which
led them to implement the policy spirit of their superiors,
complete the task goals set by their superiors, and obtain
the legitimate recognition of their superiors. On the other
hand, the actors in Huzhou were motivated by the desire
to improve the performance of watershed governance and
create a regional policy brand.

In conclusion, while the study design limits our core
findings to Nantong and Huzhou, what it does suggest is
that motivational factors need to be considered not only in

Volume 2 Issue 3 (2025)

10

doi: 10.36922/EER025110018


https://dx.doi.org/10.36922/EER025110018

Explora: Environment
and Resource

The development of the river chief in Nantong and Huzhou

the transfer literature but also in the study of how lower-
level governing units design and implement policies in
authoritarian policy regimes. As demonstrated, with the
proper motivation, learning can and does occur within
authoritarian governing institutions, and this learning can
be shared not only internally but also has the potential to
transfer outside the Chinese governing system.

5. Conclusion

The development of the river chief system in China can
provide insights into the policy learning and transfer
processes occurring in authoritarian systems. For this
study, two “most different” jurisdictions were selected to see
how and why the transfer of a core model led to different
outcomes. This study broadens the way policy transfer and
learning have been studied in China by examining how two
different jurisdictions engaged in the transfer process of a
core model.”* Because we examined point-spoke transfer,
one of the primary lessons to emerge from the study is that
even when jurisdictions operate under the same centralized
governing system, the institutional environment cannot
guarantee that the transfer of policy innovations will lead to
the same model emerging across jurisdictions.

This finding suggests a second major conclusion that has
been emerging within the transfer literature: when examining
policy transfer, policy learning (both what is learned and how
the agents of transfer are engaged in the learning process)
becomes an important variable in what gets transferred. In
this, the better the agents of change understand their own
needs and the environment they are operating in, the more
likely they are (even in authoritarian systems) to engage in
hard learning, and the harder the learning is, the more likely
policy transfer will result in success.

Third, when engaging in and studying instances
of policy transfer, it is important to understand one’s
environment; it is just as important to understand what
is being transferred. While it is possible to copy a model
successfully, it is unlikely that the model will bring the same
success that drew policymakers to it when implemented
into a new environment. As such, when engaged in policy
transfer, the more models that are examined, the better
they are understood technically and tacitly, hence the
better the policy will be developed once it is introduced by
those engaged in the transfer.

Fourth, while seldom discussed in the transfer literature,
the motivations and structural boundaries that restrict
and shape decisions of those involved in the transfer are
vital. Not only can motivations derail or encourage more
advanced forms of learning and policy development, but
when viewed through system constraints and facilitators,
these motivations can help to explain the type of transfer that

occurs. In short, policy transfer always involves changing the
policy operating context. This means that a policy innovation
that produces improved performance in the original models
cannot be guaranteed to produce the same outcome in the
new setting, particularly if the motivations for the transfer
are not aligned with harder forms of learning.

While these findings are robust, we offer three
suggestions for future research based on our findings. First,
those interested in policy transfer and how it relates to policy
leaning and modification should start to engage in point-
spoke studies. More specifically, transfer studies in China
should start to look at how a single model is transferred
and transformed (or not) across multiple jurisdictions
(e.g., municipalities, provinces, villages). This will better
enable researchers to understand the hidden factors in the
policymaking processes that influence decision-making
and policymaking at lower levels of government as they
function in the hierarchical structures of the state and
party in China. Second, while we have focused on an area
with a degree of freedom to alter and develop a policy
model, similar studies should be conducted in areas where
freedom is less apparent. This could help better explain
the role of system-level factors in the transfer process.
Third, while a range of studies investigate different levels of
governance in the transfer process, more work needs to be
done in China. This research should involve not only how
policies move across governing levels (and bodies), but
also how different provinces engage in the transfer process.
This should help researchers and policymakers understand
how governance operates in the Chinese setting.

Overall, through the two representative cases of
replication and hybridization, our study of the river chief
systemattemptsto break the stereotypical perception of policy
transfer in authoritative countries as an undifferentiated
replication. This study also reveals the experience of policy
learning under Chinese hierarchical interactions that
endowed policy innovations with situational adaptability,
which is undoubtedly of theoretical value to the study of
policy transfer. This suggests future studies should focus not
only on what was transferred, but also on how it occurred
and the motivations driving the process. These motivations
are often embedded in institutional structures that shape
not only what is possible but also what is perceived to be
appropriate during policy transfer and development.
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Abstract

Two prominent chlorination disinfection byproducts (DBPs)—trihalomethanes and
trihaloacetic acids—are formed in drinking water when chlorine reacts with other
constituents. The production of these DBPs has emerged as a significant public
health concern. At the same time, disinfection of potable water remains essential as a
safety measure to effectively combat waterborne diseases by eliminating pathogenic
microorganisms. To regulate the formation of these two major DBPs in the water
distribution network, one of the key factors is the nature of the pipe material used,
along with the implementation of cost-effective abatement techniques. This study
compared two types of potable water supply pipe materials—galvanized iron and
high-density polythene pipes—for their role in the production of chlorine DBPs. Both
materials showed different weightage ratios of DBP formation when chlorinated
water came into contact with the inner surface of distribution pipes. Two filtration
setups, i.e., granular activated carbon (GAC) and sand filtration media, were evaluated
as abatement techniques for removing DBPs, depending on the water source and
pipe material used. The findings contribute to understanding the differences in the
generation of major DBP species under known supply media, as well as the removal
efficiency of DBP precursors by GAC and sand filtration. Overall, the results reveal
that GAC and sand filtration media can serve as low-cost and sustainable alternatives
to costly, complex filtration membranes for DBP removal.

Keywords: Controlled chlorination; Chromatograms; Mass spectrometry; Granular
activated carbon; Silica medium; Dissolved organic matter

1. Introduction

In recent years, drinking water disinfection has emerged as an important public
health measure, effectively preventing waterborne diseases by removing pathogenic
microorganisms. With the advancement of technology, concerns over water pollution
have increased significantly.! Chlorination is one of the most effective and low-cost
methods to eliminate microorganisms and is a viable approach for suppressing microbial
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activity in the water supply network.? A free chlorine
residual of up to 0.2 mg/L is typically maintained in the
distribution system, as it helps minimize the risk of further
contamination. However, chlorine concentration tends to
decline over time due to its dissolution behavior. These
findings by Al-Jasser® are fully supported by the findings
of Clark and Wymer;* however, Jahin et al.’ noted that
higher chlorine dosages are commonly applied worldwide
to ensure effective disinfection.**

Dissolved organic matter isa complex natural component
found in water, often introduced through anthropogenic
activities, and is recognized as a primary contributor to
the formation of chlorination disinfection byproducts
(DBPs).® Substances such as organic impurities, ammonia
compounds, and residual metallic ions (e.g., ferrous ions,
magnesium) are prominent components that interact with
chlorine and are consumed during the reaction.’

Kali et al.” found that the most prevalent DBP groups
are trihalomethanes (THMSs) and trihaloacetic acids
(THAAs), which are formed when chloramine and
chlorine react with organic and inorganic matter. In
addition, Maul et al.® and Rossman et al.’ observed a rapid
decrease in both free and total chlorine residuals in the
water distribution system (WDS) as hydraulic residence
time increased. Due to limitations in chlorine persistence
within the WDS, secondary chlorination is often required
to maintain effective sterilization and disinfection of
drinking water. However, this secondary chlorination
can further react with natural organic matter (NOM)
and microbial contaminants, leading to the formation of
additional DBPs during water delivery.'

WDSs play a crucial role in the secondary formation
of DBPs, potentially increasing the risk of excessive DBP
accumulation during water transport.!! The complex
environment within WDS, including residual chlorine
and organic matter, influences further DBP formation.
A study by Charisiadis et al."* found a significant positive
correlation between hydraulic residence time and THM
levels in the WDS.

Different regions use varying pipe materials based on
supply conditions and regulatory standards. Cast iron,
the most widely used material, is prone to corrosion,
releasing iron ions that accelerate DBP formation.” In
comparison, galvanized steel pipes exhibit a higher rate
of chlorine decay.” Hydraulic shocks in plastic pipes can
lead to microplastic release, which may contribute to DBP
formation, further deteriorating water quality.*

He et al.”® reported that the rate of haloacetic acid
formation among four plastic pipe materials followed the
order: high-density polyethylene (HDPE) > polypropylene

(PP) > polyvinyl chloride. In another study, Chen et al.”®
found that biofilm accumulation in pipes used for 2 years
increased THM and THAA concentrations to 59.5-
123 pg/L and 35.1-51.6 pg/L, respectively—significantly
higher than levels in new pipes.

Volatile chlorinated hydrocarbons, which are known
carcinogens, have been regulated by the United States
(US) Environmental Protection Agency (EPA) at a
maximum contaminant level of 0.005 mg/L.'* Even
though chlorination is the most widely used technique
for disinfecting water, it has some disadvantages. Long-
term exposure can lead to cancer due to the formation of
DPBs, which can also negatively affect the kidney, liver,
and contribute to other health issues.”” Moreover, the
factors influencing DBPs formation in WDS (e.g., pipe
materials, deposits, and biofilms) are not isolated but act
synergistically to promote DBP formation."

Different  countries report varying  average
concentrations of THMs, ranging from 0 to 1000 mg/L. For
instance, the average THM concentrations in treated water
samples in Nigeria range from 0 to 95 mg/L."® Similarly,
up to 18 mg/L of DBPs were detected in finished water
and up to 22 mg/L of DBPs in distribution systems in the
US.” In China, the average concentrations of THMs and
HAAs throughout the treatment process were 19.9 mg/L
and 3.4 mg/L, respectively.”® These data indicate that DBP
concentrations in WDS are spatially variable.”!

In the Chinese WDS, the concentration of THMs ranged
from 3.67 ug/L to 30.30 ug/L, while tribromomethane
concentrations were below 3.15 pg/L.* The average
total THM concentration in China was approximately
16.6 ug/L, which is lower than that reported in the US and
Saudi Arabia (33.6 pug/L).*® HAAs in China ranged from
0.83 to 18.8 pg/L in WDS water, with dichloroacetic acid
and trichloroacetic acid showing similar concentration
ranges in WDS samples.*

In addition, Amjad et al.* found that higher levels of
total THMs were reported in Islamabad compared to
Rawalpindi, possibly due to Islamabad’s reliance on surface
water, whereas Rawalpindi residents primarily access
groundwater through tube wells, open wells, or pressure
pumps. This suggests that groundwater, which contains
lower concentrations of NOM, may lead to reduced DBP
formation. In densely populated Pakistan, with an average
life expectancy of 70 years, cancer cases related to THM
exposure are reportedly increasing. Karachi, the largest
metropolitan city with approximately 18 million residents,
is projected to have a high burden of cancer cases linked
to DBP exposure.? However, according to Pejman et al.,””
both Rawalpindi and Islamabad have still reported fewer
cases than Tehran.
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According to Clark et al.,*® there are four main strategies
for controlling DBPs and microbial contaminants in
drinking water: biological filtration, conventional filtration,
membrane technology, and coagulation. Chaukura
et al® further identified effective methods for DBP
removal, including adsorption, air stripping, ozonation,
chlorination, enhanced coagulation, membrane filtration,
and advanced oxidation processes. In general, Jiang et al.'®
categorized DBP control into three major strategies:
source control, the use of alternative disinfectants, and
precursor removal. Source control includes implementing
environmental management policies or replacing chlorine
with alternative disinfectants such as chloramines or
chlorine dioxide, although these alternatives can still pose
health risks. Due to its low cost, simplicity, and minimal
energy requirements, sand filtration is widely used in
drinking water treatment. Similarly, ultrafiltration has
been recognized as a promising technique. However,
the removal efficiency of ultrafiltration depends on the
membrane pore size and the characteristics of NOM.*

For the quantification of THMs and HAAs, Kennedy
et al’' conducted a pipe setup experiment similar to
that of Liao et al.,** in which a 56-day testing period was
selected to investigate DBP formation under maintained
booster chlorination dosages throughout the experiment.
In addition, EPA*® examined the effects of initial chlorine
dosages across various pipe materials and analyzed the
formation and transformation of DBPs in WDS following
booster chlorination.

DBP concentrations in each sample were measured
using gas chromatography-mass spectrometry equipped
with an electron capture detector (GC-MS [ECD]).
In this study, chlorine dosage levels were separately
assessed—ranging from initial chlorination (0.43 mg/L)
to booster chlorination (1.03 mg/L)—to evaluate their
impact on DBP formation. GC-MS(ECD) is employed in
DBP research due to its high halogen sensitivity and has
been recommended by Chakraborty et al.** In comparison,
Seyed Khademi et al.** utilized Raman spectroscopy to trace
impurities in water, while Gonzélez Garcia et al.*” used ion
spectroscopy to identify dissolved ions and contaminants.
Similarly, Gonzalez Garcia et al.’” explored the variation of
HAAs in a laboratory-scale distribution system consisting
of four independent pipe loops made of HDPE, polyvinyl
chloride, PP, and galvanized steel.

Although the generation of these prominent harmful
chlorine DBPs in the water supply has been characterized
and quantified based on the nature of the pipe material,
there remains a need for cost-effective techniques suited
to the specific pipe medium used. Some techniques
discussed in Chaukura et al.® such as adsorption, air
stripping, ozonation followed by enhanced coagulation,

and membrane technology, are well-known but cannot be
considered as cost-effective or sustainable when compared
to sand filtration media, granular activated carbon (GAC),
or even the adsorbing filter made from banana peels
studied in Jahin et al.> Moreover, multiple studies have
shown that sand filtration and GAC play a significant role
in the removal of NOM, a known precursor of DBPs.®
Specifically, carbon-based adsorbents have been shown
to significantly reduce emerging contaminants in water.*®
To the best of our knowledge, no comparative study has
examined the formation and removal of major DBPs in
relation to the cost-effective treatment of water distributed
through galvanized iron (GI) and HDPE pipes.

This study was conducted in District Mardan
(geographic ~ coordinates:  34°05’N-34°32’N  and
71°48'E-72°25’E), one of the central districts of Khyber
Pakhtunkhwa (KP) Province, Pakistan. The study area was
divided into three zones based on groundwater hydrology:
an urbanized/industrial zone (Shergarh and Takhtbhai)
and a non-industrial (control) zone (Surkhabi), referred
to as Zone 1, Zone 2, and Zone 3, respectively, as shown
in Figure 1. The industrial zones are characterized by
activities such as manufacturing, car washes, markets, and
other commercial processes, while the non-industrial zone
involves anthropogenic activities unrelated to industrial
production.

A total of 10 water samples were collected across the
three zones for the identification and quantification of
DBPs. Of these, six samples (three for each pipe type under
non-filtration conditions) and four samples (two for each
pipe type under filtration conditions) were analyzed. Each
sample was tested under controlled chlorine dosages.

A prototype laboratory-scale experimental setup was
constructed to replicate a municipal WDS, simulating
water flow through GI and HDPE pipes under controlled
conditions. Water samples were analyzed both without
filtration and with filtration, using abatement techniques
such as sand filtration media and a combined sand-GAC

© Sampling sites
Study bounderies
[ Study Area

0 100 200 300 400 km
[ A G

Figure 1. Study area division
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filtration system in a rapid, small-scale column test. The
two main chlorination DBPs—THMs and THA As—were
quantified using GC-MS (ECD), both with and without the
application of filtration media.

2. Materials and methods
2.1. Chemicals and reagents

Granular chlorine powder (calcium hypochlorite) was
obtained from the Water Quality Laboratory, Public Health
Engineering Department, KP, Pakistan. Two DBP standard
compounds—chloroform and THAAs—were purchased
from certified chemical suppliers in Pakistan. The solvent
for liquid-liquid extraction (LLE), ethyl acetate, was also
obtained from the Public Health Engineering Department,
KP, Pakistan, and was used to separate solutes from water
samples. Distilled water used throughout the study was
obtained from the Water Quality Laboratory, Public Health
Engineering Department, KP, Pakistan. Fluorescence
spectrometry was performed at the Central Resource
Laboratory, University of Peshawar, KP, Pakistan.

2.2. Sampling site

In this study, multi-stage random sampling was employed
to ensure systematic and representative sampling across all
three zones of District Mardan. Primary sampling units
were selected in each zone—two in industrial zones and one
in the controlled (non-industrial) zone—to identify and
quantify the formation of chlorination DBPs. In contrast,
secondary sampling units consisted of two samples—one
from the industrial zone and one from the controlled or
non-industrial zone—which were used for the assessment
of DBP abatement techniques through both quantitative
and qualitative analysis.

In all three zones, groundwater was the selected
source, and elevated head tanks or overhead reservoirs
were utilized to provide head elevation and facilitate
water distribution to consumers. Tubewells served as the
intake source at each site. The groundwater potential for
most sources was between 90 m and 120 m, with a static
water level ranging from 18 to 30 m. The average yield per
tubewell was 6-8 m, and the discharge rate varied between
0.00315 m*/s and 0.00526 m*/s. For consistency in sample
analysis, only water from tubewells older than 10 years,
connected to a minimum 5 km distribution network, was
selected. All samples were collected at terminal (end-user)
points of the distribution system.

Before analysis with GC-MS (ECD), key water quality
parameters influencing DBP formation were measured.
These included pH (using a pH meter), dissolved
oxygen (DO) (using a DO meter), turbidity (using a
nephelometer), taste (evaluated by taste test), dissolved

organic matter (DOM) (using fluorescence spectrometry),
temperature (measured with a thermometer), and water
hardness (determined using the titration method), as
shown in Table 1.

2.3. Setup

For all sampling procedures, appropriate glassware was
used throughout the entire analysis. Sampling containers
were thoroughly washed with detergent, rinsed with
tap water, followed by ultrapure water, and then dried
in an oven at 150°C for 1-2 h. Samples were collected
in 100 mL amber glass bottles with PP screw caps and
tetrafluoroethylene-lined septa. Bottles were carefully
filled to avoid the presence of air bubbles.

In addition, a laboratory-scale pilot WDS was
constructed to evaluate the effects of different chlorine
dosages. It consisted of pipe loops made of GI and HDPE,
as shown in Figure 2. Each loop measured approximately
1.5-3 m in length, with a pipe diameter of 25 mm. The
loops were equipped with ball valves, elbows, unions, and
sockets to monitor water flow behavior, as well as control
pressure and velocity. They were also used to direct water
flow in the desired direction. Flow velocity was maintained
between 0.2 m/s and 1.8 m/s. A 0.3 HP centrifugal pump
(Model QB60, Taifu, Pakistan) was installed to ensure
continuous water circulation.

In the distribution network, a 0.189 m’ (50-gallon)
water reservoir was used to receive water samples directly
from the field site. Special attention was given to collecting
grab samples from different zones while monitoring
temperature and sunlight exposure using the mobile water
quality testing laboratory of the Public Health Engineering
Department, KP. Before introducing water samples into
the pilot-scale laboratory distribution system, the system
was rinsed with ultrapure water for 30 min to remove any
residual contaminants.

The methodology for operating the laboratory

distribution system consisted of four main steps: flushing,

Table 1. Summary of water sample characteristics and their
observed ranges

Parameters Range
pH 7.2-7.8
Dissolved oxygen 5-5.7 mg/L
Turbidity 1-3NTU
Taste Fair
Temperature 30-38°C
Hardness Soft water
Dissolved organic matter 1.8-2.2 mg/L
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Figure 2. Schematic diagram of the laboratory-scale experimental water distribution setup
Abbreviations: GI: Galvanized iron; HDPE: High-density polyethylene.

parameter adjustment, chlorine dosage application, and
sampling. After flushing with ultrapure water, samples
were added to the 0.189 m*® (50-gallon) reservoir and
suctioned into the system using a centrifugal pump.
The flow and velocity within each loop were maintained
uniform and uninterrupted, ensuring homogenous mixing
of particles upon chlorine addition. Chlorine dosages of
0.2 mg/L, 1.8 mg/L, and 2.4 mg/L were then introduced
sequentially into the system—O0.2 mg/L for Zone 1,
1.8 mg/L for Zone 2, and 2.4 mg/L for Zone 3. THMs and
THAAs were subsequently identified and quantified at
each dosage level.

2.4, Abatement techniques

For the abatement technique, two filtration media—GAC
and sand filtration—were introduced as rapid, small-scale
column tests, controlled by a ball valve installed between
the distribution network sections under a fixed chlorine
dosage of 2.4 mg/L. This ball valve diverted water flow
toward the filtration media while isolating the reservoir
line. The small-scale column test setup was designed to
simulate pilot- or full-scale fixed-bed GAC and sand filters.

The rapid column test was conducted to evaluate the
adsorption efficiency of GAC and the filtration capacity
of sand media. The carbon fraction used had a particle
size of 170-230 mesh (mean diameter: 76 wm), and it was
washed with ultrapure water and dried overnight. The
dried carbon was then stored in a desiccator before use.
The GAC column was packed with the prepared GAC
particles. The minimum velocity was calculated using the
Reynolds number (Re_min), and according to the US EPA/
Chromium Manual, the recommended range to maintain
laminar flow is Re = 0.5-1.0.%

The physical characteristics of GAC were determined
according to the American Society for Testing and Materials
(ASTM) standard test methods, including: moisture

content (ASTM D2867), ash content (ASTM D2866),
iodine number (ASTM D4607), bulk density (ASTM
D2854), hardness number (ASTM D3802), and uniformity
coeflicient (ASTM D2862).

For the sand filtration media, a column-shaped setup
was used, comprising a 1000 mm quartz sand layer,
operated in downflow mode at a specified filtration rate.
The bed depth of the sand filter column was 700 mm, filled
with silica sand of 0.7 mm particle size and a uniformity
coeflicient of 1.4. The granular filter column operated at a
filtration rate of 4.6 m/h under a rising head.

Before determining the formed DBPs, EPA Method
551.1°* was slightly modified by replacing the original
LLE solvent—methyl tert-butyl ether—with ethyl
acetate, due to environmental concerns outlined in.** The
negative environmental impact of methyl tert-butyl ether,
particularly in drinking water contamination, has been well
documented.” The LLE separation process was conducted
after the samples had completed the distribution phase in
the laboratory-scale water distribution model. A separatory
funnel was used, and a 1:2 solute-to-solvent ratio was
maintained. In this case, the solutes were THMs and THA As,
and the solvent was ethyl acetate. The extraction began by
partially combining the solute and solvent, followed by
vigorous shaking for 5 min. Then, an additional 10 mL of
solvent was added, and the mixture was again shaken for
5 min. This process was repeated 5 times, resulting in the
extraction of a 100 mL sample using 50 mL of solvent, with
5-min shaking intervals after each addition. After extraction,
the separatory funnel formed two distinct layers. The water
layer was removed using a funnel dropper, leaving behind
the solvent layer containing the extracted compounds.

To determine THMs and THAAs, as recommended
by EPA Method 555.1,* GC-MS (ECD) analysis was
conducted using a GCMS-5977B system (Agilent
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Technologies, United States of America). A fused silica
capillary DB-1 column (30 m x 0.32 mm inner diameter x
0.25 um film thickness) was used. Helium (99.99% purity)
served as the carrier gas, and nitrogen (99.99%) was used
as the makeup gas. The analytical operating conditions are
summarized in Table S1.

Standard internal peak areas were used to prepare the
calibration standards. A linear regression equation was
applied to generate the calibration curve and calculate
the concentration in the extract (C_ ), as shown in
Equation II. After obtaining C__ , the concentration in
the water sample (C ) was determined using Equation
111, based on the sample and extract volumes. Finally, both
values were inserted into Equation I to calculate the total
concentration of chlorine DBPs, with full equation details
provided in the Supplementary File.

TTHMSs + THAAs = Prominent chlorine DBPs 0]

Measured peak area

X (m+b) (I

extract

" Peak area of internal standard

C xV
C ater — extra;t[ extract (III)

water

3. Results and discussion

3.1. Fraction of DBPs in selected zones under
controlled dosages

To assess the occurrence of chlorine DBPs, EPA*
conducted a sequence-wise batch chlorination of the

1.100

1
10523

|

water distribution network model and observed the
corresponding variations in DBP formation at different
controlled chlorine dosages.

In this study, the fractions of DBPs detected in water
samples from Zone 1, Zone 2, and Zone 3 varied. Key
psychochemical characteristics contributing to DBP
formation were identified for each sample. The analysis was
carried out in phases, beginning with a dosage of 0.2 mg/L,
followed by 1.8 mg/L, and finally 2.4 mg/L, applied to both
pipe materials.

At the initial chlorine dosage of 0.2 mg/L, the results
(Figure S1) show no detectable levels of THMs and THAAs
in the chromatograms for both pipe types (Figure S2).
Other chlorine-related compounds with chromatographic
retention are identified and listed in Table S2. The absence
of THMs and THAAs may be attributed to the very low
residual chlorine concentration, which is likely insufficient
to initiate significant DBP formation.

A chlorine dosage of 1.8 mg/L was applied to the Zone 2
water sample to evaluate the formation of THMs and THAAs
in water samples passed through GI and HDPE pipes. Key
water quality parameters—including pH, DO, turbidity,
taste, temperature, hardness, and DOM—were measured
before GC-MS (ECD) analysis, as shown in Figure S3.
GC-MS analysis of the GI pipe water sample initially detected
11 compounds, as summarized in Table S3. Among the target
DBPs, trichloromethane was identified at a retention time
of 1.532 min, corresponding to peak number 4, with a
molecular weight of 119 g/mol and a mass spectrometry
signal area of 3,029,057, as shown in Figures 3 and S4.
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Figure 3. Chromatogram of the galvanized iron pipe water sample treated with a 1.8 mg/L chlorine dosage
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Since gas chromatography separates compounds based
on their volatility, trichloromethane—a small and volatile
molecule—was eluted earlier than larger, less volatile
compounds such as fatty acids (e.g., hexadecenoic acid
and oleic acid), which exhibited longer retention times
due to stronger interaction with the stationary phase. In
addition, due to the use of an ECD, the system displayed
higher sensitivity to halogenated compounds, while non-
halogenated compounds generated weaker signals.

After analyzing the GI pipe water sample, the HDPE
pipe water sample was examined using GC-MS (ECD)
over an 8-9-h run time. However, no halogenated chlorine
DBPs or related compounds were detected. The absence
of THMs and THAAs in the HDPE water sample from
Zone 2 suggests a lower production rate of chlorine DBPs,
likely due to reduced interactions between the HDPE pipe
surface and the water, even in the presence of organic
matter. Furthermore, the non-identification of DBPs in
HDPE water samples may be attributed to the shorter
contact time and the inert, smooth surface of HDPE,
which minimizes chlorine reactions with pipe material
and precursors. This observation supports the hypothesis
that HDPE pipe material results in lower DBP formation
compared to GI pipes.

Secondary chlorination can further react with NOM
and residual microorganisms to form additional DBPs
during water distribution.'” Therefore, for this phase of
secondary chlorination, the chlorine dosage was increased
to 2.4 mg/L. Water samples from both GI and HDPE
pipes in Zone 3 were analyzed under this dosage, with

[Abundance
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the corresponding water quality parameters presented in
Figure S5.

The GI pipe water sample was evaluated using GC-MS
(ECD). Both targeted halogenated DBP families—THAAs
and THMs—were detected, with peak number 2 appearing
at a retention time of 4.452 min, as shown in Figure 4, and
corresponding mass spectra provided in Figure S6. In
addition to these target DBPs, other compounds with their
respective retention times are listed in Table S4.

For the HDPE pipe water sample, both DBPs—THAAs
and THMs—were detected at peak number 2, with a
retention time of 4.340 min, as illustrated in Figure 5, and
the corresponding mass spectrum is shown in Figure S7.
The detection of these DBPs in the HPDE water sample
underscores the material’s potential role as a source or
mediator in DBP formation within the WDS. Additional
detected compounds and their retention times are
summarized in Table S5.

However, for the GI pipe water sample, it was found
that under a chlorine dosage of 2.4 mg/L, approximately
0.212 mg/L of THAAs and 0.199 mg/L of THMs were
detected after running under controlled conditions.
Moreover, under a chlorine dosage of 1.8 mg/L chlorine in
the same GI pipe, approximately 0.193 mg/L of THMSs were
detected. Similarly, for the HDPE pipe under a chlorine
dosage of 2.4 mg/L, approximately 0.2 mg/L of THAAs and
0.167 mg/L of THMs were detected, as shown in Figure 6.

According to a previous study by Chen et al.,”” biofilms
in 2-year-old pipes increased the concentration of THMs

2p70
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Figure 4. Chromatogram of the galvanized iron pipe water sample treated with a 2.4 mg/L chlorine dosage
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Figure 5. Chromatogram of the high-density polyethylene pipe water sample treated with a 2.4 mg/L chlorine dosage
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Figure 6. Concentration of chlorination byproducts in water samples passed through two pipe materials under varying chlorine dosages: (A) Galvanized

iron; (B) High-density polyethylene
Abbreviations: THAA: Trihaloacetic acid; THM: Trihalomethane.

and THAAs to 59.5-123 ug/L and 35.1-51.6 pg/L,
respectively. These values are significantly lower than the
concentrations found in this study, where 0.212 mg/L of
THAAs and 0.199 mg/L of THMs were detected in GI
pipes and 0.2 mg/L of THAAs and 0.167 mg/L of THMs
in HDPE pipes.

In addition, mean concentrations of THMs vary
significantly across countries. For instance, in Nigeria, the
mean concentrations of THMs range from 0 to 1000 mg/L,
with treated water samples containing 0 to 95 mg/L."* In the
US, up to 18 mg/L of DBPs have been detected in finished
water and up to 22 mg/L of DBPs in distribution systems."
In China, the average concentrations of THMs and HAAs
throughout the treatment period were 19.9 mg/L and
3.4 mg/L, respectively.”’

3.2. Filtration media

In a study by Yu et al.,** prominent DBPs were partially
removed through the use of cost-effective sand filtration
media and a GAC filter. A composite filtration setup was
developed, consisting of a top sand layer, a GAC layer
beneath it, and a bottom layer of fine sand mixed with
angular gravel. The gravel size ranged from 2 to 4 mm,
designed to assess water quality as it passed through the
medium.

To evaluate the effectiveness of the filtration media in
removing chlorine DBPs, two separate filtration setups
were investigated: the first setup consisting of sand media,
and the second setup using GAC—recognized as one of
the most versatile and widely used adsorbents for water
purification.*
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Figure 7. Chromatogram of the galvanized iron pipe water sample after treatment with the first filtration media setup

Sand filtration media have been shown to be effective
in removing turbidity and suspended particles when
properly applied. In this study, the GI pipe-passed water
sample, treated with sand filtration and subsequently
analyzed using GC-MS after the application of a 2.4 mg/L
chlorine dosage, shows a notable reduction in THMs in
the resulting chromatogram. However, THAAs are still
detected at a retention time of 3.196 min, identified at peak
number 1 with an area of 1,115,036. The corresponding
mass spectrum indicates a molecular mass of 165 g/mol,
as shown in Figure 7, with the three best-hit mass spectra
illustrated in Figure S8. Other non-DBP elements and their
retention times are summarized in Table S6.

The absence of THMs and the presence of THAAs
demonstrate the partial effectiveness of the sand filtration
media setup in removing chlorine DBPs, as shown in
Figure 8. This indicates that THM removal can be achieved
by controlling the sources of DBP formation—particularly
by reducing suspended and dissolved particles and
retaining organic matter in water, which is considered a
key precursor to chlorine DBPs. However, the presence of
THAAs in the mass spectra challenges the full effectiveness
of the first filtration media setup.

The second filtration media setup (GAC) was analyzed
using GC-MS (ECD) under controlled conditions. For
the GI pipe water sample treated with the GAC setup
and exposed to the controlled chlorine dosage, the
performance was evaluated using chromatograms and
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Figure 8. Concentration of chlorination disinfection byproducts in the
galvanized iron pipe water samples after treatment with the first and
second filtration media setups

Abbreviations: GAC: Granular activated carbon; THAA: Trihaloacetic
acid; THM: Trihalomethane.

mass spectra. The resulting chromatograms did not show
any detectable presence of the target DBPs (THMs or
THAAs), nor any related halogenated compounds, as
shown in Table S7. This demonstrates the strong removal
capacity of the second filtration setup.

Based on the results, the first filtration setup (sand
media) reduced THAAs in the GI pipe water sample from
0.212 mg/L to 0.134 mg/L, indicating a removal efficiency
of 36.8%. It also reduced THMs from 0.193 mg/L and
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0.199 mg/L to negligible levels, indicating an approximate
removal efficiency of 99%. The second filtration setup
(GAC media) achieved an estimated 99% removal of both
THMs and THAAs, thereby demonstrating its superior
performance.

In the HDPE pipe, water samples from Zone 3 were
analyzed after passing through both the first (sand media)
and second (GAC media) filtration setups. Based on
the obtained chromatograms, no prominent chlorine
DBPs—or related halogenated compounds—were
detected. The absence of THMs and THA As after filtration
demonstrates the combined effectiveness of the pipe
material and the filtration media in reducing precursors,
including dissolved and suspended organic particles. This
highlights adsorption-based filtration as a cost-effective
abatement strategy. Both filtration setups successfully
reduced the initially identified 0.2 mg/L of THAAs to
negligible levels, indicating a high removal capacity for
the HDPE pipe system. The reduction in dissolved organic
carbon content following filtration is illustrated by the
fluorescence spectra in Figure 9.

3.3. Comparison

From a comparative perspective on the formation of DBPs
in water samples passed through GI and HDPE pipes, it was
observed that in the GI pipe water samples, approximately
0.212 mg/L of THAAs and 0.199 mg/L of THMs were
detected under a chlorine dosage of 2.4 mg/L, while
approximately 0.193 mg/L of THMs were detected under
a chlorine dosage of 1.8 mg/L in a controlled environment.

Similarly, in the HDPE pipe water sample, under a
chlorine dosage of 2.4 mg/L, approximately 0.2 mg/L of
THAAs and 0.167 mg/L of THMs were detected. These
results indicate that lower chlorine dosages resulted in
lower concentrations of chlorine DBPs. With a 33% increase
in chlorine dosage, THAAs in the GI pipe water sample
increased to 0.212 mg/L, and THMs increased by 3.11%,
while a comparable trend was observed in the HDPE pipe
water samples. This pattern supports the hypothesis that an
increased chlorine dosage enhances reactions with NOM
in the water and that longer contact time promotes the
formation of DBPs.
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Figure 9. Fluorescence spectra of dissolved organic matter in water samples before (M2) and after (M1) filtration: (A) High-density polyethylene pipe—
first filtration medium; (B) High-density polyethylene pipe—second filtration medium; (C) Galvanized iron pipe—first filtration medium; (D) Galvanized

iron pipe—second filtration medium
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Figure 10. Comparison of detected chlorination disinfection byproducts in water samples and their removal efficiency by filtration setups
Abbreviations: GAC: Granular activated carbon; GI: Galvanized iron; HDPE: High-density polyethylene; THAA: Trihaloacetic acids; THM: Trihalomethane.

Moreover, it was observed that the second filtration
media setup was more efficient than the first filtration
media setup, particularly in the case of the GI pipe. In
the GI pipe water sample, the first filtration media setup
removed approximately 36.8% of THAAs and 99% of
THMs. In contrast, for the HDPE pipe, both filtration
setups were effective in removing approximately 99% of
chlorine DBPs, due to the lower formation rate of chlorine
DBPs. This shows that both filtration setups are effective
in reducing DBPs, although their efficiency may vary
depending on pipe material.

However, due to its non-absorptive nature, the second
filtration media setup may not retain chemical contaminants
through absorption, including DBPs. Instead, it is specifically
designed for the adsorption of organic compounds, featuring
a GAC layer positioned beneath a sand layer and above a
gravel pack, and operates through a multi-stage process.
Initially, suspended particles, particularly organic matter,
are removed by the sand layer. The water then penetrates
the fine GAC medium, where adsorption of DBPs occurs.
Finally, the gravel layer provides additional filtration and
helps stabilize the waters physical properties. This setup
effectively removes THMs and THAAs under controlled
conditions, as shown in Figure 10.

4, Conclusion

The following conclusions were drawn from the
investigation of the water samples:
(i) The formation of chlorine DBPs—particularly THMs
and THA As—increased with higher chlorine dosages
under controlled conditions for both pipe materials
The material properties of GI pipes—such as their
tendency to corrode, release metal ions, and trap
organic matter—contribute more significantly to the
formation of chlorine DBPs compared to HDPE pipes
(iii) Sand filtration is a cost-effective method for
reducing chlorine DBPs; however, it is insufficient

(ii)

on its own to achieve the desired DBP removal due
to its limited effect on DOM. In contrast, the GAC
filter—due to its high adsorptive capacity—can be
considered a more effective and feasible option
for removing chlorine DBPs under controlled
chlorination. This highlights the superior
performance of adsorption-based over absorption-
based filtration techniques

(iv) Optimizing chlorine dosage in the water supply can
help balance effective disinfection while minimizing
DBP formation.
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Abstract

The persistent accumulation of low-density polyethylene (LDPE) waste in the
environment has necessitated the exploration of eco-friendly degradation methods.
This study aimed to degrade LDPE films using lipase (Lip) and laccase (Lac) enzymes
obtained from Aspergillus flavus. The effects of enzyme concentration and LDPE
particle size on the degradation rate were examined. LDPE samples were prepared
in three particle sizes: 0.5, 1, and 2 cm. These samples were incubated with Lip, Lac,
and a combination of both enzymes (Lip-Lac) at two concentration levels: 50% and
100% (v/v). The degradation process or extent of degradation was monitored over 10
and 30 days by analyzing percentage weight loss and observing surface morphology
using scanning electron microscopy (SEM). Results indicated that the highest
degradation occurred in the Lip-Lac system with 0.5 cm particles at 100% enzyme
concentration, yielding a weight loss of 23.81% after 30 days, thereby suggesting that
the blend performed better than the single enzyme system. SEM analysis confirmed
extensive surface erosion and cracking in smaller particles treated at higher enzyme
concentrations. This study also demonstrated that both enzyme concentration and
LDPE particle size significantly influence biodegradation efficiency. Taken together,
the bifunctional enzyme system is an efficient treatment method for enhancing the
degradation process of plastics such as LDPE.

Keywords: LDPE plastic; Enzymatic degradation; Aspergillus flavus; Lipase; Laccase

1. Introduction

Plastics are primarily made of synthetic polymers consisting of chains of carbon atoms
with other elements—such as hydrogen, oxygen, nitrogen, and sulfur—attached to
them." Polymers are widely used due to their durability and stability. Common examples
include polystyrene,” polyethylene (PE),’ polyurethane, nylon,’ PE terephthalate (PET),
polypropylene,” and polyvinyl chloride, all of which are present in almost every aspect
of our lives.® Since the discovery of plastics in the 1950s, there has been a significant
increase in their production to meet the global demand.’ It is estimated that more than
6.3 billion metric tons of plastic waste have been generated over the past 75 years,"
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from a total of over 450 million tons produced annually
worldwide.'"'? This increase in production is mainly due
to the manufacturing of single-use disposable plastics,
which make up around 50% of all plastic products. The
significant increase in plastic waste disposal, which
consists of materials that do not easily break down
and thus remain in the environment, has resulted in
land"” and ocean pollution."*"® Due to their practical
physicochemical qualities (e.g., crystallinity, molecular
weight, hydrophobicity, and additive composition), some
polymers, such as low-density PE (LDPE), are utilized in a
variety of applications.'® At present, PE is derived from thin
polyolefin plastic sheets and films utilized in the packaging
of products. Furthermore, plastic bags constitute 60% of
the total plastic production, which includes LDPE, and are
considered the most common form of solid waste."” LDPE
is characterized by good strength, chemical resistance,
flexibility, and transparency. Its hydrophobic nature
prevents microorganisms from accessing it.'® The resistance
of LDPE to microbial degradation is largely due to its high
molecular weight, which limits enzyme accessibility, and
the absence of functional groups, which prevents eftective
microbial attachment or breakdown." In addition, its low
surface energy further hinders microbial colonization
by reducing surface wettability and interaction with
enzymes.”” LDPE is characteristically inert, and its rate
of degradation is extremely slow, taking several decades,
which causes it to remain in nature for an extended period.
Due to its complicated 3D structure and large molecular
weight, it is recalcitrant to degradation.> Despite being
widely used for managing LDPE waste, incineration and
landfilling methods are linked to several environmental
drawbacks. Thus, biodegradation has been demonstrated
to be the optimal choice for managing plastic waste.*

Since it is virtually impossible to eliminate their
manufacture, there is growing interest in developing more
effective and rapid methods for reducing the accumulation
of these widely used yet environmentally harmful plastic
items.”** It is highlylikely that scientists, who are constantly
engaged in researching and developing biologically safe
methods, will identify a solution to address the rapid
accumulation of plastic waste. Researchers have identified
particular microorganisms that can generate enzymes
capable of decomposing these polymers.”>?® Enzymes that
degrade the carbon backbone of polymers are classified
under the hydrolase family, including esterases,” lipases
(Lips), depolymerases,” and PETases.”? Buchholz et al.**
enumerated and discussed enzymes that require water
to function. These enzymes can break down the plastic
polymer into simpler monomeric units that are easily
decomposable within the environment and can serve as a
carbon source for microorganisms.** The microorganisms

then further metabolize these units into end products,
such as CO,, H 0, CH,, and N,. Ehrhardt and Rothenberg*
noted that green hydrogen is also a realizable outcome.
The by-products of microbial plastic degradation offer
significant potential for addressing plastic pollution by
repurposing these products in other applications, thereby
creating a recycling loop for these harmful materials
that are otherwise difficult to eliminate and contribute
to environmental pollution. Municipal and public waste
management is currently the biggest environmental issue
affecting emerging countries, especially Nigeria,**** where
some cities are stench-filled with tons of uncontrollable
solid and plastic waste.**** As a result of Nigeria’s current
economic state, LDPE sachets are commonly used for
packaging water, popularly known as “pure water”* These
pure water sachets (PWS) represent the most affordable
packaging option.” While the use of LDPE has gained
widespread acceptance across various communities, it has
unfortunately resulted in the rise of a solid waste stream, as
LDPE degrades at an extremely slow rate.

This study was initiated to investigate how Lip and
laccase (Lac) enzymes impact the degradation rate of
LDPE wastes (specifically PWS). While several studies
have explored LDPE degradation using microbial enzymes,
most have focused on either enzyme concentration or
polymer structure in isolation. For instance, Liu et al.¥
examined LDPE degradation using Yarrowia lipolytica,
but without optimizing for both enzyme load and particle
size simultaneously. Mazaheri and Nazeri*® reported the
effectiveness of Stenotrophomonas spp. and Alcaligenaceae
in degrading LDPE, demonstrating microbial potential,
though their work did not incorporate enzymatic
concentration gradients or particle size variations as
interactive variables. Khandare et al** used marine
bacteria for LDPE biodegradation and highlighted
particle preparation and treatment time, but lacked an
integrative assessment of enzyme-specific parameters,
such as those studied with Aspergillus flavus enzymes in
this research. DSouza et al.*® worked with an Aspergillus
consortium to degrade LDPE under controlled conditions,
yet did not combine enzyme concentration and plastic
size optimization, a gap this study aims to bridge using a
bifunctional Lip-Lac system. The novelty of the study is
that it is the first to simultaneously optimize both enzyme
concentration and plastic particle size to maximize
LDPE degradation using enzymes from A. flavus. The
study supports Sustainable Development Goal (SDG) 12
(Responsible Consumption and Production) and SDG
13 (Climate Action). By utilizing microbial enzymes
from A. flavus (a naturally occurring fungus) for the
degradation of LDPE plastic waste, our study promotes
the development of green technologies aligned with the
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United Nations Agenda 2030. Our proposed enzymatic
approach holds promise for application in decentralized
waste treatment facilities, bioreactors for plastic waste
remediation, and as a pre-treatment step to accelerate
subsequent biodegradation. More importantly, such eco-
friendly strategies can reduce the environmental footprint
of incineration and landfilling, which aligns with circular
economy principles and global sustainability targets.

2. Materials and methods
2.1. Materials

Low-density PE (LDPE) samples (PWS) were collected
from dumpsites within Gidan Kwano village (Nigeria).
Enzymes used were produced at the Step B Laboratory,
Centre for Genetic Engineering and Biotechnology,
Federal University of Technology, Minna (FUTMinna),
Bosso Campus, Nigeria. The incubation media used
for the LDPE samples and all analytical chemicals were
procured from the Department of Chemical Engineering,
FUTMinna (Nigeria).

2.2. Preparation of PE films

The LDPE samples were cut into 0.5 x 0.5, 1 x 1, and 2 x
2 cm strips and weighed using a digital weighing balance
(MAB220, Wensar, India), as previously reported.*>' The
samples underwent a rigorous cleaning process, which
involved immersion in a solution of 70% ethanol for
30 min, followed by washing with distilled water, and
drying in an oven at 50°C for 20 min.

2.3. Production of degrading enzymes

Ab initio, the medium was prepared through the following
steps. First, the Sabouraud Dextrose Agar was prepared by
dissolving 20 g of the powdered non-synthetic medium in
two separate 2000 mL conical flasks labeled “Lipase” and
“Laccase,” respectively, each containing distilled water.*
For the Lip medium, 2 mL of olive oil (0.1% substrate
concentration) was added. For the Lac medium, 2 mL
of guaiacol (0.1% substrate concentration) was added.*
Both media were sterilized in an autoclave at 121°C for
3 h under a pressure of 1.5 N/m. After autoclaving, the
medium was removed from the autoclave and allowed
to cool before inoculation. The 72-h-old broth culture of
A. flavus (5 mL) was inoculated into 1 L of each medium
and incubated for 5 days on a shaker incubator at ambient
or room temperature (25-28°C + 2°C). After 5 days,
crude enzymes were readily produced. The crude enzyme
solutions were centrifuged at 4000 rpm using a high-speed
refrigerated centrifuge. The supernatants contained the
crude enzymes, while the sediments consisted of fungal
spores. The Bradford protein assay was used to quantify
the total protein content in the crude extract, using bovine

serum albumin as the standard.* The crude enzyme
concentration was measured at 10 mg/mL (20% purity). To
reduce the concentration for further assays, 10 mL of the
extract was diluted with an equal volume of distilled water,
resulting in a final protein concentration of 5 mg/mL,
while maintaining the purity at 20%.

2.4. Incubation of PE samples

2.4.1. Isolation of LDPE film in the single-enzyme
system

The pre-weighed LDPE films (0.5 x 0.5, 1 x 1, and 2 x
2 cm) were aseptically transferred into three pre-labeled
100 mL conical flasks, respectively. About 20 mL of the
prepared degrading enzyme was added to each conical
flask and thoroughly mixed with the LDPE samples. For
assessing the effect of different enzyme concentrations, the
prepared LDPE strips (1 x 1 cm each) were transferred into
two pre-labeled 100 mL conical flasks, respectively.*® Then,
100% pure Lip and a 50% diluted Lip solution were added
separately to each flask and thoroughly mixed with the
LDPE samples. To minimize heat dissipation and preserve
a sanitized environment, a foil stopper was used to seal
the conical flasks.'”? The procedure was repeated for Lac.
After 10 days of incubation, samples were collected, and
the LDPE films were cleaned with ethanol and distilled
water, then allowed to air-dry naturally. Following that,
the LDPE samples were evaluated to determine their
level of biodegradability. After 30 days, the process was
terminated. The 30-day incubation period was selected to
allow sufficient time for measurable enzymatic degradation
of LDPE by Lac and Lip.

2.4.2. Isolation of LDPE film in the two-enzyme system

The pre-weighed LDPE films (0.5 x 0.5 and 2 x 2 cm) were
transferred into two pre-labeled 100 mL conical flasks,
respectively. Lip and Lac enzymes (20 mL) were added to
each conical flask and thoroughly mixed with the LDPE
samples. For assessing the effect of different enzyme
concentrations, the prepared LDPE strips (1 x 1 cm) were
transferred into two pre-labeled 100 mL conical flasks,
respectively.” The Lip-Lac enzyme mixture at 100% and
50% concentrations was added to the two conical flasks,
respectively. To minimize heat dissipation and preserve a
sanitized environment, a foil stopper was used to seal the
conical flasks.’? The solution was gently stirred to obtain
a homogeneous mixture. The LDPE films were cleaned
using ethanol and distilled water, then allowed to air-
dry naturally. Biodegradation of the LDPE samples was
analyzed after 10 days of incubation. Following that, the
LDPE samples were evaluated to determine their level of
biodegradability. The process was terminated after 30 days,
in accordance with Yang et al.*®
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2.5. Physicochemical analysis of LDPE degradation
2.5.1. Determination of dry weight of residual LDPE

To obtain the dry weight of residual LDPE, the LDPE
films were extracted from the degradation medium and
cleaned using a 70% ethanol solution, followed by rinsing
with distilled water. The purified LDPE films were allowed
to air-dry to a constant weight. The percentage of weight
reduction was calculated using Equation 1.*!

Initial sample Final sample

Percent ot - ot

weight = weg welg x100 (1)
Initial weight

loss (%)

2.5.2. Scanning electron microscopy (SEM)

Following weight analysis, the LDPE samples were cut into
5 mm fragments. To observe the surface morphology of the
LDPE, SEM (SU3800/SU3900, Hitachi High-Tech, Japan)
was employed.” Each sample was carefully mounted onto
a specimen holder (stub) to ensure proper placement and
fit within the SEM chamber, with all fragments trimmed to
suitable dimensions for imaging.

3. Results and discussion

3.1. Effect of enzyme concentration on LDPE
degradation

After incubation of LDPE in 50% and 100% enzyme
concentrations for 10 and 30 days, the weight of the residual
samples was measured (Table 1). The initial weight and size
of the material influence degradation. Smaller particles
have a higher surface area-to-volume ratio, facilitating
better enzyme interaction and, consequently, higher
degradation rates. Therefore, reducing the initial size
of the material can enhance the degradation process. As
displayed in Table 1, Lip and Lac enzymes were incubated

Table 1. Percentage weight loss of LDPE samples at different
enzyme concentrations

Enzyme Concentration Initial  Final weight = Weight loss
(%) weight (g) (%)

(® Day Day Day Day

10 30 10 30

Lip 50 0.0036  0.0035 0.0034 2.78 5.56

100 0.0036  0.0034 0.0032 5.56 11.11

Lip-Lac 50 0.0043 0.0041 0.0039 4.65 9.30

100 0.0046  0.0043 0.0039 6.52 15.21

Lac 50 0.0039  0.0039 0.0037 0.00 5.13

100 0.012 0.012  0.011 0.00 8.33

Abbreviations: Lac: Laccase; LDPE: Low-density polyethylene; Lip:
Lipase.

with the LDPE samples at 50% and 100% concentrations.
At 50% Lip concentration, the weight reduced from 0.0036
to 0.0035 g (day 10) and 0.0034 g (day 30), corresponding
to 2.78% and 5.56% LDPE weight loss, respectively,
thereby indicating greater degradation over time. The
100% enzyme concentration observed a higher percentage
weight loss compared to the 50% enzyme concentration;
for instance, the Lac enzyme system reported 5.13% and
8.33% weight loss at 50% and 100% Lac concentration,
respectively, after 30 days. Likewise, Liu et al.*’ recorded
a weight loss of 8.9% and 11.8% for LDPE films at day 7.

In terms of degradation efficiency, LDPE incubation
in 100% Lip, 100% Lip-Lac, and 100% Lac recorded
11.11%, 15.21%, and 8.33% weight loss, respectively. This
observation is relatively consistent with the 10.15% loss
reported by Mazaheri and Nazeri* with Stenotrophomonas
spp. enzymes. This implies that LDPE was more effectively
degraded by the Lip-Lac enzyme system, suggesting that
while Lip alone exhibits notable degradation efficiency,
the Lip-Lac enzyme system has much higher degradation
efficiency. In addition, higher enzyme concentrations
enhance the degradation efficiency, as observed from
Table 1. Our findings corroborated that of Kunlere et al.,*®
who used A. flavus to degrade LDPE. Concentrations
below 50% are likely to result in even lower degradation
rates. Given that 50% concentration already yields modest
weight loss (e.g., 5.56% in the Lip system), reducing
the concentration further would likely diminish the
degradation efficiency, making it less effective for practical
purposes. Increasing the incubation period beyond 30 days
may further enhance degradation, as the enzymes have
more time to act on the material. Conversely, reducing the
incubation time might not allow for sufficient degradation,
leading to lower weight loss percentages. Therefore, longer
incubation periods are generally favorable for improved
degradation. Yao et al®® reported a high weight loss on
day 30 for their LDPE film samples. Similarly, in this
study, optimal degradation was observed on day 30 across
all systems. For instance, the Lip-Lac system at 100%
concentration reported weight loss of 15.21% on day 30
compared to 6.52% on day 10. This indicates that prolonged
exposure of LDPE to the enzyme system enhances the
degradation process. In a previous study, untreated
LDPE reported a weight loss of 38.82% using a combined
system of Lip, Lac, esterase, and manganese peroxidase.”
Figures 1-4 illustrate the relationship between enzyme
concentration and LDPE weight loss, as derived from the
data in Table 1.

A high weight loss denotes effective biodegradation,
indicating that the material is efficiently broken down by
the enzymes. Conversely, a low weight loss suggests limited
degradation, which may be inadequate for practical

Volume 2 Issue 3 (2025)

doi: 10.36922/EER025220042


https://dx.doi.org/10.36922/EER025220042

Explora: Environment
and Resource

Enzymatic degradation

16 15.21
14
12

10

‘Weight Loss (%)
©

6 —&—Lipase
4 —eo—LiptLac
2 —»—Laccase
0

0 20 40 60 80 100 120

Concentration (%)

Figure 1. Weight loss (%) of low-density polyethylene as a function of
enzyme concentration for all systems (lipase [Lip], laccase [Lac], and
Lip-Lac)
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Figure 2. Weight loss (%) of low-density polyethylene as a function of
enzyme concentration for the lipase enzyme system

applications. Therefore, achieving higher weight loss is
desirable for effective waste management. The Lip-Lac
system exhibited the most significant weight loss (Figure 3).
At 100% concentration, the weight loss reaches 15.21%,
indicating a high degradation rate. This suggests that the
combined action of Lip and Lac enzymes synergistically
enhanced LDPE degradation.

3.2, Effect of LDPE particle size on LDPE degradation

Harrat et al.® previously reported weight loss of 7.6% and
5.53% using Candida tropicalis SLNEA04 and Rhodotorula
mucilaginosa SLNEAOQ5, respectively. Their findings are
consistent with our results for the Lip system on day 10
for 0.5-1 cm LDPE samples. Table 2 presents the initial
and final weights of LDPE samples with varying particle
sizes after enzymatic treatment. The data indicate that
smaller particles (0.5 cm) experienced greater weight loss
compared to larger ones (1.5 and 2.0 cm). This suggests
that reducing particle size enhances the surface area
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Figure 3. Weight loss (%) of low-density polyethylene as a function of
enzyme concentration for the lipase-laccase enzyme system
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Figure 4. Weight loss (%) of low-density polyethylene as a function of
enzyme concentration for the laccase enzyme system

available for enzymatic action, leading to more efficient
degradation. The influence of incubation time is most
pronounced in the 0.5 cm particle size across all enzyme
systems, particularly in the Lip-Lac system. Weight loss
percentages increased significantly from day 10 to day 30,
indicating that longer exposure enhances degradation. If
the incubation period were extended to 60 days, it would
be reasonable to anticipate further degradation, potentially
leading to higher weight loss percentages, assuming
enzyme activity remains stable over time. Notably, no
formal enzyme activity assay was conducted before the
degradation experiments. This assumption is supported by
DSouza et al.,”® who reported a peak weight loss of 26.15%
after 55 days of incubation. Similarly, Awasthi et al.®
conducted experiments over a comparable timeframe
(10-30 days) using Rhizopus oryzae, a fungus known to
secrete Lip.

According to Table 2 and Figures 5-8, the smallest
particle size of 0.5 cm consistently resulted in the highest
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Table 2. Percentage weight loss of enzyme-treated LDPE
samples with varying particle sizes

Enzyme  Sample Initial Final weight =~ Weight loss
size (cm)  weight (g) (g) (%)

Day Day Day  Day

10 30 10 30
Lipase 0.5 0.0015 0.0014 0.0012 6.67  20.00
1.0 0.0036 0.0034 0.0032 5.56 11.11

2.0 0.0117 0.0116 0.0114 0.85 2.56
Lip-Lac 0.5 0.0021 0.0019 0.0016 9.52  23.81
1.0 0.0046 0.0043 0.0039 6.52 15.21

2.0 0.0111 0.0108 0.0104 2.70 6.31

Laccase 0.5 0.0016 0.0016 0.0014 0.00 12.5
1.0 0.0038 0.0037 0.0035 2.63 7.89

2.0 0.0105 0.0105 0.0103  0.00 1.90

Abbreviations: Lac: Laccase; LDPE: Low-density polyethylene;
Lip: Lipase.
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Figure 5. Relationship between low-density polyethylene weight loss (%)
and particle size for all enzyme systems (lipase [Lip], laccase [Lac], and
Lip-Lac).

percentage weight loss across all enzyme systems. However,
on day 10, 0% weight loss was recorded for particle sizes of
0.5 and 2 cm in the Lac system, despite Lac being among
the main fungal enzymes involved in PE biodegradation.
Smaller particle sizes provide a larger surface area-to-volume
ratio, facilitating better enzyme-substrate interactions. This
principle is well-established in biodegradation studies, where
increased surface area enhances microbial and enzymatic
activity, thereby resulting in higher degradation rates.
During LDPE degradation, several physical and mechanical
properties have been reported to decline, including tensile
strength, tear strength, elongation at break, Young’s
Modulus, stiffness, hardness, and weight by 10.15%.
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Figure 6. Relationship between low-density polyethylene weight loss (%)

and particle size for the lipase enzyme system
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Figure 7. Relationship between low-density polyethylene weight loss (%)
and particle size for the lipase-laccase enzyme system

Reducing the particle size below 0.5 cm could potentially
increase degradation rates due to a greater surface area.
However, practical limitations, such as handling difficulties
and potential agglomeration, may arise. Conversely,
increasing the particle size beyond 2 cm would likely
decrease degradation efficiency, as the reduced surface area
would limit enzyme access to the polymer chains. Optimal
LDPE biodegradation is achieved by combining smaller
particle sizes (0.5 cm) with higher enzyme concentrations
(100%). Such a combination maximizes the surface area
for enzyme interaction and ensures sufficient enzymatic
activity to effectively break down the polymer chains. The
Lip-Lac system demonstrates the most favorable results,
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consistently achieving higher weight loss percentages
across all particle sizes. This synergistic effect enhances
LDPE breakdown, making it the preferred enzymatic
treatment for effective biodegradation.

3.3. Microscopy imaging of enzyme-treated LDPE
samples

3.3.1. Effect of different enzyme concentrations

Rough surfaces and pore structures are observed in all
LDPE samples incubated with enzymes, and the features
are more significant in samples incubated in 100% enzyme
concentration, likely due to enzymatic activity on the
LDPE samples.®* Figures 9-12 display the SEM images of
LDPE films (1 x 1 cm). Each image illustrates the surface
morphology of LDPE under different treatment conditions:
untreated/control (Figure 9), Lip-treated (Figure 10), Lip-
Lac-treated (Figure 11), and Lac-treated (Figure 12). The
consistent sample size and imaging technique across these
figures facilitate a comparative analysis of the effects of
enzymatic treatments on LDPE surface degradation. The
SEM images in Figure 9 serve as a baseline, showcasing
the pristine condition of the LDPE film without any
enzymatic treatment. The smooth and defect-free surface

14
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Figure 8. Relationship between low-density polyethylene weight loss (%)
and particle size for the laccase enzyme system

confirms the material’s resistance to degradation in the
absence of enzymatic activity. These control images are
crucial for comparing the extent of degradation observed
in the enzyme-treated LDPE samples. It was previously
established that the PE surface changes after 30 days of
incubation with enzymes.*

Figure 9, representing the control LDPE film, exhibits
a smooth and uniform surface, indicating no degradation.
In contrast, Figure 10, depicting the LDPE film treated
with Lip, displays noticeable surface alterations, such as
pits, grooves, and rough textures, similar to a previous
observation using Bacillus spp. YP1.% Das and Kumar®
inferred that Lip treatment initiates the LDPE degradation
process, leading to polymer surface breakdown. Figure 10
presents the SEM images of LDPE films treated with Lip at
different magnifications. The images reveal the formation
of surface irregularities, including pits and cracks,
indicating the onset of enzymatic degradation.®®*® Higher
magnifications highlight more detailed degradation
features, such as micro-cracks and increased surface
roughness. The presence of white and dark areas in the
images corresponds to differences in electron density,
with white regions typically representing denser or
elevated areas and dark regions indicating depressions or
voids.” Figure 11 comprises six SEM images (at different
magnifications) of LDPE films treated with a combination
of Lip and Lac at various concentrations. The images
demonstrate that higher enzyme concentrations lead to
more pronounced surface degradation, evident through
extensive cracking, pitting, and roughness.”” At higher
magnifications, the images reveal finer degradation
details, such as micro-fissures and increased porosity.
The similarities across the images include the presence
of degradation features, while differences arise from the
varying degrees of surface damage corresponding to
enzyme concentration.

Figure 12 displays six SEM images of LDPE films
treated with Lac at different concentrations. Sowmya
et al.’”* assessed the degradation potential of crude Lac on
PE using weight loss, SEM, and Fourier transform infrared
(FTIR) analysis. Consistent with the present study, the

Figure 9. Microscopic images of untreated/control low-density polyethylene films (1 x 1 cm). Magnifications: x50 (left); x100 (middle); x150 (right).
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Figure 11. Microscopic images of low-density polyethylene films (1 x 1 cm) treated with lipase-laccase enzymes. Magnifications: x50 (left); x100 (middle);

x150 (right).

SEM images reveal that higher Lac concentrations induce
more significant surface degradation, characterized by
increased roughness, cracking, and pit formation. These
degradation features align with observations reported by
Mumtaz et al.®® However, the severity and extent of surface
damage differ across the images and correlate directly with
the enzyme concentration used.

3.3.2. Effect of different LDPE particle sizes

Figure 13 presents SEM images of untreated LDPE films
at three different particle sizes: 0.5, 1, and 2 cm. The first
image (left; 0.5 cm) appears darker, indicating a smoother
and more uniform surface with minimal electron
scattering. The second image (middle; 1 cm) exhibits a
gray tone, suggesting slight surface irregularities. The third

image (right; 2 cm) is lighter, implying increased surface
roughness or contamination. Variations in shading reflect
differences in surface topography and electron density,
with darker areas representing smoother surfaces and
lighter areas indicating rougher textures.”” The images
displayed irregular/rough surfaces observed for LDPE
samples with a particle size of 0.5 cm in all enzyme systems
and less rough surfaces as the sizes increase. The surface
erosion observed suggests high enzymatic activity on the
films compared to the smooth surface observed in the
control samples.”

The control SEM images in Figure 13 serve as a
baseline, showcasing the pristine condition of LDPE films
without enzymatic treatment. The smooth and uniform
surfaces confirm the material’s resistance to degradation in
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Figure 13. Microscopic images of untreated/control low-density polyethylene films with particle sizes of 0.5 (left), 1 (middle), and 2 cm (right).

Magnifications: x50.

the absence of enzymatic activity. These images are crucial
for comparing the extent of degradation observed in the
enzyme-treated samples. Figure 14 comprises nine SEM
images arranged into three columns, with each column
corresponding to a specific particle size (0.5 [left], 1
[middle], and 2 cm [right]) and each row corresponding
to a specific magnification (50x [top], 100x [middle],
and 150x [bottom]). When the particle size is 0.5 cm, the
images (magnification: 50x) revealed significant surface
degradation characterized by pits, cracks, and rough
textures. Similar characteristics were observed by Khandare
et al.* after 30 and 90 days of incubation for control and
bacterial-degraded LDPE. These features indicate effective
enzymatic action by Lip on smaller particles. The images
for the 1 cm samples displayed moderate degradation with
visible surface irregularities, though less pronounced than
in the 0.5 cm samples. However, a minimal surface change
was observed when the particle size is 2 cm, suggesting
that larger particles are less susceptible to Lip-mediated
degradation. Similarities across the images include the
presence of degradation features, while the differences
lie in the severity and extent of surface damage, which

correlate with particle size and magnification levels, as also
observed by Azeko et al.”

The SEM images in Figures 14-16 reveal degradation
patterns consistent with established literature, such as surface
roughness, cracks, and pits resulting from enzymatic action.
However, unexpected features, such as excessive degradation
in larger particles or minimal changes in smaller ones, could
indicate anomalies in the experimental setup or enzyme
activity. Such deviations warrant further investigation to
ensure consistency with known biodegradation mechanisms.
Figure 15 mirrors the LDPE structure observed in Figure 14,
displaying SEM images for the same particle sizes and
magnifications but treated with a combination of Lip and
Lac enzymes. At 0.5 cm particle size, the structure exhibited
extensive surface degradation, including deep cracks, pits,
and erosion; according to Yang et al.,*® it indicates a synergistic
effect of the enzyme combination. Moderate degradation
was observed when the particle size was 1 cm, with more
pronounced features than in the Lip-only treatment. Surface
changes are minimal at 2 cm particle size, similar to the Lip-
only treatment. Compared to the structure in Figure 14, the
structure presented in Figure 15 demonstrates enhanced
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LIP 0. 5cm

Figure 14. Microscopic images of lipase-treated low-density polyethylene films with particle sizes of 0.5 (left), 1 (middle), and 2 cm (right). Magnifications:
x50 (top); x100 (middle); x150 (bottom).

Figure 15. Microscopic images of lipase-laccase-treated low-density polyethylene films with particle sizes of 0.5 (left), 1 (middle), and 2 cm (right).
Magnifications: x50 (top); x100 (middle); x150 (bottom).
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Figure 16. Microscopic images of laccase-treated low-density polyethylene films with particle sizes of 0.5 (left), 1 (middle), and 2 cm (right). Magnifications:

x50 (top); x100 (middle); x150 (bottom).

degradation, particularly in smaller particles, due to the
effectiveness of the combined enzymatic treatment.

Figure 16 presents nine SEM images of LDPE films
(with different particle sizes) treated with Lac. The images
demonstrate significant surface degradation at 0.5 cm
particle size, including cracks and pits, indicating effective
enzymatic action. When the particle size is 1 cm, moderate
degradation is observed, with visible surface irregularities.
Finally, 2 cm particle size exhibited a minimal surface
change due to the limited enzymatic impact on larger
particles. The similarities across the images include the
presence of degradation features, while the differences
relate to the severity of surface damage, which correlates
with particle size and enzyme concentration.

In the present study, the magnifications ranged from 50
to 150 wm, whereas Yao et al.*® only analyzed their samples
at 20 um. Figures 9-12 emphasize the effect of enzymatic
treatments on LDPE films without considering particle
size variations, while Figures 13-16 examine the combined
impact of enzyme treatments and particle sizes. The latter
set provides a more comprehensive understanding of how
particle size influences enzymatic degradation, highlighting
the importance of optimizing both parameters for effective
biodegradation. The proposed enzymatic treatment offers
a low-cost, eco-friendly, and scalable method for the

management of PE-based plastic waste, particularly sachet
water LDPE films, which are a major contributor to solid
waste in many developing countries, including Nigeria.
The findings support potential integration of the enzyme
system into municipal solid waste (MSW) management
systems or decentralized waste treatment facilities,
whereby enzymatic formulations may be used to accelerate
LDPE degradation under controlled conditions.

4, Conclusion

Enzymes possess the ability to degrade PE materials, which
constitute a significant portion of environmental pollutants
that pose serious threats to humans, animals, and plants.
After incubation periods of 10 and 30 days, both Lip and Lac
enzymes demonstrated the ability to degrade LDPE material,
with the 30-day incubation resulting in significantly higher
LDPE degradation. The effects of enzyme concentration and
LDPE particle size on degradation rate were investigated.
Weight loss analysis revealed a higher degradation rate
of 15.21% after the 30-day incubation period in 100%
Lip-Lac. Surface imaging of the LDPE films treated with
different enzyme concentrations indicated a higher surface
change in films treated with higher enzyme concentrations
due to higher enzymatic activity. The results demonstrate
that higher enzyme concentrations and longer incubation
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periods lead to greater LDPE degradation, establishing a
proportional relationship between enzyme concentration,
incubation time, and the extent of degradation. The effect of
particle size on degradation rate was determined. A higher
percentage degradation rate of 23.81% was observed after
the 30-day incubation period for LDPE samples with a
particle size of 0.5 cm. Surface imaging revealed that smaller
particle sizes exhibited rougher surfaces compared to larger
ones, indicating more extensive surface degradation. The
degradation efficiency was significantly enhanced when a
two-enzyme system (Lip-Lac) was employed, compared
to single-enzyme systems. Furthermore, a decrease in
particle size corresponded with an increase in the degree
of degradation. This study supports previous findings
that certain microbes and enzymes can be employed to
degrade LDPE plastics. Future studies should explore
enzyme immobilization and reusability strategies, building
on the findings from this study.
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Abstract

One of the most pressing global challenges in conventional agriculture is climate
change, which adversely affects crop productivity. Global food security is increasingly
threatened by shifting climate patterns, depleting groundwater levels, and rapid
urbanization. In this context, soilless hydroponics cultivation offers a sustainable
solution, requiring minimal inputs, minimizing pesticide and agrochemical use, and
enabling resource-efficient water management. This approach allows for climate-
resilient production with precisely controlled yields under indoor farming conditions.
Capsicum annuum (chili), a widely consumed food crop with high nutraceutical
value, faces serious cultivation threats due to unpredictable weather fluctuations.
This study evaluates the growth performance of C. annuum under a low-cost, water-
efficient hydroponic system designed for indoor cultivation, utilizing repurposed
mineral water bottles as growing units. A comparative assessment between soilless
hydroponics and conventional soil-based cultivation was conducted to determine
the potential of this system under controlled indoor conditions. The findings indicate
that plant growth characteristics, yield performance, and nutraceutical quality were
enhanced in the low-cost, non-circulating hydroponic setup. Key physiological
parameters, including reactive oxygen species generation and antioxidant
activity, were systematically measured. Overall, the results demonstrate that this
sustainable hydroponic approach not only contributes to water-efficient, climate-
resilient, and space-saving household chili production but also addresses solid
waste management by repurposing discarded plastic bottles, thereby aligning with
borader environmental sustainability goals.

Keywords: Hydroponics; Yield performance; Indoor cultivation

1. Introduction

With the rapidly growing global population, one of the major challenges today is
producing sufficient food to meet rising demands.' Urbanization and industrialization
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are reducing the availability of arable land and water, while
climate change and soil degradation further decrease
agricultural productivity>® Open-field cultivation has
become increasingly challenging due to adverse climatic
conditions, such as extreme heat, delayed monsoons,
groundwater scarcity, and natural disasters, especially in
climate-sensitive regions.*> These factors contribute to
extensive crop losses, malnutrition, and hunger, which
ultimately threaten global food security.

In pursuit of maximizing yields, farmers often rely
heavily on chemical fertilizers and pesticides. While such
practices can increase productivity, they also contribute
to severe soil and water pollution, thereby affecting entire
ecosystems.® The overuse of agrochemicals also leads to
bioaccumulation and biomagnification, causing a range of
human health complications.”

To combat these challenges, soilless agricultural
methods are being explored as alternatives, allowing
crops to be cultivated without soil, even under indoor
conditions.® Hydroponics, in particular, has emerged as
a promising and relatively accessible solution, enabling
crops to grow with their roots suspended in nutrient-rich
aqueous solutions.’

Despiteitsadvantages, conventional hydroponicsystems
pose significant challenges for small-scale or resource-
constrained users. The high initial setup cost, requiring
pumps, nutrient delivery systems, and other infrastructure,
can be prohibitive."* Moreover, skilled technical expertise
is often required to maintain optimal nutrient balance and
environmental parameters for consistent growth and yield.
In many cases, urban farming is practiced on windowsills,
balconies, or rooftops, where space constraints and the
need for reliable electricity further hinder the adoption
of conventional systems. In addition, because plants in
conventional hydroponic setups share a common nutrient
medium, any imbalance in solution quality or outbreak of
pests and diseases can spread rapidly, whereas household-
level systems using individual containers (e.g., one plant
per bottle) may mitigate this risk."!

Vegetables, second only to cereals, are critical for
nutritional security across all cultures due to their central
role in daily diets. According to the Food and Agriculture
Organization statistics (FAOSTAT)," global per capita
vegetable consumption reached approximately 150 kg
in 2022. To bridge the demand-supply gap in vegetable
production caused by adverse climatic conditions and
shrinking cultivatable lands, a transition from soil-based
to soilless cultivation systems, such as hydroponic systems,
may provide a suitable solution. Capsicum annuum L.
(chili) is one such vegetable with high global demand
owing to its culinary versatility, nutritional value, and

medicinal properties. FAOSTAT estimates' indicate that
in 2023, chili was harvested from 2,065,408 ha worldwide,
producing approximately 38,310,350 tons, with India
contributing 73,914 tons from 8,616 ha. According to
FAOSTAT’s 2023 report,' global chili exports reached
3,891,395 tons, value at US $7,237,728,000, of which India
alone exported 82,463 tons, valued at US $56,561,000. Rich
in ascorbic acid (vitamin C), chili is particularly valued
for its bioactive compound capsaicin (IUPAC: 8-methyl-
N-vanillyl-6-nonenamide), which exhibits a wide
range of pharmacological effects, including antioxidant
and antimicrobial,”” anti-inflammatory,'® anticancer,”
anti-obesity,’ antidiabetic,’” cardioprotective,® and
gastroprotective? properties.

In open-field agriculture, chili plants are highly
susceptible to unpredictable weather fluctuations, soil-
borne pests and diseases, weed competition, and the
excessive use of agrochemicals.> Consequently, soilless
cultivation methods may represent a viable alternative.”
However, conventional hydroponic systems remain
expensive, technical demanding, and dependent on
electricity, restricting their large-scale application to a
limited number of commercial farms.** Although many
studies have emphasized the advantages of hydroponics
over soil-based systems, a substantial research gap remains
concerning the high establishment costs and the need for
skilled management of conventional hydroponic systems.

The current study aims to address these challenges
by evaluating the yield performance of C. annuum using
a low-cost, sustainable hydroponic system constructed
from locally available and repurposed materials, such as
discarded mineral water bottles. This approach requires
minimal technical expertise and is especially suited for
peri-urban settings and smallholder or household-level
cultivation.

2. Materials and methods
2.1. Plant material

C. annuum seeds were generously provided as a research
gift by the Department of Horticulture, Bidhan Chandra
Krishi Vidyalaya, Mohanpur, West Bengal, India. The
experiment was performed at Adamas University
(22°44°21.70” N, 88°27°21.43” E) under indoor conditions,
utilizing natural sunlight on an open balcony.

2.2, Seed preparation and germination

Seed viability was tested using randomly selected seeds from
the stock, and germination percentage was determined
following the protocol by Demir and Ellis (1992).> Healthy
seeds were surface-sterilized using 10% hydrogen peroxide
(H,0,) for 10 min, followed by 1% calcium hypochlorite for
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1 h.”® Sterilized seeds (n = 100) were placed in plantation
trays containing coco peat as the growth medium and were
watered periodically. A control group was maintained
by planting seeds in soil obtained from a local nursery.
Germination percentage was recorded through regular
observations. After 10 days, healthy seedlings (4-5 cm
in length) were randomly selected from both plantation
trays (coco peat and soil) to assess the seedling vigor index
(SVI-I), calculated using Equation I:¥

SVI - I = Seedlinglength x Germinationpercentage (1)

2.3. Experimental setup and plant growth
monitoring

Discarded plastic bottles of various sizes were thoroughly
cleaned and repurposed as nutrient reservoirs to
construct a low-cost, non-circulating hydroponic system
(Set I) (Figure 1A and B). A conventional hydroponic
system, similar to those commonly used in commercial
cultivation, was prepared using an opaque container as
the nutrient reservoir, equipped with an electric air pump
for aeration and plastic net cups (Set II) (Figure 1C). The
nutrient solution was prepared by mixing all the required
chemicals (Table A1) following the protocol by Hoagland
and Arnon.?

Forty randomly selected, healthy seedlings germinated
in coco peat were transferred to the hydroponic systems:
20 to Set I and 20 to Set II. In Set I, seedling roots were
immersed directly in the nutrient solution, while the stem
was secured at the bottle opening with cotton plugs. In
Set II, the roots were suspended in the nutrient reservoir,
whereas the aerial parts were supported above the lid using
net cups. Electrical conductivity (EC) and pH of the nutrient
solution were maintained at 1.4-1.8 mS/cm and 5.8-6.5,
respectively.”® These parameters were monitored using
commercially available pH paper and a portable EC meter
(AP-IS11A058FBA, Aptechdeals, China) and adjusted as

3 4 [ Stem
(Y4

Leaf

Cotton plug

Root

Bottle

Nutrient
solution

necessary by adding water or nutrients. Both hydroponic
systems were maintained indoors under natural sunlight
on an open laboratory balcony at Adamas University,
with a temperature of 22-27°C, relative humidity (RH) of
75-80%, and light intensity of 1,000-3,000 umol/m?*/s for
approximately 11-13 h/day. A soil-based system (n = 20)
served as the control (Set III) (Figure 1D).

In summary, the experiment consisted of three
treatments:

e Set I Low-cost hydroponics using plastic bottles
(22-27°C, RH 75-80%, 1,000-3,000 pumol/m?/s for
11-13 h/day

e Set II: Conventional hydroponics using a nutrient
reservoir, net cups, and an electric air pump (same
conditions as Set I)

e  Set III: Soil-grown plants serving as control (same
conditions as Set I).

Data were recorded for shoot height (cm), days to first
flowering, days to first fruiting, days to full fruit maturation
(red-ripe stage), fruit weight, and total yield per plant.
Fruit development was monitored visually, and red, fully
matured fruits were harvested. Measurements included
individual fruit weight and total yield per plant.

2.4. Comparative analysis of stress response

A comparative study was performed using randomly
selected leaves from fruit-bearing plants across all three
experimental sets. The following assays were conducted:

e HO, content: Leaf tissue was extracted in
100 mM potassium phosphate buffer containing 5 mM
potassium cyanide, and absorbance was measured at
560 nm™

e Lipid peroxidation: Malondialdehyde (MDA) content
was quantified, and absorbance was read at 532 nm*!

e Superoxide dismutase (SOD) activity: Measured
at 540 nm using p-nitro blue tetrazolium chloride

Figure 1. Indoor farming systems: (A) schematic diagram of the low-cost bottle hydroponic system; (B) Set I - plant grown in low-cost hydroponics using a
plastic bottle; (C) Set II - conventional hydroponics with nutrient reservoir, net cups, and electric air pump; (D) Set III - soil-grown control plants. Harvest

fruits from each system are shown in the corresponding insets.

Volume 2 Issue 3 (2025)

doi: 10.36922/EER025250050


https://dx.doi.org/10.36922/EER025250050

Explora: Environment
and Resource

Low-cost hydroponic for chili production

(NBT). One unit of SOD activity was defined as the
amount of enzyme required to inhibit 50% of NBT
photoreduction®

e Catalase (CAT) activity: Leaf extracts were prepared in
the presence of 50 mM phosphate buffer and 20 mM
H,0,, and absorbance was monitored at 240 nm. One
unit of CAT activity was defined as the amount of
H,0, decomposed (in umol) per minute.”

2.5. Nutritional quality analysis

Nutritional quality was assessed in randomly selected
mature fruits from all three experimental sets by estimating
vitamin C and capsaicin content.

e Vitamin C: Fresh fruits were homogenized in 0.4%
oxalic acid, and ascorbic acid content was quantified
spectrophotometrically at 520 nm following reaction
with 2,6-dichlorophenolindophenol*

e Capsaicin: Shade-dried fruits were extracted in
ethyl acetate, and the absorbance of the extract was
measured at 280 nm to determine capsaicin yield.*

2.6. Correlation analysis of stress responsiveness
and yield performance

Correlation analyses were performed using RStudio
(version 2024.12.1+563; posit.co/products/open-source/
rstudio) to evaluate the correlations between oxidative stress
generation (H,0,, MDA), antioxidant enzyme activities
(SOD, CAT), yield traits (fruit number, fruit weight, and
total yield), and nutritional quality parameters (Vitamin C,
capsaicin content). Kendall’s tau (1) correlation coefficient
was employed to measure the strength and direction of
associations. The statistical significance of correlations was
tested using Kendall’s tau rank correlation method.

2.7. Usability assessment

A detailed demonstration and hands-on training for
the low-cost hydroponic system was conducted on the
university campus with 20 underprivileged households,
each represented by one member recommended by
the local administration (Figure Al). Participants were
provided with a basic setup, user manuals written in local
languages, and 1 month of cultivation experience. Their
feedback was collected to assess the system’s accessibility,
technical feasibility, and cost-effectiveness from their
perspective.

2.8. Statistical analyses

Experiments were replicated 3 times, and data were
analyzed using analysis of variance followed by Duncan’s
multiple range test at p<0.05, performed in Statistical
Package for the Social Sciences software (version 17.0.0;
IBM, United States).*

3. Results
3.1. Evaluation of seedling growth potential

Randomly selected seeds from the stock were viable and
demonstrated promising germination in plantation trays
with both soil and coco peat as substrates. However, seeds
raised in coco peat exhibited slightly higher germination
performance (80% in soil vs. 100% in coco peat). After
10 days of germination, comparative analysis revealed
that the SVI-I was significantly higher—by approximately
70%—in seeds germinated in coco peat in comparison to
those grown in soil (Figure 2 and Table A2).

3.2. Plant growth parameters

As shown in Figure 3, plants grown under conventional
hydroponics (Set II) exhibited significantly greater shoot
height compared with plants grown in low-cost hydroponics
(SetI) or soil (Set ITI), the latter two showing similar height.
In addition, plants in soil (Set III) required significantly
more time to reach both first flowering and first fruiting
stages than those in the two hydroponic systems (Figure 4).
Likewise, the number of days required for complete fruit
maturation (red-ripe stage) was significantly higher in Set
III compared to Sets I and II (Figure 4).

Fruit traits also differed among systems: Both fruit
weight and total yield per plant were significantly higher
in Sets I and II, while Set III plants displayed a 50-60%
reduction in yield (Figure 5). Overall, Set III consistently
underperformed relative to the hydroponic systems
across all measured parameters. Between Sets I and II,
no significant differences were observed, except for plant
height, which was greater in conventional hydroponics
(Set IT) (Figures 1 and 3; Table A3).

1000 -

800 - b

600 -

400 -

Seedling vigour index-I

200 +

Soil Coco peat

Figure 2. Seedling vigor index-I for soil- versus soilless-grown (coco
peat) seedlings. Data were recorded after 10 days of germination and
are presented as mean + standard deviation. Different letters indicate
statistically significant differences according to Duncans multiple range
test (p<0.05).
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Figure 3. Plant height in the three experimental sets: Set I - low-cost
hydroponics using plastic bottles; Set II - conventional hydroponics; Set
III - soil control. Data were recorded after 140 days of cultivation and
are presented as mean * standard deviation. Different letters indicate
statistically significant differences according to Duncan’s multiple range
test (p<0.05).
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Figure 4. Days required for first flowering, first fruiting, and complete
fruit maturation (red-ripe stage) in the three experimental sets: Set I - low-
cost hydroponics using plastic bottles; Set II - conventional hydroponics;
Set III - soil control. Data are presented as mean + standard deviation.

Different letters indicate statistically significant differences according to
Duncan’s multiple range test (p<0.05).

3.3. Nutritional quality of fruit

Both ascorbic acid and capsaicin contents in mature
harvested fruits were significantly higher in plants grown
under low-cost hydroponics (Set I) and conventional
hydroponics (Set II) compared to soil-grown plants
(Set III). As shown in Figure 6, no significant differences
were observed between Sets I and II in terms of these
nutraceutical parameters (Table A3).

3.4. Physiological response of plants

Leaf peroxide content and MDA levels were two- to
threefold higher in soil-grown plants (Set III) compared
to either hydroponic systems (Sets I and II) (Figure 7).

Conversely, antioxidant enzymatic activities, including
SOD and CAT, were nearly twofold lower in Set III
plants relative to hydroponic plants (Figure 8). Plants
grown under Sets I and II displayed similar physiological
responses to stress (Table A4).

3.5. Association analysis of stress responses with
yield and nutritional quality traits using Kendall’s
tau correlation

Kendall’s T correlation analysis (Figure 9 and Table A5)
revealed several statistically significant associations
between four stress response parameters (H,0,, MDA,
SOD, and CAT) and three agronomic or nutritional
traits (yield, vitamin C content, and capsaicin levels).
For yield, significant positive correlations were observed
with both SOD (1 = 0.77) and CAT (t = 0.737), indicating
that increased antioxidant enzyme activity is strongly
associated with increased yield. Conversely, MDA showed
a significant negative correlation (T = —0.604), suggesting
that lipid peroxidation is inversely related to yield. The
correlation with H O, was weak and not statistically
significant (T = —0.208).

For Vitamin C content, moderate positive correlations
were detected with SOD (T = 0.567) and CAT (1t = 0.476),
indicating that antioxidant enzymes may play a role in
maintaining or enhancing Vitamin C levels. H,O, showed
a significant negative correlation (t = —0.385), suggesting
oxidative stress may reduce Vitamin C accumulation. The
correlation with MDA was weak (T = —-0.206) and not
statistically significant. For capsaicin content, significant
positive correlations were detected with SOD (t = 0.648)
and CAT (t = 0.553). These findings reinforce the pattern
observed with yield and Vitamin C, emphasizing the
protective or enhancing role of antioxidant enzymes in
capsaicin accumulation. Significant negative correlations
with H.O, (t = -0.301) and MDA (t = -0.247) further
indicate that oxidative stress markers may be detrimental
to capsaicin synthesis.

3.6. Feedback analysis from local users

More than 60% of participants provided positive feedback
on the system’s accessibility and cost-effectiveness,
while relatively few reported technical difficulties
(Figure 10 and Table A6). Overall, the feedback supports
the systems practical applicability, affordability, and
potential replicability in resource-limited settings.

4. Discussion

The results of the present study clearly demonstrate the
potential of hydroponic cultivation practices to enhance
plant growth and improve both quality and yield in
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Figure 5. Fruit characteristics in the three experimental sets: (A) average fruit weight; (B) yield per plant. Set I - low-cost hydroponics using plastic bottles;
Set IT - conventional hydroponics; Set III - soil control. Data are presented as mean + standard deviation. Different letters indicate statistically significant

differences according to Duncan’s multiple range test (p<0.05).
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Figure 6. Nutritional quality of fruits in the three experimental sets: (A) Vitamin C (ascorbic acid) content and (B) capsaicin content. Set I - low-cost
hydroponics using plastic bottles; Set IT - conventional hydroponics; Set III - soil control. Data are presented as mean + standard deviation. Different letters
indicate statistically significant differences according to Duncan’s multiple range test (p<0.05).
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Figure 7. Leaf hydrogen peroxide (H,0,) and malondialdehyde contents
in mature, fruit-bearing plants from the three experimental sets: Set
I - low-cost hydroponics using plastic bottles; Set II - conventional
hydroponics; Set III - soil control. Data were recorded after 140 days of
cultivation and are presented as mean + standard deviation. Different
letters indicate statistically significant differences according to Duncan’s
multiple range test (p<0.05).
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Figure 8. Superoxide dismutase and catalase activity in mature, fruit-
bearing plants from the three experimental sets: Set I - low-cost hydroponics
using plastic bottles; Set IT - conventional hydroponics; Set III - soil control.
Data were recorded after 140 days of cultivation and are presented as mean
+ standard deviation. Different letters indicate statistically significant
differences according to Duncan’s multiple range test (p<0.05).

Volume 2 Issue 3 (2025)

doi: 10.36922/EER025250050


https://dx.doi.org/10.36922/EER025250050

Explora: Environment
and Resource

Low-cost hydroponic for chili production

Kendall's
tau correlation
coeficient

10

05

H,0,

.(\Q\b 6\\(\0 ,g'p\éo
g &

Figure 9. Heatmap of Kendall’s tau correlation between oxidative stress
markers (H,0,, MDA), antioxidant enzymes (SOD, CAT), fruit yield, and
nutritional quality traits (vitamin C, capsaicin content). The scale on the
right indicates correlation values, with 1 representing a perfect positive
correlation, —1 a perfect negative correlation, and 0 no correlation. All
values are significant at p<0.05.

Abbreviations: CAT: Catalase; H,0,: Hydrogen peroxide; MDA:

Malondialdehyde; SOD: Superoxide dismutase.
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Figure 10. Participant responses (1-5 scale) regarding accessibility,
technical difficulty, and cost-effectiveness of the low-cost hydroponic
system using plastic bottles

C. annuum while reducing the stress typically experienced
by plants grown in soil. Coco peat proved to be a superior
germination medium in comparison to soil, most likely due
to its higher water-holding capacity. This result is consistent
with previous reports, which highlighted the advantages of
coco peat—including high porosity, water retention, and
moisture content—over soil-based plantation systems.”’

In terms of vegetative growth, plants in the conventional
hydroponic system (Set II) exhibited the greatest
performance. This outcome can be attributed to the aeration
pump, which enhanced dissolved oxygen availability in
the nutrient solution and promoted robust root activity,
thereby supporting improved plant stature.’®** By contrast,
plants in the low-cost bottle-based hydroponic system
(Set I) and soil-grown plants (Set III) exhibited shorter

stature. While this represented a limitation compared to
Set II, the compact growth habit may be advantageous
for indoor and vertical farming, where space is restricted.
Compact plants that maintain high productivity are
desirable in such contexts.” Therefore, the establishment
of this low-cost hydroponic system using recycled plastic
bottles (SetI) represents a promising alternative production
strategy for space-constrained urban farming. It supports
decentralized food production and urban nutritional
security initiatives and can be implemented with minimal
infrastructure investment.

Concerning the fruit and yield characteristics, soil-
grown plants (Set IIT) exhibited significantly poorer
performance compared to plants cultivated under soilless
conditions with hydronic nutrient solutions (Sets I and IT).
This may be attributed to the lower moisture content and
reduced water-holding capacity of soil, which limited
nutrient availability in desiccated conditions and ultimately
compromised productivity.! In contrast, the production
of heavier fruits and higher yields in both hydroponic
systems underscores the important role of efficient water
and nutrient delivery.*” The balanced availability of
essential nutrients also promoted increased biosynthesis
of capsaicin in mature C. annuum fruits, consistent with
earlier reports.”

The compromised growth and yield in soil-grown
plants may be explained by the higher levels of stress
experienced under soil conditions. Elevated peroxide and
MDA levels indicated severe oxidative stress, leading to
cellular damage.** This was further reflected in the rapid
depletion of antioxidant enzymes such as SOD and CAT,
which play a crucial role in mitigating oxidative damage.
Their significantly reduced activities in soil-grown plants
further confirm this mechanism.* The fruits of C. annuum
are highly demanded worldwide and widely used in daily
cooking. The present study demonstrates that the use of
repurposed bottles or other household containers for
hydroponics does not compromise either yield (quantitative
aspect) or nutritional value (qualitative aspect). Therefore,
this approach can be considered a viable and sustainable
option for household-level indoor cultivation, as well as for
large-scale applications under net or polyhouse conditions.

The present study also underscores the pivotal role of
oxidative stress and antioxidant defense in shaping both
plant yield and nutritional quality. Yield showed strong
positive correlations with the antioxidant enzymes SOD
and CAT, indicating that enhanced enzymatic activity
supports greater productivity, likely through the mitigation
of oxidative damage. In contrast, the significant negative
correlation with MDA highlights the detrimental effects
of lipid peroxidation on yield. Although the negative
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correlation with H O, was weak and not statistically
significant, it may suggest limited or threshold-based
oxidative signaling effects. Moreover, both vitamin C and
capsaicin content were positively correlated with SOD
and CAT, reinforcing the idea that antioxidant defense
not only supports plant growth but also enhances the
biosynthesis of nutritionally valuable metabolites. Their
inverse relationships with MDA and H,O, further affirm
the detrimental impact of oxidative stress on metabolic
quality, consistent with earlier studies.***

Previous reports have also demonstrated the successful
use of plastic bottles, beverage containers, and discarded
materials in hydroponic vegetable production, employing
simple, low-cost designs without reliance on electricity
or expensive resources.”>' As traditional agriculture
faces mounting challenges in addressing food security
under climate change, land scarcity, and water shortages,
approaches for climate-resilient urban
agriculture and cultivation in non-productive areas have
gained enormous interest. Such systems are expected to
become major contributors to food supply in urban and
suburban/peri-urban regions in the near future.”

innovative

However, one limitation of traditional passive
hydroponic systems, such as the wick method or the Kratky
method, is that they are primarily suited for leafy greens.”
These systems are less effective for fruiting crops, which
require larger root zones to ensure adequate aeration and
nutrient circulation. By contrast, the results of the present
study demonstrate that hydroponics using plastic bottles
and nutrient solutions achieved yield levels comparable to
those obtained with conventional hydroponics. Therefore,
beyond its advantages of low cost, space efliciency, and
minimal energy requirements, this simple and user-
friendly system is also adaptable for underprivileged
or urban households. The positive feedback and strong
acceptance observed among local communities further
highlight its adaptability and potential scalability in the
future.

5. Conclusion

The present study evaluated the potential of a low-cost,
non-electric, sustainable hydroponic system designed for
indoor environments for the production of C. annuum.
This in-house-built system produced plants with compact,
manageable stature and demonstrated both quantitative
(fruit yield) and qualitative (vitamin C and capsaicin
content) performance comparable to conventional
hydroponics systems that rely on electrical inputs. These
findings highlight the system’s potential as an alternative
production model for peri-urban areas and regions facing
constraints in arable land availability.

The use of repurposed household materials, such as water
and soft drink bottles, not only enhances cost-effectiveness
and user accessibility but also promotes recycling of
disposable items, directly contributing to Sustainable
Developmental Goal (SDG) 12 (responsible consumption
and production). The promising yield performance of this
system, achieved with minimal resource inputs, aligns with
SDG 2 (zero hunger) while also supporting SDG 5 (gender
equality) and SDG 8 (decent work and economic growth)
by providing opportunities for women and marginalized
communities in rural and peri-urban areas. Adoption of
this technique could enhance nutritional security at the
household level while simultaneously strengthening local
economies and promoting gender empowerment. The
system can be recommended for large-scale use by women-
led self-help groups as a means of advancing gender
equality (SDG 5). Overall, this system not only advances
sustainable agricultural practices but also contributes to
sustainable livelihoods (SDG 8) and circular economies
through the use of recycled materials and reliance on
locally available inputs.

Ongoing work is focused on evaluating the scalability
and the long-term durability of plastic bottles in terms of
sustainability. Current experiments include incorporating
rainwater harvesting for nutrient solution preparation and
foliar spraying to address water conservation, as well as
testing a large-scale model using low-cost, locally available
containers such as drums. To mitigate environmental
concerns regarding plastic degradation, biodegradable or
recycled alternatives are also being explored, which will
further enhance the ecological footprint of the system.

A forward-looking, integrated research approach will
be required for large-scale implementation, focusing on
cost-benefit analysis and system scalability. In addition,
assessing the applicability of this model to other vegetable
crops could broaden its relevance. Collectively, these
initiatives could make significant contributions to universal
nutritional security in the face of mounting environmental
challenges and energy constraints.
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Appendix

Table A1. Hydroponic nutrient solution (Hoagland and Arnon')

Nutrient Concentration Amount
Solution 1
KH,PO, 1M 1 cc/L nutrient solution
KNO, 1M 5 cc/L nutrient solution
Ca (NO,), 1M 5 cc/L nutrient solution
MgSO, 1M 2 cc/L nutrient solution
Supplementary solution a 1 cc/L nutrient solution
H,BO, 2.86 g/L water
MnCl,.4H,0 1.81 g/L water
ZnSO,.7H,0 0.22 g/L water
CuS0,.5H,0 0.08 g/L water
H,MoO,.H,0 0.02 g/L water
Supplementary solution b 1 cc/L nutrient solution
Iron tartrate 0.5%

Table A2. Seedling vigor index-I of plants after 10 days of germination in different growing media

Growing medium Seedling vigor index
Soil 509.33 (11.15)*
Coco peat 736.67 (7.13)°

Notes: Data presented as the mean (SD); means followed by the same letters are not significantly different (p<0.05).

Table A3. Plant growth parameters and nutritional quality of fruit

Experimental group Set I Set II Set III
Shoot height (cm) 35.57 (1.94) 45.73 (1.39)° 32.70 (3.50)*
Days required for first flowering 58.65 (2.37)* 58.35(1.43)* 73.65 (3.62)°
Days required for first fruiting 82.35 (1.57)* 82.00 (1.62)* 108.00 (3.16)®
Days required for complete 112.65 (1.66)* 113.65 (1.18)* 134.65 (2.06)°
maturation

Fruit weight (g) 3.16 (0.20)* 3.20 (0.19)* 2.07 (0.25)°
Fruit yield (kg/plant) 1.20 (0.025)* 1.27 (0.017)* 0.66 (0.017)®
Vit. C (mg Ascorbic acid/100 gfw) 109.37 (2.03)* 108.43 (1.79)* 84.86 (1.33)°
Capsaicin (mg/10 gfw) 74.26 (1.75)* 74.50 (1.75)* 55.37 (1.91)°

Notes: Data presented as the mean (SD); means followed by the same letters are not significantly different according to Duncan’s multiple range test
(p<0.05).
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Table A4. Physiological response of plants

Experimental group H,0, content (umol/g™) MDA level (umol/g) SOD (U/g/min) CAT (U/g/min)
Set 1 2.37 (0.079)* 2.80 (0.036)* 43.00 (0.382)* 42.00 (0.034)*
Set IT 2.47 (0.028)* 2.40 (0.032)* 45.00 (0.279)* 43.33 (0.031)*
Set IIT 6.43 (0.019)° 4.60 (0.032)° 24.00 (1.009)° 22.67 (1.456)°

Notes: Data presented as the mean (SD); means followed by the same letters are not significantly different according to Duncan’s multiple range test
(p<0.05).
Abbreviations: CAT: Catalase; H,O,: Hydrogen peroxide; MDA: Malondialdehyde; SOD: Superoxide dismutase.

Table A5. Correlation analysis between yield and nutritional performance (Vitamin C and capsaicin) with stress markers (H,0,,
MDA) and antioxidant enzymes (SOD, CAT)

Parameters Variables Correlation coefficient (1) p-value*
Yield H,0, -0.208 <0.05
MDA -0.604 <0.05
SOD 0.770 <0.05
CAT 0.737 <0.05
Vitamin C H,0, -0.385 <0.05
MDA -0.206 <0.05
SOD 0.567 <0.05
CAT 0.476 <0.05
Capsaicin H,O, —-0.301 <0.05
MDA -0.247 <0.05
SOD 0.648 <0.05
CAT 0.553 <0.05

Note: *p<0.05 indicates significant statistical correlation.
Abbreviations: CAT: Catalase; H,O,: Hydrogen peroxide; MDA: Malondialdehyde; SOD: Superoxide dismutase.

Table A6. Participants’ responses (1=20) on a 1-5 scale regarding accessibility, technical difficulty, and cost-effectiveness of the
low-cost hydroponic system using plastic bottles

Parameter 1 2 3 4 5 Total response
Accessibility 0 0 2 3 15 20
Technical difficulty 12 5 3 0 0 20
Cost-effectiveness 0 0 1 7 12 20

Note: Scale: 1=very low; 5=very high.
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Figure Al. Farmers’ training workshop on the low-cost hydroponics setup at Adamas University, Barasat, West Bengal, India

Reference
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Abstract

Existing literature recognizes the role of indigenous practices in building
resilience to climate change, yet few empirical studies have examined crop- and
location-specific strategies. This research assessed that gap by assessing the
indigenous adaptation practices of sweet potato farmers in Ebonyi State, Nigeria.
Indigenous practices are defined as traditional farming approaches, skills, and
strategies passed down through generations within a specific locality or culture.
Data were collected through a multistage sampling procedure and analyzed
using mean scores, percentages, and probit regression analysis. Results showed
that most sweet potato farmers widely adopted indigenous practices such
as changing planting dates (x score = 3.5), crop rotation (x score = 3.2), mixed
farming (x score = 3.4), and crop diversification (x score = 3.1). The challenges
associated with the utilization of indigenous practices included a lack of real-time
and accurate information (74%), limited knowledge of potentially feasible options
(79%), and competing resource use (87%). Age (p = 0.326) positively influenced
the extent of indigenous practice use, while distance to farm (f = —-0.101), religion
(B = —0.213), and membership in cooperative associations (f = —0.652) had
negative effects. Overall, sweet potato farmers extensively employed indigenous
practices as part of their strategies for adapting to climate change. Christian
organizations and cooperative associations should be encouraged to support the
adoption of these strategies among farmers. Furthermore, the study recommends
that agricultural credits and loans be provided through the national agricultural
bank to help farmers overcome financial constraints in implementing indigenous
climate change adaptation practices.
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1. Introduction

Climate change is a global phenomenon, although its
impacts are not evenly distributed across the world. Its
increasing threats have become a global problem, making
it more difficult to achieve sustainable livelihoods. African
countries, including Nigeria, are contending with the
growing threats of climate change alongside a rising
population. These challenges have resulted in a disturbing
trend of reduced crop yields, soil degradation, decreased soil
moisture, and accelerated desertification.! Grigorieva et al.?
observed that the vulnerability of the agricultural sector is
not assessed solely by the extent of environmental stress,
like changes in climatic variables but also by the capacity
to adjust and recover from the adverse outcomes of such
changes. Although the ability of farmers to adapt and their
degree of vulnerability are associated with environmental
changes, these are also influenced by social factors such as
indigenous practices and land tenure systems.

Indigenous practices are unique to specific cultural
settings, developed through years of experience, ingenuity,
sociocultural norms, belief systems, experimentation, and
close observation of vulnerable natural systems. These
practices represent strategies cultivated over generations,’
often transmitted orally, and have significantly contributed
to solving agricultural challenges, including those related
to climate emergencies. The retention of indigenous
knowledge by rural farmers and its application in farming
activities serves as a reservoir of indigenous practices.*
These practices offer valuable insights that extend
beyond their cultural contexts, informing scientists
and development planners in efforts to improve rural
livelihoods. Farmers are among the households most
severely affected by changes in weather patterns.” Hence,
indigenous practices are actively implemented by experts
in their interactions with the environment.

In agricultural production, indigenous experts have
developed these practices as a form of social capital to
support the survival of vulnerable farmers. Juah and
Nhamo® emphasize that indigenous practices are essential
for initiating successful climate change adaptation research
and implementation in rural farming communities. They
represent a reliable alternative for mitigating the adverse
effects of a worsening climate. In farming, such practices
include managing hazards induced by climate change
through innate wisdom and approaches. However, these
practices are at risk of extinction due to the incursion
of development ideas that often promote unsustainable
expectations of quick solutions to rural farmers’ challenges.”®
Before the emergence of these foreign strategies, rural
farming households relied on indigenous practices as their
primary means of adapting to climate change.

Nigeria’s gross domestic product benefits significantly
from the production of sweet potato, an underappreciated
tuber crop. The cultivation of sweet potato can substantially
support food security and boost the income of rural
households.!* Most farmers in Ebonyi state cultivate sweet
potatoes at both subsistence and commercial levels.!!
A report by Osuji et al'* shows that unexpected climate
fluctuations have restricted the capacity of sweet potato
farmers to scale up production, leading to decreased
output, poor returns, and adverse effects on farmers’
livelihoods. Rising temperatures and altered rainfall cycles
have also affected the sweet potato production value chain.
An increase in temperature distorts the germination
of sweet potato tubers and poses a severe threat to leaf
maturity in sweet potato cultivation. Researchers have
observed notable changes in sweet potato farming practices
in Ebonyi State. These challenges contribute to food
insufficiency and insecurity in the state, as the demand for
sweet potatoes exceeds the available supply.'!

Studies have shown that the socioeconomic
characteristics of farmers affect their adoption of
indigenous practices in agriculture. According to Osuji
et al.,'! understanding the impact of these characteristics
on the implementation of indigenous practices will help
accelerate their adoption in agricultural production.
Shelembe et al.*? and Oparaojiaku et al.”* reported that
gender, age, level of education, and access to agricultural
credit influence the use of indigenous practices among
farmers. Osuji et al.,'"* Oti et al.,'"* and Onyeneke et al.”®
noted that farmers have developed resilience to climate
change over many decades by employing agricultural
risk management approaches. However, these studies
have largely focused on the adoption of innovative
farm practices, without giving adequate attention to
the favorable disposition of farmers toward indigenous
practices. This lack of attention has created a gap in
the literature regarding why many farmers continue to
implement traditional agricultural practices, despite efforts
by governmental and non-governmental organizations to
promote climate-smart agriculture aimed at strengthening
farmers’ adaptive and buffering capacities.

Although there are existing studies related to climate
change and sweet potato cultivation," including factors
affecting the adoption of climate-smart agriculture
by potato farmers' and the sweet potato processing
capabilities of households,” none have assessed the
application of indigenous practices in sweet potato
farming. Ayi and Undiandeye® noted that governmental
and non-governmental initiatives to build climate
change resilience are unlikely to succeed if farmers fail to
incorporate indigenous practices into their adaptation and
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mitigation strategies. While it may be difficult to define
what constitutes a favorable climate change adaptation
among farmers, this study aims to provide insights into
the indigenous practices currently implemented by sweet
potato farmers. Therefore, this study makes a significant
contribution by empirically assessing the application of
indigenous practices for climate change adaptation in
sweet potato production. The findings will help document
the extent to which indigenous practices are utilized as
physical adaptation strategies in sweet potato cultivation.
Specifically, the study:
(i) ascertained respondents’ awareness of climate change
(ii) described sweet potato farmers’ perceptions of climate
change
(iii) analyzed the extent to which farmers use indigenous
practices
(iv) identified the challenges associated with implementing
indigenous practices.

This study hypothesized that a significant relationship
does not exist between respondents’ socioeconomic
characteristics and the extent of their use of indigenous
practices in climate change adaptation.

2. Methodology

Nigerias southeastern region is home to Ebonyi State. The
land area is about 5935 km? and lies between latitudes 5°40’
and 6°45” north and longitudes 7°30” and 8°46’ east. Sweet
potato and rice cultivation are the primary agricultural
activities among farmers in Ebonyi State.® Sweet potato
farmers in the state struggle with climate variability, as
extreme temperatures, pests, diseases, and declining
soil fertility directly affect their crops, which depend on
natural rainfall. In addition to sweet potatoes, farmers
also cultivate yams, oil palm, groundnuts, and cucumbers.
The National Root Crop Research Institute, Umudike—
mandated with research and development targeting root
and tuber crops—has an outstation in Ebonyi state.

Data were collected through an interview schedule
and analyzed using descriptive and inferential statistics.
To validate the data collection instrument, its design was
guided by the researcher’s supervisors and other experts
in agricultural extension, climate change studies, and
rural sociology to ensure both face and content validity.
Instrument reliability was established through the test-
retest technique. The instrument was first administered
to 20 sweet potato farmers in a neighboring state.
A second round of questionnaires was distributed to the
same farmers after four weeks. The scores obtained were
correlated using Pearsons product-moment correlation
coeflicient. The resulting coefficient was 0.8; hence, the
instrument was deemed reliable for the study.

A multistage sampling procedure was employed. The
researchers purposively selected north and south of Ebonyi
due to the concentration of sweet potato cultivation in these
zones. Fifty percentages of agricultural extension blocks
focused on sweet potato cultivation were selected from
each zone—specifically, two blocks from north Ebonyi
and four blocks from central Ebonyi, totaling six blocks,
based on the list of extension blocks. From these, 40% of
agricultural extension circles (from a total of 82 extension
circles) focused on sweet potato cultivation were selected,
resulting in the inclusion of 33 circles. In the final stage,
40% of sweet potato farmers (from a list of 3282 sweet
potato farmers) were selected from each circle, yielding a
total of 132 farmers who participated in the study.

Awareness and perception of climate change, as well as
the challenges in using indigenous practices, were assessed
using a binary scale (“yes” or “no”) and scored accordingly
(1 for “yes” and 0 for “no”). Data on respondents’ extent of
use of indigenous practices were measured using a Likert-
type scale: very great extent = 5, great extent = 4, moderate
extent = 3, low extent = 2, and very low extent = 1. Mean
scores of 3.0 and above represented a high extent, while
scores below 3.0 indicated a low extent. The following
variables were also measured:

X, = Age (years)

X, = Gender (male = 1, female = 0)

X, = Distance to farm (actual kilometers between the
farmer’s residence and farmland)

X, = Access to weather information (yes = 1, no = 0)

X, = Access to credit (yes = 1, no = 0)

X, = Membership in a cooperative association (yes = 1,
no=0)

X, = Extension contacts (number of visits to/by an
extension agent)

X, = Religion (Christian = 1, others = 0).

3. Results and discussion

3.1. Climate change awareness among farmers

Figure 1 indicates that 89% of sweet potato farmers are
aware of climate change. This result suggests that farmers
possess knowledge of the various ways climate change
affects sweet potato production. Climate change awareness
is a critical first step in forming perceptions and adopting
resilient practices. This finding aligns with Oti et al.,**
who reported a high level of climate change awareness
among farmers in rural communities. The percentage
of sweet potato farmers aware of climate change in
this study is higher than in some other locations in the
country. For instance, awareness levels were reported as
52.5% in Edo state'” and 83% in Oyo state.'® Oparaojiaku
et al.”” noted that even where climate change awareness is
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relatively low, farmers in Nigeria have long implemented
indigenous climate adaptation practices, even before the
concept became a widely discussed topic in agricultural
development. Although farmers may not fully understand
all the effects of climate change on their farms, they
leverage their awareness to apply indigenous practices,
thereby contributing to agricultural development.

3.2. Perception of farmers toward climate change

Respondents held varying views on climate change, as
shown in Table 1. Many perceived climate change as an
increase in the intensity of sunshine (92%), temperature
(86%), the occurrence of pests and disease (78%), rainfall
intensity (74%), and the frequency of flooding (67%). In
addition, 79% of the farmers perceived climate change as
a decrease in soil moisture. These findings indicate that
farmers have observed the consequences of climate change
over the years. Reports from the Nigerian Meteorological
Agency show an increase in temperature, rainfall intensity,
and the frequency of flooding in the study area between
2011 and 2021.*° The findings support Onyeneke et al.,"
who noted that Nigerian farmers perceive climate change
in various forms. The respondents’ perception of increased
pest and disease infestation aligns with the observations
of Oti et al.'* Similarly, the heightened perception of rising
temperatures, sunshine intensity, and increased flooding
frequency reflects the alarming impact of these hazards
on sweet potato production. Osuji et al.®* documented that
an increase in temperature alters seed germination and
leads to severe damage to sweet potato leaf development.
Furthermore, it impacts sweet potato storage, contributing
to the rising rate of post-harvest losses. Perception is
an essential prerequisite for enhancing climate change
adaptive capacity. However, Shrestha et al?' reported
that indigenous farmers’ perceptions of climate change

m Not aware

® Aware

Figure 1. Awareness of climate change

may not always align with empirical meteorological data.
Nonetheless, local knowledge and metrological data can
complement each other in developing effective climate
change resilience strategies.

3.3. Extent of indigenous practice application

Table2 presentsthe extent to which farmers utilize indigenous
practices as climate change adaptation strategies. The results
show that respondents changed their planting dates (X = 3.5),
practiced crop rotation (X = 3.2), engaged in mixed farming
(X =3.4), and diversified their crops (x = 3.1). These findings
indicate that sweet potato farmers are employing indigenous
practices to a great extent to ameliorate the harsh effects of
climate change. The result aligns with Ayi and Undiandeye,’
who identified crop rotation, mixed farming, and crop
diversification as the main indigenous adaptation practices
among Nigerian farmers.

Mixed farming enables farmers to generate additional
income, thereby building their buffer capacity against

Table 1. Respondents’ perception of climate change

Variable Increased Decreased No change Do not
(%) (%) (%) know (%)
Temperature 86 17 25 4
Rainfall intensity 74 32 6 20
Sunshine intensity 92 22 10 8
Drought 34 23 3 72
Flooding frequency 67 16 34 15
Soil moisture 23 79 14 16
Incidence of pests 78 12 32 10

and diseases

Table 2. Extent of use of indigenous practice in climate
change adaptation

Practices X SD
Changing planting dates 3.5 1.0
Mixed farming system 3.4 1.1
Crop rotation 3.2 0.8
Crop diversification 3.1 0.9
Manuring 2.6 0.6
Planting of cover crops 2.6 0.6
Use of ashes for on-farm pest control 2.4 0.7
Multiple cropping 2.3 1.2
Raising mounds and ridges 2.1 1.1
Late planting 1.9 0.5
Mulching 1.7 0.8
Fallowing 1.5 0.9
Terracing 1.1 0.6
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crop failure. It also supports the protection of rangeland
and promotes its sustainable use for livestock production,
rather than continuous ploughing, which can lead to soil
compaction.”?

Crop diversification enhances agricultural production
by increasing variety. Thenacho et al” observed that
diversification improves soil productivity, reduces the
incidence of pests and diseases, and contributes to higher
crop yields. This approach offers a more environmentally
friendly and sustainable alternative to the use of agricultural
chemicals.

Farmers in the study area consider adjusting planting
dates crucial, as they rely on natural precipitation for
agricultural production 8. Sweet potato farmers take
advantage of early rains to ensure sufficient moisture for
crop growth and reduce vulnerability to pests and diseases.

Atasie et al.*2 documented that most farmers in the zone
practiced bush fallowing as a climate change adaptation
strategy. However, the low extent of fallow use observed
in this study could be attributed to increasing pressure
on agricultural land caused by population growth and
urbanization. Izuogu et al.* noted that Nigerian farmers face
challenges such as competing land use, limited knowledge,
and land tenure issues that hinder the implementation of
fallow systems. As an indigenous adaptation strategy, late
planting helps farmers avoid extreme weather.”> However,
climate variability has frustrated the effective use of late
planting, as predicting rainfall patterns and duration has
become increasingly difficult.

3.4. Challenges faced by farmers implementing
indigenous adaptation strategies

The main obstacles to effective indigenous climate change
adaptation, as presented in Table 3, include insufficient
access to accurate information (74%), limited knowledge
about viable alternative options (79%), and competing
resource use (87%). These findings align with Juah and
Nhamo,* who reported that insufficient resources and
poverty hinder the use of indigenous climate change
adaptation practices among farmers. For instance, the
inability to strengthen adaptation strategies has led to a
lack of information among rural farmers, leaving many
unaware of viable alternatives.

Sweet potato farmers, however, do not consider the
reliability of indigenous practices to be a major challenge
(27%). These findings contradict Juah and Nhamo,® who
argued that indigenous practices have lost credibility over
time due to their unreliable predictions and inconsistent
outcomes. However, because these practices are passed
down through generations, sweet potato farmers continue
to access, own, and rely on them. This response suggests

that indigenous practices and knowledge systems remain
effective tools for climate change adaptation among sweet
potato farmers. In addition, these systems are easily
accessible to them.

3.5. Factors determining the extent of indigenous
practice utilization by sweet potato farmers

Table 4 reveals that several factors influence the extent
to which farmers utilize indigenous practices. The age
of sweet potato farmers shows a significant positive
relationship (§ = 0.326) with the extent of utilization of
indigenous practices. This indicates that as respondents
advanced in age, they implemented more indigenous
adaptation strategies. These findings agree with Juah
and Nhamo,’ as well as Izuogu et al.,> who reported that
indigenous adaptation practices become increasingly

Table 3. Challenges in implementing indigenous climate
change adaptation strategies

Challenges %
Competing resource use 87
Inadequate knowledge about potentially feasible options 79
Absence of accurate and timely information and technical 74
advisory services

Poor access to adequate information about climate change 68
Shortage of land 66
Unavailability and lack of access to inputs 62
Lack of promotion of indigenous practices 38
Concerns about the reliability of indigenous practices 27

Lack of adequate education on the role of indigenous practicesin 23
climate change adaptation

Table 4. Determinants of the extent of indigenous practice
utilization

Variables Coef. SE z  Prob
Age 0.326*** 0.315 3.461 0.001
Gender 0.421 0.120 2.856 0.085
Distance to the farm —0.101** 0.166 1.459 0.060
Access to weather information 2.454  0.660 0.287 0.658
Use of weather information 1.032  0.111 4.739 0.031
Access to credit 0.112  0.121 7.633 0.006
Extension contacts -0.532 0928 0.125 0.907
Religion —-0.213*** 0.145 0.114 0.004
Membership in a cooperative association —0.652** 0.725 1.813 0.058
Constant 254.7 3175 -0.614 0.685
RrR? 0.567 - - -

Observations 132 - - -

Note: **p<0.05, ***p<0.01.
Abbreviations: Coef.: Coefficient; SE: Standard Error.
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preferred over modern approaches as farmers grow older.
As farmers age, tasks such as carrying a knapsack sprayer
to apply chemicals or handling inorganic fertilizers
become more cumbersome compared to sprinkling ash
or using poultry droppings. Furthermore, the health risks
posed by chemical inputs worsen with age.® Experienced
farmers tend to implement agronomic practices that
promote environmental conservation and sustainable food
production. In contrast, younger farmers are more likely
to adopt innovative practices such as using pesticides to
maximize economic gains, often without fully considering
environmental impacts.

The distance from the farmers’ residence to the farm
(B =-0.101) negatively influenced the extent of indigenous
practice use. Farmers whose farms were located closer to
their homes implemented indigenous practices to a greater
extent than those with farms farther away. Home gardens
are typically more carefully managed and tend to use
fewer inorganic inputs, such as pesticides and herbicides
more than long-distance farms. This is partly due to the
proximity to children and other vulnerable individuals who
may harvest crops directly, increasing the importance of
minimizing chemical use. Rural households also often lack
adequate knowledge of the safe handling and application
of agrochemicals.”?

Religious affiliation of respondents (B = -0.213)
also had a significant negative relationship with the
implementation of indigenous adaptation strategies. The
result suggests that strongly Christian respondents are
more likely to adopt modern climate change adaptation
practices. Traditional beliefs, which promote deeper
ties with cultural norms and values, tend to support
the use of indigenous practices. Consequently, farmers
are more inclined to implement practices that align
with their cultural traditions. Chu et al.** and Ankrah
et al.*® documented that religious beliefs can positively
or negatively moderate participation in traditional
practices. They argued that religion can influence
personal decisions by shaping farmers’ perceptions and
preferences, and that religious institutions can play a
key role in promoting or discouraging the adoption of
indigenous practices.

Membership in an agricultural cooperative association
(B = —0.652) had an inverse relationship with the extent of
indigenous practice use. This finding agrees with Izuogu
et al.,”* who reported that 76% of respondents in farmer
associations adopted innovative adaptation strategies.
Cooperative associations provide access to training and
agricultural information that emphasizes improved
farm practices with higher returns on investment, often
overlooking indigenous methods.”** As a result, members

of these groups are more likely to discontinue the use of
indigenous practices."”

4, Conclusion

This study highlights the essential roles of indigenous
practices in developing climate change resilience among
farmers in Ebonyi State. It also offers valuable insights
into strategies that can be adopted for the efficient and
sustainable management of climate change effects.
Further studies are needed to assess the evolving trends
in the adoption of indigenous practices for climate change
adaptation and mitigation, ensuring that government
interventions address the actual needs of farmers. To
mitigate the effects of climate change, farmers have
extensively adopted several indigenous practices. Age,
distance to farm, religion, and cooperative membership
were significant determinants of the extent to which
sweet potato farmers adopted these practices. Competing
resource use and limited knowledge of potentially feasible
options were among the key challenges affecting the use of
indigenous practices.

Cooperative organizations should encourage the
adoption of indigenous climate change adaptation
strategies by promoting the exchange of information and
local resilience practices. Agricultural extension service
providers should support the integration of indigenous
knowledge with modern scientific adaptation strategies
through training on climate-resilient farm techniques.
Agricultural Development Banks should facilitate the
adoption of indigenous practices by providing agricultural
credits and loans. Access to credit will encourage greater
investment in indigenous climate adaptation practices
and enhance farmers’ capacity for resilience. To support
implementation, agricultural development agencies must
expand channels for farmer education and training on
indigenous climate strategies.
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