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Abstract

The use of biosolids in agriculture enhances soil fertility and organic matter, yet concerns
remain over the accumulation of contaminants of emerging concern in soils and food crops.
Despite increased land application, long-term field-based evidence on the environmental
fate and plant uptake of these compounds is limited. This study hypothesized that pro-
longed biosolid application improves soil carbon and nitrogen without promoting triclosan
(TCS) or sulfamethoxazole (SMX) persistence or uptake under rainfed and rainfed + irri-
gation maize systems. Over a decade and half, a field trial was conducted with biosolids
applied at rates of 0, 4, 8, and 16 t ha−1 yr−1. Soil samples were analyzed for organic
carbon, total nitrogen, pH, electrical conductivity, TCS, and SMX. Maize stem, leaves, and
grain were similarly analyzed for TCS and SMX. Results showed that biosolids significantly
improved soil organic carbon and nitrogen (p ≤ 0.0001), but also increased soil acidification
and salinity. SMX was not detected in either soil or plant tissues at any rate. Although
TCS was absent in soils six months post-application, it was detected in maize shoots and
grains at 8 and 16 t ha−1 yr−1, highest in stems (6.66–8.92 ng g−1) and lowest in grains
(3.25–4.28 ng g−1). Estimated dietary intake was well below health risk thresholds. These
findings support biosolid application ≤ 16 t ha−1 yr−1 as a safe and effective treatment for
improving soil fertility in maize systems. Future research should explore transformation
products, microplastics, and cumulative exposure under varied agroecosystems.
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1. Introduction
Biosolids are treated residues generated from municipal wastewater processing, ob-

tained from sewage sludge through different stabilization techniques, including drying,
chemical treatment, and decomposition. These materials offer several beneficial functions in
agricultural systems, with their primary role being the enhancement of soil organic matter.
Additionally, biosolids contribute essential plant nutrients, thereby improving soil fertility
and promoting sustainable land rehabilitation, particularly in degraded ecosystems [1].
Revitalizing degraded agricultural lands can significantly improve productivity and con-
tribute to poverty alleviation [2]. Utilizing biosolids in farming systems may lower crop
production costs by lessening the dependence on commercial inorganic fertilizers, which
are often unaffordable for smallholder farmers. By acting as an alternative nutrient source,
biosolids improve soil fertility while presenting a cost-effective and sustainable approach
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for nutrient management in resource-constrained farming environments [3]. Nonetheless,
the use of biosolids in agriculture raises concerns regarding human and environmental
health, as they may contain pathogens, microplastics, trace metals, and emerging contami-
nants that can eventually transfer to food crops.

Pharmaceutical substances and personal hygiene products rank among the most
commonly identified categories of contaminants of emerging concern in treated sewage
sludge [4,5]. Within the realm of personal hygiene items, triclosan, an antimicrobial agent
frequently incorporated into everyday goods like toothpaste, antiperspirants, and cleansers,
is often detected at elevated levels relative to other pollutants in biosolids [6]. Among
medicinal compounds, sulfamethoxazole, an antibiotic extensively prescribed for urinary
tract infections in humans, is also one of the most recurrently identified contaminants in
biosolids [7]. The occurrence of both triclosan and sulfamethoxazole in biosolids largely
stems from the incomplete degradation during wastewater treatment processes. Con-
sequently, the agricultural use of biosolids may facilitate their buildup in the soil–plant
continuum, potentially raising ecological and agronomic issues.

Studies have confirmed the presence of both triclosan and sulfamethoxazole in farm-
lands treated with biosolids [8]. As a result, these substances have also been detected in
several crops cultivated in soils amended with biosolids, including radish and carrot [9];
wheat [10]; potato, sweetcorn, and tomato [11]; and cabbage [8], Nevertheless, data re-
main scarce regarding the extent of triclosan and sulfamethoxazole buildup in soil, their
uptake by vegetation, and their distribution across various plant tissues over prolonged
periods of biosolid application. This knowledge is crucial for evaluating the long-term
effects of biosolid utilization in agriculture, particularly concerning potential groundwater
contamination by triclosan and sulfamethoxazole and their transfer within the food web.

Previous investigations into the accumulation of triclosan and sulfamethoxazole in
soils and crops grown in biosolid-amended fields have primarily focused on agricultural
systems with relatively minimal cumulative biosolid application rates. However, compre-
hensive studies examining the persistence and potential ecological hazards of triclosan and
sulfamethoxazole in agricultural soils subjected to continuous biosolid treatments remain
scarce. Existing research has been conducted on soils that (i) received a once-time low
biosolid application [11–13], (ii) experienced a single high biosolid dosage surpassing the
nationally accepted limit [14,15], and (iii) underwent multiple applications (less or equal to
four years) of both high and low biosolid rates [15]. Only limited extended studies, such
as those by [16], provide exceptions. Nonetheless, the study by [16] was performed on
rehabilitated mine spoils, which differ considerably from standard agricultural soils in
their physical, chemical, and biological characteristics, thus limiting the applicability of the
findings to conventional farming conditions.

This research assessed the prolonged effects of biosolid applications on agricultural
soils, emphasizing soil properties, contaminant buildup, and potential health concerns
associated with maize consumption. Specifically, this study investigated (i) the changes
in soil pH, nitrogen, organic carbon, and salinity levels; (ii) the buildup of triclosan and
sulfamethoxazole in the soil plough layer (30 cm); and (iii) the absorption and partitioning
of triclosan and sulfamethoxazole in maize crop, along with associated dietary human
health risk. We hypothesized that, extended biosolid applications would (i) improve soil
organic carbon and total nitrogen levels; (ii) not adversely affect soil productivity due to
salt accumulation, provided pH is managed through liming; (iii) not lead to significant
triclosan and sulfamethoxazole accumulation in the upper 30 cm of soil at concentrations
that could degrade soil quality; and (iv) not result in substantial uptake of triclosan and
sulfamethoxazole by maize plants at levels that raise food safety concerns. The results of
this study offer valuable insights into the behavior of triclosan and sulfamethoxazole in
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biosolid-amended soils and their potential risks in maize-based cropping systems under
both rainfed and rainfed + supplemental irrigation conditions.

2. Material and Methods
2.1. General Description of the Study Area, Soil, and Biosolids

This research was carried out on a long-term field experiment spanning 15 years,
located in the Ekurhuleni district near Johannesburg, South Africa. The experimental site
lies at an elevation of 1577 m above sea level and experiences an average annual rainfall of
around 700 mm, primarily during the summer months. The soil was a Hutton form with a
clay loam texture (loamy, kaolinitic, mesic, Typic Eutrustox) with a pH (2.5:1 soil/water
ratio) of 6.0 to 6.8. The biosolids utilized in the experiment were derived from anaerobically
digested and paddy-dried municipal sludge that was obtained from a nearby wastewater
treatment facility, which treats effluent from residential areas, commercial sectors, and
health-care institutions. For each cropping season, the biosolids were sourced from a
dedicated agricultural storage pile. Prior to their application to the field plots, representa-
tive samples of the biosolids were collected three to seven days beforehand for chemical
characterization. These analyses were conducted to determine the suitability of the material
for land application. A summary of the key chemical properties of the biosolids used is
presented in Table 1.

Table 1. Average concentrations of biosolid chemical characteristics applied throughout the
15-year investigation.

Element/Contaminant Units Average ± Standard Deviation

Total nitrogen [%] 2.5 ± 0.5
Total carbon [%] 20.2 ± 2.1
NO3_N [mg kg−1] 87.9 ± 72.2
NH4_N [mg kg−1] 3751.5 ± 1785.2
K [mg kg−1] 1446.1 ± 942.2
Mg [mg kg−1] 2788.4 ± 1719.5
Ca [mg kg−1] 21,584.9 ± 7182.7
pH (H2O) 6.1 ± 0.9
EC [mS m−1] 1590 ± 670
Zn [mg kg−1] 2478.8 ± 2206.6
As [mg kg−1] 6.2 ± 5.5
Ni [mg kg−1] 83.0 ± 63.9
Cd [mg kg−1] 8.2 ± 8.1
Cu [mg kg−1] 349.3 ± 270.4
Pb [mg kg−1] 55.4 ± 35.7
Cr [mg kg−1] 239.2 ± 197.4
Hg [mg kg−1] 0.8 ± 0.7
Triclosan [ng g−1] 13.7 ± 7.8
Sulfamethoxazole [ng g−1] 58.1 ± 41.3

2.2. Research Layout and Treatments
2.2.1. Layout

The field trial was arranged in a randomized complete block design comprising five
treatments, each replicated four times, and implemented under two cropping systems:
rainfed and rainfed supplemented with irrigation. Each experimental plot measured
5 × 5 m. The experimental setup included five different treatments: three levels of biosolid
amendments applied at 4, 8, and 16 t ha−1; one plot receiving synthetic mineral fertilizer;
and another left untreated as a control. The 8 t ha−1 biosolid application rate reflects the
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historical maximum permitted for agricultural use under the 1997 South African sludge
guidelines, which were subsequently updated to allow up to 10 t ha−1 [17]. Accordingly,
the 16 t ha−1 treatment exceeds the current regulatory limit and was included to assess the
potential impacts of higher-than-permitted application rates.

2.2.2. Treatments

Municipal biosolids were applied annually to the designated treatment plots over a
15-year period, beginning in the 2004/2005 season and continuing through the 2018/2019
season. The biosolids were broadcast over the soil surface and then incorporated into the
top 30 cm of the soil profile using a rotovator. Similarly, plots assigned to the commercial
inorganic fertilizer treatment received annual split applications of fertilizer over the same
15-year period. Fertilizer application rates were determined in accordance with recommen-
dations provided in the South African Fertilizer Handbook, as presented in the Supplementary
Table S1. In the rainfed + irrigation system, soil moisture levels were maintained at field
capacity through supplemental irrigation. Weed control was conducted manually using
hand hoes as needed [18].

2.3. Selection of the Soil Chemical Parameters and Emerging Contaminants
2.3.1. Soil Chemical Parameters

The selection of soil chemical parameters was guided by two primary considerations:
(i) the agronomic benefits associated with biosolid application, such as enhanced soil carbon
and nitrogen sequestration, and (ii) the potential adverse effects, including soil salinization
and acidification. Based on these criteria, the key soil properties analyzed in this study
were total nitrogen, organic carbon, pH, and electrical conductivity.

2.3.2. Emerging Contaminants

This study targeted only two contaminants of emerging concern, triclosan and sul-
famethoxazole, due to their prevalent and persistent detection in biosolids. Triclosan is a
widely used antimicrobial agent commonly incorporated in personal care products. While
sulfamethoxazole is an antibiotic frequently prescribed for urinary tract infections. More-
over, triclosan and sulfamethoxazole are characterized by varying hydrophobicity and
water solubility, exhibiting distinct behaviors within soil–plant systems. The physicochemi-
cal characteristics of these contaminants are detailed in Table 2.

Table 2. Physicochemical properties of the target analytes.

Analytes Molecular Weight [g mol−1] Water Solubility [mg L−1] Log Kow
a pKa b

Triclosan 289.54 10 4.8 7.9
Sulfamethoxazole 253.28 610 0.89 1.6; 5.7

a Octanol–water partitioning coefficient. b Acid-dissociation constant.

2.4. Sampling
2.4.1. Plant Sampling

At the end of the 15th growing season (At physiological maturity), maize plant samples
were collected at harvest from all treatment plots, including the unfertilized control. The
zero-control treatment served to account for potential background influences over the
duration of the trial, independent of fertilizer input and cropping system. Plant material
was harvested approximately 5 cm above the soil surface using a sickle and immediately
placed in a CAMP MASTER™ cooler box (Johannesburg, South Africa) for transport to the
laboratory. Upon arrival, samples were separated into stems, leaves, and grain components,
and thoroughly rinsed with deionized water to remove any surface contaminants. The
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cleaned samples were then freeze-dried, pulverized with an IKA® A 10 basic mill (Staufen,
Germany), and stored at –20 ◦C until further chemical analysis.

2.4.2. Soil Sampling

After the crops were harvested, soils were sampled from the top 0–30 cm depth using
a galvanized steel auger. To eliminate the risk of cross-contamination between plots, the
auger was cleaned with ultrapure water and rinsed with methanol prior to sampling each
new plot. From each plot, approximately six randomly selected soil cores were combined
to form a single composite sample representative of the entire plot. The composite samples
were then divided into two portions: one for general chemical analysis and the other for
the determination of emerging contaminants, specifically triclosan and sulfamethoxazole.
Samples designated for contaminant analysis were dried at ambient temperature, screened
through a 2 mm mesh, and preserved at –20 ◦C. For nutrient and elemental analysis, the
soil was likewise dried to a stable mass, passed through a 2 mm sieve, and subsequently
prepared for testing.

2.5. Extraction and Quantification Methods for Soil Chemical Parameters and
Emerging Contaminants
2.5.1. Soil Chemical Parameters

Soil pH and electrical conductivity were determined on a 1:2.5 soil-to-water suspen-
sion using Consort pH (model C830) (Turnhout, Belgium) and EC (model C861) (Shenzhen,
China) meters, respectively [19]. Total nitrogen was analyzed via dry combustion employ-
ing a Carlo Erba NA1500 carbon/nitrogen analyzer (Carlo Erba Strumentazione, Cornaredo,
Italy) [20]. Soil organic carbon content was quantified using the Walkley–Black method [21].

2.5.2. Emerging Contaminants

The extraction of triclosan and sulfamethoxazole from the soil and plant samples was
carried out using a modified version of previously published protocols [9,22]. In brief, 1 g of
each homogenized soil or plant sample was transferred to a 50 mL centrifuge tube. A 10 mL
mixture of methanol and acetone (1:1, v/v) was added to each tube, followed by agitation on a
platform shaker for 10 min. The samples were then sonicated for 60 min in a water bath using
a Fisher Scientific FS110H sonicator (Monterrey, Mexico). After sonication, the samples were
centrifuged at 3000 rpm for 30 min. The extraction process was repeated three times on the
same sample to ensure removal of all analytes. The supernatants from three extraction rounds
were pooled. The combined extracts were then concentrated to a final volume of 10 mL under
a gentle stream of nitrogen gas. For cleanup, the concentrated extracts were subjected to a
solid-phase extraction using Supelclean™ ENVI™-18 cartridges (Darmstadt, Germany). The
SPE cartridges were preconditioned sequentially with methanol and LC-MS-grade water
prior to use. Extracts were loaded onto the cartridges and eluted with 2 × 5 mL of methanol.
The eluates were further concentrated under nitrogen, reconstituted in 1000 µL of methanol,
vortexed, and stored for subsequent analysis via LC-MS/MS.

2.6. Instrument Analysis and Quality Control Measures
2.6.1. Instrument Analysis

The quantification of the target analytes was conducted using a Shimadzu LC-MS/MS-
8030 triple quadrupole (QqQ) mass spectrometer equipped with an electrospray ionization
(ESI) source in positive and/negative mode (Shimadzu USA Manufacturing Inc., Canby,
OR, USA). The instrument was equipped with a GL Sciences C18 column (2.1 × 150 mm;
3 µm particle size) for chromatographic separation of the target analytes. The column flow
rate was set at 0.3 mL min−1. The mobile phase consisted of a mixture of 20 mM ammonium
acetate in water (mobile phase A) and methanol (mobile phase B). The injection volume
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for the samples, blanks, solvents, and standards was exactly 10 µL and was performed
in duplicate to measure the precision of the instrument. Samples, blanks, solvents, and
standards were subjected to a run time of 4 min. The retention times for triclosan and
sulfamethoxazole were 1.2 and 0.9 min, respectively. Quantification of the two target
analytes was made by multiple reaction monitoring. The multiple reaction monitoring
parameters of the target analytes using the LC-MS/MS instrument are summarized in
Supplementary Table S2.

2.6.2. Quality Control Measures

Five standard solutions ranging from 1 to 100 ng mL−1 were used to obtain calibra-
tion curves for the targeted analytes (Supplementary Table S3). The calibration curves
were constructed using the concentration (x-axis) vs. response (y-axis) (i.e., peak area
of the analyte). The correlation coefficients (R2) of the calibration curves were greater
than 0.99, indicating the validity of the calibration curves for the quantification the target
analytes. Blanks were spiked with known concentrations of the analytes and extracted
in triplicate to determine the percentage recoveries and relative standard deviations. The
percentage recoveries (±relative standard deviation (%)) for triclosan in the soil and plant
parts were 90% (±6%) and 105% (±12%), respectively, indicating that this method is reli-
able and reproducible. Similarly, the percentage recoveries (±relative standard deviation
(%)) for sulfamethoxazole in the soil and plant parts were 85% (±8%) and 99% (±13%),
respectively, indicating that this method is reliable and reproducible. The limits of quan-
tification (LOQs) and limits of detection (LODs) were determined from the calibration
curves as concentrations that give a signal-to-noise (S/N) ratio of 10 and 3, respectively [23].
LODs and LOQs were for triclosan and sulfamethoxazole were 0.83 and 2.76 ng g−1, and
0.28 and 0.97 ng g−1, respectively. At least one method blank was analyzed with every
batch of samples to determine the availability of the target compounds in the blanks. None
of the target compounds was detected in the method blanks. In addition, ultra-LC-MS-
grade methanol, which was used as a mobile phase, was injected after every 10 samples to
check for cross-contamination.

2.7. Statistical Data Analysis

A two-way analysis of variance (ANOVA) was conducted to assess the effects of
treatments and cropping systems, as well as their interactions, on the measured parameters
using SAS software (version 9.0). Where significant differences were identified (p ≤ 0.05),
Student’s t-test was employed for mean separation. Statistical significance was determined
at p ≤ 0.05.

2.8. Human Health Risk Assessment

To assess the potential human health risks linked to the consumption of maize cul-
tivated on biosolid-amended soils, a risk assessment was conducted in accordance with
established methodologies [24]. The evaluation involved estimating the daily intake of the
target compounds—triclosan and sulfamethoxazole—using Equation (1) and comparing
the calculated estimated daily intake values against the accepted daily intake thresholds.

EDI =
C × GI

BW
(1)

where GI = daily maize intake per individual in Sub-Saharan Africa, estimated at
350 g day−1 [25]; EDI = estimated daily intake (µg kg−1 day−1); BW = average body
weight, assumed to be 70 kg for adults and 12 kg for toddlers in South Africa [26]; and
C = maximum average concentration of triclosan or sulfamethoxazole detected in maize
grains (µg g−1).
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To model a worst-case exposure scenario, the highest average concentrations of tri-
closan and sulfamethoxazole measured in maize grains were used. A compound was
considered a potential human health concern if the estimated daily intake exceeded its
respective accepted daily intake value.

3. Results
3.1. Effects of Biosolid Applications on Soil Organic Carbon, pH, Electrical Conductivity, and
Total Nitrogen
3.1.1. Soil pH

Soil pH was significantly affected by both cropping system and biosolid treatment
(Table 3). The effect of cropping system was highly significant (p < 0.0001), with an F-value
of 41.87, indicating that differences in soil pH were strongly influenced by whether the
cropping was under irrigated or rainfed conditions. Similarly, the biosolid treatments
had a very strong influence on soil pH (p < 0.0001; F = 44.32), showing that the type and
amount of amendment applied had a considerable effect on this soil chemical parameter.
The interaction effect of cropping system and biosolid treatments approached statistical
significance (p = 0.0596), suggesting a potential trend of differing biosolid effects under
different cropping systems; however, this interaction was not statistically confirmed at the
conventional 5% significance level. In the control (0 t ha−1) and 4 t ha−1 treatments, both
irrigated and rainfed systems maintained relatively high pH values (above 6.5), with no
significant differences between the two cropping systems (Figure 1). A notable decrease in
soil pH was observed with increasing biosolid application beyond 4 t ha−1. The 16 t ha−1

treatment recorded the lowest pH values, particularly under rainfed conditions, where pH
dropped below 5.0. The 8 t ha−1 treatment showed a moderate decline in pH, significantly
lower than the 0 and 4 t ha−1 treatments but higher than the 16 t ha−1 treatment. The
inorganic fertilizer treatment maintained relatively high pH under irrigation (comparable
to the control) but showed a slight decline under rainfed conditions. These results confirm
that biosolid application rate and irrigation practice influence soil pH, with higher biosolid
rates (8 and 16 t ha−1) associated with soil acidification, particularly in rainfed systems.

Table 3. Analysis of variance summary for soil pH, electrical conductivity, total nitrogen, and
organic carbon.

Source of Variation DF SS MS F-Value Pr > F

Soil pH

Biosolid treatments 4 11.230 2.8075 44.32 <0.0001
Cropping systems 1 2.6523 2.6523 41.87 <0.0001
Biosolid treatment × cropping system 4 0.6462 0.1616 2.55 0.0596

Soil electrical conductivity

Biosolid treatments 4 303,028.4 75,757.1 11.39 <0.0001
Cropping systems 1 7884.9 7884.9 1.19 0.2849
Biosolid treatment × cropping system 4 105,005.7 26,251.4 3.95 0.0109

Soil total nitrogen

Biosolid treatments 4 0.0301 0.0075 32.47 <0.0001
Cropping systems 1 0.0032 0.0032 13.99 0.0008
Biosolid treatment × cropping system 4 0.0007 0.0002 0.76 0.5591

Soil organic carbon

Biosolid treatments 4 0.0301 0.0075 32.47 <0.0001
Cropping systems 1 0.0032 0.0032 13.99 0.0008
Biosolid treatment × cropping system 4 0.0007 0.0002 0.76 0.5591

DF, degrees of freedom; SS, sum of squares; and MS mean of squares.
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Figure 1. Effects of biosolid application rates and cropping systems on (a) soil pH, (b) electrical
conductivity, (c) total soil nitrogen, and (d) soil organic carbon in the upper 30 cm of soil. Bars sharing
similar lowercase letters indicate not significantly different at p ≤ 0.05. Error bars indicate standard
deviations. Data represent the mean of 4 replicates.

3.1.2. Soil Electrical Conductivity

The analysis of variance results showed that biosolid treatment had a highly significant
effect on soil electrical conductivity (p < 0.0001) (Table 3). However, the cropping system
alone did not significantly affect electrical conductivity (p = 0.2849), while the interaction
between cropping system and biosolid treatment was significant (p = 0.0109), indicating
that the response of electrical conductivity to biosolid application varied between irrigated
and rainfed systems. As shown in Figure 1, electrical conductivity increased with higher
biosolid application rates, with notable differences between the irrigated and rainfed con-
ditions. The 16 t ha−1 biosolid treatment under rainfed conditions showed the highest
electrical conductivity (~500 mS m−1), significantly higher than all other treatments. This
peak suggests salt accumulation due to insufficient leaching in the absence of irrigation.
Under irrigation, the electrical conductivity for the 16 t ha−1 treatment was considerably
lower than in the rainfed counterpart but still significantly higher than the control and low
application rates. The 0 t ha−1 control and 4 t ha−1 treatments had the lowest electrical con-
ductivity values under both cropping systems, not differing significantly from each other,
suggesting minimal salinity risk at these levels. Electrical conductivity in the inorganic
fertilizer treatment was moderate under irrigation but dropped significantly under rainfed
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conditions. Overall, electrical conductivity values followed a trend of increasing with
biosolid rate, and irrigation helped moderate electrical conductivity buildup compared to
rainfed plots.

3.1.3. Soil Total Nitrogen

According to the analysis of variance results, cropping system and biosolid treatment
both had a highly significant effect on soil total nitrogen content (p = 0.0008 and p < 0.0001,
respectively; Table 3). In contrast, the interaction between cropping system and biosolid
treatment was not statistically significant (p = 0.5591), indicating that biosolid effects on
total nitrogen were consistent across both irrigated and rainfed systems. Irrigated plots
consistently showed higher total nitrogen levels compared to rainfed plots, across all
biosolid treatments (Figure 1). Total soil nitrogen was significantly enhanced by both
irrigation and biosolid application. The greatest improvement was observed at 8 to t ha−1

biosolid rates, regardless of the cropping system. Statistically, 8 t ha−1 and 16 t ha−1

treatments had significantly higher total nitrogen than the control (0 t ha−1) and the
inorganic fertilizer treatment. These findings highlight the beneficial role of biosolids in
enhancing soil fertility, particularly in combination with irrigation.

3.1.4. Soil Organic Carbon

The analysis of variance revealed that both the cropping system and biosolid treatment
had statistically significant effects on soil organic carbon content (Table 3). Specifically,
biosolid treatments showed a highly significant impact on soil organic carbon (p < 0.0001),
indicating that different biosolid application rates substantially influenced soil organic
carbon levels. Similarly, the cropping system significantly affected soil organic carbon
(p = 0.0018), suggesting that soil management under rainfed versus rainfed + irrigation
systems resulted in differing soil organic carbon contents. However, the interaction effect
between cropping system and biosolid treatment on soil organic carbon was not statistically
significant (p = 0.1081), indicating that the influence of biosolid treatments on soil organic
carbon was consistent across both cropping systems. These results demonstrate that
biosolid application is a primary driver of soil organic carbon variation, with cropping
system also playing a role, but without significant interaction between the two factors.
Following biosolid applications over a decade and a half, soil organic carbon increased
progressively with biosolid application rate, reaching the highest value at 16 t ha−1 under
irrigation (1.89%), which was significantly greater than all other treatments (denoted by “a”;
Figure 1). The lowest soil organic carbon was recorded in the untreated control (0 t ha−1)
under rainfed conditions (1.20%). Under both cropping systems, biosolid application at
8 and 16 t ha−1 consistently resulted in higher soil organic carbon levels than the 0 and
4 t ha−1 rates, as well as the inorganic fertilizer treatment. The inorganic fertilizer treatment
yielded intermediate soil organic carbon values that were significantly lower than the
8 and 16 t ha−1 biosolid treatments but generally higher than the untreated control.

Across all treatments, irrigated plots exhibited slightly higher soil organic carbon than
rainfed plots, confirming the significant main effect of cropping system. However, the
absence of a significant cropping system × biosolid treatments’ interaction (p = 0.1081)
suggests that the effect of biosolid application on soil organic carbon was consistent across
irrigation regimes.

3.2. Presence of Triclosan and Sulfamethoxazole in the Soil

Triclosan and sulfamethoxazole concentrations in the upper 30 cm soil layer were
below the respective detection limits of 0.80 ng g−1 and 0.28 ng g−1 dry weight across all
biosolid treatments and cropping systems. This indicates that long-term application of
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biosolids, under both rainfed and rainfed + irrigation conditions, did not result in detectable
accumulation of triclosan or sulfamethoxazole in the topsoil.

3.3. Presence of Triclosan and Sulfamethoxazole in the Maize Plant

Triclosan was detected in maize stems, leaves, and grains, but only in treatments
receiving the two highest biosolid application rates (8 and 16 t ha−1) and the inorganic
fertilizer treatment under irrigation.

No triclosan was detected in plant tissues from the control (0 t ha−1) or the 4 t ha−1

biosolid treatments. Similarly, sulfamethoxazole was not detected in any maize tis-
sue (stems, leaves, or grains), regardless of the biosolid application rate or cropping
system. This suggests minimal-to-no uptake of sulfamethoxazole by maize under the
experimental conditions.

3.3.1. Triclosan Concentration in Maize Stems

According to the analysis of variance (Table 4), the cropping system had a statistically
significant effect on triclosan concentration in maize stems (F = 9.32, p = 0.0081), while
neither the biosolid treatment (p = 0.0798) nor the interaction between cropping system and
biosolid treatment (p = 0.2617) was significant.

Table 4. Analysis of variance summary for triclosan concentrations in maize stems, leaves, and grains.

Source of Variation DF SS MS F Pr > F

Leaves

Biosolid treatment 2 24.15 12.08 26.04 <0.0001
Cropping system 1 27.75 27.75 59.85 <0.0001
Biosolid treatment × cropping system 1 2.14 2.14 4.61 0.0485

Stems

Biosolid treatment 2 34.44 172,183.52 34.97 0.0798
Cropping system 1 53.36 533,613.70 9.32 0.0081
Biosolid treatment × cropping system 1 7.79 7.79 2.08 0.2617

Grains

Biosolid treatment 1 0.39 0.39 0.94 0.3524
Cropping system 1 2.02 2.02 4.81 0.0487
Biosolid treatment × cropping system 1 0.0 0.0 0.0 0.9815

DF, degrees of freedom; SS, sum of squares; and MS, mean of squares.

As shown in Figure 2a, under the rainfed + irrigation system, triclosan concentrations
in stems peaked at 8 t ha−1 (approx. 9.2 ng g−1), followed closely by 16 t ha−1. No
significant difference was observed between these two application rates within the same
cropping system. Under rainfed conditions, triclosan concentrations were significantly
lower, particularly at 8 t ha−1, where concentrations were approximately half of those in
the irrigated system. Triclosan was not detected in stem samples from the control, 4 t ha−1

biosolid, or rainfed inorganic fertilizer treatments.
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Figure 2. Accumulation of triclosan in maize stem (a), leaves (b), and grain (c), as influenced by
cropping system and biosolid application rate. Bars sharing similar lowercase letters indicate not
significantly different at p ≤ 0.05. Error bars indicate standard deviations. Data represent the mean of
4 replicates. n.d. means “not detected”.

3.3.2. Triclosan Concentration in Maize Leaves

Triclosan concentrations in maize leaves were significantly affected by biosolid treat-
ment (p < 0.0001), cropping system (p < 0.0001), and their interaction (p = 0.0485), as shown
in Table 4. Figure 2b illustrates that the highest triclosan concentration in maize leaves was
found under the 8 t ha−1 biosolid treatment with rainfed + irrigation (approx. 8.90 ng g−1),
followed by 16 t ha−1 under the same system. Triclosan concentrations declined signif-
icantly as biosolid application increased from 8 to 16 t ha−1. Across all biosolid rates,
triclosan concentrations in leaves were higher in irrigated treatments than in rainfed sys-
tems. Triclosan was undetectable in leaves from the control, 4 t ha−1 biosolid, and rainfed
inorganic fertilizer treatments.

3.3.3. Triclosan Concentration in Maize Grains

Triclosan concentrations in maize grains were only detected in treatments receiving
8 and 16 t ha−1 biosolid applications. Triclosan was below detection limits in the control
(0 t ha−1), 4 t ha−1, and inorganic fertilizer treatments, regardless of cropping system. The
analysis of variance results (Table 4) indicated that the cropping system had a statistically
significant effect on grain triclosan concentration (p = 0.0487), while the biosolid treatment
(p = 0.3524) and the interaction between cropping system and biosolid treatment (p = 0.9815)
were not significant. As shown in Figure 2c, under irrigated conditions, grain triclosan

https://doi.org/10.3390/su18031618

https://doi.org/10.3390/su18031618


Sustainability 2026, 18, 1618 12 of 22

concentrations reached approximately 4.4 ng g−1 at 16 t ha−1 and 4.0 ng g−1 at 8 t ha−1.
Under rainfed conditions, concentrations were slightly lower, with a significant drop
observed at 8 t ha−1 (approx. 3.3 ng g−1), as indicated by the statistical grouping (letters
“a” and “b”). No significant difference was found between 8 and 16 t ha−1 under either
irrigation regime, though irrigated treatments consistently showed numerically higher
triclosan accumulation.

4. Discussion
4.1. Effects of Biosolid Applications on Soil Organic Carbon, pH, Electrical Conductivity, and
Total Nitrogen
4.1.1. Soil pH

A decline in soil pH is a well-documented effect of biosolid application in agricultural
soils [27]. This decrease is primarily attributed to the release of organic acids during organic
matter decomposition and the proton (2H+) release that accompanies the nitrification of
ammonium (NH4+) derived from biosolids [28,29]. Similar acidifying effects have also been
observed with the use of conventional ammonium-based nitrogen fertilizers due to the
same microbial nitrification process. In the present study, biosolid application significantly
reduced soil pH, with a more pronounced decline observed at higher application rates
under both rainfed and rainfed + irrigation maize cropping systems. These findings align
with previous reports [27] and can be attributed to the cumulative effects of organic acids
release during decomposition [27,29], and proton release during NH4+ nitrification [28].

Additionally, irrigation influenced soil pH in this study. Generally, irrigated soils
exhibited higher pH values than rainfed soils, due to the presence of alkaline salts in
irrigation water that elevate soil alkalinity upon deposition [30]. This trend was confirmed
in our results, where the rainfed + irrigation system exhibited significantly higher soil pH
(p < 0.0001) across treatments. This difference may also be linked to enhanced biomass
production in irrigated plots [31], which increases the return of plant residues [32], rich in
base-forming cation (e.g., Ca2+, Mg2+, and K+) [33]. Upon decomposition, these cations
contribute to neutralizing acidity. Furthermore, higher biomass also results in greater
nitrogen cycling via ammonification, leading to NH4+ accumulation, which in certain soil
types can act as a short-term pH buffer before nitrification sets in [33]. These findings
suggest that long-term biosolid application, especially without liming, may lead to soil
acidification, similar to commercial inorganic nitrogen fertilizers. This progressive acid-
ification can increase the bioavailability of toxic metals such as cadmium and lead, alter
nutrient-availability patterns, and impair plant nutrient uptake efficiency [34], negatively
affecting overall crop yield [35]. To sustain agricultural productivity and minimize envi-
ronmental risks, integrating biosolid application with appropriate liming strategies and
irrigation management is essential. Regular soil pH monitoring, combined with site-specific
agronomic planning, will help maintain soil health, improve nutrient use efficiency, and
support long-term sustainability [36].

4.1.2. Soil Electrical Conductivity

An increase in soil electrical conductivity with higher biosolid application rates is a
widely reported phenomenon in agricultural systems [27]. This increase is primarily due to
the direct addition of soluble salts from biosolids [37], which are typically rich in electrolytes
such as sodium, potassium, calcium, chloride, and sulphate. In the present study, a
statistically significant rise in soil electrical conductivity was observed with increasing
biosolid application rates under both rainfed and rainfed + irrigation maize cropping
systems. This trend is consistent with prior findings and can be attributed to the high
salt content in biosolids used in this trial, which had an average electrical conductivity
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of approximately 1600 mS m−1 (Table 1). The interaction between cropping systems and
biosolid rate was also significant, suggesting that the effect of biosolid application on
electrical conductivity varied between rainfed and irrigated conditions. This may be
due to differences in water movement and leaching potential, which are influenced by
irrigation. In irrigated plots, partial leaching of salts may occur, especially under higher
water availability, slightly moderating electrical conductivity levels relative to rainfed
conditions where salts can accumulate more easily in the root zone.

Elevated soil salinity can negatively affect plant growth and reduce yield [38]. High
electrical conductivity levels reduce the osmotic potential of the soil solution, making it
more difficult for plants to extract water. This osmotic stress can lead to reduced transpira-
tion, impaired nutrient uptake, and stunted growth [39]. Moreover, excessive salinity can
alter the structure and function of soil microbial community [40,41], leading to declines in
microbial biomass, enzymatic activity, and nutrient cycling efficiency, further compromising
soil fertility and crop productivity. Despite the observed increase in electrical conductivity,
values in this study remained well below the salinity thresholds of most commonly grown
crops, which range between 1.0 and 2.5 mS m−1 [41]. Nevertheless, continuous moni-
toring of soil salinity is warranted. To mitigate the risk of salt buildup, especially under
high biosolid loading rates or limited leaching conditions, best management practices
such as deep irrigation (leaching fraction management) [40], biosolid rate moderation,
and salt-sensitive crop selection should be implemented. These findings underscore the
importance of balancing biosolid application rates with appropriate irrigation and soil
monitoring strategies to sustain productivity while avoiding adverse impacts on soil health
and crop performance.

4.1.3. Soil Total Nitrogen

Biosolid application is widely recognized for its capacity to enhance total nitrogen
levels in agricultural soils [37]. This enhancement stems from two primary sources: the
direct nitrogen input from the biosolids themselves [37] and the indirect contribution
through nitrogen-rich plant biomass, particularly root residues, that accumulate and de-
compose on biosolid-amended soils [42]. In the present study, a significant increase in total
nitrogen was observed with increasing biosolid application rates under both rainfed and
rainfed + irrigation maize cropping systems. This trend is consistent with earlier findings
that demonstrate a linear relationship between biosolid loading rates and nitrogen availabil-
ity in soils [37]. The elevated total nitrogen content is likely due to both immediate nutrient
inputs from the biosolid and the plant residue decomposition, primarily from root biomass
contributing to the soil nitrogen pool. This reinforces the established understanding that
returning plant residues to the soil is a key mechanism for maintaining or enhancing soil
nitrogen levels [42]. The cropping system also had a statistically significant effect on soil
total nitrogen, with higher total nitrogen levels recorded in the rainfed + irrigation plots
compared to rainfed plots. This is in agreement with [31], who reported that supplemental
irrigation under water-limited conditions increases biomass and nitrogen content in grain
crops. In this study, higher biomass under the rainfed + irrigation system likely resulted in
more extensive root networks and greater nitrogen deposition through residue decomposi-
tion, thus contributing to the observed total nitrogen enrichment. Nitrogen plays a pivotal
role in crop development, as it is central to chlorophyll formation and is a core component
of amino acids, proteins, and nucleic acids [43]. Adequate nitrogen availability is also linked
to increased photosynthetic efficiency via enhancements in leaf area index and chlorophyll
content [44]. Therefore, the higher total nitrogen content in biosolid-treated plots not
only reflects improved soil fertility but also supports the physiological and biochemical
processes essential for optimal crop growth.
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Recent studies reinforce the agronomic benefits of biosolids for nitrogen management.
For instance, ref. [45] reported that biosolid application based on crop and site specificity
produced comparable maize yield to commercial inorganic fertilizers while maintaining
similar nitrate leaching levels below the root zone. Taken together, the findings from
this study and the recent literature confirm that biosolids serve a dual role in nitrogen
management: they act as a direct nutrient source while also stimulating plant productivity,
which leads to further nitrogen cycling and accumulation in the soil via root biomass and
residual organic matter. This positions biosolids as an effective, sustainable strategy for
enhancing soil nitrogen status, crop productivity, and long-term soil fertility.

4.1.4. Soil Organic Carbon

An increase in soil organic carbon with higher biosolid application rates is a well-
documented trend in agricultural systems [46,47]. This increase is primarily due to the direct
addition of organic carbon from biosolids [47] and the enhanced plant biomass production,
which contributes to soil organic carbon through litter and root decomposition [42]. Con-
sistent with previous findings, the current study observed a significant rise in soil organic
carbon as the biosolid application rate increased in both cropping systems. This increase
can be attributed to the combined effects of direct organic carbon input from biosolids [47]
and the greater accumulation of aboveground and root biomass, which enriches soil organic
matter through decomposition [42]. Interestingly, soil organic carbon levels were higher in
the rainfed + irrigation system compared to the rainfed. This difference is likely due to the
greater above- and belowground biomass in the rainfed + irrigation system compared to
the rainfed [31], which enhances organic matter inputs.

The results reinforce the role of biosolid application in carbon sequestration [48,49],
making it an effective strategy for mitigating greenhouse gas emissions in agricultural
landscapes. Beyond carbon sequestration, biosolids improve soil physical and chemical
properties [37], enhancing nutrient and water retention. Thus, the use of biosolids in
agriculture not only supports climate change mitigation through carbon storage but also
contributes to improved soil health and productivity, and ultimately crop production.

4.2. Presence of Triclosan and Sulfamethoxazole in the Soil

Despite a decade and a half of biosolid applications, triclosan was not detected in
the upper 30 cm of soil under both rainfed and irrigated maize cropping systems. This
finding is consistent with previous studies reporting undetectable triclosan levels in field
soils amended with municipal biosolids at moderate application rates (7–8 t ha−1 yr−1)
over multiple years [50,51]. The lack of accumulation may be attributed to microbial
degradation, photolysis, and sorption processes that reduce triclosan persistence in soil.
Reported triclosan half-lives in biosolid-amended soils range between 43 and 107 days,
depending on environmental conditions [52,53].

Conversely, detectable triclosan concentrations have been reported in soils receiv-
ing higher biosolid loads (>20 t ha−1) or biosolids with elevated triclosan content
(>10,000 ng g−1) [14,54]. For instance, ref. [14] recorded triclosan levels of 98 ng g−1 six
months after application at 22 t ha−1, while ref. [54] observed median concentrations of
1.5 ng g−1 four years post-application. These comparatively low levels, relative to initial
biosolid triclosan concentrations, underscore the roles of environmental dissipation and
sorption. The absence of detectable triclosan in the current study implies that biosolids of
similar quality could be applied at rates up to 16 t ha−1 yr−1 without posing long-term
triclosan accumulation risks under similar agro-environmental conditions. However, the
potential ecotoxicological effects of even low triclosan residues—including disruptions to
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microbial respiration and nitrogen cycling [55]—highlight the need for ongoing monitoring
and risk assessment.

Sulfamethoxazole, an antibiotic commonly detected in biosolids, was also undetectable
in the 0–30 cm soil layer despite long-term applications. This contrasts with findings by [8],
who observed sulfamethoxazole levels of 67.4 ng g−1 in greenhouse studies 71 days post-
application at 8 t ha−1. The discrepancy likely stems from differences in experimental
design and sampling intervals. The current field study, with a 210-day post-application
sampling timeline, allowed more time for sulfamethoxazole degradation via photolysis,
microbial activity, and leaching.

Given sulfamethoxazole’s high-water solubility and relatively low sorption affinity
(Log Kow ≈ 0.89), its rapid downward mobility could account for the absence of detectable
levels in the surface soil [56,57]. While this suggests limited environmental persistence in
the upper soil profile under the current management regime, it also raises the possibility of
subsurface transport, which was not assessed in this study.

4.3. Presence of Triclosan and Sulfamethoxazole in the Maize Plant

The detection of triclosan in maize tissues confirms the compound’s uptake from
biosolid-amended soils, consistent with earlier studies [8,11]. Uptake mechanisms involve
triclosan partitioning to soil particles, followed by adsorption to root lipid membranes,
translocation via xylem flow, and accumulation in aboveground biomass [58].

Limited research has been conducted on the uptake of sulfamethoxazole by plants from
biosolid-amended soils. Most studies have focused on sulfamethoxazole uptake from re-
claimed wastewater-irrigated soils [56], soils irrigated with sulfamethoxazole-contaminated
or fortified water [57], and sulfamethoxazole-spiked soils [59]. A few studies, such as that
by [8], have explored sulfamethoxazole uptake from biosolid-amended soils. In their study,
cabbage plants were grown in soils amended with a single application of 8 t ha−1 biosolids,
and sulfamethoxazole was detected only in the roots of a single plant.

In contrast, the present study found that sulfamethoxazole concentrations in maize
plants grown in biosolid-amended soils were below the limit of detection in both cropping
systems. While this result differs from that of [8], their study similarly reported low sul-
famethoxazole uptake, with sulfamethoxazole detected exclusively in the roots and not
in the aerial parts of the plants, a finding consistent with the current study. Compared to
triclosan, sulfamethoxazole exhibits much higher water solubility (approx. 61-fold; Table 2)
and low sorption to soil organic matter, resulting in low retention, high mobility, and po-
tential leaching in soils. Additionally, soil pH in biosolid-amended soils ranged from 4.8 to
6.6 (Figure 1), which is generally above the acid dissociation constants of sulfamethoxazole
(pKa1 ≈ 1.6 and pKa2 ≈ 5.7; Table 2). This indicates that sulfamethoxazole predominantly
exists in its anionic form, which is highly mobile in soil, poorly sorbed to organic matter,
and exhibits reduced passive diffusion across root membranes, thereby limiting accumula-
tion in plant tissues. However, since the current study assessed sulfamethoxazole levels
only in the top 30 cm of the soil layer, conclusions about sulfamethoxazole leaching cannot
be drawn from these results.

Even when sulfamethoxazole is present in the soil solution, plant uptake is often
restricted by physiological and biochemical barriers. Sulfamethoxazole is preferentially
retained in root tissues and rarely translocated to aerial parts of the plant due to limited
xylem mobility and active efflux mechanisms [60]. Collectively, the findings of this study
are supported by a growing body of literature indicating that sulfamethoxazole has low
potential for plant uptake from biosolid-amended soils, especially in field conditions. The
non-detection of sulfamethoxazole in maize tissues across both cropping systems suggests
that risks of sulfamethoxazole accumulation in edible plant parts are minimal under
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typical agricultural practices. Nonetheless, further studies are needed to assess the long-
term behavior of sulfamethoxazole and its transformation products in biosolid-amended
systems, particularly under varying environmental and management conditions.

4.3.1. Triclosan Concentration in Maize Stems

Soil water availability is a critical factor influencing the mobility and bioavailability of
triclosan in the rhizosphere, and hence its uptake and accumulation in aboveground plant
tissues. In the present study, significantly higher triclosan concentrations were observed in
maize stems under the rainfed + irrigation system compared to purely rainfed conditions.
These findings are consistent with prior reports that supplemental irrigation enhances the
solubility and diffusion of hydrophobic organic compounds like triclosan, facilitating their
uptake by plant roots and translocation to shoots [61,62].

The stem serves as a primary conduit for the translocation of xylem-mobile com-
pounds. Once absorbed, triclosan moves from the root to aerial parts via the transpiration
stream, with stems acting as major repositories due to their role in water transport and
storage. Studies by [60] demonstrated that stem tissues of several plant species, including
tomato, cucumber, and lettuce, exhibited higher triclosan accumulation than leaves or
fruits, particularly under irrigation or high-moisture conditions, which enhance mass flow
and uptake efficiency.

The lipophilic nature of triclosan (Log Kow ≈ 4.8) facilitates its adsorption onto lipid-
rich xylem parenchyma and vascular bundles, particularly in stem tissues with limited
metabolic degradation capacity. Interestingly, in our study, triclosan was also detected in
maize stems and leaves from inorganic fertilizer treatments under irrigation, but not under
rainfed conditions. This observation can likely be explained by a combination of factors,
including the irrigation water as a potential source, the ionic form of triclosan influenced
by soil pH, and its sorption behavior modulated by soil organic carbon.

Under irrigation, elevated soil pH in the inorganic fertilizer treatment (Figure 1) likely
shifted triclosan (pKa ≈ 7.9) toward its anionic form, which is less strongly sorbed to
mineral surfaces and soil organic matter than the neutral species. This increases its con-
centration in soil pore water, enhancing root uptake via mass flow and transpiration [9].
In contrast, soils amended with 4 t ha−1 biosolids exhibited slightly lower pH and higher
organic carbon content (Figure 1), which strongly sorbs triclosan and buffers pH effects,
thereby reducing freely dissolved triclosan and its bioavailability [9]. The irrigated control
lacked both the chemical mobilization induced by fertilizer salts and the enhanced plant up-
take driven by greater biomass, resulting in triclosan concentrations below detection limits.

Overall, these findings highlight stems and leaves as key compartments for monitoring
triclosan accumulation in biosolid-impacted cropping systems. Given that stem and leave
biomass is frequently used as animal fodder, the potential for triclosan transfer into the
food chain warrants careful risk evaluation and underscores the importance of considering
water management practices in biosolid reuse strategies.

4.3.2. Triclosan Concentration in Maize Leaves

Triclosan accumulation in plant leaves is primarily governed by its uptake via roots,
followed by translocation through the xylem under transpiration-driven bulk flow. In this
study, triclosan concentrations in maize leaves increased significantly (p ≤ 0.05) under
rainfed + irrigation conditions compared to purely rainfed systems, consistent with the
patterns observed in stems and grains. This outcome supports previous findings that
irrigation improves the bioavailability and transport of hydrophobic organic compounds
like triclosan in the soil–plant system [61,62].
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Triclosan mobility from roots to leaves is highly dependent on its solubility, partition
coefficient (Log Kow ≈ 4.8), and affinity for plant lipid membranes. Its moderate hydropho-
bicity allows it to not only bind to root surfaces but also enter the xylem stream for upward
transport [60]. Once in the xylem, triclosan is preferentially deposited in tissues with
high transpiration rates—primarily leaves—due to evaporative water loss. However, our
study found a significant decline in triclosan concentrations in maize leaves when biosolid
application rates increased from 8 to 16 t ha−1 yr−1 under rainfed + irrigation conditions.
This inverse relationship aligns with findings by [63], who observed reduced leaf tissue
accumulation of triclosan at higher organic matter levels due to enhanced sorption and
microbial degradation in the rhizosphere. Elevated organic matter not only reduces the
bioavailable fraction of triclosan through strong adsorption but also enhances microbial
communities capable of biodegrading pharmaceuticals and personal care products.

Collectively, these findings emphasize that both environmental conditions (e.g., irri-
gation and organic matter content) and plant physiological processes (e.g., transpiration
rate, metabolism, and biomass accumulation) influence triclosan distribution in maize
leaves. The role of irrigation is particularly critical in agroecosystems using biosolids, as
it enhances solubility and upward translocation of triclosan, thereby increasing potential
exposure in edible or exposed foliage.

4.3.3. Triclosan Concentration in Maize Grains

Consistent with patterns observed in maize stems and leaves, triclosan concentrations
in maize grains were influenced by water availability, with significantly higher levels
detected under the rainfed + irrigation system compared to the rainfed system. This
trend aligns with findings by [62], who noted that supplemental irrigation enhanced
triclosan bioavailability and plant uptake through increased solubility and improved
mass flow dynamics. Despite this, triclosan concentrations in maize grains remained
substantially lower than those in stems and leaves. This is consistent with the existing
literature indicating limited translocation of triclosan into reproductive tissues due to its
physicochemical properties—particularly its moderate hydrophobicity (Log Kow ≈ 4.8),
which restricts systemic movement within plant vasculature.

Similarly, ref. [60] also documented significantly lower triclosan concentrations in rice
grains than in leaves and stems after biosolid application, attributing this to physiological
barriers such as limited phloem loading and in-plant metabolic transformation.

The observed differences in grain triclosan concentrations among biosolid treat-
ments—particularly the lower values under the rainfed 8 t ha−1 application compared to
the rainfed + irrigation 16 t ha−1 treatment—may reflect variations in transpiration-driven
uptake, soil organic matter content, and in-plant metabolism. Additionally, microbial
degradation in the rhizosphere and plant-specific physiological traits may further modulate
triclosan translocation efficiency [60]. Notably, while the highest grain triclosan concentra-
tions were recorded under the irrigated 16 t ha−1 biosolid treatment, they remained lower
than those in vegetative tissues. Nevertheless, the detection of triclosan in maize grains,
even at low levels, raises concerns about long-term dietary exposure, particularly with
repeated biosolid applications. While the current levels are unlikely to pose immediate
health risks, cumulative exposure and potential mixture effects with other contaminants
necessitate further investigation, as emphasized by [64] in their review of pharmaceutical
and personal care product dynamics in agroecosystems.

4.4. Human Health Risk Assessment

To evaluate potential human exposure to triclosan through maize consumption, estimated
daily intake values were calculated using the highest recorded average triclosan concentration
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in maize grain from the present study (4.4 ng g−1, or 0.0044 µg g−1; Figure 2c). Following
Equation (1), the resulting estimated daily intake values were 0.021 µg kg−1 day−1 for adults
and 0.13 µg kg−1 day−1 for toddlers. These exposure estimates remain well below the
established acceptable daily intake for triclosan, which is 83 µg kg−1 day−1 [24], indicating a
low likelihood of health risks under the studied conditions.

These findings align with previous studies that have assessed triclosan accumulation
in edible crops. For example, ref. [65] reported similarly low estimated daily intake values
for triclosan in edible plant tissues cultivated and irrigated with reclaimed wastewater.
Importantly, the current estimated daily intake values were derived from raw (uncooked)
maize grains. Thermal processing, including boiling, steaming, and baking, has been
shown to significantly reduce triclosan concentrations in food matrices due to thermal
degradation and volatilization. Therefore, actual dietary exposure is likely to be even lower
than reported, reinforcing the minimal risk profile associated with maize consumption
from biosolid-amended soils.

Nevertheless, the present findings are specific to a long-term field experiment involv-
ing a single biosolid type applied to a sandy loam soil within a defined agro-ecological
zone. The composition of biosolids, soil physicochemical properties, climatic conditions,
and crop management practices all influence the fate, transport, and plant uptake of tri-
closan. Biosolids from different wastewater treatment plants may vary widely in their
contaminant profiles, organic matter content, and stabilization status, all of which can affect
triclosan availability for plant uptake. Similarly, soil organic carbon content and pH have
been shown to significantly influence triclosan sorption and mobility. Moreover, studies
have reported that repeated applications of biosolids or elevated rates of amendment may
increase the cumulative load of triclosan and other personal care product residues in soils,
potentially affecting long-term soil and plant health. While current biosolid regulations
and guidelines aim to minimize such risks, continuous monitoring of trace organic con-
taminants is essential, especially in systems where food crops are cultivated for direct
human consumption.

In conclusion, under the experimental conditions of this study, human exposure to
triclosan through maize grain consumption appears to pose negligible health risks, with
estimated daily intake values far below the acceptable daily intake. However, future studies
should assess triclosan dynamics under varying biosolid types, soil conditions, and crop
species, as well as consider potential cumulative effects from multi-season applications. In
addition, evaluating triclosan degradation products and their toxicological profiles may
further strengthen human health risk assessments.

5. Conclusions
This long-term field study (>15 years) demonstrates that the repeated application of

municipal biosolids at agronomic rates significantly improves soil fertility by increasing
total nitrogen and soil organic matter in the surface soil (0–30 cm) under both rainfed
and rainfed + irrigation maize cropping systems. These improvements underscore the
potential of biosolids to enhance crop productivity, support climate change mitigation
through carbon sequestration, and promote sustainable nutrient management in resource-
constrained agricultural systems. However, biosolid application was also associated with
increased soil acidification and salinity. Although salinity remained within acceptable
agronomic thresholds, the consistent decline in soil pH suggests that long-term biosolid
use may necessitate periodic lime amendments to preserve soil health and maintain crop
productivity. From an environmental and food safety perspective, sulfamethoxazole was
not detected in either the soil or maize tissues across treatments, suggesting minimal risk
of plant uptake or bioaccumulation under the studied conditions. In contrast, triclosan
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was detected in aboveground maize tissues at application rates of 8 and 16 t ha−1 yr−1,
though concentrations in maize grain were low. Estimated daily intakes for both adults and
toddlers remained far below the established acceptable daily intake thresholds, indicating
negligible human health risk from dietary exposure. These findings support the safe
use of biosolids with similar contaminant profiles at application rates ≤ 16 t ha−1 yr−1 on
comparable soils and within similar agro-ecological zones. Nonetheless, this study assessed
only the parent compounds of triclosan and sulfamethoxazole; transformation products,
which may exhibit different environmental behavior or toxicity, were not analyzed. Future
research should therefore focus on the persistence, mobility, and plant uptake potential
of pharmaceutical transformation products in biosolid-amended soils, as well as their
cumulative impacts on soil microbial dynamics and groundwater quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18031618/s1, Table S1: Types, chemical composition, and
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reaction monitoring parameters of the target analytes. Table S3: Linear equations and the correlation
cofficients (R2) of the calibration curves for the target analytes.
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